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Abstract: Road traffic emissiamare a major source of pollution in citiddodeling of air
and stormwater pollution due to-ooad vehicless essential to understand the processes that
lead to the pollution and providbe necessarynformationfor the develoment of effective
public policyin order toreducing pollution.This thesisaimed to evaluate the feasibility and
relevance of chain modek® simulate the impact of road traffic on a&nd stormwater
pollution. The first part was to achieve a state of @ modeling toolsfor different
phenomenat(affic, emissions atmospheric dispersiorand stormwate), highlighting the
integration of the different models to createa coherent chain inerms of pollutants and
spatiotemporal scales. Two examplesmbdelingchain have been proposemhe statiavith
hourly timestep the second considering a dynamic approach tdidraind associated
pollution. In the second part of the thesigferent interfacdools have been developedlitik

the models in thenodeling chains. Thesemodelingchains were tested with differenase
studies : (1) couplingraffic / emissions with a simulation of an urbstneetusing a dynamic
model of trafficwith instantaneous and averaged emission models (2) coupling emisaions /
pollution alonga freeway , (3) couplings traffic émissions / air pollution nearfreeway (4)
coupling enissions / air pollution insuburban neighborhood (5) coupling atmospheric
deposition /stormwaterquality for a urbancatchmentand finally (§ a complete modeling
chain with traffic / emissions / aiand stormwatemquality models for urban catchment
drainage. This workllowsto identify different possibility of modelstegration forcalculate
the air andstormwater pollution dueo road traffc in urban areas. Moreover, they provide a
solid basis for the future development of integrated numerical motietban pollution.

Résumé:Les émissions du trafic routier sont une des sources majeures de pollution dans les
villes. La modélisation de 8ROOXWLRQ GH OfDLU HW GHV HDX[ GH UXI
du trafic routier est essentielle pour comprendre les processus qui menent a cette pollution et
IRXUQLU OHV pOpPHQWYV GILQIRUPDWLRQ QpFHVVDLUHV D
eficaFHV SRXU OD UpGXFWLRQ GHV QLYHDX[ GH SROOXWLRQ
IDLVDELOLWp HW OD SHUWLQHQFH GH FKDVQHVY GH PRGqOH
SROOXWLRQ GH OYDLU HW GHV HDX[a@adhsittXd MaisEOUD Bt&tH Q W
GH OYDUW GHV RXWLOV GH PRGpOLVDWLRQ GHV GLIIpUHQ
atmosphérique, qualité des eaux de ruissellement), mettant en exergue les enjeux liés a
OfLQWpPJUDWLRQ GHV GLIbptueH Qne¢/ vhaiP® Gohédante eB ReXies FIR Q
SROOXDQWYV HW-t&ppreElles! DedxHeXenfeb ti¢ Iciaines de modélisation ont été
SURSRVpVY OTXQH VWDWLTXH DYHF GHV SDV GH WHPSV KRL
dynamique du trafic et desolutions associées. Dans la deuxieme partie de la these, des
RXWLOV DXWRPDWLVpV GIfLQWHUIDoDJH RQW pWp GpYHORS
&HV FKDVQHY GH PRGqOHV RQW HQVXLWH pWp WHVWPpPHV DY
/| émiVVLRQV DYHF XQH VLPXODWLRQ GTXQH YRLH XUEDLQH X
HQ OLHQ DYHF GHV PRGQgOHV GfpPLVVLRQV LQVWDQWDQp
SROOXWLRQ DWPRVSKpULTXH HQ ERUGXUH GTXQH DXWRU
SROOXWLRQ DWPRVSKpULTXH HQ ERUGXUH GYfXQH DXWRU
pollution atmosphériqupeour un quartier suburbain, (5) couplage dépots atmosphériques /
qualité des eaux de ruissellement pour un bassin versant suburbain, et fihgd@mere
FKDvQH GH PRGpOLVDWLRQ FRPSOqQWH DYHF FRXSODJHV WL
de ruissellement pour un bassin versant suburbain. Ces travaux ont permis a travers ces
GLIIpUHQWY FDV GYpWXGH G 1L G tégpatioh de irodéiesi pouHIQddleUX [ DV V
GH OD SROOXWLRQ GH OYfDLU HW GHV HDX[ GH UXLVVHOOH
ailleurs, ils fournissent une base solide pour le développement futur de modeles numériques
intégrés de la pollution urbasn
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Chapitre 1

1 Introduction

L'augmentabn de la population urbaine et de la fottencentration de@ombreussg activités
humainegdans certaines zones des territoirene a deproblemesGH SROOXWLRQ GH Of
OTHD Xonspet pWXGLHU OYLPSDFW DQW K UrBaihest xéldesgairel O THQ Y
Les impacts sanitaires de pellution atmosphérique urbaine ont é&tudiésdans 25 villes
européennedans le cadre du projet Aphekom (Improving Knowledge @athmunication

for Decision Making on AirPollution and Health in Europ@&)ont neuf villes francaisesCe

projet a monté qu 1 X @ilinution des concentrations moyenngs particules finegPM s)

M X \AT 3efiil recommandé10 ugm®) par Of2UJDQLVDWLRQ ORQ@®SDOH GH
pourrcit UDOORQJHU O TH\23 madpQuied p&rsbnidstde Gd-ans. De pli&500

déces prématuréseraient attribuableshaque année en Frankés a la pollution urbaine

(Declercq et al., 20)2Par ailleurs, éspolluants atmosphénigspeuventse déposer sur les

bassins versants urbains et étre transféads €s eaux de ruissellemergui se chargent de

polluants lors de leysrécipitationsur lessurfaceaurbaines.

la JHVWLRQ GH OfHQYLURQQHP HaWrenier& Bep& conkiétd/ aFRP SOt
comprendreles phénoménede pollution les mesurerquantifierleurs niveaux eidentifier

leurs sourceDans un second temps) peutproposer des modelgsii simulent OfLPSDFW GHYV
émissions de polluants sur la qualité¢ tfHQ Y L U R Q@drHde Qude GTLPSDsFW GH
scénariosde prospectiveou dela prévisiona court termeGrace a ces modeles, différents
VFpQDULRY SHXYHQW rWUH WHVWpV GDQV OH EXWsGH UpGX
Ces étudegsle modélisatiorpeuventalors fournir les base scientifigues nécessairgsur

élaborer des politiqgues publiguesvironnementalesfficaces.

Une grande partie de la pollution dans les villes est due au trafic routier et sa contabttion
susceptibleGaligmenteencorecar plusde 70% de la population mondeaén 2050 habiter

GDQV OHV YLOOHV /TREMHFW hdscdhhalksanggpaDayrbodEisadivhw G D P
de OfLP&PFROOXWLRQV OLpHV j OD FLUFXODWLRQ DXWRPRE
de ruissellerant. Pour cela, ce travail de thése se propose de relier goatposantesui

sont (1) la position et les parastres cinématiquedes véhicules (modéle de trafic), (25l

quantités de différents types dpolluants émis pales Y pKLFXOHV PRGB)Y@Ha GIpPLV'
dispersionet la transformatiorde ces polluantsG D Q V aingi judJle transfert de ces

polluants vers les surfacpar dépét sec et humidémodeélede dispersioratmosphérique), et

(4) la propagationdes polluants qui entrent dans les eaude ruissellement(modéle
hydrologigue HW T X D O L W ps uplagd ¢hdexces nddele® X P R\ hit@rfaEdbet

G 1KD U PR Q L ¥chals Spadictenipurells conduisent awléveloppenent Gufie chaine



de modélisation qupermet alors de simule® § Ld® &B polluants émis par les véhicules sur
OD SROOXWLRQ GH OfDLU HW GHV HDX[ GH UXLVVHOOHPHQ'

Cdte theseestdonc consacré a la constuction de telles chains de modélisationde leur
évaluationavec des mesures expérimentale& H O L G H Q Wiffitule® quiLjR@er® H V
rwWwUH UHQFRQWUpHVY HW GH OD UpDOLVDWLRQ GY1XQ HQVH
futurs sur cette problématique.

Le reste de ce chapitre est organisé commelsestprocessuss {pPLVVLRQV GH SROO
les véhiculesontbrievement décrits, puis les principaux polluants sont documenésite,

les effets sanitaires et les réglementationacenant OD TXDOLWp GH OfYDLU HW
exposés. Les systemes de mesuredadpollution en zone urbainet les stratégies de
VXUYHLOODQFH GHV FRQFHQWUDWLRQVY GH SROOXDQWV G
Enfin, lesobjectifs généraux, la stratégie es méthodologie adopté&s dans cie thésepour

répondre &es questions sont exposes.

Le second chapitrprésnte brievementes modeéles utilisékrs de ces travaux ,O0 V{DJLW GH
modeles Symuvia pour le trafic, CopCETE et PHEM pas dmissiors de polluans,
PolyphemusGaussien pour la dispersion atmosphériqgue et SWMM lgoarodélisation de

la quantité ede OD TXDOLWp GH OJHDX 8QH IRUPXODWLRQ DPpC
source linéique aussiété appliqué pourla modélisationde la dispersioatmosphériqueles

particules.

Le chapitre troisprésenteun état de l'artdes différentsmodéles de trdfF GffpPLVVLRQ
GLVSHUVLRQ DWPRVSKpULTXH HW G 1KéZatdy@iBsdde rhoddlesv W D Q W
sont considérées afin de dévelopmes chénes de modélisation en fonction des échelles
spatiotemporelles. Ce chapiti@bordeaussi de manie spécifique lesouplagesentretrafic

et émissios, émissios et TXDOLWp GH O9YDL Et TIKW O'LX\D (62 e er@d@ilsl DOX D L U
F D \étudds

/IH FKDSLWUH HVW FRQVDFUp j OD VLPXODW laRki@ueH OD T X
urbaire j OYDLGH GH GRQQpHV PHVXUpHV GH WUDILF HW GHYV
atmosphérique /H PRGqOH GYpPLVVLRQV D pWp PRGLILp SRXU WH
particules par le trafic et le modéle de dispersion am@té@iorépourdes condions de vents

faibles. Les résultats de cette chaine de modélisation ont été comparéssavesleesde
concentrations de polluants atmosphériquigienues dans le cadresgeojes MOCOPO et

PM-DRIVE.

Le chapitre 5 présente trois méthodes difféeréhteS R XU PRGpOLVHU OfLPSDFW
qualité des eaux de ruissellement. La premiere méthode dlsdonnées expérimentales de
dépotsatmosphériquekes au trafic a proximitéakroutes. La deuxieme meéthode est basée sur
OTXWLOLYVDW Liwig () guQcaRiRedes@bhcentrations de polluants et les déepots

GH PDQLQUH XQLIRUPH VX UL®Dtkis@rRePriéthdd c&él itk fohalles G H
modélisation completgui inclut les modelesle trafic, Géfnissionde TXDOLWp @H OfDLU



qualit deOfHDX &HWWH FKDvQH GH PRGpOLVDWLRQ HVW pYDO
bassin versant de Grigmy région parisienne

Un dernier chapitre présenties conclusions généralegli résumentes principaux résultats
mis en avant dans tte these ainsil X  Xi€cHissiordes perspectives a donner a ce travail.

1.1 Les emissions de polluants

Lesémissions de polluantg@s a la circulation automobilgeuvent étreatégorisées equatre
typesselon ledifférents phénomenes qui génerent cessions.

X OHV pPLVVLRQV | OCksEriBstosgdirptE3 Wenommeées simplement
« émissions échappemesjtsont licesDX IRQFWLRQQHPHQW G1XQ PRWH
aux phénomenes chimiques qui en découlées émissions deertainspolluantsau
coursde lapériodede chauffelmoteur froid)sont beaucouplus élevéesjue pendant
le fonctionnement chaud du moteyril est doncnécessaire ddistingler ces deux
types de production de polluantsRUVTXH OH PRWHXU QTfHVW SDV V
(températee inférieure a 80°C environ), il ne fonctionne pas a son rendement gptimal
ce qui affeat les émissions liées au processus de combudtemémissions a chaud
et a froidsont principalement liées aux technologies, motorisatmarburants, huiles,
dispositifs de dépollution, et surtoaux modesG T XWLOLVDWL Rit€ss€&X YpKLF:
chargepar exemple Alors que les surémissions a froid peuvent étre négligeables sur
de longs trajets routiers ou autoroutiers, elles peuvent étre majoritaires sur de court
trajets urbains.

X les émissions par évaporation de carburantce sonties émissions par évaporation
GXHV DX[ V\VWgPHVY GH FDUEXUDQW GHV YpKLFXOHV | H
et conduies de carburant). Les émissions par évaporation provetem veéhicules
GLHVHO VRQW QpJOLJHDEOHY HQ UDLVRQ GHp®D SUpV]
conséquent Gufie pression de vapeumctarburant diesajui est relativement faible.
Le processusl  p Y D S R U DWallRv@ridtion\WWe empérature, tspar changement
de température dans la journée, soit par évolution de celle du moteur des véhicules
pendant la conduite et le stationnement. Une autre source importante est la perméation
du carburant diverses études montrent la fuite@hrburant au trgers de composants
plastiques.Les évaporations sont de trois typeles évaporationsau coursdes
déplacementdes évaporation®rs durefroidissement du véhicule et les évaporations
journalieres dues aux variations de température ambiante.

X les émissbins «non-échappements: Lesémissionsnonéchappement incluent
des particules (PM)y compris desnétaux lourde€mis par O § X Ve§phReu&des
SODTXHWWHY GH IUHLQV HW dnbi qDfi¢s &z @misBultel a@dsV Y p K
fuites degaz frigorigénescarburant, huile, liquide de frein, eton inclut aussi dans
FHVY pPLVVLRQV 09XV Xdd MéHEHeO & dniisBiony dépehdSribde la
vitesse moyenne et kilométrageparcouru par l@éhicule.

X les émissions par remise en suspeonside particules: La resuspension est lamise
en état deVXVSHQVLRQ G D @¢&pditifded pré&alalddoepit ldéposées sur le

8



sol. Cette resuspensi@euventreprésenteune bonne part des émissionspaeticules
dutrafic routier, M X V &rXifgn50% (par exemplePolo, 2013.

1.2 Pollution émise par le trafic routier

/IH WUDILF DXWRPRELOH FRQWULEXH j OD SROOXWLRQ DWPI
SROOXDQWYV OLpH j OTXWLOLVDWLRQ GHV YpKLN&ES@HY SRO(
secondaires forméspresréactiors chimiquess GDQV O D W BRVWSKLIE difhtlqies q F H
(ditesprécurseursémisespar les véhiculege.g., ozonet la fraction secondaire des particules

fineg). Les polluants se classent en deux grandes c@&eégorles particules (émises a
OfpFKDSSHPHQW RX LVV XH,de@Hihaugskey deUbHesuspaehsipelles X O HV
polluants gazeux (échappement et évaporation des carbur@dgpins polluants de
OTpFKDSSHPHQW S/HI3i et€ird/paridodégiadtpiesents en tant que pasdicule

etgaz.

Plus précisément, les polluants émis par les véhicules roulants sont principalement

- Le dioxyde de carbone(CO,, aussi appe#l gaz carboniquequi estémis par la
combustion de carburants fossi(émission échappementle dioxyde de carbon& § D
SDV GTLPSDFW VXU (€2lf avdesQddhperribrs itr&sXétevéssisil
LQWHUYLHQW G DQivhedd[ad ichidnerzeHt dirhiatidué

- Le monoxyde de carbone &2 TXL UpV XO Wstiosifico@ptet¢eRiBsion
échappement), 0 VIR[\GH OHQWHPHQW HQ GLR[\GH GH FDUE
XQH GXUpH GH YLH GHOVYRDGWW GITXQ PROWMKDEOW ELHC
vuede son effet fastesur la santé

- /HV R[\GHV (O h& ¥eHorment a des températures de combustion élevées

SDU UHFRPELQDLVRQ GH OYD]RWH HW GH OYR[\JgQH GH
12 TXL HVW PDMRULWDLUH,). andéthii NQL=RNOGNOG TD]RWH

lesfractionsrelatives de ces deux espéces chimigdépendentiu type devéhicule
du mode de conduite et du systeme de dépollutidgnR U L J Lc€sHbolbiahtEtait &
75% due au trafic routieren 2005 fittp://www.citepa.org/fiy /HV R[\GHV GI{D]R)
interviennentdans la foP DW LR Q ,@¢] pajffi@dd, de pliseacides et de dépbts
azotésNO, présente aussi des effets néfastes pour la santé.

- /TR]R@QHqui HVYW XQ SROOXDQW VHFRQGDLUH LVVX GH OL
GHV FRPSRVpV RUJDQLTXH VeffétRIO BaléiL (photockithe). MR XV O
IRUPDWLRQ GH OYR]JRQH HVW XQ PpFDQLVPH FRPSOH]
DVSHFWV FKLPLTXHV HW FOLPDWLTXHV WHPSpUDWXUH
un polluant de proximité car il se forme au cours dsiplus heures. Il réagit presque
LQVWDQWDQpPHQW DYHF OH PRQR[\GH GYD]JRWH 12 p
SRXU IRUPHU OH GLR[\GHREROHRWWHW XQ SROOXDQW |



UpJLRQDO &THVW XQ R[\GDQW T Xté dblaG/éhétatibhl FWWNV@/p | D \
aussi un gaz a effet de serre.

Le dioxyde de soufre(SQ,) estlié a lateneuren soufre dans le carburant diesel et
dansunemt QGUH PHVXUH GDQV OHV HVVHQFPRevwdantdeHVW pP
nombreuses années, lehwdilesdiesel ont contribué a la pollution p&0,, mais les

décrets réduisant la teneur en soufre des carburants ont permis de réduire de fagon
importante les émissions des automobif®S, a des effets néfastes sur la santé et est

aussi un précurseur drilfate, qui contribue aux niveaux de particules fines et aux

pluies acides.

/ fammoniac (NHs3) qui HVW pPLV SDU AODpRYDSSEHVHRWOFLGHQF
santé, maid joue un role actif dans le phénomene de neutralisation des ,atadska

formation des particules atmosphériques, dans les dépots azotés &g eauxde

suface HW OHV VROV ,0 IDXW QRWHU TXYfLO HVW IDLEC
transports bien que les technologies de dépollution tendent a en augmenter

O 1 p P L, ¥e¢ ERigons sonactuellementGRPLQpHY SDU OYDJULFXOWXUL

Le SURWRI[\GH(NI)DBROWHSHWLWH SDUWLH GHV pPLVVLRQ\
est attribuée au trafic routier, en particulier aux pots catalytiqtiestun desplus

importans gaz a effet de serreontribuantau réchauffement de la planéte apres la

vapeur d'eau (}D), le dioxyde de carbone (G)Cet le méthane (Chl

Les particules (PM) SURYLHQQHQW GH OfpFKDB8eSRitUlgsW SULC
dieselsans filtre a particule}, desémissiors nonéchappement etlu phénomene de
UHVXVSHQVLRQ /HV SDUWLFXOHV ILQHV SURYHQDQW
QR\DX[ VROLGHV FDUERQpPpV VXU OHVTXHOV GI{DXWUH'
hydrocarbures imbrdlés semwblatils provenant des huiles et du cadmir et de

produits de combustion oxydést / ou aromatiques. Les particules ulfiiees
SURYHQDQW GH OYpFKDSSHPHQW VRQW IRUPpPHYV j SDU\
suivie de condensation de produits sewlatils (acide sulfurique, composés
organiques) HOOHV FRDJXOHQW HQVXLWH DYHF GHV SDUWL
de distinguer les particules de diameétre aérodynamiitfédeur a 10 um (PM) et

celles avec un diametre inférieua 2.5 um (PMjs). Par ailleurs, les particules
contiement des substances toxiques comme des métaux,ldurdarbone suie eles

compos8 organiques

Composés Organiques VolatilfCOV), qui résultentG § X Q HetSpbridipalement

GIXQH FRPEXVWLRQ LQFRPSOgWH HW VH UHMWYRXYHQW
HW G D XW@&¥p@didh\We GkHburant. Les émissions de COV par évaporation
représentengnviron FRQWUH GYpPLVVLRQ SDU pFKDSSHPHQ
Les COVincluent WR XV OHV FRPSRVpV RUJDQLTXHYV Je]HX[ GH
(COVNM) COV non méthaniguee(e.g., propane, propéndyenzene, formaldéhyde,

acroléine, etc.) et méthane (gHLes COVNM contribuent, avec les NOa la
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IRUPDWLRQ GH OfR]JRQH HW GH SDUWLFXOHV VHFRQGD
un gaz a effede serreLes hydrocarburesont des COV qui ne contiennent que du
FDUERQH HW GH Qfriprénbdrt) p® Hydrodadures aliphatiques et
hydrocarbures aromatiques. Ces derniers peuvent étre monocycliques (HAM, tels que

le benzéneet le toluéng ou polycycliques (HAP) 16 principaux HAP sont présentés

dansie[Tableat 1

Tableaul.l /LVWH GHV SULQFLSDX[ +$3 GfDSUqV '"HOHWUD]

HAP légers principalemensous forme gazeus HAP lourds principalemensous forme
particulaire

Naphtalene Benzo(a) pyréne (BaP)

Acenaphtylene Benzo(b)fluoranthéne (BbF)

élc;eor;gﬁrgene Benzo(k)fluoranthéne (BkF)

Phénanthréne Dibenzo anthracéne

Anthracéne Indéno (1,2,3) pyréne (IP)

Fluoranthéne Benzo(g,h,i)pérylénr (BghiP)

Pyrene (P)

Chryséne

Benzo(a)anthracéne (BaA)

Les métaux sont émis parémission échappement ainsi que par émission non
échappement VRXV |IRUPH GH SDUWLFXOHYV j OTH[FHSWL
principalement sous forme gazeuse, mais émis en trés faible quantité par les
véhicules). Les métayxrincipauximpliqués dans la pollution automobgent:

o Le plomb (Pb): Apresla disparition des essenceadase delomb une baisse
significative des concentrations moyennes annuelles a été hetggomb
atmosphérique ne représente donc plus un enjeu fort pour l& 9ual GH OfDLU
Toutefois, compte tenu desmissions noméchappement et de la remise en
VXVSHQVLRQ GHV SDUWLFXOHV GDQIsht&difand DX[ G|
lesVROV VD SULVH HQ FRPSWeéttead@ vblgdtovep WX GHV G

o Le cadmium (Cd): EQ PLOLHX LQWHUXUEDLQ OfDXWRPRI
cadmium par rapport aux autres activités (industrielles, agricoles). On en
trouve essentiellement dans les additifs des lubrifiants et dans les
pneumatique®t aussi dans les émissions échappenten milieu urbain, le
trafic peut étrsD SULQFLSDOH VRXUFH GH SROOXWLRQ G&H
des effets sur des plantes a vocation alimente@gui peut entrainer un risque
LQGLUHFW SRXU OfKRPPH

0 Le zinc (Zn): Les émissions du zirlcéesau traficsont essentiellement dues
aux fuites de lubrifiants | OYfpPLVVLRQ SDHWpFk KDHSHPHRWY
glissieres de seécuritéOn peut donc en retrouver dans Iésiissions
pFKDSSHPHQW VRXV IRUPH GH SDUWLFXOHKEY J/H ]JL
UpJOHPHQWpP GDQV OHV DQQpHV j YHQLU DX WLWUF
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suit sa présence surtout dans les eaux de ruissellement des routpgeuOn
trouve des quantités importantes dans les sols des emprises routieres.

o Les métauxXer (Fe), cuivre (Cu), antimoine (Sh), chrome (Cr), nickel (Ni),
sélénium(Se),baryum (Ba), arsenic (As), mercure (Hg), etc., peuvent étre
produits par les émissions échappement;éarappement gtarresuspension.
Les métaux lourddes différentes sources véhidtda sont listés paexemple
parPolo (2013).

1.3 Effets sanitaire s

1.3.1 Enjeux sanitaires de la pollution atmosphérique

L'impact de la pollution atmosphérique sur la santé publique est devenu un probleme majeur
En effet,elle est la cause principale de presdaillions de décés dans le monele 2012
selon I'Organisation Mondiale de la Santé (OMSJ}eschiffres représentenplus du double
desestimationgprécédentest confirmentquela pollution de I'air estdésormaide principal
risqueenvironnementapour la santédansle mondé. /fH[H P & OThh VG X Bdl eGDhvis
(2001 montre lelien entre lesconcentrations de dioxyde de soufre (S@R)a mortalitéors
du fameux épisode de pollution a Londres en 196&|Figurel1.1).

Figurel.1l. Nombre de déces évolution de laconcentration en dioxyde de souffre lors de I'épisode
de smog de l'hiver 1952 a Londr&aurce Bell et Davis, 2001.

1.3.2 Enjeux sanitaires de la p ollution des eaux

Les polluants qui sont transportés par les eauruidsellement affectent la qualité des eaux

des milieuxrécepteurs. lls occasionnent différents problémes pour les écosysiaubant

a la foisles especes animales et les especestalégeet peuvent par ailleurbmiter les

activités humaines3 DU H[H P &®éehtation @ la toxicité des eaux de ruissellement
entrantau barrage Fashafuyethye auxactivités urbains G XQH EDQOLHXH,&H 7pKpl
tué 2 millions poissons en av2014 (voir[Figure 1.2). Ce barrage est utilisé aussi pour la
pisciculture.
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Figurel.2 /Y HIIHWeddsR4uxeruissellemensur les especes aquatiquesi@ge Fashafuyeh
Iran)

1.3.3 Effets sur la santé des polluants émis par les véhicules

Les effetsdes principaux polluant$iés autrafic routiersur la sant&ontbrievemenprésentés
dans cette partie.

CO, est ungaz peu toxique a faible dose mais il @sdes principaux gaz a effet de serke
tresforte concentration, il pewependanprovoquer des malaises et des maux de téte.

CO VH IL[H VXU OYKpPRJORELQH GX VDQJ DYHF XQH DIILQ
O TR [\ JapQuHpeut influencele cerveD X HW OH F°XU /JILQKDODWLRQ GH &
de téte et des vertigespeut mener a la mort

NO, provogue une hyperréactivité bronchique chez les asthmatiqgitesGLR[\GH G{D]RWH
WUDQVIRUPH GDQV OTDWPRVSKqUH HQ@sseZragdement (utée TXH 1
GH YLH DWPRVSKpULTXH G étlapiiRr 83 wisdel@hfjva @ritralvte® Adite® p H

dans les eause ruissellement efes milieux récepteurdar ailleurs, NQ (NO etNO,) sont
desprécurseurs de {&tdeparticules.

O3 est @pable de pénétrer profondément dans les pourticaffecte les voies respiratoires
FDU FITHVW XQ RJ[\GD Q VdusSiXd veyédiagownar il, @etdioteHIE BuHace des
feuilles et aiguilles des plantes

SO, est un gaz irritant, notamn@@gW SRXU OYDSSDUHLO UHVSLUDWRLUH [/}
peuvent déclencher une géne respiratoire chez les personnes sensibles (asmathiques, jeunes
enfants). /fpWXGH GH 7HUWUH HW DO PRQWUH TXILO

| 1D XJP H Qe di¢enRafion de S@t la mortalité.Le dioxyde de soufre se transforme
principalement en acide sulfuriqogi contamine les eawke ruissellementt contribue a la

formation de particules fines
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NH; est un gaz incolore et odoragtyi esttrés irritant pour le systeme respiratoire, la peau, et

les yeuxj WUqV IRUWHV FRQFHQWUDWLRQV &H QTHVW SDV X
atmosphérigue obsenées mais il est umprécurseur de particulefi. est peu générépar le

transport routierSa présace dansdseax GH OYDPPRQLDF DIIHFWH OD YLH
leseaux douces courantes, sa toxicité aigué provoque chez les poissons notamment des
lésions branchiales et une asphyxie des especes sensibles. Rauxldsuces stagnantes, le
ULVTXbiicathhh Qigl& est plus marqué en été car la hausse des températureaseentra
OfDXJPHQWDWLRQ GH OD SKRWRV\QWKqVH &H SKpQRPQgQH
pH qui privilégie la forme Nki(toxique) aux ions ammonium (NH.

Les particules sonin despolluans majeus dans lesvilles (An et al., 2013)La toxicité des

particules dépend de leur taille et de leur composition. Leur réle a été démontré dans certaines
DWWHLQWHY IRQFWLRQQHOOHYV UHVSLUDWRLUHW dOH GpFC
nombre de déces pour cause cakdisculaire ou respiratoire. Les particules fji&d, 5, sont

les plus dangereusésoir[Figure 1.3). Les particuls fines sont apables de pénétrer au plus
SURIRQG GH OTDSSDUHLO UHVSLUDWRLUH Héet@étvenDWWHLJ
pénétre dans le systeme sanguin. Ces particules peuvent véhiculer des composés toxiques,
allergéres, mutagénes ou cancérigenes, condexpolluants organiques persistarflBOP)

tels queles HAP et des métauxtourds (els queFe, As, Cd, Cr, Cu, Hg, Ni, Pb, Se et }Zti

faut noter que HAP et métaux sont les principaux polluants dans led eaiphénmenes de
ruissellemenet GH OHVVLYDJH GHV VROV VRQW j OfRULJLQH GH C
des nappes phréatiques et a plus long terme des eaux potables.

Figure1.3. lllustration Gapels a SOS médecien fonctiondela concentratiorde PM, s. Source :
ORS llede-France

Les métaux lourds s'accumulent dans les organismes vivants et ont des effets toxiques a court
et long terme. Q#ains, comme le cadmiustle chromehexavalensont cancérigenes.

CertainsCOV ontdes effets irritants sur la peau, lgix et le systéme respiratoif@ertains
COV comme le benzeératle formaldéhydesont cancégénes (Vlachokostas et al., 2012)
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Les HAP sont des molécules biologiguement actives qui, une fois accumulées dans les tissus
organiques, se prétent a des réactions de transformation en métabolite. Ces métabolites ainsi
formés peuvent avoir un effet plus ou moins marqué en se liant a tfsuhes telles que les
SURW pL QO DI erdanta des dysfonctionnements cellulaires. Le benzo(a)pyrene

est un des composés les plus toxiques de cette facaitld est mutagene et fortement
cancérigene.

Le trafic routier est me des sources majes de la pollution urbaine /YfpWXGH GH <LP D
Barrett (2012)V X J J q &hVirdriF00 mortgparanrésultent degmissiors liées autransport

routier en Angleterre Plusieurs études comparent généralement I'apparition d'effets
indésirables sur la santésipopulations qui vivent, travaillent ou vont a I'école prés de routes

tres fréquentée®aldauf et al. (2008) présentent 26 études différentes concernant les effets du
trafic routier sur la sant@ui incluent I'asthme eGaflitres symptémes respiratayée poids

des nouveauxés la mortalité prématuréegeseffets cardiovasculairet descances. Cet état

de fait a amené les pouvoipsiblics a considérer lI'urgence de la mise en place de moyens
visant a réduire ce type gellution.

1.4 Réglementations de | a qualité des eauxetde Zif <" fe, <fe—

Les effets de la pollution atmosphériqet des eaux pluviales polluéesr la sant@insi que
sur kesécosystenmeengendrent une pressi@our la mise en place déglementations.

Les reglemertiors européemes porWDQW VXU OD TXDO aWjirectrel OfDLU
n° &( GX GpFHPEUH FRQFHUQDQW OfDUVHQLF OF
HW OHV K\GURFDUEXUHYVY DURPDWLTXHYV etSIR @VEANOLTXHV
n°2008/50/CE du 21 mai 2008 conddQDQW OD TXDOLWp GH OfDLU DPEL
O 1 ( X \Orte HMirective est transposée madécret n°201:0250 du21 octobre 2010

La Directive cadre surfau (DCE 2000/60/CE) fixau niveaueuroggen et la circulaire du 7

mai 2007 au niveau natial des NQEp (normes de qualité environnementale provisoires)
pourles objectifs de réduction des émissil @R X U . OBIPOEXVWDQFHY SROOXDQWH
et la réglementation de la qualité des eaux en milieu urbainété étudiés par Zgheib

(2009). Les NQEp songetabliesSRXU WURLV W\SHV GYHDX] OHV HDX]|
(cours d'eau, plans d'eau, canaux, réserydas)eaux de transitioequx de surface situées a

proximité des embouchures de rivieres ou de fluetses eaux marines érieures et
territoriales.

Ces réglementations pour différents polluants liés au trafic sont illusta@éed¢Tableaul.2
pour les eaux de sufFFHY LQWpULHXUHY HW OfYDLUMBEREpéerfeVa 'DQV |
normede qualité environnementale pour une concentration moyenne anriigllest leseuil

d ®valuation inférieyr F I Hrdi® un niveau en dec¢a duquelest suffisant, pour évaluer la

qualité de Kir ambiant, dlitiliser desechniques de modélisation ogstimationobjective, et

SES est leseuil dgvaluation supérieurF § HYdi un niveau en deca duquel il gstrmis,
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pour évaluer la qualité degir ambiant, dlitiliser unecombinaison de mesures fixes et de
techniques de modélisatiat/ou de mesures indicativdgne \aleur limiteestun niveau a

atteindre dans un délai donné et a ne pas dépaSserXV GI1XQ FHUWDLQ QRPEUH
valeurs pomint sur des périodes courtes) fixé sur la base des connaissances scientifiques

afin d'éviter, de prévenir ou de réduire les effets nocifs sur la santé humaine ou sur
I'environnement dans son ensemhlae \aleur cibleestun niveau a atteindre, dansr@esure

du possible, dans un délai donné, et fixé afin d'éviter, de prévenir ou de réduire les effets
nocifs sur la santé humaine ou I'environnement dans son ensérfalénoter quel4 COV
(éthylbenzne, isopropylbergne, toluene, xylenes, ZXdchloroéthane, chlorure de
méthylene hexachlorobutadiee, chlorofome, €trachlorure de carbone, tétrachloroétinge
trichloréthylene 1,2 4trichlorobenzae, 1,2,3trichlorobenzene, 1,3;Bichlorobenzée)
possedent des NQEp fixées par la circulaire duav2an PDLV OYpPLVVLRQ GH FHYV
Q 1 iHagéNcore étudiée pour le trafic routier.

La réducton de la pollution due au trafic est nécessaire afin de respecteivéegix de
polluants cidessus. Plusieurs générations de directives (70/220/EEC et B8)J68&¢ sont
succédées en coordination avec les Etats, les constructeurs automobilgscetueteurs de
pétolH SRXU GpWHUPLQHU QLYHDX[ GYpPLOgLROY®s DSSH
VIH[SULPHQW HQ X Qiktsvige @/kinjpoDrVies WétticDiésehers et en unité de
masse par énergie (g/kwWh) pour les poids lourees sont définiepour des cycles de
conduite bien définisLes véhicules les plus récentgespectenta norme Euro 5 en vigueur
depuis 201let plus contraignante que les réglemeéonat antérieures_a norme Euro 6 est
prévue pouseptembre 2014avec des émissions en particules réduites de @v#ass@ar
rapport & celles d'un véhicufiro 1 pour un moteur diesel. [Eagure 1.4 montre Ovphution
desémissions en fonction desrmes Euro pour les véhicules Iégers

Figure1.4. Evolution des émissions CO, N®M (massekn fonction des normes européennes pour

les véhicules Iégensvivw.senat.ff.
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Tableaul.2. Réglementatiosides polluants daau traficpoour OHV HDX[ GH VXUIDFHV LQWpULHXUHYV

Directive
Directives 2004/107/CE et 2008/50/CE é?(?jgi?:fjiier;;
Polluants etdécret n°20141250 du21 octobre 2010 |
air ambiant 2007 pour les eau
de surfaces
LQWPpULHXU
Moyenne critiquezair | SEI SES Valeurs limites | NQE- NQEp
Valeurs cibles* | MA
5 7 3
(6{0) Moyenne sur 8 heures mg/m3 mg/m°' 10 mg/m
Moyenne annuelle
NO, (protection de la 1?’53 2/4 3 - -
végétation) Hg/m Hg/m
Moyennes horaires a ne
pas dépasser plus de 1§
fois par année civile l(/)og 1‘/103 200pg/m® - -
NO (protection de la santé Hgim Hg/m
2 humaine)
Moyenne annué
(protection de la santé ?6 = \?2 p 40 pg/m® - -
humaine)
Moyennes journaliéres a
ne pas dépasser plus de
fois par année 5/0 3 7/5 3 125ug/m® - -
S (protection de la santé Hg/m Hg/m
O humaine)
Moyenne hivernale 8 12
(protection des I I - -
écosystemes) Hg/m Hg/m
Moyennes su24 heures 3
ne pas dépasser plus de | 2/5 3 3/5 3 40 pg/m’ - -
PM;q fois par année civile Hg/m Hg/m
20 28 3
Moyenne annuelle ug® | pgim? 50 ug/m - -
PM Moyenne annuelle 12 L 26, 20*pg/m® - -
2.5 V! pg/mﬁ} “g/m:‘} ’ “g
. 2 3.5 3
Benzéne (GHe) Moyenne annuelle ug® | pgim? 5 pg/m 10 10
0.4 0.6 .

Benzo[a]pyrene Moyenne annuelle ng/n? ng/n? 1* ng/n? 0,05 0,05
Benzo[b]fluoranthene i i i = - 003
BenzolK]fluoranthene 0,03 s
Benzo[g,h,i]lperylene i i i = =
Indeno[1,2,3cd]pyreng 0,002 0,002

0.25 0.35 3
Pb Moyenne annuelle uglmS ug/mg 0.5pg/m 7,2 7,2
2 *
Cd Moyenne annuelle ng/n? 3 ng/m? 5* ng/nt 0,15 5
2,4 3,6 .
As Moyenne annuelle ng/n? ng/n? 6* ng/nt - -
Ni Moyenne annuelle 10 14 20* ng/n? 20 20
4 ng/n? | ng/nt 9
Hg - - - 0,05 1
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La réduction des polluants pi@s constructeurs automobiles et les pétrolieciit plusieurs

systemes (1) la conception de systemes de combustion efficaces pour réduire Is®esnis

O pFKDSSHPHQW OTXWLOLVDWLRQ GH V\VWqgPHV GH
d'évaporation, (3) l'utilisation des technologies informatiques pour surveiller et contréler les
performances du moteur, (4) les technologies efficaces pestiraitement» ou de

dépollution, comme les convertisseurs catalytiques et filtres a particules, et dispositifs de
UpGXFWLRQ GHV R[\G HWOS) D |éRindnt oueckrbvertissent les polluants
avantleur pPLVVLRQ GDQV O DWPRVSHKdg¥ Ha dslté du carpiddahp OL R U [
(suppression / remplacement de composeés toxiques, utilisation de carburants de substitution).

1.5 Survelllance des concentrations

1.5.1 Air

En réponse aux enjeux sanitaires, laflancaiseest« codifiée aux articles L22Q et suivats
GX &RGH GH OT(®YEUYRQWHRHYWU OfDLU HW OfXWLOLVDWL
(LAURE), parue le 30 décembre 199f)i YLVH j UDWLRQDOLVHU OfXWLOLV
GpIlLQLU XQH SROLWLTXH SXEOLTXH logpevedtUb@NEIEOTDLU H
invoque & droit de respirer un air qui ne nuise pdsa dantéElle rend obligatoires (1) la
GpILQLWLRQ GH QRUP KWir gt hEX)FZ) la \Upvélauhte @4 @ lquklité de
OfDLU HW OfLQIRURO@W LA De VBIXW S Hiv @hitF@tre r@8liseD Q W
périodiquement etOH GpPpFOHQFKHPHQW cas fd¢ Qddpass&ntent Vdél sadiQ
réglementaire /H GLVSRVLWLI GH VXUYHLOODQFH GH OD TXDOLW
acteurs impliqués dans demaine. O H 0L Q L VEtaiddiel, dB Béw@Ifppement Durable et
de I§nergie (MEDDE) OHV '5($/ Of$'(0( OHV $$6 4 $Pdtivga@ritir I8 6 4 $
TXDOLWp GHV PHVXUHV |L@U¢)Eﬁ\MEWerDaIFdE‘$lHHIQICS@HHR}dIa®|§-I
I!I(SSSQA). Les Associations Agrééete Surveillancede Qualité de I'Air(AASQA)
comprennen6 asociatios (http://www.lcsga.org/aasj@ui sont chargées deurveiller la
qualité del'air dans les différentes régions francaisess tartes de synthése de la pollution
enregistrée  pour chaque région sont disponibles Sler lien  suivant
[http://www.Icsga.orgdurveillance/dispositif/plans_surveillarfjcda loi prescrit également
O 1 p O D Bew BdNagdo@érations de plus de 250 000 habitants de Plans de Protection de
OT$WPRVSKgtlpblur 1883 &gglomérations de plus de 100 000 habitanf3ads de
Déplacemens Urbains (PDU). Le PDU vise a développer les transports collectifs et les modes
de transport propres, a organiser le stationnement et a aménager la voirie
http://www.developpemerdurable.gouvr). ,O0 DIITHFWH GRQF LOGLUHFWHPHOQ\

Un indice de qualité de l'aiest unchiffre utilisé par les agences gouvernementgesr

communiquer au publite niveau de pollutionDifférents pays ont leurs propres indices de

qualité de l'air gi ne sont pas tous compatibl&n France, g@ur les agglomérations de plus

de 100 000 habit WV LO VIDJLW G Hur(e$ lagyBradratiossvdé RoihsWe $00
KDELWDQWY LO VIDJLW GH OYLQGLFH ,4% c@éstW@ILFH GH

EDVH GTXQ j-inKA@W PJHQWGRXWYW HXURSpHQ HYyaMe®AANBSYA FRPPXQL
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/I TLQGLFH GH TXDOLWp GH OYDLU FURVW GH WuUqV ERQ |
GH PDQLqUH VLPSOH HW JOR E D OlbmépabonTuXaifel 'Wiice@st OTD L U
déterminé par le maximum d'un ensemble de -gsmdises, chacun d'entre eux étant
représentatif d'un polluant de l'air : dioxyde de soufre;(SOGLR[\GH G %DéRNEH 12
(O3) et poussiéresespirables(PM;g). Les sitesde mesure sélectionnés pour son calcul
caractérisent la pollution atmosphérique de fond des zones fortement peuplées (sites urbains)

ou sites périurbainghftp://www.atmefrance.ory. La[Figurel.5. CDUWRJUDSKLHV|[GH OfLC

TXDOLW;TmGrHireCiuIﬁBXempledesinformatidnﬂrniesSDU OTLQGLFH GH TXDOLW

Figurel5. CDUWRJUDSKLHV GH O 1 L(QoGrteFhtpdwhwilesGadigfV p GH OTDLU

DesprévisionsGH TXDOLWRGW ORPULQELHY j OD SRSXODWARQ SRX
minimise lesrisques pour lasanté publiqueElles peuvent par ailleurs étre utilisées par les
pouvoirs publies pour mettre en place desoastponctuellesde réduction de la pollution (par

exemple circulation alternée)H V\VWqPH 3 5litpSvwbv.prevair.org/fr/index.pHp

D pWp PLV HQ SODFH HQ j OfLQ LaMEDDE)th d& Xéére® L VW qU
HW GH GLIIXVHU TXRWLGLHQQHPHQW GHV SUpYLVLRQV HW
simulation numérique a différents échelles spatides.ailleurs, les AASQA ont leur propre

systeme de prévisiofpar exemplgwww.airparif.asso. et certains laboratoires, tels que le

CEREA fournissent aussi dgsévisions{http://cerea.enpc.fy/

1.5.2 Eau

/12IILFH QDWLRQDO GH O THD X(Ohiewla)@ Et¥ cliédoaut uheX §eRdnX DW L T X
globale et durable de la ressource en eau et des écosystemes agedaqeesnquéte de la

qualité deseaux(Q JUDQFH GHV SURJUDPPHV GH VXUYHo@mSODQFH
GYfHDX SODQV G Y Hi@nXeawk Doti¢res, haw soDt€MibeR QW pWp PLV HQ °X
dans chaque bassin hydrographique depuis 200%éseau de contréle de surveillance est
FRQVWLWXp GH OfRUGUH GH VLWHYV SpUHQQHV © FRXU
(métropok). Les méthodes de surveillance et Isubstances prioritaire& H O filhyS$\c® W

chimique (température, oxygen&/ DOLQLWp PDWLQqUHWW QOcoitiiBW Q VLR C
(PLFURSROOXDQWY WHOV TXH PpWDX][ SR pres@ites ey WLFLGH
eaux douces de surfapar lalcirculaire du 29 janvier 2013 es observations de chaque

bassin versant sont accessibles kutien suivant |http://www.surveillance.eaufrancelfr/
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[TpWDW FKLPLTXH HVW ODSSUpFLDWLRQ GH OD TXDOLWp C
substanceicluant des polluastliés au trafictels que des métaux lourés certainsHAP.

Les concentrations ne doivent pas dépasséN@sétablies par la directivede 2008/105/CE.

Le dépassement de la norme pour une seule substance suffit a déclarer une station du réseau
en mauvais état chimique, gleetjue soit la situation des autregbstances sur cette méme

station.ll Qe¥istedonc quedH X[ FODVVHV G H: ofi gtabD mauva{sléfal. T X H

Par ailleurs les plans d'urbanisme doivent étre compatibles avec les objectifs de protection
définis par le SAGE|[schéma d'aménagement et de gestion des).ehexSAGE est un

document de planification de la gestion dad'ea I'échelleGIXQ EDVVLQ fieHUVDQW
desobjectifs de protection quantitative et qualitative de la ressource eet dadoit étre

compatible avec |schéma directeur d'aménagement et de gestion deg$SRAGE).

1.6 Objectifs généraux du travail de these

Les enjeux environnementaux et sanitaires liéa @érculaion automobilenous obligent a
FRQQDLWUH HW VXUYHLOOHU VHV LPSDFWV /HV PHVXUHYV
OfHDX SHXYHQW QRXV LQIRUPHU VXU OHV QLYHDX[ GH FR
méthode reste limitée a certains paifiia revanchela modélisation est complémentaire des
mesures etessentielle pour comprendre les processus jeu et fournir les éléments
GILQIRUPDWLRQ QpFHVVDLUHV DX G p.\EH effetIrhodédtiatibtn GH S R (
SHUPHW GIHVWHRMWDWMIVREORQGDQV GspatioteDporeHESpIS fpFKHO
vastesque celles possibles pour les mesutes.modélisationpeut aussi étre utilisée pour

prévoir O 1 p P H U BHj€uk ehvitonnementaux liés aux sports F R Q W U LdbjEdtfldej O T
maitrisH GH OD TXDBWWEHGE T PXL PLbWXGH GH SURVSHFWLYH F
QRXYHOOHV pPLVVLRQ@& aileursdasodéligatiBrsdageiéralementnoins

colteuse que la réalisation de mesures expérimentales.

Différentsoutils de modélisatioront étéutilisés pour cette thesks couvrent lanodélisation

du trafic, des émissions RO OXDQWYV GHV FRQFHQWUDWLRQV GHV S
des concentrations de polluants ddaes eauxde ruissellement.Ces outils permetten

G I REWHRNINBesGTHQWUpPHV QpPH RXWLLIOH Vih@Riiodhal Wuivasi V

par exemple, un modele de trafic fournit les informations nécessaires pour calculer les
émissions de polluants liés au trafitous avonglonc ciblé notre rechene pour développer

une chaine de modélisation qui permet de quantifier les impacts environnementaux du trafic
routier sur la pollution atmosphérique et la contamination des bassins vemndaitesen

prenant en compte le trafic, les émissions des veéscués processus de transport et de
transformation atmosphériques, les dépb6ts atmosphériques sur les bassins versants et les
processus de transport et de transformation dans les eaux de ruisselle@en {DJLW pJDOH
GpYDOXHU OD |DehétDiEesChiavep de Wodsleisl AVilitfépentes échaltgrmour

différentes conditions

La premiere partide cette thes® FRQVLVWp j UpDOLVHU XQ pWDW GH O¢I
des différents phénoméngzertinents(trafic, émissions, pollution atosphérique, qualité des
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HDX[ GH UXLVVHOOHPHQW PHWWDQW HQ H[HUJXH OHV F
PRGgOHV SRXU FRQVWLWXHU XQH FKDVQH FRKpUHQWH HQ
temporelles. Deux exemples de chaines de modéhssRIQW SURSRVpV OTXQH VWD
pas de temps horaires, la seconde envisageant une approche dynamique du trafic et des
pollutions associéesCes chaines denodéles ont été testées pawois configurations

partielles (1) Couplage trafic/ émissQV DYHF XQH VLPXODWLRQ GTXQH YR
PRGgOH G\QDPLTXH GH WUDILF HQ OLHQ DYHF GHV PRGqOH
FRXSODJH pPLVVLRQVY SROOXWLRQ DWPRe!@BKguplaeXx H HQ E
dépdts atmosphériquégjualité des eaux de ruissellement pour un bassin versant.iDbam

la suite du travalGH WKqgVH GHV RXWLOV DXWRPDWLVpV GILQWLE
construireune chaine de modaleV LPXODQW OD TXDOLWp &kébdoed U HW |
pour estimeta TXDOLWp GH OYHDX HQ IRQFWLRQ GHWMDbEBRQ QpHV C
versant. Les résultats de ces chaines de modélisation ont été coaypanéssures obtenues

lors de cing campagnes de messirdlOCOPO et PMDRIVE a Grenoble, SIOA a Grigny,

Promeyrat (2001) a Metz (Autoroute A31)/ROGEV a SucyenBrie.

Cette theseDXUD SHUPLV XQH DYDQFpH VLIJQLILFDWLYH GDQV (
OfHQVHPEOH GHV PRGQqgOH VcdatehtratdMawnbs@hériqes elamsPes XO GHV
eax de certains contaminants li@sl trafic routier, mettant en avantertaineslimites et
recommandantertainesprécautiondors dela réalisation deelles chaines de modélisatian

Par ailleurs,la nécessité de données expérimentales robil8R®XU OD YDOLGDWLRQ GF
apparét comme un poinimportant qui doit étre adressé dates futurs programmede

recherche
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Chapitre 2

2 Description des modeles

NousDYRQV DUJXPHQWp G Hirstde® JéveoppedesehamibddeRiigntes de
modeles pour étudier lgghénomeénes influencargdpollutions G H Cefjde LOJY khDuttes
par le traficroutier. Plusieurs outils ont étatilisés pour ces quatre phénomenedrafic,
pPLVVLRQ TXD@&OMMHDBX OfDLU HW

Le choix dumodele dépendra de I'échelle spaémporelle a modiser mais aussde la
résolutiondesdonnées d'entes et de sorties des modeéles ou encaela compatibilité des
modelesGLYVSRQLEOHYV SRXU OH P HVpWlhddéliser taxqualitd dEBPHD M[HP S
nous ne pouvons pas utilisemnechaine de modéles dynamique a peiikelle temporelle car

OHV PRGQqOHV GTpPLVVLRQV LQVWDQWDQpVY DFWXHOV Qf
échappement et les particules ayant un diametre supérieur a;16rjoas particulspeuvent

étrela source principalde certaingpolluants dans les eaaberuissellement (diametre médian

30 um). Il convient aussi de choisirdes medé HQ IRQFWLRQ GHV FasibnGTpWXG
attendue Ces questions sont traittes danOH FKDSLWUH TXL SUpVHQWH X
modeéles disponibeSRXU VLPXOHU OH WUDILF OHV pPLVVLRQV GH
qualité des eaux deissellement

Ce chapitre est consacré a la description des modélesaddisg les lsaines de modélisation
construites dans cette theparticulierement les chapitrés 4, et 5 lls incluentle modeéle
G\QDPLTXH GH WUDILF 6\PXY kpour iid$sePrRoBenEKEPTRIE), VV LR Q
OH PRGQqOH sGifsteiataney (FRIEM), le modé& de dispersion atmosphérique
3RO\SKHPXYV HW OH PRGqQOH GH TXDQWLWp HW TXDOLWp C

2.1 Modeéle de trafic (Symuvia)

Le modélede WUDILF 6\PXYLD Gést anf madlélédisroscopique a loi
macroscopique du lesrdre detype LWR (Leclercq et al 2007). Le modéle LWR de
Lighthill et Whitham (1955) et Richards (1956alcuk trois variables macroscopiques du
trafic (le débitQ, la concentratiorK et la vitess&/) par deuxois de la mécanique des fluides
et larelationdu dagrammefondamentalejui décrit lecomportement des véhicules

2.1

2.2
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Les modéles du ler ordre dgpe LWR supposent ug le systéme est en permanence a
OTpTXLGUe®OWDHYHWHVVH QTHVW IRQFWLRQ TXH G#bnGldd FRQFH

systeme seéduit a une seule équation hyperbolique scalaire de la variable K (Godlewski et
Raviart, 1991).

2.3

Cette équation esgiénéralementalculéeau moyen d schémanumériquede Godunov

A,

(Godunov, 1959) en tamtcompte dda condition CFL (Mnax & 7 &).

Le modele Symuvia été enrichavecdiverses extensions de mani@rdécrire plusinement

les diverses situations de trafic en milieu urb&lvV QRWDPPHQW O péwrpOpUDW
améliorer la reproduction de la cinématique des véhicldeglifférenteslasses de véhicules,

la gestion particuliere des transports azifs etles conflits aux carrefounsrbains (giatoire,

feux, les interactions entre les piétons et les véhicetes (Leclercq et Laval, 2007Laval et

Leclercq, 2008 Chevallier et Leclercqg, 2008Chevallier et Leclerccg008b)

Les donnéesCefitée di modéle incluat: la matrice originedestination (O/D)les niveaux

de demandes aux entrgggh/h),les réglages decycles de feux aux carrefouaisi que les

types de véhicuke (véhicules |égers, bustrolleys bus tramway, etc.) Ce modéle est
susceptible de calculer a chaque instant la position, la vites€2feD FFpOpUDWLRQ GH
véhicule préserdur le réseau.

22 ‘t°Z% thigsion basé sur la vitesse moyenne
(CopCETE)

CopCETEa étédéveloppépour descas G § p WiKaGcHishar le Ministerede OfeFRORJLH
(MEDDE) et coordonné par le CETE&HQWUH GIpWXGHV WHFKQLTXHV
actuellement CEREMA) NormandieCentre CopCETE estun outil basé sur les
méthodologies et équations @OFERT (Ntziachristoset al., 2009 avec enplus certains
factHXUV GYIpPLVVLRQV VSpFLILTXH M BgidieLCQPERG et bfieniEeY D X[ | L
sur le calcul d'inventaire macroscopique (inventaires nationaux d'émissmrs) que

CopCETE permetGH WUDYDLOOHU j SDUWLU GTXQH swhtier&H VpuUL
plutbt que les3seulscaUEDLQ UXUDO DXWRURXWLHU HQYLVDJpV

Les méthodologies de COPERT4 sqmsentéedrievementa (Afinexe A etde maniére
détaillée http://www.emisia.com/copert/Documentation.html

CopCETE offre la plupart des possibilités de calcul abordées dans la méthodologie
COPERT: (source, Notice CopCETE, 2010)

x les émissions a chaud pour les véhicules légers et lpurds
X les surémissions a fropbur les véhicules légers
X les surémissions liées a la pente pour les poids lourds
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les surémissions liées a la charge des poids lourds

les corrections liées aux améliorations des carburants

les corrections liées au vieillissement des catalyselgsietaintenance
les émissions par évaporation pour les véhicules légers ;

X X X X

X les émissions hors échappement

Il faut noter que le logiciel @CETEV3 a été utilisé poucalcule les émissions échappement

et évaporation en utilisant des données COBBRD {DSSURFKH GHV pPLVVLRQV (
froid et par évaporatior 1 H V tuj&i3 dppropriée au niveau du tron¢dtar ailleurspour

les émissions non échappement, le docume3dlection des agents dangereux a prendre en
FRPSWH GDQV Ofpsqe® ¥antaireR QiesGadx/ infrastructures routiéres et
ferroviaires» a été utilisg¢http://www.sante.gour).

Pour appliquer le modéle, if faut connaies parametresuivants. (1) pas de temps (horaire,
journalier, mensuel, annugl(2) la période(mois) renvoyahaux conditions de température,

(3) le chargement des veéhicules lourds (0, 50% ou 100%)a longueur des trajets (ou un

facteur de démarrage a froid) et leur nombre journalier pour la détermination des surémissions

de démarrage a froiet par évaporation de carburaf) la longueur du trongcon et sa pente
moyenne (par classe de 2 XV T X 16) te milieu (urbain diffus, urbain dense, campagne,
autoroute)(7) les nombres de véhicules Iégers et lourds ayant circulé pendant la p@riode

ce troncon, un pourcentage du VUL dans le flux VL, le nombre de bus et de caf@)das,

vitesse de circulation des VL, PL et by8) des données liées au démarrage a froid et aux
PYDSRUDWLRQV WDX[ GH IURLG QR PeE(Uhle@arOautomabil® X FR XL
francais élaboré pa® 1, | L TE\W&dibn 2011Qui a été intégré dans CopCE{&ependant,

le modéle peut utilisates parcs differentsV HORQ OH FOH FDIPMXOOCG B pPLVVLRQ
réseau routier peudtre effectte pour cKDTXH WURQORQ HW SDV GH WHPSV
vitesse moyenne par groupe de vehicules conséquence, tous les véhicules circulent a la

méme vitesse sur le troncon, stable au cours de la période, et on ne capte pas plus finement
TXTj FH Q Lyvadiyde dubrafi:.

Le modelefournit des émissions échappement et non échappementtrpacon et par

catégorie détaillée de véhicalgour un pas de temps$KRLVL SDU @&xr&/LOLVDW
journalier, mensuel, annueflCOPCETE peut également agréger tésultats par grandes
FDWpJRULHYV 93 98/ 3/ HWF SDU WURQo0ReS doRndesSR XU O
fournis par CopCETE comprennelat consommation & carburant etes émissionsle 26

polluantsqui incluent CO,, CO, NOy, COV, benzénePM, SG, Pb, Cd,CH4, COVNM, N0,

NHs, HAP, Cu, Cr, Ni, Se, Zn, Ba, Ascroléine formaldéhydel,3-butadieneacétaldéhyde

et benzo(a)pyrénelLa liste desW\SHV G | ppgfid ¥nvdoReVpour chaque polluant est
présentée en Annexe

Il faut noterquelesfactaurs G Tp P LV VEehgopeniet de COPERTo4At été utilisés ici
pour les polluants qui reontpasinclusdans modéle CopCETE.
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23 "t°Z% fitecescios coo—fo_foxte

Le modéle PHEMPRassenger Car artfdeavy DutyEmissionModel) est d&veloppé par Graz

University of Technology Autriche allinger et al., 2008 Ce modeélecalcuk la
consommationel FDUEXUDQW HW OfpPLVVLRQ LQVWDQWIO®QOpH GHYV
conduit donné et de cartes du moteuu déhicule. Ces cartes du moteur sont produites p

la puissance et la vitesse de moteuH@) pour chaque normeuko. Les donnéesGefitrées

(cycle de conduite et caractéristigu vehicule) calculerd la foisla puissance du moteur

liée a la résistance du véhicule et la perte de transmissiangia vitesse du moteur basé

sur le taux de transmissiole diametre de roue é¢ modele de changement de vitesse. En

effet, les dfférents parametretels que lescharges des véhiculels pente dela route en
combinaisoravec lesvariationsdela vitesse ele OYDFFpOpUDWLRQ SddnslEe HQW rW
modele par différesteffets de changement de vitessiea [Figure 2.1 montre différens
parametre mis en jeu aec lemodéle PHEM.

Figure2.1. Schéma dmodéle PHEM

Il existetrois versions € ce modéle 3+(0 6WDQGDUG VLPXOH OfpPLVVI
LQ GLYLGX de3egcdtidlistgdeet de soncycle de condug, (2) PHEM Batch peut

étre utilisé pour un groupe des veéhiculgsette version utiliseaussiles caractéristique du

véhicule etle cycle de condug, (3) PHEM Advancealcue OHV pPLVVLRQV GIXC
automobile dans les réseaux routidteur PHEMAdvance | T XWLOLVDWHXU QD EHV
gueles positions et les vitessessdehicules en chaque instant (e,§PS) ou les laisser étre

calculées par le modele de trafic

Nous sommes intéressés ici par la verddtEM Advancequi est capabl@le calculer s

eémissiors a petites échelles spatibemporelles et peutaussi étre couplé grace a une interface

avec le modele de trafic&k H PRGqQOH QpFHVVLWH ILFKLHUV HQWUp
opérationnelle (1) donnés de trafic (FZP)qui incluentle temps, la position, la vitesde,
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catégorie devéhicule, ee numéro de troncon et sa pente. Ces données pektverfournies
par le modéle de trafic (e.g., VISSIM), (&) composition d parc automobile (FLT), (3es
donnéesle température (TEMJt (4) la segmentation de réseaux (STHhe mmpatiklité de

la segmentation averH O O Hn@i§led® T XD O L W p G Hler§risferded BesuliQdd a4/ H
résultats de PHEMse présentent sous trois formegl) résultas seconde par seconde
dTLQIRUP DWIERIewIEd LoOrdbvinées, les ident#tions de véhicules, la puissance,
la vitesse O 1D F F p QgsléDi¥siomsl® plusieurs polluanttNO, NQG,, CO, HC, PM, PN
(nombre de particulg) et la consommation du carburant, (2¢sl valeurs moyennes
G 1 p P L&/deLdR&Que vehicule en fonction dunpes de conduite, (33les résultas qui
pewernt étre importé dansle modelede T X D O L W pe.G,MISKAR)LdY quiincluent NOy,
CO, HC, CQ. PM;, benzénecarbone gie (soot) et SO,.

2.4 Dispersion atmosphérique (Polyphemus -Gaussien)

La platefome de modlisation Polyphemus (Mallet et al., 20083t développée pate

CEREA &HWWH SODWHIRUPH SURSRVH GLIIpUHQWY BRGQgOHYV
quedesmodeles Eulérien, Lagrangien, Plurrie-Grid et Gaussien. Ce dernier a été largement

utilisé pour modéliseta GLVSHUVLRQ DWPRVSKpULTXH j OfpFKHOOH O
simples qui offrent O 1D Y D Q W Dné Hhorithépvddimation pour un grand nombre de cas

proches des sources avatestemps de calcul convenabld.a formulation gaussimme peut
VIDSSOLTXHU j GHV UHMHWYV LQVWDQWDQpV PRGqOH j ER.
panache) par ailleurs, un rejetontinupeut étre discrétisé dans le temps pour étre représenté

par une série de bouffées. Un modeéle a bouffées perfftMRLU XQH PHLOOHXUV Ul
GH OD WUDM H FWsRidblbhgGebdstan&b Qubarditéttion du veraut varer. Le

modéle Gaussien de panadst utilisé pour legmissiors du trafic routiercar un modeéle a

bouffées est colteux en temps acul du fait de ladngueur des sources (routes) et un

modéle de panache est approprié car les impacts ard Beulement quelqeeentaines de

metres de la sourcées modeles gaussiens supposent que les conditions météorologiques
sont uniformeset gationnairesFH TXL HVW DFFHSWDEOH j OfpFKHOOH OF
de dispersion gaussiseest YDODEOH SRXU XQH VRXUFH SRQFWXHOOI
K\SRWKqVHV VXU OD VWDW.LH& DaussiWalabl@dur Qufis SoRr&eIp QpL W
linéique dans le ca®lvent est perpendiculaire a la routle autre formulation a été ajoutée

au modele gaussien de Polyphemus par Briant et al. (2011, 20&8¢ estbasé& sur la

formulation de Venkatram et Horst (2006)XL FRQVLVWH jae\eD apprbkinadt L Q W p J
O TL QW pef éhzi@ntdu calculcertainegortions de la source. Cette formulation induit

des errets sous le vent par rapport a la source linéique et aussi par rapport aux deux
extrémités de la sourckes erreursnduitespar cette approche ont été minimesgen ajoutant

deux sources ponctuelles a chaque extrémité de la source lineiBuleU OfHUUHXU VRXV
par rapport aux deux extrémitésfHUUHXU VRXV OH YHQW SDUestDSSRUW
minimisé selontrois régine définis HQ IR QFW L R Qu GHt par frapRoitGHa Bute
Pourdesangles de 0° a 407 (0° représente un vent perpendiculaire a la rou@¥eurest

négligeable pour desangles de 40° a 75°0 Y H UpeUH &reminimiséeavec des fonction
gaussianes,et pour desangles de 75° a 90°OTHU UH XU H&hWitilBdnQune fokctidh
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exponentielle Par ailleurs OfpTXDWLRQ JDXVVLHQQH GLYWwhtEst ORUVT
paralléle a la source par conséquentpour les cas ouO D @st 6uidérieura 809 une
combinaison deconcentratioa calculés par la formulation pour unesource linéique etle
concentration calculéesparla discrétisation de la source en soangenctuellesestutilisée.

Un coefficientqui dépend GH O § D Q J O d&fird Xes Y&ty relativesde ces deux
concentrationsPar ailleurs, le mode a été amélioré pour moler la largeur de la routau

PR\HQ GTXQH LQWpJUDWLRWQP & & DSRIPEGI DI pWp GpYHORSSpH
polluants gazeuxDans le cadre de cetthesele modele aété modifié pour traiter les

particules

Ce modéle donne de bons résulfasr lescasou lavitesse du vengstimportane (>1 m/s)
mais a des mauvaises performangesur lescasou la vitesse du vengest faible, car la
direction di vent est alors mal définidJne solution a été proposée péenkatram et al.
(2013) qui supposgueles polluants peuverdtre dispergssur360° lorsqe la météorologie
est calmeCette approche est développée et évaudbapitre 4.

Les donnéeefirées nécessairgmur la simulation des concentrations des polluagities

dépbts atmosphériqguesmprennentes éléments suivant§l) les coordonnées et longueurs

des sourcestroncons deaoute), (2) lesaux d'émissioshoraires assoa#s au trafic, (3 les

positiors des points récepteual sont calculées (et parfois mess)éles concentrationg4)

les données météorologiques qui comprennent la viteksdiedction du ventla température

et la nébulosité(la stabilité atmosphériquesst estimé agotir de la période (jour ou nuit),
vitesse du vent et nébulosit®ar ailleurs, les précipitations sont nécessaires pour le calcul
des dépdts humides et des hypotheses doivent étre faites sur la granulométrie des particules
pour estimer les vitesses dépdts secs et les coefficients de lessivage par la pluie.

2.5 Hydrologie (SWMM)

Le modele SWMM 5 (Rossmann, 2004) simule a la f@iguantitt GpELW j OfH[XWRLU
bassin versantet aussila TXDOLWp GHV HDX[ GH UXLVVHOOHPHQW
rpSDQGX SRXU OHV pW XG HYurGE§Kpéaade&s@eniinues &t UIbBdhas) H

O 1 p FKH Oeémdngal§ pltYiey Ge modele représente le bassin versant sous la forme de trois
objets principaux : les sodmassins versanen surfaceles Q ° X @t\es conduitsdu réseau

G DV V D L Qhavis/dd mbd@I&Y le bassin versant est divisé en plusieusbassins pour

mieux estimer la quantité et la qualitéseaux de ruissellemeen fonction dda variabilité

spatiale de la topographie, des ouvragesrdmage, GH OfRFFXSDWLRQ GH VRO HV

La transformation pluielébit est modélisée par un réservoir {ioBaire qui comprend
I'infiltration, le stockagesous forme de pertes initiales I'évaporation Le transfert sur la

surface est modélisé ed XLY DGWURFKH GH OfYpFRXOHPHQW GYIYXQH R(
plan (Singh, 1988)es équations correspondantes sont:
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ol, V (n?) estle volume stockédansun sousbassin versantQ (nt)est levROXPH GHDX
sortantdu sousbassin versant A (mf) est lasurfacedu sousbassin versant W (m)est la

largeur moyenneéu sousbassin versantp (m)est lahauteur de pluie, d (n@st lahauteur

G THYYA), permest lapourcentage de surfacenméabled, (m) est la hauteur des pertes

initiales i (m) est Orffiltration, n est laconstante d&lanningqui dépendle la typologie déa

surface e(m) est @fapoationets est la pente moyenne wsousbassin versant.

/9 p &l&ment est transportians lesonduits représentant le réseaur la base dedquations
de Sint-Venant.

La modélisation de la qualité des eaudcessite la modélisatiome OTDFFXPXODWLRQ ¢
pollution sur le soldurant le temps sec, dassivage de polluants durant leslyes et du

transprt des polluants dans le réseau. Pour cela, le modele a besoin que soientd&inies
informations telles que le type @elluant, les catégorie& 1R FF X S D WquRppod@isenV R O V

ces polluantset les concentratios des polluans dansles précipitations et dans les eaux
souterraines. Les méthodes de calcul de ces parasétont expliquéeau chapitre 5.

Ce modele nécessite de fournir les discrétisations et de définir les caractéristiques-des sous
bassins versants (surface, largepente, surface imperméablepetficient de rugosite
OTRFFXS®MWHK, RO résddaux de condsitles données de précipitation, le modele
GILQILOWUDWLRQ DLQVL TXH OYDFFXPXODWLRQ GH SROOX
récupérer lesUpVXOWDWYVY GH GpELW GH KDXWHXU GYHDX HW OD
Q° X @Gréseau.
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Chapitre 3

3 Chanes de modélisation

La nécessité de développer une chaine de modélisation pour simuler la pollution de l'air et des
eaux plwiales due au trafic routier a été expligat chapitre 1. Ce chapitqgrésentain état

GH OYDUW GHV RXWLOV GH PRGpOLVDWLRQ GHV GLIIpUHQ
atmosphérique, qualité des eaux de ruissellement), mettant en exergugeles liés a
OfLQWpPJUDWLRQ GHV GLIIpUHQW\s fgolr GapStikist uhdVch@me FKRL]|
FRKpUHQWH HQ WHUPHV GH S&(pP@ed3.QWY HW GfpFKHOOHV V

Les modeles de trafic sont clas&#s3 grandes catégoriestatique, dynamique agrégést

dynamique. Les méthodes et outils sont présentés pour diéfgéstielles, donnéesCGefitrée

et résultats. Par exemplen modele statique tel que VISUM estime le débit et la vitesse
moyennesurun trongcon D O R U Whot&{e]d¢@amique microscopiqted queSymuvia est
capablededéterminer la positiodes véhiculedeursvitesse et accélératiod XU OfHQVHPEOH
réseau deoutes considérd_es modelesGfnissiongelévent de7 catégories en fonctiaes

données nécessaires pour calcu@iH V W Dixdions dimsP queles différents types de

polluants émis paes véhicules. Par exemple, le modele CopCETE peut utiliser les résultats

d T X Qodele de trafic statique gonnant des flux de véhicules horaires et diesss

moyenns) pour VLP XOHU @rmisgionsDiXhoi@feux polluants issus de diverses sources

d #missions (échappement, AgPFKDSSHPHQW HW pYDSRUDMWdItRIE 6L Of
pPPLVVLRQV DYHF SOXV GH SUpFLVLRQ OHj ®ehepp&ren3a+ (0 SH X
chaqgue instant etur chaguesegmentle route De nombreux types de modelde dispersion
atmosphérique faisant appel &eatsestechniques de modélisation ebuvrant différents

échelles spatialesont SUpVHQWpV /H FKRL[ GX PRGq@Othl, @g&HQGUD G
ou continental Les modeéls de chimietransport basesur une approche Euléries ou
Lagrangieme pewert étreutilisés aux échelles régionales et continentales (voire globAles)

@dhelle loca sans obstaclet avec des donnéesGefitrée uniformg spatalement (e.g.,
météorologie)les modeles Gaussiea sont approprie Les modéls de type« streetcanyon»

ont été dévelopEepour tenir comptede O T H lésb&tim@ns sur la dispersion en milieu

urbain Pour les cas avedesgéomeétris complexas, les moeles CFD pewent étrechoiss,

cependant, leurs besoins en temps de calcul limitent leurs applications a des domaines limités
(quartier) et des courtes périodes (journé®s modeéls hydrologgues sontclassées ed

catégories seloe degré df KR P Ridgi@ des donnéesGefitrée spatiake qui peuvent
caractériser umbassin versant (localis&)n sousbassin versant (partiellement distribudghe

surface avedesdonnées Gefitrée hydrologique similaires (HRU) ou une région avec un

maillage spatial (disifoué). La disponibilité de donnétsdles que cellesGTRFF X SEsWL RQ GH
etd L QW H @¥yluidepla@adolutiondésiréedes donnéesefitrée dierminentle choix di

29



modele. Les limitations et les incertitudassociées @&es modeles sordussibrievement
présentées dans ce chapitre.

Le lien entre les émissionaida circulation, les dép6ts atmosphériques et la contamination

GHV HDX[ GH UXLVVHOOHPHQW Q D SDV HQFRUH pWp WUD
différents couplages entre modélestseindiés dans ce chapiséparémenra travers trois cas
GIpWXGH

/H SUHPLHU FDV GYpWXGH FRQVLGgUH OH FRXSODJH HQWLU
PRGgOHV GYpPLVVIORIGY GMMWILYPWW GHV YLWHVVHV PR\HQ
instantanées (PHEM)La comparaison des résultats de ces deux couplagatrentdes

émissiors plus importargspourla plupart des polluantb YHF OH PRGgOH GYpPLVVLE
les vitesses instantanées paoe voie urbainérsque lewvitessa de circulatio sontfaibles.

Le GHX[LqPH FDV G Y p Wougdge Bésudetactdistid et deTXDOLWp GH OfI
Une application de ce couplage a été réaliSée XU X Q V H aetbtapie/ A&GLHré3 fle

Metz avec unecompar#&son des résultatgle la simulationavec des mesures de dépdes
cadmiumobtenues différentesdistance des deux &tésde I T DXWRURXWH 339 GDQW |
Les émissios ont été calculég avec le modéle CopCETE Le modéle Gaussien de
Polyphemusalimenté par ces émissiqres alors été iisé pour calculer la dispersion lets

dépbts sexet humide de cadmium. Les résultats lsimulations sont satisfaisants sauf pour

les zones proches da bordure de O  Doxitd/dv des particules grossieres fses en

compte dans les émissions p@ient contribuer significativement aux dépots

Le WURLVLQPH FDV G 1 papaGeHenféeQiddE8lesle T XDFOLWp Gdd OfDLU
eax de ruissellement. En particuliela cohérence et les interfaces des modétas

discutes. /H FDV Gr§gis&/thai®He calcul duépbtavecdesdonnés expérimentale de
dépobt,detrafic etde conditiors météorologique Une mmparaison entre deu FpQDUWLRY Of
qui inclut les émissions dtrafic local et lesconcentratios de fond HW OYDXWUH TXL
seubement lesoncentratiosa de fond montre que lesconcentratioa de métaux darleseaw

de ruissellemendont M X V T Xffhig plus [€levéegn considérant explicitemelat trafic local
pourlessousbassiis versans situés awoisinage des routes tres framtées

Cette étude a permis dwoposer deux configuraton&6 H FKDvVQHVY GH PRGpOLVD
statique avec des pas de temps hasaleeseconde envisageant une approche dynamique. La
premiére chaine peut estimer a la fois les concentrations de pMlugD QV OfDbdng HW DX
OHV HDX[ GH UXLVVHOOHPHQW JUKFH j VRQ PRGIg@#HH GTpPL"
variétésdes polluants émis paesvéhiculess. DHV 1D FW H X U de GORERTpEWErR €n

particulier étre utilisépour les particukede diamétre supérieuresl@ um car cellesci sont

des polluants potentiellement importants dans les eaux de ruissell&menapplication de

cette chaine de modélisatiearaprésenteen détailauchapitre 5.

La secondechaine considérées émissionst la dispersion des polluanttee maniére plus

détaillée, en analysale comportement individuel devéhicules, OTHIITHW @GxXteUrgui L P H

les émissions du véhicylainsi quela turbulence crée par les obstacles et les véhicules.

Cette seconde appttoe convierdrait pour une simulation précise @ TXDOLWp GH OfDLL
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pas poulda T XD O L W pcdblés raofiéld3 ¥'émissisimstantans ne traitet pasencoreles
polluants d'intérét pour I'eau sejueles HAP, métaux lourds, @& fraction grossierdesPM
produiesparlesémissiors nonéchappemenusure des freins et des pneus)

Ce chapitre est constitué de Fallah Shorshani et al., (2014)
Fallah Shorshani M., André M., Bonhomme C., Seigneur C. (20addlelling chain for
the effect of road #affic on air and water quality: Techniques, current status and future
prospects. Submited to Environmental Modelling & Software.

Abstract

Modelling approaches for simulating air and stormwater pollution due-toazhvehicles in

an urban environment areviewed and discussed. Models for traffic, emissions, atmospheric
dispersion and stormwater contamination are studied with particular emphasis on their
couplings to create a modelling chain. The models must be carefully selected according to the
requiremats and level of necessary details required for the integrated modelling chain.
Although a fair amount of research has been conducted to link air pollution and road traffic,
many questions related to spat@mporal scales, domains of validity, consisteaayong
models, uncertainties of model simulation results and interfaces between models remain open.
Furthermore, the Ilink between traffic emissions, atmospheric deposition and the
contamination of stormwater runoff in urban areas has not yet been treated i
comprehensive manner. The aim of this work is to review the current status of the
relationships between traffic, emissions, and air and water quality models, to recommend
modelling approaches and to propose some directions for improving the stagteadf Tie
difficulties and challenges associated with model coupling are illustrated with specific
examples.

3.1 Introduction

W LV H[SHFWHG WKDW LQ PRUH WKDQ SHUFHQW RI W
areas. The growing amount of vehicleslensely populated areas increases traffic congestion

and contributes to the deterioration of air (e.g., Zmirou et al., 2004) and stormwater quality
(e.g., Obropta and Kardgs2007). Thus, traffic is a major source of pollution in cities.
Currently, trafic models can predict the position and kinematic parameters of the vehicles
and emission models can estimate the amount of different types of pollutants emitted by
vehicles, albeit with some uncertainty. Then, the dispersion and transformation of p®llutan

in the atmosphere can be modelled using atmospheric dispersion models and/or €hemical
transport models. A fraction of the air pollutants deposits to surfaces by dry and wet
processes. These pollutants may be entrained by the water runoff during eaiefédl, which

can be simulated by stormwater models. They may also be resuspended in the atmosphere due
to mechanical disturbance (e.g., traffic, wind). Various models have been designed to
simulate each of these phenomena; however, little work has beental develop integrated
modelling systems that can simulate the impact of traffic on both the air and water
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environments in urban areas. It is essential that such capabilities be developed and evaluated
as their needs are primordial for the planninghe sustainable cities of the future. Thus,
there is a need for a global and systemic approach of pollutant mitigation policies in urban
areas in order to decrease globally their pressure on the environment and human health.

Traffic pollutants are emittedytthe internal combustion engine of the vehicles, tyre, clutch
and brake wear, fuel evaporation, and road wear. Exhaust emissions consist mostly of carbon
dioxide (CQ), carbon monoxide (CO), nitrogen oxides (NNO and NQ), volatile organic
compounds (DC), particulate matter (PM), nitrous oxide;(, ammonia (NH), persistent
organic pollutants (POP) including polycyclic aromatic hydrocarbons (PAH), and metals.
VOC are also emitted by evaporation. Nexhaust emissions such as brake and tyre wear are
also sources of PM. PM includes inorganic species, trace metals, and carbonaceous
compounds. Emission factors are available only for the major air pollutants and large
uncertainties exist for many air pollutant emissions.

First, we present and classifyetmodels for each phenomenon (traffic, emissions, air quality,
and water quality) according to their input data and scales of application. Next, we discuss the
strengths and weaknesses of these models. Then, we address the development of modelling
chains ad various approaches to link these models. Finally, we present recommendations for
further model development and suggest alternative models that could be considered as
integrated modelling systems. Specific issues such as differences in PM size raget rel

to air and water quality are identified and actions to resolve those issues are proposed. This
work provides the basis to improve the integrated modelling approach to relate traffic to air
and water pollution, which today is typically limited to Sply or temporally averaged
conditions (average fleet composition, average traffic speed, stationary atmospheric
conditions) and separate media (i.e., either air or water).

3.2 Model description

3.2.1 Traffic models

Three major classes of models can represeridhaviour of vehicles for various applications
to an urban network:

i) Static models rely on the spatial distribution of population and calculate average
traffic volumes in different areas of a network. Such models (e.g., VISUM,
Fellendorf et al., 2000) arypically divided into four steps: trip generation, trip
distribution, modal split and assignment. The numbers of trips in each area of the
network are estimated based on housing, office density, and their locations. These
trips are used to construct angm-destination (OD) matrix. The OD matrix, in
combination with information such as the different modes of transport and speed
flow curves, is used to calculate the travel times on the road network. thiays,
provide the vehicle flux foeach link of theoad network. These models are highly
simplified, but they are useful to provide a static description of the road traffic in
terms of flow and speed over large spatial scales (e.g., city scales).
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i) Dynamic models describe the temporal variations of trafbnditions and how
they affect vehicle movement. These models use an explicit representation of
congestion and operate at a smaller sg&toporal scale than the static models.
They calculate the location and kinematic parameters of vehicles, which can
subsequently be used to predict pollutant emissions and traffic noise as a function
of space and time. They are discussed in grater detail below.

iii) Aggregated dynamic models (e.g., Daganzo, 2007) keep an explicit representation
of congestion by describintpe temporal evolution of traffic states of a simplified
road network (spatial aggregation). These models divide the city into
neighbourhoosized reservoirs (commensurate with a trip length) and shift the
modelling emphasis from microscopic predictionsnb@croscopic monitoring.
Upon the assumption of a homogeneous distribution of the traffic, it is possible to
estimate the average speed and the congestion level as a function of time. These
models are based on relationships between the amount of disptaganenit of
time (generation) and the number of vehicles on the network (accumulation),
which are denoted MFD (Macroscopic Fundamental Diagram), and traffic demand
(OD-matrix) among different neighbourhoods. The typical application of such
models is thevaluation of the level of congestion to reduce traffic.

We are interested here in dynamic models that provide appropriate traffic conditions for a
more accurate estimation of air pollution. Dynamic models can be classified into three
categories according different aspects of traffic flow operations:

(1) The macroscopic models (e.g., METACORakaki and Papageorgiou, 1996se an
aggregate representation of vehicles and the assumption of continuous traffic flow. They are,
therefore, characterized bgnables such as traffic flow and vehicles density.

(2) The microscopic models take into account the space behaviour of individual vehicles
under the influence of other vehicles in their proximity. These models determine vehicle
location, speed, andeeleration.

(3) Mesoscopic models represent the behaviour of vehicles without explicitly distinguishing
their timespace behaviour, but instead taking into account the behaviour of groups of several
vehicles.

Macroscopic dynamic modelling is based oa tollective behaviour of vehicles; therefore,
vehicles are not followed individually. The point of view is rather that of a continuum. The
Euler and NavieStokes equation of fluid dynamics describing the flow of fluids may also
describe the motion of caralong a road. The three main variables of traffic (flow, vehicle
density, and average speed) are connected by two fluid laws proposed by Lighthill and
Whitham (1955) and Richards (1956) (LWR). This model can be adapted to represent the
diversity of urbantraffic situations (e.g., Leclerq and Bécarie, 2012). This system must be
supplemented by an independent third equafiondamental diagram of traffic flowhich
describes relationship between traffic flow and traffic densityvo classes of macrosdop
models can be identified. The first class uses the sole mass conservation equation
supplemented by suitable closure relations that represent equilibrium statesrdgrst
models). The second class uses a coupled system of mass conservation and rmomentu
balance equations that represent equilibrium states or the behaviour of the flow acceleration
(relaxation flow velocity) (secondrder models). The main parameters for the
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implementation of macroscopic models include the fundamental diagram of trafficOD-
matrices, and the traffic control devices (e.qg., traffic lights). The simulation outputs are traffic
density in each cell as a function of time as well as the traffic flows simulated across the
model cells.

Dynamic microscopic traffic models (e.¥/ISSIM, Fellendorf and Vortisch, 2010) consider
individual vehicle interactions with other vehicles and the road network. There are two main
classes of microscopic models: (1) microscopic models with macroscopic law, which in fact
correspond to a Lagraragi representation of macroscopic models, (2) microscopic models
that are built up using submodels that control specific tasks in the simulation process- The car
following model is one of the most important submodels. Afalowing model controls the
divHUYV EHKDYLRXU ZLWK UHVSHFW WR WKH LQWHUDFWLR(
models can be completed by other submodels. In such models, typical submodels include the
effect of overtakingas a function of vehicle categories and incoming traffm:. example,
another submodel will allow one to simulate the response of vehicles to the control systems
such as traffic lights, and an intersection submodel will manage the conflicts and the priorities
at crossroad intersections and the arrival of newicle on the road network. These
microscopic models calculate instantaneously the location, speed, and acceleration of the
vehicles on the road network.

The mesoscopic models are intermediate between the macroscopic and the microscopic
approaches. The olgjive is to describe the traffic given by aggregate laws. For example,
vehicles may be grouped in packs, which then move on the road network (e.g., CONTRAM,
Leonard et al., 1989Y.able3.1summarizes the classification of traffic models and provides an
example for each category. An exhaustive list of available models cannot be provided here.
Various traffic models, including their strengths and weaknesses, have been reviewed by
Boxill and Yu (2000).
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Table3.1. Summary of traffic model categories.

Aggregated dynamic

. Application
Models Solving method PP . Results Example
domain

VISUM

. . Average quantity

Static O/D matrix Urban area of vehicles (Fellendof et al.,

2000)

Relation Several Average speed,

i i D , 2007
neighbourhoods congestion aganzo

flow-density
First order (LWR) Neighbourhood METACOR
: Density & d . .
Second order (AZR _ Papageorgiou,
Highway 1994
. CONTRAM
Dynamic Mesoscopic Aggregate flows Neighbourhood Vehicle
P Traffic details trajectory (Leonard et al.,
1989)
Macroscgpic Location, speed, VISSIM
Microscopic Lagrangian Urban network | acceleration per (Fellendorf et al
second N
. 2010
Car following )

Uncertainties of traffic models

The different types of errors that may cause incorrect estimations of traffic have been studied
by Ortuzarand Wilumsen (2011). These errors are summarized below

1)

2)

3)

4)

5)

Measurement errors: Those are network measurement errors or errors due to
information incorrectly registered by the interviewer.

Sampling errors: These errors depend on the number of observations. |Optima
sampling strategies are defined by Daganzo (1980).

Computational errors: These errors are based on the iterative procedures of most
models; they are typically small in comparison with other errors.

Specification errors: These errors are due to simpliina of processes in the models
or the omission or misrepresentation of a phenomenon that is not well understood
(e.g., using linear function to represent #imear effects)

Transfer errors: They refer to cases when a model developed in one context (time
and/or place) is applied in a different one.
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6) Aggregation errors: They result from data aggregation that overlooks the individual
behaviour.

A remaining question is whetheomplex models produce better results than simpler.ones
Ortuzar andWilumsen (201) argued that if the complexity of a model with more variables
reduces specification errorgfedata measurement error,fewill probably increase with
model complexity. As shown in FiguB1l, themore realistic results that include a minimum
of total MRGHOOLQJ HIg¥Rdde gen¥rallly obtained for an optimal level of model
complexity.

Figure3.1. Variation of error with complexity, source: aftertuzar andVilumsen, 2011.

3.2.2 Emission models

There is a large variety of tools to calculate emissions and to devetlopadrtransportation
emission inventories. Emissions from traffic are estimated by multiplying emission factors
with appropriate activity data for different vehicle classes. The emi¢aators are measured

in a laboratory using a chassis or engine dynamometer according to several specific driving
cycles. A driving cycle is representative of driving behaviour for specific categories of
vehicles, roads and speeds experienced.

Traffic emissions can be divided into four types: exhaust emissions, evaporative emissions,
nonexhaust vehiclevear emissions (mostly vehicle tyre and brake wear), and road wear and
dust resuspension caused by vehicle traffic. Different categories of emissions naoelel
presented below. They can be classified according to the input data, theteypgiioal scale

of the study and the type of pollutants being considered.
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1. Models based on fuel quantities

Models such as IPCC (Houghton et al., 1996) use fuel consumasi input data (i.e., fuel
sale data) and the categories of vehicles. Such models can only be used fscdiede.g.,
national) emission inventories.

2. Models based on average traffic volumes per categories of vehicles

These models, such as NAEI @fdrie et al., 2008) and IVE (Dauvis et al., 2005), use a single
emission factor to represent a particular type of vehicle and driving cycle. The emission
factors are calculated as mean values of measurements on a number of vehicles over given
driving cycles and are usually stated in terms of the mass of pollutant emitted per vehicle
distance or fuel consumption. The user only needs to provide the number of vehicles and the
annual mileage per categoifhese models are mostly used in national and regionakem
inventories.

3. Models based on average traffic speed

These models (e.g., COPERT; Ntziachristos et al., 2009, MOBILE, U.S. EPA; 1994) predict
average emission factors for a vehicle class that is driven over a number of different driving
patterns, with are a function of the mean travelling speed. The total emissions can be
calculated as the sum of the exhaust emissions (hot and cold), evaporative emissions and for
some models (e.g., COPERT) emissions due to vehicle tyre and brake wear as well as road
wear resulting from the traffic. These models are based ora@@ged inputs (traffic mean
speed) that may not be representative of actual traffic conditions because a given mean speed
may correspond to different conditions. Nevertheless, they cowernthjor emission
processes and most pollutants of interest and, accordingly, they are widely used in air quality
modeling studies.

4. Models requiring detailed descriptions of traffic situations

These models (e.g., HBEFA, 2010) use distinct emission fadtorgredefined traffic
situations (e.g. stepndgo, saturated, heavy, free flow) and road configurations.
Corresponding emission factors are available for pollutants emitted by the hot and cold
exhaust emissions as well as by fuel evaporation. The natuiels were also developed for

small scales such as for a single street (André et al., 2006). Traffic situation models require
vehiclekilometertravelled (VKT) data per traffisituation as input, which can be acquired
from traffic models. It is importanto note that there is no universal definition of traffic
situation, which is to some extent a subjective concept. These models provide emissions for a
large number of different regulated and fregulated pollutants.

5. Models based on trafficelated vaimbles

Emission factors obtained from trafi@riable models (e.g., Matzoros, 1990) are estimated
from traffic flow variables such as average speed, traffic density, queue length and signal
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settings. In fact, they use a correction of the average spesdume the effects of the traffic

onto pollutant emissions, Previous work (Smit, 2006) suggests that this approach is
approximate and that the consideration of the impact of the congestion on emissions is not
entirely correct.

6. Models representing a detdl description of the speeds experienced

These emission models (e.g., VERSIT+, Smit et al., 2007) are based on tests conducted on a
large number of vehicles according to various driving cycles to calculate exhaust emission
inventories. Within the modelaeh driving cycle used is characterized by a large number of
descriptive parameters (e.g., average speed, number of stops per km, kinematics of vehicles
such as acceleration, cruising, etc.). For each pollutant and vehicle category, a regression
model is ftted to the average emission values over the different driving cycles. These models
require detailed information on the movement of the vehicles (instantaneous speed,
acceleration), which can be obtained from microscopic traffic models or from traffic
meaurements.

7. Model based on chronological speeds (instantaneous models)

These models (e.g., PHEM, Zallinger et al., 2008; CMEM, Barth et al., 2000) represent
explicitly the vehicle emission behaviour by relating emission rates to vehicle operation
duringa series of short time steps. In some models, vehicle operation is defined in terms of a
relatively small number of modes (idle, acceleration, deceleration, and cruise). For each of the
modes, the emission rate for a given vehicle category and pollutéiredsand the total
emission rate is calculated by weighting each emission rate by the time spent in each mode.
Several instantaneous models relate vehicle engine power, speed and acceleration to each
point of a driving cycle. These models estimate exhamsssions only. This type of model

can be coupled with a dynamic traffic model, which estimates the kinematics of vehicles
(using typically 1 second time steps).

Models of categories 1 and 2 are not appropriate for considering traffic variation gce th
are based on average traffic volumes and do not account for vehicle speed. Models of
categories 3 and 4 account for traffic condition (but only via average values) and cover the
major emission processes and most pollutants from a single road up {o Kaitels of
category 5 require traffic flow variables for each road and category 6 is defined by individual
vehicle movement data. However, both types of models use databases, which are limited to
specific conditions and pollutants. Models of categoryefrasent explicitly the vehicle
emission behaviour by relating emission rates to vehicle operation (engine power, speed, and
acceleration) during a series of short time steps. They require detailed information on vehicle
movements, which can only be acquarfrom onboard measurements, or derived from
microscopic traffic models. However, they use databases of emission factors, which are
limited to specific emission processes and pollutants.
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Table3.2. Summay of emission model categories.

Categories of Models A%pllcat.lon Input Example
omain
. : IPCC
Models based on fuel quantities Country Fuel consumption
Houghtonet al. 1996
_ Number of vehicles
Models based on average traffic Country . NAEI
volumes per categories of vehicles|  Region Averatge klllometer Choudrie et al., 2008
rave
Cit
Models based on average traffic _ Y COPERT
Speed NEIgthUFh Average Speed Ntziachristos et al.,
ood 2009
iri i i Average speed
Mode_ls requiring d(—;-tall_ed _ Neighbourh .39 p‘ . HBEFA, 2010
descriptions of traffic situations ood Traffic condition
Models based on traffielated Driving cveles Matzoros,
variables gcy 1990
Models based on a detailed . Driving cveles VERSIT+
description of the speeds experien¢ ntersection gcy Smit et al., 2007
area
_ Driving cycles
Models based onhconological . PHEM
speed (instantaneous models) Vehicle Zallinger et al., 2008
characteristics

Limitations and uncertainties of emission models

The model output uncertainty depends on the uncertainties in the model internal parameters
(emission factors) and input data. The most typical sources of uncertainty in emission models
include: (1) ambient conditions, (2) parameters with temporal variation (e.g., temperature) ,
(3) vehicle fleettcomposition, (4) vehiclenileage, (5) traffic data6) estimation methods of
emissionsbased on steaetate emissions that ignore transient vehicle operation (for some
emission models), and (&nission factors.

The uncertainty of the emission factors can be divided into random sampling error (dtatistica
error), measurement errors (imperfections in sampling and analytical methods), different
conditions between the case study and the source test (e.g., vehicle aging or modification of
car equipment by users), averaging time for measured or referencerdasions (missing

data), surrogate data (estimated data when data are not available), and in the absence of
relevant data or surrogate data, other approaches (e.g., conversion of a trace species in a fuel
to an air pollutant, Frey, 2007).

Most European auntries (22 out of 27) use the COPERT model for emission inventory
estimation. Uncertainties associated with this model have been studied by Kouridis et al.
(2010). They calculated the contribution of four sources of errors for two case studies (Italy
andPoland) by considering fiftpne uncertainty inputs. The most important inputs were (1)
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meteorological and temporal parameters (e.g., temperature, time gapesy pressuje(2)

the activity data (e.g. vehicle fleet composition and mileage), (3icteaiti model parameters

(e.g., vehicle velocity, driving shares among cycles, load factor for Fokeyyvehicles,
average trip length and fuel properties), and (4) -stddt emissions and emission factors,
which were all identified as influential pararaet. A limitation of this study is that the
parameters have been considered separately. For example, the emission factors cannot be
considered as true input data as they may change depending on other parameters.

The limited number of measurements madevotous emission processes and pollutants are
insufficient to provide all the necessary data needed for most advanced emission models, for
example, instantaneous emission models are limited to a few pollutants from exhaust
emissions. In addition, emissianodels are not able to consider completely the processes
associated with mechanical abrasion and corrosion (tyre, brake, clutch, and road surface wear,
corrosion of chassis and body work). Particles greater than 10 um in diameter are not
considered in thas emission models because current air quality regulations apply only to
particles with an aerodynamic diameter below 10 um. However, tracking PM above 10 um is
essential when modelling water contamination.

3.2.3 Air quality models

Air quality models calculate gllutant concentrations and deposition fluxes at various
locations and times using mathematical equations describing the atmospheric transport
processes and chemical and physical transformation processes between the point(s) of
emissions and the receptarcchtion(s). The different approaches available differ in terms of
inputs and levels of spatial and temporal resolution of the results.

1. Box models

Box models consider that the concentrations are homogeneous within the modelling domain

(i.e., the box). Palitants are emitted, undergo chemical and physical processes, and are

advected in and out of the box. These models are not used operationally, but they are useful to
investigate specific processes under simple configurations (e.g., single airshed, Pun and
seigneur, 2001) under controlled conditions (e.g., smog chamber experirGetitt at al.,

2013 or to obtain annual average deposition fluxes, which can be used to estimate water

contamination due to air pollutants (e.g., Petrucci et al., 2014).

2. Nearsouce dispersion models

Nearsource dispersion models use parameterizations to represent the transport and dispersion
of pollutants from one or a selected number of sources. In the absence of obstacles to
atmospheric transport and under stationary atmospheonditions, the atmospheric
dispersion process can be approximated by a Gaussian distribution of thavéiraged
pollutant concentrations. Therefore, Gaussian dispersion models, which are based on the
assumption that atmospheric dispersion leads taws$ian distribution of the concentrations

of the emitted pollutant in the vertical and horizontal directions are widely used (Csanady,
1973). In the case of steadiate atmospheric conditions, the impact of a source is
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represented by a Gaussian plume elodn the case where atmospheric conditions are
variable, one may represent the atmospheric dispersion process by releasing distinct puffs
from the source at successive intervals of time; Gaussian puff models present the advantage
over Gaussian plume mddehat they are not limited to steadtate conditions (e.g., constant

wind speed and direction); however, the computational requirements are greater for puff
models than for plume models. Gaussian plume models are not designed to model
atmospheric dispsion under low wineéspeed conditions and the wind is assumed to be
constant in time and spaddybrid models, which use a combination of the Gaussian plume
and puff models, can provide better estimates of concentrations under lowspeiad
corditions (Shaan et al., 1996; Thomson and Manning, 2001). Gaussian plume models treat
deposition processes and can treat simple chemical reaction systems (te.déirdinetics

and steadystate systems). Gaussian puff models can treat complex chemically reacting
systems (Karamchandani et al., 2000). Algorithms have been developed for some Gaussian
models to treat atmospheric dispersion around buildings; the effect of wakes from buildings
can be achieved by modifying the dispersion coefficients. However, the @aesgiation is

not able to calculate recirculation effects caused by multiple buildings or atmospheric flow at
street intersections (Holmes and Morawska, 2006) and other formulations must then be used
(e.g., Soulhac et al., 2011). Gaussian plume modeldbmaged to estimate concentrations up

to 50 km from the source and are typically applied with averaging times of one hour (or less)
so that the assumptions of constant and uniform meteorology hold. Gaussian puff models
have been used for losrgnge impad, when coupled with an appropriate meteorological
model; they are however limited to the impacts of a few specific sources.

For situations where the atmospheric dispersion of pollutants is constrained by obstacles such
as buildings, noisbarriers or vegtation, other parameterizations must be used. For -street
canyon situations, parameterizations based on the assumption ofraixesllzone within the
canyon can be used. One widelyed approach is the Operational Street Pollution Model
(OSPM) (Hertel eBerkowicz, 1989 a, b, c).

Another method proposed for road pollution is SIRANE (Soubtaal., 2011, 2012)which
simulates each street with a box model and calculates the corresponding advective fluxes
balance at intersections. This model accoumtshfree important transport mechanisms within

the urban canopy to better estimate the effect of the complex street configuration in urban
area: 1)advective mass transfer along the street due to the mean wind along their axis, 2)
turbulent mass transfecmss the interface between the street and the overlying atmospheric
boundary layer, and 3) advective transport at street intersections (this last term is not treated
by OSPM).The simulation at street level is completed by a standard Gaussian plume model
for atmospheric transport and dispersion above roof level.

3. Lagrangian trajectory models

Lagrangian trajectory models (which include Gaussian dispersion models) consist in
following the trajectory of an air mass along the mean wind flow. In additid@aussian
models, we can mention the numerical particle models and théagatl Lagrangian models
(e.g., AUSTAL2000, Graff, 2002; Hysplit, Draxler and Hess, 1998; FLEXPART, Stohl et al.,
1998). In a particlerajectory model, the model particles are exted and dispersed as the air
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mass moves along the trajectory by advection and pollutants are dispersed by turbulent
diffusion. Thus, particle models work well for both stationary conditions over flat terrain and
variable conditions over complex terraia.d., Holmes and Morawska, 2006). Ghased
trajectory models consist of a column (1D) or a wall (2D) of cells that is advected by the
mean wind; turbulent dispersion spreads the air pollutants among those cells as the air mass
moves downwind from the sme along the trajectory (e.g., Seigneur et al., 1997). Because of
the gridded nature of the model, it is possible to modellim@ar chemistry, as discussed
below for Eulerian models. However, complex meteorological conditions such as wind shear,
land-sea breezes and mountamlley winds are poorly represented by gpmsed Lagrangian
models.

4. Eulerian models

An Eulerian model considers an element of volume of homogeneous properties (air pollutant
concentrations, meteorological variables) and stuttieglow of those variables through a 3

D gridded mesh of such volumes, i.e., grid cells. The atmosphere is discretized into cells and
the equations of mass conservation are solved iteratively for each grid cell. Such models take
as input the meteorologicavariables that have been calculated previously using a
meteorological model; they are typically referred to as cherriaasport models (CTM)

(e.g., Polair3D, Sartelet et al., 2007; CHIMEREEssagnet et al., 200€MAQ, Byun and

Ching, 1999CAMx, ENVIRON., 2011 Alternatively, the Reynoldéveraged NavielStokes
(RANS) equations of the meteorology may be solved jointly with the chetné&redport
equations; such a modelling approach is referred to as integratiae ameteorology air
quality modelling(WRFChem, Grell et al., 2005; Zhang, 20@ang et al., 2012; Baklanov

et al., 2014). The cline approach is well suited to the study of feedbacks between air quality
and meteorology (e.g., the effect of PM on clouds) and air quality forecastingia&uler
models can handle a large number of sources, complex chemistry and, given the appropriate
meteorological fields, complex atmospheric transport phenomena. They are used to simulate
air quality from the urban scale to regional, continental, hemisphedigibal scales. One

class of Eulerian models combines the advantages of Eulerian models (large domain and
multiple sources) and Lagrangian models (fine resolution near sources); these models, which
are referred to as plume-grid models (PinG), simulateelected sources using a Lagrangian
model (such as a puff model) imbedded within the 3D Eulerian model, which simulates the
fate and transport of all other emissiokaiamchandani et al., 201Byriant and Seigneur,

2013; Kim et al., 2014)

5. CFD models

The most common CFD (Computational Fluid Dynamics) techniques are direct numerical
simulation (DNS), largeddy simulation (LES), and Reynoldseraged NavieBtokes
(RANS) equations with turbulence closure models. Each technique handles turbulence in a
different manner. DNS solves the Navi&iokes equation without approximations. It requires

a very fine grid resolution to catch the smallest eddies in the flow. This makes the calculations
extremely time consuming. DNS for either indoor or outdoor environsiemnilations is not
realistic in the near future. LES separates turbulent motions into large and small eddies. The
small eddies are modeled independently from the flow geometry with parameterizations and
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large eddies are simulated explicitly for thdepemlent flow. LES is a more practical
technique than DNS; nevertheless, it is still time consuming and its application has been
mostly limited to meteorology with no operational applications to air pollution yet to date.
RANS is the fastest approach since tloenputational burden is significantly less than those

of LES and DNS. It solves the timaveraged NavieBtokes equations by using
approximations to simplify the calculation of turbulent flow. RANS is useful for applications
in air quality (e.g., Code_Sanhe, Milliez and Carissimo, 2007; MISKAM, Eichhorn and
Kniffka, 2010), which are limited to local applications, such as the impact of a single
pollution source in complex terrain or in a built environment, where the flow characteristics
are complex (e.gMilliez and Carissimo, 2007; Yuan et al., 2014). Chemical transformations
have recently been incorporated into RANS models. A comparison of two different modeling
approaches (RANS and LES) has been presented by Gousseau et al., (2011) for an actual
urbanarea.

Table3.3. Summary of air quality model categories

Application Solution
Models PP . Examples
domain method
Lagran;grrlnre;]odels Flexpart, Hysplit AUSTAL2000
Urban to global
Chemical (from 1 km to several Eulerian models Polair3D CMAQ, WRFChem,
Transport Models| 100 km resolution) CAMx CHIMERE
(CTM)
Plumein Grid PinG , CMAQUrban
Local impact Gaussian models PolyphemusADMS, SIRANE,
~ Near source ocalimpac & some Lagrangian AERMOD
dispersion models (up to 1 km)
Str;eoe;g‘?s”yon SIRANE, OSPM
Complex environmen
Computational Local scale (up to 10 RANS Code_Saturne, MISKAM
Fluid Dynamics km)
models (CFD) . .
Research (turbulence LES FAST3DCT2(§|;>8)tna|k and Boris,

Limitation and uncertainties of air quality models

Thelimitations of most models are as follows: (dijspersion in urban areas is complicated by
the aerodynamic effects of street/building geometry and traificced turbulence., (2) air
qguality impacts of traffic inclde a local component as well as an urban background
component, which differ in terms of pollutants, temporal and spatial scaleke (@3timation

of wet and dry atmospheric deposition fluxes strongly depends on the particle size
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distribution; wet scaveaging and dry deposition velocities still remain difficult to estimate as a
function of particle size, atmospheric conditions and, for dry deposition, surface configuration
and types (e.g., Sportisse, 2007, Duhanian and Roustan, 2011).

The major source ofuncertainties is typically due to model inputs (e.g., emissions,
meteorology and boundary conditions). The sensitivity and uncertainty analysis of model
applications have been reviewed by Russel and Dennis (2000). Some studies found that the
uncertainty ofall input data can reach 50%, but can be greater for emission data (Hanna et al.,
1998, Hanna et al., 2001). The second source of uncertainties is the mathematical
representation of the physiohemical processes simulated by the model; for example,
chemtal mechanisms include many simplifying assumptions and atmospheric turbulences is
highly parameterized. Another significant source of uncertainty lies in the necessary
numerical approximations including numerical schemes, time steps, and the horizdntal an
vertical resolutions.

3.2.4 Stormwater models

Several hydrological models are commonly used to model pollutant transport in waters. First
of all, the models must simulate the water flow (quantity) in order to model water quality (i.e.,
pollutant concentraans and loads). These models may be classified in terms of their
functionality, accessibility, water quantity and quality components included in the model, and
their temporal and spatial scales. Stwit¢he-art reviews of stormwater models, including
discussions of their capability, strengths and weaknesses have been conducted by Elliott et al.,
(2007), Zoppou (2001), Cheah (2009), and Jacobson (2011). Hydrological models may be
classified according to their spatial distribution:

1. Lumped models (e.g., SLAM, Pitt and Voorhees, 2002): A lumped model is based
on spatial averaging of the input parameters over the catchment. Therefore, these
models provide outputs only at the outlet of the catchment without an explicit
consideration of spatial variability.

2. Semtdistributed models (e.g., SWMM, Rossman, 2010): Saistributed models
take into account the variability inside the catchment by dividing a catchment into
several subcatchments. Therefore, spatial resolution is related to the size and number
of subcatchrants.

3. HydrologicalResponse Unit models (e.g., URBS, Rodriguez et al., 2008): An HRU
represents an area of similar runoff generation. The hydrological processes, which can
be determined by different factors depending on the catchment and scale, should be
similar in one HRU and must characterize the greatest variation in the dominant
hydrologic process.

4. Fully-distributed models (e.g., MIKISHE, Refshaard et al, 1995;-Ehbach, 2010):

They represent surface flow by using physical laws on a grid mesh. Ttkayreclude
spatial and temporal variability (such as soil properties, land use, etc.) depending on
the grid size.
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These models were listed above from the lowest to the highest spatial resolution. A lumped
model often needs to be calibrated. On the eoptra fully-distributed model is supposed to

be based on more physical concepts and may not need to be calibrated. These different
models have different aims in terms of temporal and spatial scales and model outputs. Fully
distributed models are mostlyadgsto model individual storm events at the irdvant scale,
whereas lumped models are used to simulate water and/or pollutant fluxes over long periods
(annual scale). Many of these water quality models have been reviewed by Obropta and
Kardos (2007), Vaslios et al. (1997), Elliot and Trowsdale (2007), and Cheah (2009).

Depending on the model type, processes related to pollutant behaviour may be described by
deterministic or stochastic laws. Deterministic, stochastic, and hybrid (combination of
determinstic and stochastic approaches) stormwater quality models have been presented by
Obropta and Kardos (2007). In deterministic models, the transport and transformation of
pollutants are mostly modeled by using an adveddiffusion equation and/or the
congrvation of mass coupled to different reaction rates involving the pollutants in different
forms (particles, colloids, dissolved matter). In urban areas, these models couple hydrologic
(for surface water) and hydraulic (for water flow through channelsulasedSurface flow is
modeled with the shallow water wave equation or its simplified version (kinematic, diffusion
wave equation). In lumped models, water contaminants are simply transferred from one
compartment to another depending on rainfall intengity #fow rates among the modeled
compartments. Another classification of models distinguishes conceptual and empirical
models (Zoppou, 2001).

There is added complexity when modelling water quality in addition to water quantity
because pollutant forms aregghly diverse and variable: some pollutants may be transferred
from the dissolved phase to suspended solids during their transport (thereby having a different
dynamics of transport) and/or they may be degraded during their transport. Moreover, the
phenomea involved in their buileup on urban surfaces and their wadhare still poorly
understood. Therefore, several processes in water quality models must often be simplified
using empirical parameterizations. For example, four types of-bpilchodels are eénerally

used: linear, power, exponential, and MichaMisnten. Wastoff is usually modeled as a
first-order decay function of runoff or with simpler methods such as a constant concentration
and rating curves (graph of discharge versus stage for a gnieh gn a stream). The
prediction of pollutant transport and transformation in water is very complex and its
simulation by current models includes large uncertainties (Kanso et al., 2004).

Atmospheric pollutants are introduced into the stormwater runoffway processes: dry
deposition under the effect of turbulence and, for particles only, gravity, and wet deposition
via the scavenging of particles and gaseous pollutants by water droplets. These processes can
be modelled by several parameterizations ($gs@t 2007, Duhanian and Roustan, 2011).
Other processes such as road surface abrasion and tyre wear also bring pollutants onto the
road surface (Boulter, 2007).

Although these atmospheric processes are-kvelivn, their impact on water quality is rarely
treated in current water quality models.
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Table3.4. Summary of urban water quality model categories

Models Scales example
_ _ SLAMM
Lumped Spatial average of the input for catchmen
Pitt and Voorhees, 2002
SWMM
Semidistributed Spatial average for each saatchment
Rossnan, 2010
Hydrological Spatial average at HRU scale ( be create URBs
Response Units combined different factors) Rodriguez et al, 2008
- - - - - - g MIKE-SHE
Fully-distributed Explicity spatial variability (mesh)

Refshaard et al. 1995

Water pollutants associated ttvi onroad traffic include mainly polycyclic aromatic
hydrocarbons (PAHs) and heavy metals such as Pb, Zn, Cd, Sb, Pt and Cu. Some of these
pollutants may exist in a dissolved form. They may be complexed with organic matter or
attached to suspended sol{&S), which can then be considered as pollution vectors.

Limitations and uncertainties of stormwater models

It is challenging to implement all these processes in a model and simplifications are needed,
which may induce errors. The uncertainty of watealiqyt model outputs is typically greater

than that of water quantity because of the additional treatment of pollutants in an urban
catchment. Moreoverhere is a lack of knowledge on most pollutant emissions relevant to
water quality impacts of traffic, wch include a component caused by direct deposition on
the roadway (road abrasion and tyre wear) and a component resulting from atmospheric
processes, followed by water runoff. These processes are particularly difficult to model in
water quality models.

Three major uncertainty sources are model parameter values, model formulation, and data
(which are used for input, calibration and validation). The uncertainty of a flow measurement
in a pipe is estimated to be about 20% and that of a suspended solidti@atincers around

30 to 40%. Several studies hadiscussed the issue of uncertainties in urban hydrology, (e.qg.,
Lindblom etal., 2007 Willems, 2008 Kanso et al., 2003)otto etal., 2010. The discussion

of uncertainty and validation with special refece to the development and use of models was
reviewed by Beck et al. (1987) aMhnnina et al., (2006)0ther studies (Kanso et al., 2004;
Freni et al., 2011) investigated parameter uncertainties in urban runoff quality models.
Uncertainty of the model puts and calibration data have been presented by Freni et al.
(2009), Park et al. (2012), and Sun et al. (2013). Finally, different uncertainty techniques in
urban stormwater modelling have been compared by Dotto et al. (2012).
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3.3 Modelling chain

The main buding blocks of such a simulation framework are (1) the structure of the
modelling chain which contains traffic, emission, air quality and water quality models (Figure
2) and (2) the interfaces between the output from a model and the input to the nekt mod
Examples of modelling systems to link traffic flow, emission and air quality modelling tools
have been described by Lim et al. (2005), Schmidt @cldafer(1998) and Hatzopoulou
(2010). Modelling the effects of atmospheric pollutant dispersion on \gatdity has been
studied mostly at regional scales to address the impact of air pollutants on ecosystems (e.g.,
Burian et al., 2002, Vijayaraghavan et al., 20G60nawardena, 2012However, there have

been few studies of atmospheric deposition on urbatersheds (e.g., Sabin et al., 2005;
Fallah Shorshani et al., 2014). We focus below on the interfaces between the various models.

Figure3.2. Schematic representation of the modelling chain (componenteaesented with
ellipses) with expected input and output data (represented with boxes).

3.3.1 Coupling of traffic and emissions models

The factors relevant to the estimation of vehicle emissions are the vehicle operation (e.g.
speed, acceleration, and ergjilvad), the traffic flow conditions and the road and vehicle
characteristics. These parameters can be determined by traffic models, so an appropriate
coupling is examined here to link the input requirements of emission models with the outputs
of traffic models. A traffic model must be chosen according to its capacity to produce the
inputs of the emission model: road type and gradient, vehicle category, kinematic parameters
(speed, acceleration, idling). Vehicle category information required by emissioelsried
based in Europe on the Euro standafdusoulidou et al., 20Q8and the capacity of the
engine. The traffic models do not provide these data because they only require vehicle types
(passenger cars, headwyty vehicles, motorcycles, etc.). Therefdtee fractions of different
vehicles must be defined by a vehicle fleet composition estimated separately from the traffic
model. The variety of traffic/emission models can be presented according to four major types:
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X Macroscopic (static traffic models andaggregated emission models)

Macroscopic emission models (models based on average vehicle speeds) are combined with a
static traffic model or an aggregated dynamic traffic model. Vehicle fleet composition must
be provided. Macroscopic traffic flow and eniigs models are used for large road networks.
Static models simply calculate the traffic volume that provides the number of vehicles and
average speed on each link needed by avespged emission models. Such coupling can
induce a high level of uncertaintiue to several parameters: (1) the OD matrix, which is a
central element of the traffic, (2) the parameters and mathematical formulation of the traffic
model such as spedidw curves (which determine the frdlew and congested branches),

and (3) the vieicle fleet composition, which has a significant impact on pollutant emissions.

In general, both static traffic and average speed emission models use aggregate methods that
include significant uncertainty due to the averaging process.

Situationtraffic emission models, such as HBEFA and MOBILE, can also be coupled with
aggregated dynamic models of traffic, which can provide the average speed and degree of
congestion. It is possible to use averageed emission models with aggregated dynamic
models but oneeeds to provide a subodel that defines the level of congestion based on
vehicle speed and speed limit. There has been a large number of studies that have integrated
macroscopic traffic flow and exhaust emissions (Schmidt and Schafer, 1998, TEMMS
project Namdeo et al., 2002; TEIS, Xia and Shao, 2005). These couplings provideitong
estimates of vehicle emissions for lasgmale applications, which would be challenging to
calculate with more detailed models.

X Mesoscopic (macroscopic traffic model and nsroscopic emission model)

Emissions can be modeled more accurately with both vehicle speed and acceleration as
inputs. Macroscopic traffic models do not provide the acceleration, unlike microscopic
models. However, microscopic traffic models need largait;y@nd computational times
when applied to a large road network. We are interested in finding a way to integrate
macroscopic traffic models with instantaneous emission models so that the macroscopic
variables can be used to produce estimates of the tastaus emissions on large scales.
Cappiello et al. (2002) proposed a combination of a probabilistic acceleration approach and a
dynamic emission model (EMIT). The proposed model uses random variables distributed
according to some known distribution, fogiaen speed range and other parameters. In spite

of the use of an instantaneous emission model, the emissions calculated with this approach
cannot represent accurately sectayesecond emissions. The combined model must be used
for cases where vehiclesyeahomogenous characteristics within a given speed range.

Another study by Zegeye et al., (2010) proposed integrating the macroscopic traffic flow
model METANET and the microscopic emission model -Mitro. METANET is a
macroscopic traffic model that dedms the average behaviour of vehicles into a number of
segments by a system of discrétee dynamic equations (average traffic density, flow and
speed for each segment). ¥icro is a microscopic dynamic emission model that yields
emissions of individualvehicles using secordy-second speed and acceleration. Since
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METANET is discrete in both space and time, there are two possible accelerations:
SWHPSRUDO” DFFHOHUDWLRQ RI WKH YHKLFOH IORZ ZLV
(acceleration of the vehicldbowing from one segment to another in one simulation time
step). The temporal and spatial accelerations of vehicles in a segment are obtained from speed
variation. The number of vehicles corresponding to each acceleration can be obtained
according to desity, flow, length of the segment, and time step. These spatial and temporal
speedacceleration pairs determine the spatial and temporal emissions usingck6l The
combination of emissions and number of vehicles gives the total traffic emissions.

Information on vehicle category, which is needed by emission models, is not available in
macroscopic traffic models. Therefore, the applicability of this approach is limited to cases
where vehicles have homogenous characteristics within a given speed range.

These approaches may include important uncertainties associated with the coupling of the
traffic and pollutant emission models.

X Mesoscopic (microscopic traffic model and macroscopic emission model)

The parameters of macroscopic emissions (average spekdradfic situation) can be
precisely estimated by microscopic traffic models but may require large computation times
for a largescale network. To get a balanced trafiebetween computational burden and
accuracy, one may want to combine a microscopiti¢rmodel with a macroscopic emission
model. The main advantage of this coupling is the ability to simulate a large number of
pollutants, because macroscopic emission models have a more complete pollutant database
compared to instantaneous models. A gty Chanut and Chevallier (2012) compared
different macroscopic and microscopic emission models (IMPACT, ARTEMIS, INST
(EMIT)) coupled with a microscopic traffic model (AIMSUN). The three models provide
very similar temporal evolution of COemissions infreeflow traffic. However, in
congestion, the emissions of the instantaneous model (INST) are 2.5 times greater than those
of the model based on averaggeed (IMPACT) and 1.5 times greater than those of the model
based on traffisituation (ARTEMIS).Accordingly, the emissioaveraged model cannot
estimate correctly the emissions of Jf@®stop & go situations.

X Microscopic (microscopic traffic flow simulation and instantaneous emission
model)

Emission rates for vehicle operation during a series oft $ime steps can be predicted by
coupling a microscopic traffic model with an instantaneous emission model. The main
advantages are the prediction of individual vehicle emission rates as a function of time and
the use of driver behaviour. Therefore, tbmipling allows one to model traffic emissions at

a great level of spatial and temporal detail. The drawback of this type of coupling is that
detailed input data for instantaneous emission models are not usually provided by microscopic
traffic models (vehile category) and must be specified by the user. We present below several
studies in which a microscopic traffic model has been combined with an instantaneous
emission model.

One example is the coupling of VISSIM with PHEM. The instantaneous emission model
(PHEM) calculates the emission of road vehicles with 1 s time steps for a given driving cycle
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based on emission maps, that is emission level as a function of engine speed and engine
power (Zallinger et al, 2008)he traffic flow model in VISSIM is a disete, stochastic,
time-step based microscopic model, with a psyphgsical caifollowing model. PHEM

takes as input time, speed and vehicle characteristics of every single vehicle with other
information defining vehicle location from VISSIM and calculatee emissions of each
vehicle. The vehicle and engine data required by PHEM are taken from the data base
developed from average vehicle data. The classification into Euro classes is chosen
automatically in PHEM according to the fleet composition definethb user. Hirschmann et

al, (2010) have proposed to calibrate the traffic data calculated by VISSIM. For example, the
maximum acceleration rates have been calibrated to perform the simulation. They assumed
that the majority of the calibration effort cad out within their research project can be used
also in other urban applications. The time resolution in the VISSIM simulation should be at
least 0.3 s to achieve realistic speed profiles (Fellendorf and Vortisch, 2011).

The integrated VISSIMCMEM traffic emission coupling was developed by Nam et al
(2003), Chevallier (2005), Noland and Quddus (2006), Chen and Yu (2007), Stevanovic et al.
(2009). The output of VISSIM is converted into the required input file for the CMEM and US
vehicle emission standardse converted into European Union standards. VISSIM is currently
the most widely used package. Beside this model, PARAMICS (Quadstone, 2002), AIMSUN
(Bacelo and Casas, 2005) and DRACULA (Liu, 2005) have been used. Recently, a new
microscopic model, Symuai(Leclercq et al., 2007), has been developed to provide location,
speed, and acceleration of each vehicle on a network at any simulation time. This model takes
into account initial acceleration, line changing, and vehicle interaction and changes inputs
over time. Other similar model coupling studies have been done by Park et al. (2001) with
VISSIM and MODEM, Barth et al. (2001) and Boriboonsomsin and Barth (2008) with
PARAMICS and CMEM, Tate et al. (2005) with DRACULA and CMEM, and Panis et al.
(2006), wih DRACULA and emission functions for each vehicle as a function of
instantaneous speed and acceleration, Lin et al. (2011) with Dynust and MOVES, Madireddy
et al. (2011) with PARAMICS and VERSIT+, and Xie et al. (2012) with PARAMICS and
MOVES.

3311 Case study oupling traffic and emissions

A coupling between microscopic traffic models and both macroscopic and microscopic
emission models was conducted. The results of the two couplings are compared to understand
the difference between each coupling. In the fimipding, the dynamic microscopic traffic
model, Symuvia, is coupled with an instantaneous emission model, PHEM. PHEM calculates
the emission rates of individual vehicles by taking into account the vehicle kinematic
parameters with time resolution of 1 $iefsecond coupling is between the sanigroscopic

traffic model and a macroscopic emission model, CopCETE (CETE Normandie, 2010). In
this casethe average speed and number of vehicles on each road segment are obtained from
the traffic model. CopCETE isased on the COPERT4 methodology (Ntziachristos et al.,
2009) with the same methods and equations but with a mesoscopic approach that considers
each road category separately. The simulations were performed for an urban boulevard, Cours
Lafayette, and its asciated street network in Lyon, France. The network is divided into 84
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segments with a total distance of 2.87 km. These different segments include the street
intersections and the distinct lanes for passenger cars and|bigses3(3).

Figure3.3. Schematic representation of Cours Lafayette; orange lines are bus lanes. The dark blue dots
represent individual vehicles, the elongated red dots represent buses.

There are six comnmopollutants in the two emissions models, which arg,N&@/, CO,

CO,, SO, and benzene. The exhaust emissions calculated with both model couplings for a 15
min simulation are illustrated Forall pollutants except benzene, emissions are
greater with the instantaneous emission models i.e., SyrRkEM. The results are in
agreement with the study @hanut and Chevallier (2012) who compared emissiomdOaf

PMyo, CO, CQ, and hydrocarbons (HC) calated with three emission models, an average
speed model (IMPACT), a traffisituation model (ARTEMIS), and an instantaneous model
(INST). Emissions of NQ PM;o, CO, and C@were greater with the coupling of the traffic
microscopic model (AIMSUN) and thastantaneous emission model (INSTA), but this was
not the case for HC. The reason for theses results is that the driving cycle of the-average
speed emission model does not represent the actual movement of vehicles, which includes a
stop & go behaviour oveshort distances between intersections. The exampféhainut and
Chevallier (2012)Figure3.5) shows for a situation of stop & go that the emissions of 160

diesel passenger cars calculated with the avespged model are 3 times smaller than those

of the instantaneous emission model.

51



Figure3.4. Emissions of pollutants (kg/15 min) with a Symuvia simulation for the Cours Lafayette
network and thHEM (blue) and CopCETE (green) emission models.

In our case study, the ratio of the macroscopic and microscopic models are 6349449,

65%, 61%, 58% for benzene, R SO, CO, NQ, and CQ, respectively. The fuel
consumption ratio is 59%. The emission of benzene depends ostadlcemissions and
increases during the warap phase Boulter and Latham, 20091t is difficult to estimate
cold-start emissions for shetime simulations that depend strongly on ambient temperature
and the engine conditions. Furthermore, the approaches for estimatirgiazblemissions in
CopCETE and PHEM are very different. PHEM is based on adaance in the engine and

the exhaust system; whereas CopCETE uses a method, which is a function of the aggregated
value (e.g., average national value of trip length). It should be noted that we tried to match the
fleet composition in both models but diféamt definitions of vehicle categories did not allow

us to obtain exactly the same fleet compositions.

Figure 3.5. Comparison of C@emissions calculated with an average speed model (IMPACT), a
traffic-situation model (ARTEMIS) and an instantaneous model (INST) for diesel passenger cars
(SourceChanut and Chevallier, 2012)
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The ratio of the emissions calculated with the avesggeeed model and the instantaneous
model for street segments and intersectigmevides information on the impact of
acceleration and deceleration on pollutant emissions. Teests[Table3.5) show that the
emission ratio is smaller for intersections than for street segments, which suggests that
acceleration in intersections can increase emissions twice as much as in street segments.

Table3.5. Ratio of pollutant emissions calculated with the CopCETE and PHEM models using a 15
min Symuvia simulation of Cours Lafayette, Lyon, France.

Emission ratio
CopCETE/PHEM Benzene PM;o SO, CO NO, CcO,
Street segment 15 1.05 0.82 0.72 0.66 0.64
Intersection 0.65 0.54 0.39 0.32 0.37 0.3

3.3.2 Coupling of emission models and atmospheric models

Understanding vehicle traffic flow and induced emissions alone is not sufficient to predict air
pollution in an urban area; hence, an atmospheric dispersion mage¢ded to predict the
temporal and spatial variation of air pollutant concentrati®hs. major input data necessary

for the air quality model are spatialtiistributed and temporaHlgesolved emissiongrovided

by the emission model, meteorologicalpits and background concentrations of air
pollutants It is also useful to have input data from a traffic model for dispersion models that
account for vehickénduced turbulence (VIT). The emissions inventory must be compatible
with the dispersion model facilitate data transfer between the two (Lim et al., 2005).

Atmospheric dispersion in urban areas is complex because of street and building geometry
effects. CFD modeling techniques provide a detailed representation of the air flow and
turbulence, inclding vehicleinduced turbulence, which is particularly useful in areas with
complex geometries such as street canyons and areas with noise barriers. However, the large
computational requirements limit their applications to small areas for limited pevitiy

and Zhang, (2009) demonstrated that the results of Gaussian models for atmospheric
dispersion of traffic emissions near a road can be better than those of a CFD model without
considering VIT and RIT (roathduced turbulence). However, a CFD model witfif and

RIT can be a valuable tool thanks to the rigorous representation of the turbulent mixing
mechanisms. The output frequencyimdtantaneous emission models, which can be on the
order of 1 s, can only be taken into account by CFD model. It is, levwgossible to average

the emission rates over time if one is only interested in concentrations averaged over time. For
example, Misra et al. (2013) used hourly average results of microscopic traffic and emission
models with a Gaussian model.

The Gaussianmodels are suitable for locatale applications and their computational
efficiency makes them attractive for applications to large road networks over long time
periods. Typically, the input and output frequencies of Gaussian models are 1 h with a
recepto resolution or grid size ranging from a few meters to several hunuetdrs.
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Sahodin et al. (2007) developed a mathematical model that incorporated VIT into a Gaussian
dispersion model. Also, the effect of air flow around buildings can be approxirbgited
modifying the dispersion coefficient in the Gaussian equation (Huber, 1991). In the most
commonly used models (Gaussian and CFD models), roads are divided into segments which
are considered as line (or elongated surface) sources and emissions frolesvatec
estimated individually for each road segment. A comparison of air pollutant concentrations
obtained from Gaussian and urban CFD models has been conducted by Pullen et al. (2005).
Their study shows that the results of the Gaussian puff model mfacaty in the far field.
Lagrangian and Eulerian models allow one to compute the transport and dispersion of
pollutants at a large spatial scale.the case of Eulerian air quality models, the emissions
must be defined for the 3D gridesh and for edcpollutant.They have been widely applied

to simulate air pollution from all sources including roadways. However, they are not able to
provide fine spatial resolution near sources. Thus, it is useful to combine regpalel
models such as Eulerian mosleind locakcale models such as Gaussian models. For
example, Beevers et al. (2012) added the urban background concentrations calculated by an
Eulerian model CMAQ to roadside concentrations obtained from the ADMS Gaussian model.
Karamchandanet al. (2009 andBriant and Seigneur (2013) used a Gaussian puff or plume
model, respectively embedded within the Eulerian model Polair3D. This coupling includes
the transfer of pollutants between the Gaussian model and the Eulerian model at each time
step thereby mviding a more accurate representation of air pollutant transport and
transformation and leading to better model performance.

One issue with the coupling of an emission model with an air quality model is the time scales
involved, because the results of sh@mission models are not currently valid for short time
scales. The output frequency of macroscopic emission models can be adapted to the input
requirements of most air quality models, which are on the order of 1 h. To make full use of
the advantages ahicroscopic emission models for simulation with time steps less than 1 h,
e.g., on the order of 1 min, one should use CFD models or Gaussian puff.models

3.3.2.1 Case study coupling emission and atmospheric models

This case study corresponds to the atmosphaispersion and deposition of pollutants
emitted from traffic on a freeway in eastern France. Measurements of cadmium (Cd)
particulate deposition were conducted by Promeyrat (2001). The measurements were
performed at 5, 20, 40, 80, 160, and 320 metetsotim side of the freeway in 1997. The A31
freeway segment is located between Metz and Maizlésgdetz. Due to difficult access, the
measurement sites on each side of the road are distant by about a kilometer but correspond to
the same road segment. Ttheffic data and meteorological conditions were recorded daily.

In this study, we focus on Cd deposition near the freeway in February 1997. The exhaust and
nonexhaust emissions were calculated with the avespged emission model CopCETE.

This emissbn model seemed appropriate because traffic flow on the freeway was at nearly
constant speed without congestion and was measured daily. Figure 6 shows the Cd daily
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emissions during February. The minimum values of emissions in the time series represent the
light traffic on sundays and the maximum emissions are due to heavy traffic on fridays.

Figure3.6. Cadmium emissions calculated with CopCETE during February 1997.

Following the calculation of the tfad emissions and the preparation of the other necessary
inputs (meteorological data, receptor and source coordinates), the dispersion of pollutants was
calculated at the receptor points with the Polyphemus Gaussian plume model (Briant et al.,
2011).

Atmospheric deposition was calculated from the pollutant concentrations and compared with
the experimental results. Atmospheric deposition occurs via dry processes (i.e., when gas
molecules and aerosol particles get into contact with surfaces) and wet ppdcessehen

gases and particles are scavenged by precipitation, mostly by rain). Several studies have
experimentally quantified atmospheric deposition of metals near roadways (Viard et al., 2004;
Azimi et al., 2005; Sabin et al.,, 2006; Loubet et al., @0These studies show that the
deposition fluxes decrease rapidly as the distance increases from the roadway, which is
consistent with the spatial gradients observed for atmospheric concentrations.

Theoretical models have been developed for dry depogitigy.,Zhang et al. (2001), Wesely
(2000), Sportisse (200)7and wet deposition (e.g., Duhanyan and Roustan, 2011).

The dry deposition flux is typically computed using the following formulation:

31

where 4 is the dry deposition velocity, which is a function of meteorology, land use, and
particle size and g is the reference height for the pollutant concentration measured or
modelled near the surfac&he depasion velocities used here were obtained from Roustan
(2005). The Cd mass distribution in R)\particles was assumed to be 74% in particles with a
diameter less than 1 um, 10% in particles between 1 and 2.5 um, and 16% in particles with a
diameter betweeB.5 and 10 um. Coarse particles with diameter >10 um were not considered
here. The dry deposition velocities were estimated as a function of an average wind speed (5
m/s) representation of conditions at the site.

Wet deposition was assumed to be homogeseover the measurement area. The wet
deposition scavenging coefficient was calculated following the Andronache (2004)
formulation for rural areas.

[Figure 3.7 shows the comparison of Cd deposition fluxes modetet raeasured on both
sides of the fregay. The results are satisfactory on the eastern side of the freeway from 20 m
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from the roadside onward. There is same overestimation on the western side between 50 and
200 m from the freeway. The underestimation irsel@icinity of the freeway may be due to

the fact that particles with diameter greater than 10 um were not included in the emission
estimates. These larges patrticles, which can be emitted from tyre and brake wear have greater
sedimentation velocity than Plyparticles and, therefore, deposit rapidly near the roadside.

Figure3.7. Cadmium deposition fluxes modeled (blue) and measured (red) on both sides of the A31
freeway.

3.3.3 Coupling of atmospheric mod els and stormwater runoff models

The estimation of the traffic impact on water quality is often based on measurements of
pollutant concentrations in air and water. However, this method isigfic and does not
allow one to evaluate the impact offfraat any point of an urban catchment or to estimate
water contamination for future road projects. The effect of the atmospheric deposition of
pollutants is important to predict water quality when major sources are located near or within
a catchment. Thefore, the outputs from air quality models should be used as data inputs for
stormwater models. Deposition fluxes of atmospheric pollutants can be estimated for dry and
wet deposition as a function of time and location. Deposition near roadways of adémosph
pollutants emitted by traffic is mostly due to dry deposition. Wet deposition scavenges the
entire atmospheric column and, therefore, includes background pollutants. Sabin et al. (2005)
calculated that in Los Angeles, California, annual wet deposiliores were significantly

lower than dry deposition fluxes with wet deposition, comprising orlyp% of the total
deposition flux. Nevertheless, air pollution models must estimate both dry deposition to
determinepollutant buildup (mass per unit area)ridg dry periods and washout during
rainfall events.

A major scientific stumbling block is that air quality models typically consider only those
particles smaller than 10 um in aerodynamic diameter (e.g., see case study above) because
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coarser particles arnot subject to air quality regulations, which are driven mainly by
inhalationbased health concerns. There is, therefore, a lack of an integrateemeaiti
environmental approach (Hidy et al., 2014). However, the mass of particles greater than 10
pum is significant and relevant to water quality and should be taken into ac¢takudei and
Kakooei, 2007. Although the smaller fraction of particles may have a higher concentrations
of some pollutants, the fraction of pollutants contained in particlesgdri@izes may not be
negligible (Gunawardena et al., 2012 Improving emission models as requested

by regulations such as the EU Water Framework Directive and the EU Environmental Quality
Standard Directive should be an objective to address-metliiia isues.

Several studies coupling air and watershed models at the regional scale already exist (e.g.,
Burian et al., 2002; Schwede et al., 2009; Vijayaraghavan et al., 2010). These coupled models
are able to read a processed gridded output of atmospherisitd@pdrom the air quality
model, and calculate average fluxes per unit area. Most of the work conducted so far on the
coupling of atmospheric models and stormwater models was done at regional scales for long
time periods, such as annual or seasonal lisdgeatmospheric pollutant loadings to address
environmental issues such as acid or mercury deposition. However, the dynamics of
multimedia pollutant transfer is of interest for urban applications. Therefore, there is a real
need for the development ofraodelling chain that can address both urban air and water
quality issues in an integrated fashion. The evaluation of this new modelling chain will need
to distinguish between pollutants linked to traffic emissions and other pollutant sources in
urban areas

The main limitation is coupling of spatial scales between air quality and stormwater models.
The air quality models provide spatialiystributed deposition fluxes. These fluxes must be
used by stormwater models, but it is generally necessary to heegydtial scale to the semi
distributed water quality models (Fallah Shorshani et al., 2014). Therefore, the deposition
fluxes must be calculated by averaging deposition over each subcatchment. The fully
distributed stormwater models may simulate watelijuon the same grid resolution as the

air quality model, however, the description of land use may not be detailed enough, because
different land use types may be present in each model grid cell. This difficultly can be solved
by using high grid resolun.

Finally, the evaluation of integrated air and water quality models remains challenging because
of the variety of sources of pollutants in stormwater, which make source attribution difficult
and may lead to compensation of errors (Vezzaro et al., 2012)

3.3.3.1 Case study of the effect of air pollution on water quality

This case studwpddresses the impact of traffic emissions on water quality via atmospheric
deposition in an area located in the Paris region. The whole modelling chain has been treated
by Fallah Shorshani et al. (2014); here, we focus on the atmosphere/water interface.
Therefore, instead of using model outputs from traffic, emission and air quality models,
experimental data on pollutant deposition fluxes are used to estimate roadside impacts.

The Grigny catchment is located 20 km south of Paris. The catchment area of 365.7 ha is
covered by several municipalities. This area is impacted by two main roads (D310 and D445)
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and the A6 highway, having annual average daily traffic volumes of 17,000,02&r@D
125,300 vehicles per day respectively.

The present study focuses on three trace metals (Cd, Zn, and Pb) emitted from traffic and
deposited to thé&rigny catchment during 2009 and 20Ihe model used to perform the
stormwater runoff analysis is SWMM (Rossman, 2010). This model is an openrce
modelling software, which is appropriate for this study as it allows rainfabff simulations
(quantity and quality) over long periods with short time steps. The water quantity modelling
and the flowratecalibration were performed using a genetic algorithm to maximize the Nash
criteria, as described in detail by Petrucci et al. (2013).

The dispersion of atmospheric pollutants is calculated using wind direction data covering two
years, 2009 and 2010. Thand rose is based on observations at the nearest station (Orly
airport, 8 km from the catchment). The use of the wind rose from a close but different
location is appropriate in this case because of the relatively flat terrain and the surrounding
land usei(e., suburban residential area). Total concentrations of Cd, Pb, and Zn are simulated
in runoff from the Grigny catchment during 23 months (01/01/20042/2010) with a 5 min
reporting time step. The aim of such a ldegn simulation is to determine tledfects of

traffic on the pollutant levels at the outlet of the catchment within this period. To that end,
two cases were studied. The first case takes explicitly into account background deposition and
the local pollutant deposition due to the three nrasdways of this heawyaffic area; the

latter is spatially variable. The second case uses only a uniform deposition flux corresponding
to an averaged urban pollution background typical of-Vaume surface roads (<2000
vehicles/day). The study by Wicket al. (2011) was used to estimate the following
background deposition fluxes of Cd, Pb, and Zn: 0.13, 8, angd.4%’ day”, respectively.

Water quality simulations include the pollutant buildup during dry periods and washoff during
rainfall events. Diferent mathematical approaches are available to represent the processes
governing pollutant accumulation and washoff. The exponential buildup and power washoff
equations are used in this study (Hossain et al. 200i). daily accumulation rates are
calculdaed according to the deposition flux of each pollutant source (i.e., the two roads and the
highway), the associated level of traffic, and the wind direction. Pollutant deposition exhibits
well-defined linear relationships with traffic volume (Brett and 8a2011). Therefore, the
traffic effect can be calculated based on the measurement data of highway A31 with the
proper traffic scaling. The spatial distribution of deposition fluxes is estimated for each road
or highway based on the wind rogecording b previous work Azimi et al., 2005; Sabin et

al., 2006; Loubet et al., 20},0the daily accumulation rates for each wabchment are
calculated over areas impacted by road traffic that extend up to about 240 m from the road.
Then, traffic emissions foragh road impact a fraction of the schichment area based on
road location with respect to the soéitchment and wind direction. The background
deposition level was attributed to all schtchments. Next, based on those input parameters
for stormwater moelling, the pollutant concentrations in water were calculated with SWMM.
The comparison of two simulations (heavy traffic and-lewel traffic) shows a significant
effect of traffic on water contamination. The results presented in Figure 8 show theerelati
load of Zn in each subatchment for both simulations: i.e., with an explicit description of the
contribution of traffic and considering only the effect of a background residential
contamination. Some swtatchments present low pollutant concentratibasause they do
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not produce any runoff due to a large amount of pervious surface (vegetatiened areas)

in the subcatchment|Figure 3.8| showsthat the traffic emissions can increase the water
contaminant concentrations on highly exposed@tbhments by up to 3 times in comparison
with the case without traffic.

Figure 3.8. Relatiwe load of Zn in each sutatchment between the case with explicit treatment of
traffic on main roads and the case with background deposition only.

The results of Zn concentrations at the outlet between the case with background deposition
and with traffic diring 6 days are shown The relative variation between daily

and periodaveraged Zn concentrations was simulated over two years for both cases. The
highest concentration peak compared to the average Zn concentration is about twice greater in
the case with explicit traffireatment than in the case with urban background deposition. The
highest concentrations of Cd, Pb, and Zn at the outlet are respectively 2.12, 285, and 1758 ug
L. Cases without traffic reach a maximum of 0.78G@L™?, 47.7 pgPbL™, and 835 pg

Zn-L!. These important differences are related to the pollution peaks. The average
concentrations over the twe@ar period (2002010) are 0.08 ugd-L™, 6.33 pgPb-L™, and

79 pgZn-L™* with the explicit treatment of trafficThese values in the case withoupkcit
treatment of traffic impact are 0.06 4@p-L, 4.0 pgPbL™ and 70.2 pgZn-L™*. These

results show that an explicit description of local atmospheric pollution sources such as traffic
has a strong impact on pollution peaks observed at the ofidaturban catchment.

Figure 3.9. Relative Zn concentration (ratio between daily and persagraged concentrations of
zinc) over 6 days for the case with background deposition (left) and the case with explicit traffic
treatment on main roads (right).
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3.4 Conclusion and Recommendations

In this study, the various modeling approaches available for traffic, emissions, atmospheric
pollution, and stormwater pollution were presented and discussed in terms of their
advantages, shortcomings, and compatibilithisTreview aimed at providing relevant
information to facilitate the selection of the most appropriate models to be coupled in order to
implement an integrated and efficient modelling chain for the simulation of air and water
quality in urban areas. The partance of input and output data, compatibility among models,
spatial and temporal scales were discussed. Most available models are based on temporally
and spatially averaged input data. These avelbaged models are useful for many particular
problems.However, the use of dynamic models is recommended for some applications and
their use is feasible with current computing resources. As examples, we propose below two
modelling chains to simulate the environmental impacts of traffic at the local urbaricscale

both averagéased and dynamic models (Ségure3.10).

1) Regarding the special requirements and level of details needed for a mesoscopic scale
such as a city aneighbourhoodthemodellingchain may consist of a stati@affic model

or a macroscopic dynamic model. These models provide the flow and speed of vehicles
for an averagspeed emission model such as Copert or CopCETE. A Gaussian or street
canyon model will then be appropriate to simulate the atmospheric dspefs/ehicle
emissions at the mesoscopic scale. A sdistributed water quality model can simulate

the transfer of pollutants to the wastewater system. If a large number of pollutants and
emission phenomena (fuel evaporation and-@&dmaust emissions iaddition to exhaust
emissions) must be treated, sucimadelling chain may be needed, because emission
factors may not be available for more detailed models (see below).

2) A microscopic modelling chain can be used at a local scale, but only for exhaust
emissions, because instantaneous emission models cannot estimate fuel evaporation and
nonexhaust particle emissions. These models are able to represent the dynamic
phenomena occurring in the traffic flow. The microscopic dynamic-f(diwing)
models reqire many parameters and such models are data and computation demanding.
The microscopic models with macroscopic law models (such as Symuvia) are an
alternative because they are well suited for a dynamic representation of urban traffic with
manageable dataeeds. For air quality, the CFD models can be used to calculate the
dispersion of vehicle emissions at fine spatimporal scales. For water quality, a fully
distributed model can be coupled with a CFD model using compatible spatial grids.
However, theimitations of instantaneous emission models do not allow one to treat non
exhaust emissions, which can be an important source of pollutants relevant to water
contamination.
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Figure 3.10. Schematic epresentation of the modelling chains for mesoscopic (top) and microscopic
(bottom) scales with examples of models for each component of the modeling chain. Note that the list
of models is not exhaustive and that other model choices are possible

Case stues were providedto explain model integratiorbetween traffic, emission,
atmospheric dispersion and stormwater qualityese examples underlined the strengths and
limitations of the different models in terms of their ability to represent physical pescasd
demonstrated the importance of the environmental impacts of traffic at the local scale.

In summary, a modelling chain must be able to handle the various aspects enunciated above in
a realistic, yet computationally efficient manner. Existing mouells therefore, need to be
improved and adapted to address all these issues.
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Chapitre 4

4 Modélisation de la pollution
atmosphérique liée a la circulation
automobile

Deux chaines de modélisation ont été propoa@eX DSLWUH O4vEqlels pag/deW L T X H
temps horaires, la seconde envisageant une approche dynamique. Une évaluation des
performances § X @idine de modélisation statique pour deux formulatioiXipdelede

dispersion atmosphériquest présentée dans ce chapitre. La dispersies polluants
atmosphériques a proximité des souressgénéralemensimuléede maniére satisfaisante

avec desnodéles Gaussisren raison de leur bon compromis entre précisierrésultatet

temps de calcul. Toutefois, la formule de dispersion gaurss s'applique en aval d'une

source en direction du vent et ne peut pas calculer les concentrations de polluants
atmosphériques dans des conditions météorologiques calmes avec une direction du vent
fluctuante et / ou en amont de la source d'émissioner@igmt, de telles conditions doivent

rwWwUH SULVHVY HQ FRPSWH ORUV GH FDOFXOV GYH[SRVLWL
URXWLHUYV HW LO VHPEOH QpFHVVDLUH GYDPpOLRUHU OD |
particulierement difficiles a modélise_e modéle de panache gaussiedoac été amélioré

avec la formulation deVenkatram et al (2013). Dans cette formulation, le panache de
polluantsest représenté aveleux termes : un panache Gaussien classique, qui s'étend en aval

de la sourcedans le ens du vent et un panache qui s'étend dans toutes les directions a
proximité de lasource pour les situations météorologiques calmes (faible vitesse deGeent)

travail évalue la performance de modeles de pan@assien standard et modifec des

mesues deNO,, PMy, PMss, cing ions inorganiquesN@’, NOs, K*, Mg?*, C&") et sept

métaux Co, Cu, Fe, Mn, Pb, Sh, Beffectués prés d'une autoroute a Grenoble pentant

période dull au 27 septembre 2011Ces données ont été obtenues dans le cadneraiess
MOCOPO du programme PREDIT etPM6,9( GX SURJUDPPH &257(%$ GH O1%$'(

Les émissions du trafic automobile peuvent étre calculées en fonction du parc automobile, des
nombres de veéhicules légers, poids lourds et bus et de leurs vitesses. Lequaobideibcal

a été défini a patiGIREVHUYDWLRQV YLGpR HW G HuRIP@ebDJIHYV GH
MOCoPo André et al., 2014 LesdonnéesGH WD X[ GIfRFFXSDWLRQV XQ SUR
GX WUDILF PHVXUp VXU eHneteot RIHORML REH D XOMIR WHIXWW B H F R
trafic. En effet, esFRXUEHYV GpELW WDX[ GITRFFXSDWLRQ SHUPHYV
GITRFFXSDW & BuQroR¢oh. @il doxéspondent au seuil de congestion du trafic. On
considére donc que les situations de trafiHdv XQ WDX[ GIRFFXSBPWMWIKKRQ VXS]
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critique sont congestionnéescetela vitesse des véhicules légers est alors considérée comme

égale a celle des poids lourds. Pour les situations de traficaraestionnées, la vitesse des
véhicules légers at& prise comme supérieure de 28 km/h a celle des poids |@esds

résultats sont peu sensibles a cette hypothés=) émissions<échappement et «non
échappement de NO, et PM (PMip, PMps) RQW pWp FDOFXOpHV DYHF OH PI
CopCETE. La renise en suspensiotle particulegar le trafic a été incluse sur la base des
résultats d'une analyse de PMFo§itive Matrix Factorizatignspécifique au sitéPolo, 2013)

/HV pPLVVLRQ@duahtsDnetauk Bt ions inorganiquesht été estimées gr@ux
IDFWHXUV GYpPLVVLRQ GH &2pEKRDSEBXP HOJWPHWVGR Y (CRFQV H
d fA\mato et al. (2011) pour la resuspension.

3RXU OHV SDUWLFXOHV RQ ID litéO¥ k) FHRMWKLGH HD TDOHWR I ReX
station de mesures nlaisse pas suffisamment de temps pour que des transformations
chimiques menant a la formation de polluants particulaires secondaires aient lieu. Bour NO

il faut tenir compte des réactions rapides entre NOetONO, 2Q IDLW GRQF OYK\SRYV
O 1 p Woin-BtatiBridaire de Leighton pour calculer les concentrations dg aN@artir des
concentrations de NGt des concentrations de fond de NO,,NMOO;. Pour les émissions de

NOy, la spéciation a été calculée a paBrf XQ FDOFXO GfpPLVAMDOPOQAIONSpFLILT
du parc automobile de MOCOPO et elle est estimée a 26% deitN@% de NO.

Les simulations ont été réalisées avec des pas de temps horaires et des pas de temps de 15
minutes; les résultatssont similaires pour les deux simulationsvec cepedant une légére
diminution de la corrélation temporelle entre simulation et mesures pour NO

Les performance des modeles standard et modifié sont présentées en termes de résultats
statistiquesqui incluentcorrélation, RMSE, MNE, MNB, NMEet MFE. Les résultats des
modelesstandard etodifiés ont été comparés a des mesutepparait quée traitement de
conditionsmétéorologiquesalmes améliore le coefficient de corrélation et permet de réduire
les erreurgle maniére significative

Il apparaitque les modéles sousestimentles concentratiode particuleset de NQ. Pour

PMyq, la corrélation entre valeurs mesurées et simulgexi¢le modifi¢ est significative

(0,76) mais partiellement influencée pas la concentration de. dodr NQ, la corélation

est faible et suggére que le modele s6bU¥ WLPH OYLQIOXHQFH GHV pPLVVLRC(
de mesuresLf{HIITHW GH OD WXUEXOHQFH GXH DX PRXYHPHQW
KRULIJRQWDO GHV SROO XD Qdahg la&XdrinwenlliseedpouiSrepregenteQcd- R P S W
phénomengece qui pourrait expliquer la soestimationen cas devent faible. Une autre
VRXUFH G YL Qiedhuxdbhvies@htrdddv dalcul, tellesqueO HV IDFWHXUV GYpPL
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Ce chapitre est constitué de Falldio&hani et al., (2014)
Fallah Shorshani M.Seigneur G. Polo L, ChanutH., PellanY., Jaffrezo J.L.,
Charron A., André M. (2014). Atmospheric dispersion odeling near a roadway
undercalmmeteorological conditionsSubmited tol'ransportatiorResearchPart D.

Abstract

Atmospheric pollutant dispersion near sourtesypically simulated byGaussian models
becauseof their efficient compromise between reasonable accuracy and manageable
computational time. Howevgthestandardsaussian dispersion fordauapplies downwind of

a source under advective conditions with a welfined wind direction and cannot calculate

air pollutant concentrations under calm conditions with fluctuating wind direction and/or
upwind of the emissiosource Attempts have been ade to addresatmospheric dispersion
under such conditions. This work evaluates the performance of standard and modified
Gaussian plume models using measurements of R®,, PM, 5, five inorganic ions and
seven metalsonducted near a freeway in GrermlfFrance, during 1127 Septembe?011.

The formulation for calm conditions significantly improves model performance. However, it
appears that atmospheric dispersion due to vemmdigced turbulence is still underestimated.
Furthermore, model performamées poor for particulate species unless road dust resuspension
by traffic is explicitly taken into account.

4.1 Introduction

Studies have shown thabpulations spending large amounts of tinear major roagays

have an increased incidence and severity @ltheproblems that may be related to air
pollution from roadway traffiqBaldauf et al, 200§. Health effects include reduced and
impaired lung function, asthma and othmespiratorysymptoms cardiovascular effects, low

birth weight, cancer, and prematudeath €.g., Garshick et aJ 2003 Janssen et al2002
Gauderman et al2005 Heinrich et al, 2005 McConnell et al 2006 Pirjola et al, 20086.
Therefore, it is essential to estimgp@pulation exposure near roadways in support of
exposure aneépdemiologicalstudies as well as for impact studies of future roadway projects.
To that end, one needs to select traffic, emission, and air quality models relevant to the given
case study. Traffic models can be classified as static or dynamic modelsragtospatic
temporal scaleHowever, in many studies, traffic data are available from measurements that
can be used directly as inputs for emission models. Emission models use traffic data (fleet
composition, vehicle speed, etc.) and other relevant (&atp, road gradient, ambient
temperature) to estimate trafielated emissions of air pollutants, which are used as inputs to
an atmospheric dispersion modelvariety of atmospheriaispersion modelare available to
simulate the concentratisrof air pollutantsas a function of time and spaceith different

levels of detad (Holmesand Morawsk&006; Zanngi 1990; Sportisse 2009kulerian and
Lagrangian modelare typicallyused for large domains, ranging from urban to global scales.
At local scaés (i.e., near emission sources), different models are used depending on
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topographyGaussian dispersion modeale typically usedor case without obstacle or with
obstacles of simple geometi$treetcanyon modelsnay be appropriatéor cities with high
buildings, although for cases witomplex geometesComputational Fluid DynamsyCFD)
modelsmay be required.

In this work,we use a Gaussian dispersion model to simulate air pollutant concentrations near
a roadway. Actual traffic data are used asuinpo estimate air pollutant emissions.
Concentrations of pollutants wenseasured near the roadway for a tweek period. Local
meteorological measurements were also available. During that period, wind speeds were
mostly low and the prevailing wind diréah was such that the measurement site was located
mostly upwind of the roadwayost Gaussian dispersion models are designed for receptors
located downwind of the roadway and for conditiovith a significantwind speed(Benson,

1989; Zhang and Batterma@010; Kerstin et al., 2007However, conditions with calm
meteorological conditions and upwind locations are also relevant to population exposure.
Therefore, this study examines the performance of a Gaussian model with and without
modification for calm mateorological conditions using the measurements conducted near a
roadway. First, the formulation of the atmospheric dispersion model is briefly presented.
Then, the field campaign is described. Finally, the model simulation results are presented and
discused.

4.2 Model description

The emission andatmosphericdispersion modsl must be selectedsuch that they are
consistent in terms of level of detail, input requirements, and spatial and temporal resolution.
An emission model based on average vehicle speegpmo@riate here considering the
available traffic data.

Two steadystate models are uséére tosimulate the atmospheritispersion of pollutantsa
Gaussian plummodel forroadwaysource (Briant et al., 2011, 2013) artdis plume model
augmented witha formulation suitable for conditions with light winds (Venkatram et al.,
2013).

4.2.1 Gaussian plume formulation for roadway sources

The Gaussiadispersiormodelused here fothe atmospheric dispersion of pollutants emitted
from a roadway is that of Briaet al. (2011, 2013). The concentration field is calculated with
an equation that minimizes the error whitv@ wind direction isnot perpendiculato the
roadvay:

41
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where, X ;

C is the pollutant concentration in @ at the location of the receptor(x, y, 3, x is the
distane from the source along the wind direction in m, y and z are the-wrpdsdistances
from the plume centerline in nx; andy; are the coordinates of the source (road segment)
extremities,u is the wind velocity in ns?, qis the emission rate per uméngth of the line
sourcein g m*st, DQ (> D1Q caré the standard deviations representing pollutant dispersion
in the crosswind directions in mL and E are analytical functions that minimize the error
when the wind direction is not perpendicular to the line source. The standard devittion
D Q Garkg computed here witthe Briggs parameterization (Briggd973) The effective
distancegh LV XVHG W RaRrdRiBs3he didthntérom each extremity of thine source
section in the wind directionsed to computel,. This equation gplies when the angle
between the wind direction and the normal to the road segment range¥ fio@0°.

When the wind igparallel or nearly parallel f” » f WR WKH URDGZD\ WKH FR
is calculated as a combination between Equationaft) a numerical solution {feretizeq
obtained by discretizing the line source as aseries of point source is used:

C=(L. Cp . Cuiscretized 4.2
7KH FRHIILFLHQW J1UMRJ L AWR O LAXHDQUQoYIDU\ IURP

This model was successfully evaluated against a reference solution as well as against
observations obtained over a large road network in FréBant et al., 2018 The overall

spatial correlations for nitrogesioxide (NQ) concentrations measured and modeled at 242
sites were between 0.74 and 0.79, which indicates that the model explains more than half of
the spatial variability observed in the montlalyeraged observations. Although the results for
spatial vamability were satisfactory, the ability of the model to reproduce temporal variability
could not be evahiedin this previous workEriant et al., 201Bbecause of a lack of hourly
averaged dataHowever, he temporal correlations between observed and efadd
concentrations are typically pofor many modelsFor example Misra et al. (2013) obtained a
correlation of hourly nitrogen oxides (NOsimulated concentrations witthe Gaussian

model AERMOD of 0.35. Hirtl and Baumai8tanzer (2007) simulated N@oncentration

with the Gaussian model ADMBoads. They showed that peiotpoint comparisons of
measured and modeled concentrations paired in space and time (hourly) usually result in a
very weak correlation A variety of statistical metrics may be uséw evaluate model
performance. Several studies (Qian and Venkateftl; Venkatram et al., 2018hang and
Hanna, 200¥tused the fraction of the modeled concentrations that are withina te#dwo

of the observationshis statistial metricis denoteddc?2. In this work, we have chosen both

the correlation (r) and fac2 to quantify model performance.
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4.2.2 Model formulation under light winds

Severalstudes have beertonductedor conditions withlow wind speed (e.g, Cimorelli et
al., 2005 Carruthers et 811994) It was assumethat when the mean wind speedéaow a
certain threshold (0.1 m/sh)he horizontal plume spread covers 3Q08., there is no well
defined wind direction)Venkatramet al. 013 assuned that the vertical dispersiorof the
plumeis linear with distancendderived the following formula for theontributionof the
meandering components of the line soyitane as

4.3

w K H Yislthe angle subtended by the line source at the receptor.
44

This concentration does not depend on wind direction.

Then, theconcentration at a receptisr calculatedas the sum of two terms, which represent
the advecteglume andthe random spreaaf the meandering plumeA coefficient( ),

which depends omvind speed defines the relative importanceof the advected plumend
random spreadomponents

4.5

where , and ue is the effective velocity given by ;

: and are the standard deviations tbe turbulent

velocity fluctuatiors along the meanlORZ DQG LQ WKH ODWHUD® tkeLUHFWL
measured standard deviation of the horizontal wind direction fluctuations. We used by default
1=72°based orCirillo and Poli(1992).

4.3 Field study

The traffic meteorologicaland air pollution data used in this studyene obtained in the
MOCOPO (Measuring and mOdelling traffic COngestion and POllution) prpjedtich
covered 4 periods (one in each seasduming 2011 nearfreeway N87 located south of
Grenoblein eastern FranceAnother project (PMDrive; Particulate Matter, Direct and
Indirect OrRoad Vehicular Emissions) was conducted in part jointly with MOCOPO for a
two-week campaign in September 2011, to obtain measurements of inorganic ions and trace
metal concentrations every 4 lmeuThe main objective of PNDrive wasto understandhe
chemicalcompositionof PM from vehicle exhaust and neaxhaust missionsas well agheir
contributionsto PM concentrationsiear roadways. Therefore, we focus here on the data from
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11 till 27 Septenber because e dataset includes (1) the classification of all vehes
circulating on freeway N87 according to vehicle categories, age and fuel used as well as
pollutant emission regulation (vehicle fleet compositi¢@) detailed traffic dataelevan to

traffic flow, including average vehicle speed aatupancydata (i.e. the fraction of time that

the traffic count loop is occupied by a vehicle, a surrogate measurement of traffic density)
every6 min, and(3) air pollutantconcentratioa and meteorogical dataevery15 min and

(4) PM concentrations of inorganic ions and trace metal concentrations every 4Mvuairef

these data are available at httpdcopo.ifsttar.fr

Measurements of gaseous and PM species concentrations were conducteditas e
Echirolles site, which is the traffic site of this study and the Les Freitesswhich is the
nearesurban background site for the Grenoble area from the Local Air Quality NetWoek

traffic site is located 7 m from the edge of the freewayicivis characterized by two lanes in
each direction and a speed limit of 90 km/h. It carries over 68,000 vehicles daily with a peak
hour count of 7,800 vehicles/hour. The background site is located 1 km away from the
freeway(Figure4.1).

Figure 4.1. Geographical location and characteristics of the Echirolles freeway including traffic
(green dot), and background (red dot) sites (Source: Google Maps).

The compason of pollutant concentrationaasurementat the trafficand background sites
determines the impacts due to the freeway traffic.

The neatroad site is located 7 m from the roadway without any significant difference in
elevation (see Figuré.2). It is, therefore, representative of maximum population exposure in

the vicinity of traffic. Measurements of wind speed and direction (vane anemometer) and
temperature were conducted on a 10 m mast. Air pollutant measurements were conducted at
about 4 m agl. Nitbgen oxides (NQ@and NO, NQ by difference) were measured by
chemiluminescence using a 15 min time step,@id PM s were measured with TEOM
instruments with a 15 min time step. In addition, jeias sampled on quartz filters with a
DA8O (30 ni/h flow) with a 4 hour time step for later chemical analysis of metals, ions, and
carbonaceous compounds.
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4.2. View of the Echirolles (traffic) measurement site

4.3.1 Traffic data

Given the traffic data and the input requirement of the stestdye atmospheric dispersion
model, an emission model based on average vehicle speed wasde@ts appropriate.
Therefore the CopCETE mod€ICETE Normandie 2010 of the French Ministry of Ecology
wasappliedfor exhaustand norexhaustemissions. This mod&alculates vehicle emissions
from mostemissionprocesses including vehicle exhaust,| feeaporation, angquipment
wear It treats theroad gradientthe length ofthe road segment different types of traffic
density (urban orural road), fleet compositiomncluding number of vehicles per categories
(passenger, lightuty, and heawguty vehicles, buses) and their average spegkis. model
uses emission functions from the European COPERT 4 methodd\igiachristoset al.,
2009). CopCETE is based on the same methods and equato®@®OPERT 4put with a
mesoscopic approach thatows ore to break down a road network into segments

The traffic was measuredwith electromagnetic loop$SIREDO on the segments of the
freeway close to the traffic site, in both directiombe dectromagnetic loopsvere usedto
estimatethe average speed dfe vehiclesaveraged ove6 min and total traffic count,
recardless of vehicle types or lanes

The road gradient and length of this freeway segment are 0% and 956 m, respéidtiwely.
fleet compositionwas obtained by image processing of vehicle fromfisteation plates
captured by four cameras located over the freeway as part of the MOCOPO project (in both
directions).The identification ofeach vehicle was performed using data from the national
registration file and allowed one to determiheir detdied specifications (type of vehicle,

year of registration, pollutant emission standa@hly 53% of the vehicles were identified
because of experimental malfunctions and foreign registration pldtesobEeredlocal fleet
compositionon freeway N87 (Ance et al., 2014) differs slightly fronthe national fleet

69



composition of 2011 (André et al., 2018jgure4.3|shows a comparison of the national and

local (MOCOPO) fleet compositions presented by fuel categories for passenger cars, Euro
standard (exhaust emission regulations,ksaesoulidouet al., 2008) for passenger cars, and
vehicle categories. There arere passenger cars compared to the national fleet composition,
and the fraction of diesel passenger cars is less than in the national fleet. The Euro 3 cars are
the largest number of vehicles in the local data whereas the national fleet shows that Euro 4
cars dominate the fleet; therefore, the local data reflect an older fleet than the national data.
The local fleet composition was used here.

Figure4.3. Comparison of the national and local (Mocopo) fleet compositions: (a) fuel category, (b)
Euro standard category, (c) vehicle type category.

Anotherparameter required by the CopCETE emission model is the averagegspeetiicle
category. The traffic data only include the vehicle mean speed and occupancy rates for all the
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vehicles.These data are used to estimate the statomgestion The data depicting traffic
flow as a function obccupancyratesare shown ifFigure4.4|for both directions othe N87
freeway next to the traffic siteThesedata were usetb determine the critical occupanate
corresponding to the threshold of traffic congestion. The criticaveaies from12% to 14%

for both directions (s¢Eigure 4.4). Therefore we considered that the traffic situations with
an occupancy rate over 13% are congestedlatdhespeed opassenger cars ®nsidered
equal tothat of theheavyduty vehiclesabove thishreshold Fortraffic situations that are not
congestedthe speed gbassenger cars was taken to be 28nhkgnéater than the speed tbe
heavyduty vehicles Hugrel and Joumard2004. As a sensitivity study, we calculated
pollutant emissions with the sismption that the speed of passenger cars is equal to that of
heavyduty vehiclesin all traffic situations. The results showed that the emissions g PM
and NQ increase only by 1% and 5%gspectively in the latter case. The results presented
below usehe former case.

Figure4.4. Traffic flow (vehicles/6min) versus occupancy data (%) in the east (bottom) and west (top)
directions from the Echirolles measurement site. Occupancy can be seen asaesureagurement
of traffic density (see text).

4.3.2 Emission data

The particulate matter (PM) emissions due xbaaist tire, break and clutch wear were
calculatedwith the CopCETE model. Anotherimportantsource of PM is remission of road
dust by traffic.Dust resuspension by traffic depends on several factorsasweticle speed,
vehicle fleet composition, and time elapsed since the last rain eM#@mbugh algorithms
exist to estimate dust resuspension based on such factors (e.g., Pay et al., 204 &t Blenb
2013), there are still large uncertainties associated with such estiflagesfore, asimple
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approach was used hetteat takes advantage of a statistical analysis ofgRIMmMposition
time series conducted by Polo Rehn at the traffic measurenséatRoad dust contains
particlesoriginating from a wide range of sourceRolo Rehn and eworkers (Polo Rehn,
2013; Polo Rehn et al.,, 2014sed the PMDRIVE data collected during the MOCOPO
project to estimate the contributions of emission sourd¢egosies to PM concentrations
measured at the traffic site usiRgsitive Matrix FractorizatiofPMF). PMF is a principal
component analysis method that can iderdiigd quantify the relative contribution§various

air pollution sourcesto ambient concdrations. It is a multivariate analysi®ased on
determination of factors related to source prof{leaatero and Tapper, 1994; Paatero, 1997).
A datamatrix (X) is decomposed into two matricesmatrix of factors of contributions (G)
and a matrix of factor profiles (F).In an air quality application, as was conducted by Polo
Rehn (2013) at the traffic site order to discriminateéoad dustresuspension, neexhaust
and exhaust traffic sourceX is a matrixwhich contairs measureatoncentrations at distct
times of a series of chemical species (inorganic ions and trace métadgje contribution
matrix sourcecategoriesand Fis the matrix characterizinthe chemical species profile of
eachsource.The equations, therefore written as follows:

4.6

where E ighe residual matrixi.e., theunexplained part of X)it is the difference betweehe
measured concentratio() and the concentrations modeletth PMF in the matrix Y = FG:

4.7

The objeat/e functionto beminimized as a function of G and F is givey

4.8

Z K H ) ti¢prkesents the uncertaimglated toead concentratiom andeachmeasuresgpecies
j. In this way the PMF problem is then identified asnénimization of Q(E) with respect G
and F,with the constraint that eagtement of the matrices G and F is to be-nepative.

PMF was applied to the PIARIVE data set todeterminethe contributiors of PMyg
resuspension versi&M;o direct traffic emissions The EPA PMF v3.0was usedPdo Rehn

(2013 2019 showed that thecontribution ofPM;o resuspensiomepresents on average over

the period76% ofthe emissiors due todirectexhaust anditte, breakand clutch wearDust
resuspension by traffic depends on several factors such velpeled,svehicle fleet
composition, and time elapsed since the last rain event. A simple approach was used here and
a model simulation was conducted using a road dust resuspension emission term that was set
in 76% of the vehicle emissions. However, dust nesaosion was not taken into account
during rain events (here on 19 September). The houorlgstons ofPM;, for caseswith and
withoutroad dustesuspension ammparedn Figure4.5.
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The composition ofoad dust P particles has been measuittegl Amab et al. (2011)or
severalmetals anions, and cations. Their study provides relative mean concentrations of
major road dust components at three sites Zurich, Switzerland, Barcelona and Girona, Spain
(hereafter of Amato (species)). We used the average \ahong these three sites (Table 1)

to estimate the emission rates of these species due to road dust resuspeesaiore, lhe

total emission rates of Plspecies are provided by the following equation:

4.9

where the first term on the right hand side represents the direct vehicle emissions and the
second term represents dust resuspensi@the emission rate arfds the fraction of each
species in PW. As discussed above, we assumegi@isc0.76 Gmio

Table 4.1. Relative mean concentrations of road dust components averaged over three urban sites
(based on Amato et al., 2011) (L)g

Ca&" |K* [Na" |[NOs |Fe Mg®* [Co [Cu [Mn |[Pb [Sb |[Sn
14x10 1.7x1d | 0.6 x1d | 1.7 x1d 51x1d | 1.3x1d | 14.7 | 1978 | 5803 207.7 | 194.7 | 243.3

Figure 4.5. Hourly emissions of the N87 freeway segment without resuspension (lidevith
resuspension (red) from 11 to 27 September 2011.

Finally, these datéas presented in Figure jere used as input to the atmospheric dispersion
model.

4.3.3 Meteorological data

The meteorologicalataincludedcloud coveytemperature, wind spegandwind directionat

the traffic site. Meteorological data were used here as hourly and 15 min averaged data.
Figure4.6 shows hat the measurement campaign took place during a petadacterizedby

low wind speedsDuring 97% of themeasurement peripdhewind velocity was less than 2

m/s and it was less than 1 m/s 63% of the time. Furthermore, it appears that according to the
wind directionsthe meastement site is locatemostly upwindof thefreeway.
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Figure 4.6. Wind data at the traffic monitoring station: (a) wind rose, (b) wind speed frequency
distribution, (c) configuration of the wind direction with respect to the N87 freeway segment.

4.3.4 Air quality data

Air quality data from11 to 27 September 20Hre availablefor severalair pollutants.The
concentration®f NO, NO,, PMyo, and PM s were measured at high frequenceesl were
subsequently aggregated ashdur averaged values. Particulate species (trace metals and
inorganic ions) were measured akaur averaged values from September 19 at 11:30 am till
September 23 at 11:30 pm at the background site and from September 14 at 3:30 pm till
September 23 at 11:30 pm at the traffic Sitas 4-hourtemporal resolutionvas required for
proper chemical alysis. It may not capture the full details of traffic flobt it can
distinguish among different traffic situations. Theselofé measurements provided detailed
chemical characterizatiasf PM;o, which was used for instance to estimate the contribuio

road dust resuspension (see above).

The PMyo analysis(Polo Rehn, 2013)as carried out by ICP-MS for a wide range of
elementqAl, As, Ba,Ca, Cd, CeCo, Cr, Cs,Cu, Fe,K, La, Li, Mg, Mn, Mo, Na, Ni,Pb, Pd,
Pt,Rb, Sb,Sc, SeSn, Sr.Ti, Tl, V, Zn, Zr). Only those metals that were detected at both sites
were included in the analysis. The other pollutants measured inclydédsl, SQ*, C,0.%,

Na’, NH,", K*, Mg?*, and C&". Ozone (@) was also measured at the background site and was
used to acount for NQ/Oz chemistry.
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4.4 Results

The pllutants simulated in this study are J®My, PMs, Na', NOs, K*, Mg?*, C&”, Co,

Cu, Fe, Mn, Pb, Sband Snbased ondata at both the background andraffic sites and
emission factorsavailability. For examfe, emission factors for SO and NH" were not
available for road dust resuspension. The simulations were conducted with hourly input and
output data and comparison with actual measurements was made for hourly and 4 hr averages
depending on data availdiby.

Chemical transformations leegnd) to secondary particulate pollutant&in be ignored here
because of the close distance betwgwnfreewayand the measuremesite, and prticles
were thereforassumedo be chemically inerfThus, the concentratiormd PM and particulate
species at the traffic site were calculated as the sum of the background concentration
measured at the background site and the traffic contribution obtained with Equéfdras{
(4.9). For NO,, the rapid reactions between NO, Né&hd O; were taken into accounthe
Leightonsteadystate relationship was usemcalculate theNO, concentrationgrom the NOy
concentration at the traffic sisndthe concentrations of NONO, andOs at the background
site (e.g., Briant et al., 2013)Ve considered a fraction of 26% N, and 74% of NO br
NOy traffic emissions based dhe fleet composition ahe N87freewayand the COPERT 4
data

Two simulations were conducted: one with the standaadssian plumenodel (Eq.4.1)
referred to as thetandard model, and one with the Gaussian plume model modified with the
option to account for conditions with light winds (E45). They are compared here to
evaluate the effect of the light wind algorithm. They were performed fofo,PRM, s, a
selectio of PMypchemical species, and NO

Figure4.7|shows simulated and measured concentratd®M;o. The simulation follow the
temporal evolution of the measuarents however, some observed peake notreproduce
by the simulatiors (for example on 12, 21, and 27 September at 9 am, and 26 Septars
am).

Figure4.7. Comparison of PM hourlyconcentrations measured (red) and simulated with the calm
option (blue) at the traffic site.
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The performance of the modétspresented ifTable4.2]in terms of statistical resultsvhich
include the Root Mean Squarer& (RMSE), the Mean Normalized ffor (MNE), the Mean
Normalized Bas (MNB), the Normalized Mean ritor (NME), and the Mean Fractionali©r
(MFE) (see Yu et al., 2006, for definition of the metricEhe model underestimates the
concentrations dPM;p and PM s. For PMy, thecorrelation between measured and simulated
valuesis stisfactory(r= 0.76; n= 394 and, therefore explains more than radlthe observed
variability (r2>0.5). Similar results are obtained for PMWhen comparing the results of the
modified model with those from the standard model, which neglects the impacts of light
winds under calm conditions, it appears that the treatroé calm conditions leads to a
significant mprovementin the correlationof PMyo from 0.48 to 0.76. Similar results are
obtained for PMs with an improvement from 0.41 to 0.72time correlatiorcoefficient The
comparison of the two models for RiMshows that RMSE, MNE, MNB, NME, and MFE
decrease by 40%, 29%, 0%, 28%, and 27%, respectively when adding the option for calm
winds. The corresponding decreases for,Rlre 40%, 32%, 8%, 30%, and 26%. These
significant decreases of the errors for the medifnodel highlight the importance of the calm
wind algorithm to better simulate pollutant concentrations under such conditions.

It is of interest to investigate whether the location of the measurement site with respect to the
road, downwind or upwind, hassignificant effect on model performance and/or the effect of

the incorporation of the light wind parameterization (i.e., £§.vs Eq.4.1). The same
performance statistics are, therefore, presented in Table 3 for the two subsets of the sampling
data orresponding to the location of the measurement site with respect to the road (i.e.,
downwind subset and upwind subset). The statistics show better model performanceyfor PM
and PM s with the modified model (Eq4.5) compared to the standard model (Ed.)
whether the measurement site is upwind or downwind of the road.

For the cases where the site is downwind of the road, the improvement in model performance
is due in part to the overestimation of the PM concentrations by the standard model;
incorporaing the light wind parameterization lowers the modeled concentrations since the
emissions are then dispersed in all directions rather than only downwind. If the standard
model had underestimated the measured concentrations, model performance would have
detriorated in terms of bias and error. This appears for the downwinad®@entrations for

which the model overestimation is less than that for PM (ratio of the average modeled and
measured values of 1.23 for BlGtompared to 1.44 for Piand 1.49 for PMs) and the
performance of the modified model is better than that of the standard model only for
correlation and RMSE.

For the cases where the site is upwind of the road (about 90% of the cases), the improvement
in model performance due to the parametéomaof light wind conditions is expected since

the standard model consistently underestimates and, consequently, model performance
improves for all three pollutants and all statistics. One notes that although the decrease in
model error and bias is sigr@ént in all cases, the improvement in the correlation is slight for

the upwind cases.
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Wind speeds were low during this study with a wind speed less than 1.5 m/s 84% of the time
and less than 1 m/s more than 60% of the time. Therefore, no clear trentdsapgeans of

model performance as a function of wind speed (using thresholds of 1 and 1.5 m/s); the
standard model overestimates at all wind speeds when the measurement site is downwind of
the road and underestimates at all wind speed when it is up@mwaelation between
modeled and measured concentrations improves with the modified model at all wind speeds,
except for NQ, where a decrease in the correlation coefficient from about 0.5 to 0.25 occurs
for wind speeds above 1 m/s when the site is upwinthe road. Nevertheless, a slight
improvement in correlation from 0.41 to 0.44 occurs when all upwind cases are considered.

The categorization of model performance as a function of atmospheric stability was
investigated for correlation between measuned modeled concentrations using three main
categories in order to have sufficient cases in each category: unstable conditions (classes A
and B), slightly unstable and neutral conditions (classes C and D) and stable conditions
(classes E and F). The starttlanodel showed for the three pollutants (i.e.,;RNM, 5, and

NO,) better correlations (about 0.8 or greater) for slightly unstable and neutral conditions and
worse correlations (less than 0.4) for unstable conditions. The modified model does not show
sweh clear trends although better correlations are obtained either for slightly unstable and
neutral conditions or for stable conditions.

Table4.2. Statistical performance f&O,, PM,,, and PM s concentrations for the standard model
(Eq.4.1) and the model modified for calm conditions (Ed).

Average Average Correlation| RMSE | MNE | MNB | NME | MFE
measured estimated (n (ngm®)
value (ugn?) | value (ugnt)
PMuo 21.9 0.76 6.8 | 0.17 | -0.12 | 0.18 | 0.19
(Eq.45)
SW 25.2
10 21.4 0.48 11.2 | 024 | -0.12 | 0.25 | 0.26
(Eq.4.1)
PM; 5 171 0.72 5.6 0.17 | -0.11 | 0.19 | 0.2
(Eq.45)
SV 19.9
25 16.6 0.41 94 | 025 | -013| 027 | 0.27
(Eq.4.1)
NO; 31.8 0.44 284 | 04 | -035| 043 | 0.56
(Eq.45)
NG 51.2
2 27 0.23 343 | 052 | -04 | 055 | 0.72
(Eq.4.1)
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Figure 4.8. Comparison of concentrations of the standard model (pink, left side) and the model
modified for calm conditions (blue, right side) with measured concentrations oG, and PMs.
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4.3. Statistical performance foMO,, PM,o, and PM s concentrations for the standard model (Eq. 4.1)
and the model modified for calm conditions (Bdp) as a function of wind direction: measurement
site located downwind of the roa@ and upwind of the road (bottom).

Number | Average Average Correlation| RMSE | MNE | MNB | NME | MFE
of measured modeled coefficient | (ug m°)
samples| value(ug m° | value (ug m°)
Downwind of the road
PMio 17.4 0.74 6.6 0.18 | -0.16 | 0.21 0.22
(Eq.4.5)
PM 42 21.7
10
(Eq.4.1) 31.2 0.43 24.7 0.58 | 0.44 0.59 0.37
PM. 5 14.3 0.70 5.4 0.19 | -0.14 | 0.21 | 0.23
(Eq.4.5)
PM 42 17.3
2.5
(Eq.4.1) 25.8 0.46 20.7 0.59 | 0.48 0.61 0.37
NO,
20.8 0.38 29.2 0.50 | -0.50 | 0.54 0.72
(Eq.4.5)
NO 37 45.1
2
(Eq.4.1) 55.6 0.27 38.5 0.51 | 0.27 | 0.53 | 0.39
Upwind of the road
PMso 22.2 0.77 6.8 0.16 | -0.12 | 0.17 | 0.19
(Eq.4.5)
PM 352 25.6
10 )
(Eq.4.1) 20.2 0.73 8.2 0.20 | -0.20 | 0.22 0.25
PM, 5
17.4 0.72 5.7 0.17 | -0.12 | 0.19 0.20
(Eq.4.5)
PM 352 20.3
2.5 )
(Eq.4.1) 15.6 0.68 7.0 0.21 | -0.20 | 0.24 0.26
NO,
33.0 0.43 28.3 0.39 | -0.34 | 0.42 0.54
(Eq.4.5)
NO 318 51.9
2 -
(Eq.4.1) 23.7 0.41 33.8 0.52 | -0.52 | 0.55 0.76

The performance of both models is poorer for the simulation of ¢t@centrationsThe
standard model significantly uderestimatesthe NO, concentrationswith performance
showinga correlation of 0.44 and mean normalized error of 40%.Although performance
is still poorer than those obtained for pMind PM s, the modified model improves this
performance.

The PMy, PM, 5, and NQ concentrations were also simulateda fine temporal resolution

(15 min)using the modified modeThe average concentrations are sintiethose of the 1 hr
simulationfor PMyo and PM, 5 but the averagdO, concentratiordecreases t@1.2 pg m

with this finer time resolution. The correlations Mo, PM, 5, andNO, decraseto 0.71,

0.66, and 0.39, respectively. Therefore, a finer temporal resolution does not improve model
performance as it becomes increasingly difficult to match tne geries of the observed
concentrations.
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NO, concentrations near faeewayare strongly influenced bilpcal NQ, traffic emissions
because of the rapichemical transformationsf NO to NO,, while the contributionof the
backgroundair is lessimportantthan it isfor PM concentrations. Therefore, the results
obtained for N@ are more representativé model performance than thesults for PMp and
PM,s which dependmore stronglyon background pollutionOur results indicate that
pollutant dispersion ra& a roadvay undercalm conditionsis difficult to simulate, although
the option for light wind conditionsmproves performance significantly (for example, the
correlation coefficient nearly doubledjowever, itappearsiecessary téurtherimprove the
model formulation for these conditions.

Figure4.9 illustratesfor 15 species the rataf the averageconcentratiorfor the whole period
near the freeway at the traffic siédd the sameconcentratiorat thebackground ige. The
ratios are presented fohd measured and simulated concentratidifee pollutants are
presentedfrom left to right in terms of decreasing measured ratio, i.e., the species
concentrations impacted most by traffic are to the left

Figure4.9. Ratio of the concentrations at the traffic and background sites: measured values (blue) and
modeled values (red).

The measured antodel@ concentratiogof anions, cationsandmetalsaveraged over the
measurement period at the traffic site aresented ifTable 4.4] along with the modified

model performance statisticScatter pbts are presented in Figu4elO for each pollutantCu

and Sbshow the greatest impact of traffiemissionsand thelowest correlation (<11%)
between measurement and simulatibhe model overestimate the measured value, which

may bedue toinappropriate emission factrOther pollutants that are overestimated are
Mg** and Pb Their nonexhaust emission factoese based odataobtainedbetween 1983

and 2007 They are likely to overésnate current Pb emissions because of reductions in Pb
nonexhaust emissions in receygars. For example, Hjortenkrans et al. (2007) showed that
Pb emissions from brake linings in Stockholm, Swedere reduced from 560 kg/year in

1993 to 35 kg/year iR005. Excepfor Co, the other pollutantsshowsatisfactorycorrelation
coefficiens (greater than 69%with the modified model.However, model performance is
more meaningful fothose speciethat include a significant traffic contribution (see Figure
4.9). The emission factors of Amato et al. were used here as generic emission factors. Better
results would be obtained if the sgpecific emission profile obtained by Polo (2013) for road
dust were used, since that profile was derived from the traffier@tiesurements ; however,

such a model performance evaluation would less meaningful because it would use as input the
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same emission profile as seen in the observatBeter correlatiors are obtained with the
modelthat considers calmonditions than witthe standard model.

Table4.4. Statistical performance for inorganic ions and trace metals for the model modified for calm
conditions. The correlation is also presented for the standard model.

Pollutants
) cad" | K*' | Na" |[NO; | Mg | Co | Cu | Fe |Mn| Pb | Sb | Sn
statistic

criterion
Average
measured | 420 | 74 | 85 | 565 | 17 | 0.26 | 49.6 | 1371| 156 | 5.9 | 4.75| 15.2
value(ugm’)
Average
estimated 378 | 81.9| 73.4 | 409 | 55.3 | 0.17 | 51.3| 765 | 10.5| 11.1 | 10.3 | 155
value(pugm’)
Correlation
(Eq.4.5)
Correlation
(Eq.4.1)

0.78 | 0.84 | 0.69 | 0.8 0.05 | 057|011 093 | 082|036 | 0.1 | 0.97

052 | 055| 029 | 078 | 001 | 02 | 0.3 | 051| 0.67| 0.11| -0.3 | 0.68

RMSE (ugm?) | 167 | 19.7 | 343 | 235 | 64 | 0.1 |495| 881 | 8.7 | 7.8 | 105 6.34

MNE 044 | 02 | 022 | 026 | 258 | 0.38|087| 04 | 0.4 | 1.25| 1.75 | 0.55
MNB -0.02| 012 | 01 | -02 | 256 | -0.3 | 0.43| 0.4 | -0.3 | 1.24 | 1.57 | 0.19
NME 0.33 ] 0.18| 024 | 029 | 229 | 0.39 | 0.7 | 0.45| 0.39| 0.9 | 1.41| 0.31
MFE 0.45 | 0.17 | 0.24 | 0.33 | 0.78 | 0.53 | 0.65| 0.57 | 0.5 | 0.58 | 0.72 | 0.49
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Figure4.10. Comparison of concentrations modeled with the standard model (pink circles, left side)
and with the modified model (blue squares, right side) with measured concentrations at the traffic site
for inorganic ions and trace mads.

According to Changand Hanna (2004, a "good" model would be expected to have about
50% of the predictions within a factor of twWiac2) of the observations, a relative mean bias
(RMB) within £30%, and a relative scatt@RS) of about a factor of twar three.These
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YDOXHVY ZKLFK DUH SURYLGHG LQ 7DEOH FRQILUP WKDW
as a "good"model for predictions of PN, PM,s Na', NOs, K', C&", Cu, and Sn
concentrations. However, these criteria are not met for prediaibNG, Mg”*, Co, Fe, Mn,

Pb, and Sb.

Table4.5. Performance indicators of the model modified for calm condition.

PMy | PM,s | NO, Ca&" | K" | Na° | NOs | Mg | Co Cu Fe Mn Pb Sb Sn

RMB -0,14 | -0,15| -0,62| -0,12 | 0,1 | -0,25| -0,32| 106 | -0,4 | 008 | -06 | -0,39| 0,61 | 0,74 | 0,02
RS 085| 085 048 | 084 |11| 089 | 0,73 | 253 | 058 | 1,02 | 053 | 0,66 | 1,88 | 1,82 | 0,97
fac2 095|094 | 045 | 075 | 1 0,92 | 0,9 042 | 0,71 | 0,56 | 0,68 | 0,74 | 0,57 | 0,54 | 0,64

The consideratiorof vehicle turbulenceeffects during stable atmospheric conditionsay
improve the modelSeveral studieshave proposé modificatiors of the vertical dispersion
coefficient as a function of vehicleduced turbulence(VIT) (Eskridge and Rao, 1986;
Kastener et al., 2000; Di Sabatino et al., 20B8umer et al., 2005An empirical model
(KastnerKlein et al., 2000) was applied here to accounttiher effects olVIT based orthe
hourly velocity,density frontal area and drag coefficient$ the vehicles. This formulation

did not lead tosignificant effect ofVIT on pollutant dispersiorand, theréore, on model
performance.Parameterization®f VIT mostly affect the vertical dispersion of the air
pollutants, but do not reflect the possible impact on horizontal transport under calm
conditions. Further work appears warranted to improve VIT paramatiens under such
challenging conditions. CFD modeling (e.g., Wang and Zhang, 2009) may provide useful
insightsin that regard.

4.5 Conclusion

In this study, we estimated the atmospheric dispersion of pollutant emitted by vehicles near a
freeway under calrmeteorological situations. To that end, an avesgged emission model

was applied to estimate vehicle emissions with local traffic data. In addition, PM resuspension
by traffic was included based on results of a-sgiecificPMF analysis. The concenti@ts of

NO,, PMy, PMys, Na', NOs, K¥, Mg?*, C&*, Co, Cu, Fe, Mn, Pb, Sb and Sn were simulated

and compared with observations at a receptor site located 7 m from the freeway. The standard
Gaussian plume model was modified to account for calm conditionshis modified
formulation, the plume of pollutants from threewayincludes two terms: a classic Gaussian
plume whichextends from thé&reewaydownstream in the direction of the wirahd a plume
extending in K directions close to the roadhe resilts of the modified and standard models
were compared to measurements and showed that the treatment of calm conditions improves
the correlation coefficient significantly and reduces the errors. However, it appears necessary
to further develop this formuii@n, a possible way being to better represent the effect of VIT

on the horizontal transport of pollutants under such calm conditions. Another area for
improvement is a better characterization of the various emission factors, for both direct and
indirect @ust resuspension) sources.
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Chapitre 5

5 ‘txZcof—<'e tF Zico'f...— T— ="f"
gualité des eaux de ruissellement
urbaines

&H FKDSLWUH HVW FRQVDFUp j OfTpODERUDWLRQ GHV GRQQ
GH OfHDX HW j O progagatddes\pblRaptsGles €alx de ruissellement en milieu
urbain. Les données essentielles sont les données météorologiques et les caractéristiques du
EDVVLQ YHUVDQW HQ SDUWLFXOLHU OYRFFXSDWLRQ GX V
O u D kIBtR et le lessivage superficiel des polluants en vue de la modélisation de la qualité

GH OTHDX 'DQV FH FKDSLWUH RQ SUpVHQWH WURLV PpWK]|
trafic sur la qualité des eaux de ruissellement.

La premiére méthode ilise des données expérimentales de dépbts atmosphériques liés au
WUDILF j SUR[LPLWp GIfXQH URXWH &HWWH SDUWLH D p!
internationat Fallah Shorshani M., Bonhomme C., Petrucci G., André M., Seigneur C.
(2012) Road trafti impact on water quality in an urban catchment (Grigny, Fragte),
International Joint IWA/IAHR Conference on Urban Drainage ModelliBglgrade, Serbie

(Annexe C).

/ID GHX[LqPH PpWKRGH HVW EDVpH V Kdie»xOduX ¥aleuzLi®sD WL R Q
concentrations de polluants et les dépb6ts atmosphériques. Cette partie a été publiée dans une
revue internationale avec comité de lectuRetrucci G., Gromairgl. C., Fallah Shorshani

M., ChebbdG. (2014).Non-point source pollution of urban stormwater eéina methodology

IRU SULPDU\ VRXUIERVYdhmedtg DExleviteV and Pollution Research
doi:10.1007/s1135614-28454 (available online) (Annexe D).

La troisieme méthode crée une chaine de modélisation compléte qui inclut les modéles de
WUDIAFLWGALRQY GH TXDOLWp GH OYfDLU HW GH TXDOLWp G
évaluée avec des données expérimentales du bassin versant de Grigny en banlieue parisienne.
Cette partie a été publiee dans une revue internationale avec comité wie: |€&tllah

Shorshani M., Bonhomme C., Petrucci G., André M., Seigneur C. (2Rd4} traffic impact

on urban water quality: a step toward integrated traffic, air and stormwater
modeling,Environmental Science and Pollution Reseakéblume 21, Numéro 8Pages
5297-5310.
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5.1 Couplage basé sur les donnéees expérimentales de dépbts
atmosphériques

&HWWH pWXGH HVWLPH OfHIIHW GH OYLPSDFW GX WUDILF V
de Grigny en région parisienne, pendant les années 2009 et 201h@. r@alise pas iaine

chaine de modélisation completar nous utilisons directement des données expérimentales

de flux de dépdts de polluants atmosphérique (Promeyrat, 2001) au lieu de simuler ces dépbts
atmosphériques. L'étude se concentrecemraine contaminations des eaux de ruissellement
induites par le trafic comme celles liées au cadmium (Cd), plomb (Pb) et zind_€Zpassin

versant de Grigny est divisé en 20 sbassins versants. Chaque sbassin versant est

supposeé étre constitué de qeatatégories de milieux (espaces verts ou végétalisés, toitures,
URXWHY HW DXWUHV VXUIDFHVY SRXU WHQLU FRPSWH Gt
situation géographique, la division du bassin versant et la rose des vents sont présentées en
Figure5.1.

Figureb.1. Situation géographique et détails du bassin versant de Grigny.

/IH PRGqQOH XWLOLVp SRXU OD VLPXODWLRQ GH OD TXDQWI
(Rossman, 2010). La modélisatiome OD FDOLEUDWLRQ GH OD TXDQWLWp ¢
Petrucci et al. (2013). Les simulations de la qualité de I'eau comprennent I'accumulation de
polluants pendant les périodes séches et leur lessivage au cours des événements de
précipitation. Diférentes approches mathématiques sont disponibles pour représenter les
processus qui régissent l'accumulation de polluants et leur lessivage. Une approche
HISRQHQWLHOOH HVW XWLOLVpH LFL SRXU OYDFFXPXODWI
polluants(masse par unité de surface) dépend du taux d'accumulation quotidien (masse par
unité de surface et par jour), le nombre de jours secs antécédents (jours) et le coefficient
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GIHQOgQYHPHQW MRXU TXL HVW GLVSRQLEOHo0&DQV OD
GTRFFXSDWLRQ GH VRO /LX HW DO /IHV WDX[ G DFFXI
le flux de dépdbt de chaque source de polluant en fonction du niveau de trafic et de la direction

du vent. Le dép6t de polluant suit une relation linéanecde volume de trafic (Brett et al.,

2011). Le taux d'accumulation quotidienne peut donc étre calculé selon le volume de trafic et

HQ IRQFWLRQ GH OD URVH GHV YHQWYV 'fDSUqV GHV WUD
trafic routier en bordure de raut(Sabin et al., 2006 Loubet et al., 2010), les taux
d'accumulation quotidienne pour chaque sbassin versant ont été calculés sur des zones
LPSDFWpHY SDU OD FLUFXODWLRQ URXWLqQUH TXL V pWHQC
impacte donc uneadction du soubassin versant en fonction de sa localisation par rapport au
sousbassin versant et selon la direction du vent. Les autres parties doassusversant sont
supposées étre impactées seulement par les dépots de fond. Pour les zoneseedebaydte

(< 240 m), le flux de dépbt atmosphérique est calculé en utilisant ces données expérimentales

de Promeyrat (2001), qui ont été obtenues sur un autre site et qui sont donc pondérées par le
rapport des débits de trafic estimés pour ces diffésenites. La charge de lessivage des
SROOXDQWY HVW SURSRUWLRQQHOOH j XQH IRQFWLRQ G
CRHIILFLHQW GPDMERRWHPHQIHWVWQW GH OHVVLYDJH HW j OYDF
VLPXODWLRQ GH OD TXDOWWpH GKHDOILWDPXK $HOIWLBGGIRCGM FH\
données d'entrée par le modele SWMM. Une analyse de sensibilité pour tous les coefficients
GX PRGqQOH GYDFFXPXODWLRQ HW GH OHVVLYDJH D DXVVL p

La comparaison des deux cas avec et sans trafic docdirme un effet significatif de la
circulation automobile sur la contamination de I'eau. Les concentrations maximales de Cd, Pb,

HW =Q j OfH[XWRLUH VRQW UHVSHEWEiyureB.2|&) Ces valeurs HW

pour le cas sans trafic (impacté seulement par les dépbts de fond) sont respectivement 0,78
Hg-CdL™, 47,72 pgPbL™, et 835,17 pgzn-L™ [Figure5.2]b). Les concentrations moyennes

dues au trafiet a la concentration de fond sur une période de deux ans22209 sont 0,08

Hg-Cd-L?, 6,33 pgPbL™, et 79 pgzn-L™. Dans le cas ol on ne prend pas explicitement en
compte l'impact du trafic, ces valeurs sont 0,080a4.", 4,01 pgPbL™, et 70 pgzn-L™.

Compte WHQX GH OfLQFHUWLWXGH GHV SDUDPgWUHV GX PR
comparables aux mesures effectuées par Sabin et al. (2005) a Los Angeles, qui donnent des
concentrations annuelles mesurées moyennes (+-ég@ets) de 160 £30 pgZn-Ltet 12 +

10 pgPbL™.
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Figure52 &RQFHQWUDWLRQV GH PpWDX[ ORXUGV PJ /:3) OTH[XWEF
avec prise en compte du trafic local et b) dues seulement aux dégotel moyens en zone urbaine.

Les concentrations de zinc au moment de pics de pollution dans différentbassins

versants sont illustrée=[Figure 5.3| Les zones les plus polluées (> 800-dg-L™?) sont les
SsOuseDVVLQV YHUVDQWYV LPSHUPpDEOHV SUqQqV Gldsso§ D XWRU

versants influencés par les deux routes principales. Les zones les moins polluées contiennent
des soudassins versants situés loin des routes et les grandbasgiss versants ayant une
faible fraction de la surface impactée par le trafic.

Figure5.3. Répartition spatiale de la concentration de zinc (ug/L) issue des dépbts atmosphériques au
pic de pollution, 06h30, 07/03/2010.
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Ces résultats montrent que les concentrations de polluants dans les eaux de ruissellement
peuvent étre trois fois plus élevées pour certaines zones géographiques si on utilise une
description explicite du trafic. Par conséquent, une connaissance exhaustive de la répartition
spatiale des routes avec un volume important de trafic est importawnie ppévoir
correctement la qualité de I'eau dans les zones modélisées.

52 e—c<of—c'e the tx @P—o foo'e’ Sk —fo o Zifcty
modeéle boite

La méthode précédente a utilisé des données expérimentales de dépbts atmosphériques pour
HVWLPHU O 1D F pollraKt® $uiNds R&3sitsH&tsants. Ici, les dépbts atmosphériques
sont calculés avec un modeéle boite. Les résultats sont également évalués avec des mesures
effectuées sur un bassin versant en région parisienne-€agnye). Cette approche suppose

gue ks concentrations atmosphériques et les dépdts sont spatialement uniformes sur le
GRPDLQH GH Oime¥ Xé&im cotie uhLvolumparallélépipédiquecouvrant le

bassin versant. La hauteur de la boite s'étend en altitude jusqu'a 1000 m de |lgpsndace

la journée et est limitée a 50 m pendant la nuit & cause de la stabilité atmosphérique qui réduit
le mélange vertical dans la couche limite atmosphérique. Ce modele suppose également que la
G\QDPLTXH GH OfpFRXOHPHQW Htot\WuePpr falcQnpettiGhRENGTED G Y HF
1967). Les concentrations et le flux de dép6t peuvent étre calculés pour chaque pas de temps
(1 h) par les équations suivantes:

5.1

5.2

ou C est la concentration (fm ( HVW OfpPLVVLRQ JV [/ HW : VRQW O
(m) du bassin versant, h esthHauteur (m) de la couche de mélange, u est la vitesse du vent
(m/s), K est le flux de dépébt, etgvest la vitesse de dépdt, définie en fonction des conditions
météorologiques et de la taille des particules. On suppose que la distribution en taille des
PMyg inclut 74% de particules de diamétre inférieur a 1 um, 10% de particules entre 1 et 2,5

um, et 16% de particules avec un diamétre entre 2,5 et 10 um. Les vitesses de dépodt des
particules dans ces trois gammes de taille pour une vitesse de vent mogenme/sl sont
respectivement de 0,2, 0,4 et 4 cm/s, selon Roustan (2005).

/IHV GRQQpHY GIHQWUpH QpFHVVDLUHY DX PRGgOH VRQW O
données meétéorologiques, et les émissions provenant du trafic et du chauffage domestique
Les concentrations de fond ont été obtenues a partir de mesures effectuées dans la région
parisienne (Ayrault et al., 2010; INERIS, 2000). Les valeurs des concentrations de fond sont
18,4, 6,3, 45,8, et 1,61 ngimpour Cu, Pb, Zn et HAP, respectivemedés concentrations de

fond sont spatialement uniformes sur le domaine de I'étude et constantes dans le temps. Les
données météorologiques sont basées sur des observations a la station la plus proche (aéroport
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d'Orly, a 10 km du bassin versant). L'utilisatide ces données est appropriée dans ce cas, en
UDLVRQ GYfXQ WHUUDLQ UHODWLYHPHQW SODW

Les émissions des véhicules sont estimées a partir de données de trafic et de facteurs
GYpPLVVLRQ /HV IDFWHXUV GfpPLVVLRQ GHV &ytsD X[ OR>
expérimentaux de Sternbeck et al. (2002). Pour les HAP, nous avons utilisé le modéle
CopCETE (voir plus haut). Les émissions de chauffage domestique ont été estimées par
Petrucci et al. (2014).

Le modéle calcule le dép6t annuel moyen par hedtagerésultats ont été comparés avec les
dépdts moyens atmosphériques mesurés sur le bassin versant, qui comprennent huit mesures
HITHFWXpHV HQWUH HW SDU *DVSHUL HW DO

dans un bassin versant voisin (@iBten 2001/2002 (Azimi et al., 2003, 2005). Pour les trois
métaux, et en particulier Pb, les données de Créteil sont plus élevées que les mesures
effectuées a Suegn-Brie et que les résultats de la modélisation. Ceci est probablement da a

la densité pla élevée, au trafic et a l'industrialisation du bassin versant de Créteil par rapport

au bassin versant de SuesBrie, et aussi a la réduction progressive des émissions dans la
derniére décennie a cause des réglementations. Par exemple, les émissRimsouie
IRUWHPHQW GLPLQXp j FDXVH GH OfpOLPLQDWLRQ GH FH
actuellement plus limités dans les piéces des véhicules. Le modele utilise les facteurs
émission qui surestiment probablement les émissions actuelles de Pb etddaondes

résultats plus élevés que les valeurs mesurés sur le bassin versant. Les résultats des autres
meétaux sont assez satisfaisants par rapport aux mesures. En revanche, le modéle surestime les
HAP. Le bon accord entre les données de Créteil et lesresede Sucen-Brie suggére que

les résultats de la modélisation ne sont pas fiables pour les HAP.

Figure5.4. Les estimations des dépbts atmosphériques annuels sur le bassin versanedeB8acy
(Petucci et al., 2014).
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&H PRGgOH ERVWH HVW UHODWLYHPHQW VLPSOH HW QfHVW
processus de dispersion et de dépbt des métaux lourds et des HAP. Il est cependant utile pour
fournir des estimations moyennes sur une pérasdez longue.

5.3 Chaine de modélisation

&HWWH SDUWLH HVW FRQVDFUpH DX GpYHORSSHPHQW G¥{X
couplagesGHVY PRGQOHV GH WUDILF GYpPLVVLRQ GH SROOXLCL
atmosphérique, et de contamination des elunuissellemenCette étude se concentre sur la

PLVH HQ °XYUH G XQH FK8&ur QrHbaSsih VierRaBtpsDHUKbEBAGNR @n

région parisienne pendant la période du 2 avril au 3 mai 2012. Les polluants des eaux de
ruissellement étudiés sont @admium (Cd), le plomb (Pb) et le zinc (Zn). Ces métaux
peuvent étre émis par le trafic routier.

/IHV YROXPHVY KRUDLUHVY GH WUDILF VRQW GpWHUPLQpPV j S
modélisation par modele statique de VISUM pour les routes natsoriaecirculation locale

sur la zone résidentielle a été traitée comme une source spatialement uniforme dans le bassin
versant en utilisant le nombre de véhicules immatriculés et le nombre de travailleurs qui
YLYHQW GDQV OH GRPDLQH 6 fiprsliresGdd trafiey HeB é@issionGR Q Qp H
OfpFKDSSHPHQW GH FHV WURLYVY PpWDX[ ORXUGV RQW pWp
moyenne (CopCETE). Les émissions reminappement ont été calculées avec la méthode de
&23(57 SRXU OYXVXUH énd.\EnSeyahohe, IlHdvre@dHI¥ chalissée n'a pas été

prise en compte en raison d'un manque de données. Une grande partie de ces émissions est
FRQVWLWXpH GH SDUWLFXOHYV JURVVLqQUHV TXL QH UHVWH
sédimentations, nm& cellesci sont une source importante de contaminations des deaux
UXLVVHOOHPHQW /D FRQWULEXWLRQ GH OfXVXUH GHV FKD
RQ VILQWpPUHVVH j OD FRQWDPLQDWLRQ GHV HDX[ HQ +%$3
méaux. Par conséquent, les émissions de particules supérieures a 10 um de diamétre
aérodynamique doivent étre prises en compte dans les inventaires d'émission. La dispersion
atmosphérique des polluants a été calculée avec le modele de dispersion Gausdes po

sources linéiques de la plateforme de modélisation Polyphemus (Briant et al., 2011, 2013). Le
modele Polyphemus utilise une nouvelle approche pour réduire l'erreur de calcul lorsque la
direction du vent n'est pas perpendiculaire a la route. Legotyatons des polluants dues a
OIDXWRURXWH HW DX[ URXWHV QDWLRQDOHYV VRQW FDOFX(
récepteurs espacés de 50 m et spécifiques a chagubassus versant. La contribution de la
circulation sur les rues résidezlles a été simulée en utilisant une approche de modele boite

(voir ci-dessus), en supposant une dispersion atmosphérique uniforme des polluants sur le
bassin versant. Le dépbt sec a chaque point récepteur a été estimé en fonction de la
concentration dupolluant et de sa vitesse de dépbét. En revanche, le dépbét humide est
considéré spatialement homogeéne sur le bassin versant.

La simulation de la qualité de I'eau nécessite une simulation de la quantité d'eau parce que les
concentrations de polluants dépentidu flux d'écoulement simulé. Le modele utilisé pour
effectuer I'analyse des eaux de ruissellement est SWMM 5 (Rossman 2010). La modélisation

93



de la quantité d'eau pour le bassin versant de Grigny est réalisée en utilisant des données
topographiques et HV GRQQpHV VXU OfRFFEXSDWLRQ GHV VROV
calibration avec un algorithme génétique (Petrucci et al., 2013). Les simulations de qualité de
I'eau comprennent lI'accumulation de polluants pendant les périodes séches et leur lessivage
lors des événements pluvieux. Dans cette étude, I'accumulation est obtenue a partir de dépbts
atmosphériques calculés avec les modeéles de dispersion et de dépbts atmosphériques. Le
OHVVLYDJH SHXW HQVXLWH rWUH GpWHUPLQpnNt$@e IRQFWL
OfLOQWHQVLWp GH OD SOXLH HW GH SDUDPpWULVDWLRQV Y
sols.

Dans ce cadre, trois simulations ont été réalis€¢gy une simulation du modéle Gaussien,
avec toutes les sources d'émissions (trafic lecabncentrations de fond), (2) une simulation
sans aucune émission du trafic local, avec seulement les concentrations de fond, (3) une
simulation du modele boite (voir partie précédente) avec toutes les émissions du trafic local et
les concentrations dend.

La comparaison entre la simulation avec le modéle Gaussien et les mesures expérimentales
montrent que pour les taux moyens de débits massiques la valeur simulée représente 77% de

la valeur mesurée pour Zn, 100% pour Cd et 211% pour Pb, ce qui dérmonimpact
VLIQLILFDWLI GHV SROOXDQWYV DWPRVSKpULTXHV VXU OD
corrosion des matériaux de construction, ce qui peut expliquer le fait que les concentrations
simulée sont plus faibles que les concentrations mesuréesldav WH VRXUFH QTHVW S
compte dans le modele. On a utilisé les facteurs émission de COPERT référencés entre 1983

et 2005 mais, actuellement, I'essence ne comporte plus de Pb en Europe et les émissions de Pb
«nonéchappement ont aussi été rédes. Les résultats simulés de Pb surestiment donc
fortement les mesures. Cependant, le Pb reste encore une source importante de contamination
de I'eau (Gromaire et al. 2011).

La comparaison des simulations 1 (avec trafic local) et 2 (sans trafic localWrhbH TXH OfHIIT
maximum de la concentration de fond de polluants est inférieur a 10%. La contribution du
trafic local est donc dominante parce que (1) les émissions du trafic sont a proximité du sol et,

par conséquent, disponibles pour le dépo6t sec da(@)ésence de particules d'un diamétre
supérieur a 10 um de l'usure des équipements du véhiculeddiestdes particules avec de

grandes vitesses de dépo6t) produit des dépbts secs importants a proximité des routes.

Le rapport des résultats de la siatidn 3 (émissions moyennées spatialement) sur ceux de la
simulation 1 (émissions du trafic distribuées spatialement) montre des écarts des taux moyens
des débits massiques calculés par les modeles en moyenne pour tous les événements de pluie
de 24% pour X) SRXU &G HW SRXU 3E &HOD VLJQLILH T>
I'impact des sources de trafic local sur les concentrations des contaminations des eaux a

O HIXWRLUH GX EDVVLQ YHUVDQW GH PDQLqUH VLJQLILFD
eémissons du trafic dans la couche de mélange atmosphérique. Par conséquent, les différences
entre les concentrations de meétaux émis par le trafic obtenues avec ces deux simulations
montrent qu'il est essentiel d'avoir une représentation spatiale corresteitass d'émissions

locales.
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Abstract

Methods for simulating air pollution due to road traffic and the associated effects on
stormwater runoff quality in an urban environment are examined with particular emphasis on
the integration of the various simulationodels into a consistent modelling chain. To that
end, the models for traffic, pollutant emissions, atmospheric dispersion and deposition, and
stormwater contamination are reviewed. The present study focuses on the implementation of a
modelling chain foan actual urban case study, which is the contamination of water runoff by
cadmium (Cd), lead (Pb), and zinc (4n)the Grigny urban catchment near Paris, France.
First, traffic emissions are calculated with traffic inputs using the COPERT4 methodology.
Next, the atmospheric dispersion of pollutants is simulated with the Polyphemus line source
model and pollutant deposition fluxes in different subcatchment areas are calculated. Finally,
the SWMM water quantity and quality model is used to estimate theewtations of
pollutants in stormwater runoff. The simulation results are compared to mass flow rates and
concentrations of Cd, Pb, and Zn measured at the catchment outlet. The contribution of local
traffic to stormwater contamination is estimated to gaifcant for Pb and, to a lesser extent,

for Zn and Cd; however, Pb is most likely overestimated due to outdated emissions factors.
The results demonstrate the importance of treating distributed traffic emissions from major
roadways explicitly since themipact of these sources on concentrations in the catchment
outlet is underestimated when those traffic emissions are spatially averaged over the
catchment area.

5.3.1 Introduction

Traffic is a major source of pollution in cities and near highways. Therefosees#sential to
assess the impact of road traffic on air and stormwater pollution. To that end, numerical
modelling is needed to estimate the contribution ofraad vehicles to pollutant
concentrations in air and water and to provide the basis for thgndesefficient emission
reduction strategies. Models have been developed to address the various components of this
environmental system: traffic, emissions, atmospheric pollution, and stormwater pollution.
Current traffic models can predict the positiord &inematic parameters of the vehicles with
various levels of detail. Emission models can estimate the amount of different pollutants
emitted by vehicles, albeit with some uncertainty (Smit et al., 2010). The dispersion of
pollutants in the atmosphere cha simulated using atmospheric dispersion models available
for application at a variety of spatial scales and with different levels of detail (Holmes et al.
2006; Zannetti 1990; Sportisse 2009). A fraction of the air pollutants deposits to surfaces by
dry and wet processes. These pollutants may then be entrained by the water runoff during
rainfall events, which can be simulated by hydrologic models. If models have been developed,
applied and, to some extent, evaluated for each of those components, gregioneof all

those components to simulate the impact of road traffic on air and water pollution has been
very limited to date.

Some modelling systems linkingaffic flow, emissions of air pollutants and air quality
modelling toolshave been developec.§., Lim et al. 2005; Schmidt an&chéafer1998;
Hatzopoulou 2010). Although a large amount of work has been conducted to link atmospheric
pollution to surface water contamination at regional and global scales for environmental
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issues such as acid depamiti mercury contamination and nutrients inputs causing
eutrophization of water bodies, little attention has been paid to ligrend water pollution

in urban areas. Since similar pollutants (e.g., polycyclic aromatic hydrocarbons (PAHS),
metals) are mulated for air and water quality, it seems essential to treat air and water
contamination jointly when addressing the environmental impacts of major sources of those
pollutants For example, it has been estimated &i&100% of the trace metal load orban
surfaces is impacted by atmospheric deposition in the Los Angeles basin (Sabin et al., 2005).
Traffic exhaust emissions are a major source of atmospheric pollution in urban areas, and
addition, yre, brake, and road wear lead to the release ofcptate pollutants, which are
transported by stormwater runoff (Ken, 2013). To d#te, link between traffic emissions,
atmospheric deposition and the contamination of water runoff in urban areas has not been
treated yet in a comprehensive manner.

In this work, we address a new area in the field of urban modelling by developing a new
modelling method that integrates different models simulating traffic, emissions, air pollution
and stormwater pollution in order to predict the level of contamination of sunfaters at the

scale of an urban district. The existing methods for modelling each component are presented
first and the levels of detail needed for specific applications are briefly discussed. Interfaces
are developed here for pollutant emissions duentooad traffic, mass transfer between the
atmosphere and surfaces, and mass transfer of deposited pollutants to stormwater runoff. This
method is evaluated for the Grigny catchment near Paris, France, by a comparison of model
simulations with measurementsf metal concentrations at the catchment outlet. The
contribution of local traffic emissions to those metal concentrations is estimated and
compared to background deposition. Furthermore, the sensitivity of the modelling results to
the treatment of traffiin the modelling chain (spatiatjistributed versus spatiatgveraged)

is investigated.

5.3.2 Overview of models

The different types of models typically used are summarized below for each component
(traffic, emissions, air quality and water quality).

5.3.2.1 Traffic models
Three major classes of traffic models can be identified in order of increasing complexity:

1. Static models rely on population data and predict average traffic volumes in different
areas of a road networkhey give vehicle fluxesn eachihk of the road network. These
models are highly simplified, but are useful to describe the road traffic (flow and speed)
over large spatial scales, such as an entire metropolitan area.

2. Aggregated dynamic models provide an explicit representatioaffif trongestion by
describing the temporal evolution of traffic states over a simplified network (via spatial
aggregation)A typical application is the evaluation of the level of congestion, which can
be used to manage traffic flow

3. Dynamic models d&eribe the temporal variations of traffic conditions in order to
determine theositions and kinematic parametefs/ehicles in a road network. Dynamic
models can be classified into two main categories according to different aspects of traffic
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flow operatons. The macroscopic models use an aggregate representation of vehicles and
continuous traffic flow; they are characterized by variables such as traffic flow and
vehicle density. The microscopic models consider the-Spaeebehaviourof individual

drivers in relationship with the presence of vehicles in their proximity.

53.2.2 Emission models
The usual approaches for estimating the emissions associated with road traffic can be
classified according to the input data, the scale of the study, and the type tdnsllu
being considered. These approaches can be distinguished in order of increasing
complexity as follows:

Models relying on fuel sale data

Models relying on annual average traffic volumes per vehicle categories
Models relying on average speed offtca

Models relying on traffic situations

Models relying on traffierelated variables

o o &~ w N BF

Models providing emissions from various driving cycle variables
7. Models relying on speed chronology, also known as instantaneous emission models

Models of categories Ind 2 can be used for largeale emission inventories (e.g., national
level inventories). Models of categoridsand 4 providenore accurate information amcdver

the major emission processes and most pollutants from a single road up to an entire city.
Models of category 5 require traffic flow variables for each road and category 6 is defined by
individual vehicle movement data. These two categories of models are restricted to specific
conditions and a limited number of pollutants. Models of category &sept explicitly the
vehicle emission behaviour by relating emission rates to vehicle operation (engine power,
speed, and acceleration) during a series of short time steps. They only address a limited
number of pollutants (typically regulated gaseous petits) from vehicle exhaust.

5323  Air pollution models

Air pollution models (also referred to as air quality models or atmospheric chdramsport
models) calculate atmospheric pollutant concentrations from inputs (emissions, meteorology,
terrain, initial and boundary conditions) and mathematical representations of the physico
chemical processes governing the temporal evolution and spatial distribution of the pollutant
concentrations. The different approaches available are the following (Zannetti, 1990;
Jambson, 2005; Seinfeld and Pandis, 2006; Sportisse, 2009):

1. Eulerian modelsThese models can handle all emission sources over domains ranging
from an urban area to the entire globe. Eulerian models consider altmesional
(3D) array of volume elementeach of homogeneous properties for the variables of
interest(e.g., air pollutant concentrations, meteorological variables) and calculate the
flow of those variables among those volume elemekitsatmospheric processes can
be modeled in Eulerian moddklsmissions, transport, transformations, and deposition).
The outputs consist of the values of the variables (e.g., concentrations, deposition
fluxes) as a function of time and location.
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Lagrangian trajectory modeldn a Lagrangiantrajectory model, air nsses are
advected and pollutants are dispersed along mean wind trajectbhey. are
computationally less demanding than Eulerian models, but, unlike Eulerian models,
Lagrangian models are typically limited to the simulation of a few sources.

Plumein-grid models: A plumeén-grid model combines the advantages of Eulerian
models (large domain and multiple sources) and Lagrangian models (fine resolution
near the sources); these models simulate selected sources using a Lagrangian model
imbedded within the 3CEulerian model and all other sources are treated by the
Eulerian model.

Gaussian dispersion models: Gaussian dispersion madeisidely used to calculate
pollutant concentrations downwind from a few selected sourceke absence of

major obstaclesot atmospheric transporiStationary atmospheric conditions are
assumed in the Gaussian plume dispersion formulation and, as a result, the impact of a
source can be represented by a Gaussian plume model only over limited distances
from the source (at mostO5km). When atmospheric conditions are variable, the
atmospheric plume may be approximated by releasing distinct puffs from the source at
successive intervals of time; the puffs may then follow different air mass trajectories.

Streetcanyon models: Foitsiations where the atmospheric dispersion of pollutants is
constrained by obstacles such as buildings, st@®fon models must be used; they
use parameterizations to approximate the efiéthose obstacles on the atmospheric
flow and pollutant dispersn.

CFD (Computational Fluid Dynamics) models:CFD models provide detailed
representations of the atmospheric flow and some also treat the physics and chemistry
of air pollutant transformations. However, thase limited to local applications such

as thke impact of a single pollution source in complex terrain or in a built environment,
where the flow characteristics are complex. These models provide accurate
representations of the atmospheric flow but are computationally demanding.

The selection of an aguality model for a specific application depends mostly on the spatial
scale and source types being considered. The concentrations of air pollutants can be simulated
over large domains, ranging from urban to global scales, by Eulerian and Lagrangias. model
At local scales, Gaussian dispersion models, st@®yon models or CFD models are
typically used. Plumdén-grid models can cover all spatial scales.

5324 Stormwater models

The models of urban hydrology may be classified in terms of their functionalityssibility,

water quantity and quality components included in the model and their temporal and spatial
scales (Zoppou, 2001; Elliot et al., 2007). In terms of spatial distribution, hydrological models
may be categorized as follows:

1. Lumped: A lumped modes based on spatial averaging of the input parameters over

the catchment. Therefore, these models provide only outputs at the outlet of the
catchment without an explicit consideration of spatial variability.

2. Semidistributed: Semdistributed models takiato account the variability of land use

and inflow into the drainage network by dividing a catchment into several
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subcatchments. Therefore, the spatial resolution is related to the size and number of
subcatchments.

3. Fully-distributed: A fully-distributedmodel represents the surface water flow by using
physical laws over a gridded domain. They include spatial and temporal variability
(such as soll properties, land use, etc.) according to the grid size.

5.3.3 Model Integration

The main building blocks of a modlag chain of the environmental impacts of road traffic
are (1) the overall structure of the modelling chain, which should include traffic, emissions,
air pollution, and water quality modefBigure 5.5) and(2) the interfaces linking the output
from a model to the input of the next model. The selection of the models and these
integrations are briefly discussed below.

Figure5.5. Schematic representation of thedalling chain (components are represented with
ellipses) with expected input and output data (represented with boxes).

The selection of the models must be conducted in such a way that there is consistency among
the level of detail, spatial and temporalalesions, and input requirements of the various
models of the modelling chain. The use of a dynamic traffic model will be of little use if the
emission model is based on average vehicle speed. Similarly, an air quality model with a 50
km horizontal grid sie will be inappropriate to investigate the impacts of local sources on an
urban catchment. Once models that are internally consistent have been selected, the
development of their interfaces will be mostly straightforward, because the inputs and outputs
of the models should be compatible. There may, however, be some need for adapting the
transfer of variables from one model to the next, because the original use intended for a model
may differ from that considered in the modelling chain. For example, & tnadidel designed

to investigate congestion scenarios will differentiate among héatyy vehicles, lightduty
vehicles, and passenger vehicles. Its use for an environmental impact study will require
additional information on the types of vehicles presergach category, for example, diesel
versus sparkgnition vehicles, as well as the vehicle original year (which defines the
associated emission control characteristics and, therefore, pollutant emission rates).
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In the case study presented below, we itigate the contribution of local road traffic to the
contamination of stormwater runoff in an urban catchment. Since we are interested in the
impact of traffic on major roads with relatively smooth traffic conditions, a static traffic
model (category 1In section 5.3.2)lmay be sufficient, because the impact of acceleration
and deceleration on pollutant emissions may not be as critical as it would be, for example, at a
major intersection. Then, an emission model based on vehicle speed would be appropriate
(category 3n section 5.3.2.2 Because we are focussing on the impacts of local traffic, it is
important to resolve the atmospheric concentrations and deposition fluxes of pollutants at a
fine spatial scale near the roadways. Gaussian models for lirees@re appropriate for this

type of air pollution impact study (categoryitsection 5.3.2)3 Finally, the water quantity

and quality model must be consistent with the output of the atmospheric model and the
objective of the study (contamination of stavater at the catchment outlet). Thus, a semi
distributed model (categoryi@d section 5.3.2 Awill provide some level of detail in terms of
subcatchment variability, without imposing unneeded computational and input data burden on
the study. Clearly, HU FKRLFHY FRXOG EH PDGH DQG WKH XVHUTV
of the construction of a modelling chain. We present in the following section the specific
models selected for the study of the Grigny urban catchment and the results of the model
simulations.

5.34 Case Study: Design, Methodology, and Results

The objective of this study is to simulate the impact of road traffic on stormwater
contamination, to compare the modelling results to available measurements, and to investigate
the sensitivity of thos results to the level of detail of traffic air pollutant emissions. The
present study focuses on three metals emitted by road traffic: cadmium (Cd), lead (Pb), and
zinc (Zn). The Grigny catchment is located 20 km south of Paris in a suburban area. The
cathment area is 451 ha, covered by several municipalities and divided into 32
subcatchments according to the topography and the structure of the drainage system. The
geographical location and division of the catchment are presirjiégure5.6] Themodels,
available data and results are presented sequentially for each comftaféat emissions,
atmospheric pollution, stormwater contamination)
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Figure5.6. Geographical location andharacteristics of the Grigny catchment including major roads
(in yellow), outlet (black circle), and subcatchment boundaries (in red). (Source: Google Maps)

Traffic

The Grigny catchment is impacted by four main roads (D310, D296, N441, and D445) and
the A6 freeway. Based on traffic variability and road direction, these roads were divided into
eleven sections assumed to be of uniform traffic flow, speed, and fleet composition.

Annual average hourly traffic volumes on the A6 freeway were obtained frort trafint
equipment operated byhe French Ministry of Ecology, Sustainable Development, and
Energy Traffic volumes of the other main roads were simulated using the VISUM traffic
model by the Regional Department of Transportation and Planning (DRFEgure 5.7).
Their hourly traffic volumes were assumed to follow the hourly distribution of the A6
freeway traffic observations.
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Figureb.7. Peak hour traffic volumes in the Grigny catchmengia (source: DRIE).

The local traffic flow on residential streets was treated as a uniform area source based on the
number of workers who live and commute out of the Grigny catchment area and the number
of vehicles registered in the area. Such data were obtained feoRreahchNational Institute

for Statistics and Economic Studi@BISEE). Traffic flow on residential streets accounts for

1% of total traffic in the study area.

Traffic emissions

Since the traffic output data are hourly, pollutant emissions could lbeatsti by an average

speed based model. For this purpose, the CopCETE model of the French Ministry of Ecology
was used for exhaust emissions. It is based on the COPERT4 metho@tinigghristos et

al. 2009. This model calculates vehicle emissions fromsmprocesses including vehicle
exhaust, fuel evaporation, and equipment wear depending on road gradient, length of road,
different types of traffic density (urban or rural road), fleet composition, number of vehicles
per categories (passenger, lightty, and heawduty vehicles, buses) and their average
speeds. The fleet composition was assumed to be the sameudsatidleet composition for
surface roads and main roads and a typical freeway fleet composition for the A6 freeway
(Hugrel et al., 2004)Roal dust contains particles derived from a wide range of sources. They
can be classified into 4 categories: 1) vehicle sources (exhaust particlesraskand clutch

wear), 2) roadway sources (road surface wear, corrosion of crash barrier),-tBanmsqort
sources (e.g., industrial and commercial activities, vegetative detritus), 4) atmospheric
deposition derived from the above sources in other areas. Legret and Pagotto (1999) found
road dust to be heavily polluted by Pb, Cu, Cd, and Zn, originating tiraffic. Currently,
because of emission control regulatioeghaust emissions from road traffifave been
reduced, buhonexhaust emissions from road vehicles are still largely unalf@tenpe and
Harrison 2008)For example, the ban of leaded gaso$igmificantly decreased Pb emissions
from vehicles. In this studynponexhaust emissions were calculated with the COPERT4
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methodology for road vehicle tyre and brake wear, but road surface wear was not included
due to a lack of data. A significant fracti@f metals emitted by equipment wear may be
present in coarse particles; therefore, emissions of particles greater than 10 pm in
aerodynamic diameter are taken into account in the emission inventory used here. Another
source of uncertainly ithat reemission of road dust by traffic was not taken into account;
although this process may account for a significant fraction of atmospheric particulate matter
(PM) in urban areas (e.g., Pay et al., 2011), it is still poorly characterized and, therefore,
highly urcertain. An example of output from the emission model is provitj€eure5.8]

0,01 —Cadmium emission 0,04 Cadmium emission
0,03
=
S 0,02
0,01
Hlngmlqlmlﬁl‘og(\llml 0 I|I|I|.|I|I|||||||||||||||||||
<
QQSL@@@S 2989 1 357 911131517192123
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00 0000 ¢gao hour

Figure 5.8.Cd emissions (g/h) for each road section at 10 am (left) and hourly profile of daily Cd
emissions due to road traffic in the modelled area (right).

Atmospheric dispersion

The disper®n of atmospheric pollutants was calculated using the Polyphemus Gaussian
dispersion model for a line source (Briant et al., 2011, 2013). The Gaussian dispersion
formulation for a line source is exact to simulate emissions from road traffic when theswind
perpendicular to the line source and approximations are needed for other wind dirétigons.
Polyphemus model uses a novel method to reduce the calculation error when the wind
direction is not perpendicular to the road.

The model was used to simulatellptant dispersion from major roadways in the catchment
for the periodrom 2 April to 3 May 2012. The dataset used contains the following:

1. The coordinates of 4 roads and 1 freeway divided into 11 sections representing a total
of 10 km of linear road lerl.

2. The Cd, Zn, and Pb hourly emission rates associated with traffic for each one of the 11
sections computed with the CopCETE emission model for exhaust emissions and the
COPERT4 database for nexhaust emissions.

3. The receptor locations; the overall rpt grid consists of several rectangular grids of
50 m spacing assigned to each one of the subcatchments.

4. Meteorological data required by the Polyphemus Gaussian model, which include wind
speed and direction and cloud coverage. Meteorological variabdedased on
observations at the nearest measurement station (Orly airport, 8 km from the
catchment). The use of the wind speed and direction from a close but different
location is appropriate in this case because of the relatively flat terrain.
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shcws themodelledZn concentrations R/m°) at ground level on 5 Aprit 9 am.

Only the concentrations located within the catchment are shown. These values correspond
solely to traffic emissions, i.e., withoutatkground atmospheric concentrations. The
concentrations decrease when the distance of the receptor from the road increases. The
concentration at each point varies in time depending on traffic and meteorology.

In addition to the emissions associated wittific from the major roadways, the contribution

of emissions associated with local traffic on residential streets and that of background
concentrations were also taken into account. The contribution of traffic flow on residential
streets was simulatedsing a box model approach, which implies that those emissions are
spatially uniform over the study area. We assumed that advection processes are more
important than convection for air pollutant dispersion; therefore, the atmospheric
concentrations assocgt with those emissions are inversplpportional to the wind speed
(Benarie, 1967).

Background concentrations were obtained from measurements conducted by Ayrault et al.
(2010) near Paris. The average urban background total suspended particulpiea(l&Pare

0.393, 15.37 and 45.8 ngimfor Cd, Pb, and Zn, respectively. These background
concentrations were assumed to be spatially uniform over the study area and constant in time.

ug/n?’

Figure5.9. Zn concentrations (pg/M due to traffic on major roads over the Grigny catchnoenb
April at 9 am on a receptor grid (m) corresponding to the urban catchment. The southwestern origin is

aa f 7 191 f 17 917

Atmospheric deposition

Atmosphericdeposition occurs via dry processes (i.e., when gas molecules and aerosol
particles get into contact with surfaces) and wet processes (i.e., when gases and patrticles are
scavenged by precipitation, mostly by rain). Several studies have experimentallfieiant
atmospheric deposition of metals near roadways (Viard et al., (2004); Azimi et al., (2005);
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Sabin et al., (2006); Loubet et al., (2010)). These studies show that deposition fluxes decrease
rapidly as the distance from the roadway increases, whidonsistent with the spatial
gradient observed for atmospheric concentrations. Theoretical models have been developed
for dry deposition (e.g.Zhang et al. (2001), Wesely (2007), Sportisse (20@nd wet
deposition (e.g., Duhanyan and Roustan, 2011). mibdel formulations presented below
follow those of standard theoretical models.

The dry deposition flux is typically computed using the following formulation:

5.3

where 4 is the dry deposition velocity, which is a functioh meteorology, land use, and
particle size. The deposition velocities used here were obtained from Roustan (2005). The
size distribution of PNy mass in tk atmospheric background was assumed to be 74% in
particles with a diameter less than 1 um, 10% in particles between 1 and 2.5 um, and 16% in
particles with a diameter between 2.5 and 10 um. The size distribution of particles from
traffic emissions consistof 58% of particles with a diameter less than 1 um, 8% of particles
between 1 and 2.5 um, 13% of particles between 2.5 and 10 um, and 21% of particles greater
than 10 um. The coarse particles (>Hd) results mostly from neaxhaust processes. The
selected values for the dry deposition velocities of particles in these four size ranges were 0.2,
0.4, 4 and 20 cm/s, respectively. The subcatchments were assumed to have approximately the
same land uselhe effect of meteorology on dmyeposition velocitiesvas not taken into
account here and tirreeverage values were used.

Pollutant buildup on the subcatchment surfaces is calculated according to the dry deposition
flux of each pollutant source (i.e., Edraffic, background concentration, traffic on the roads

and the freeway), the associated level of traffic and the meteorological situation. 1784 virtual
receptors separated by a distance of 50 m from each other and covering the whole catchment
were selested [Figure 5.8). The average deposition over all receptors located in each
subcatchment determines the buildup for each hour.

Wet deposition was assumed to be homogeneous over the catchment. The atmosphere over
the catchment was assumed to be a-melled box with a height of 1000 m corresponding to
a typical mixing height. The following formulation then applies.

5.4

where, E, S, uD Q G DUH WKH WRWDO HPLVVLRQ RI WKH SROOXW
the catchment, the wind speed, and the wet deposition scavenging coefigspattively
was calculated following the Andronache (2004) formulation for urban areas.

9.5

where | is the rain intensity (mm/h)he average pollutant concentration in rainfall can be
calculated as the wet deposition flux divided by the precipitation amount oventleyeat.
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Water quality

The water quality simulation requires a satisfactory water quantity simulation because
pollutant concentrations are highly dependent on the simulated flow rate. The model used to
perform the stormwater runoff analysis is SWMNRossman, 2010). This model is an open
source modelling software, well adapted to this investigation as it allows raunialif
simulations (quantity and quality) over long periods with short time steps (2 min in this case).
The water quantity modellingor the Grigny catchment is performed using land use and
topography data, and is completed by a calibration with a genetic algorithm. The performance
of the model is evaluated by the N&Sutcliffe criterion. Details on the model, its setup for

the Grignycatchment and the calibration procedure followed are presented by Petratci
(2013).

Water data availability and treatments

Continuous measurements of flow rate and turbidity were conducted by SIVOA (Syndicat
PL[WH GH OD 9D O O mHheéadtlebf theGrignycdtEh@ent and are available for

the whole year 2012. In this study, 14 rainfall events were selected from 2 April to 3 May
2012.

Continuous measurements were complemented by chemical analyses on several rainfall
events. An automatisampler measured the different metal concentrations (Cd, Zn, and Pb) of
6 distinct samples of a rainfall event occurring on 5 Noverbag [Tableau5.1). For this

rainfall event, the Cd concentration was below the quantification threshold for 4
measurements out of 6.

Tableauwb.1. Table 1. Metal concentrations on 5 November 2012 (SIVOA)

Total
Suspended Cd* Zn Pb
Solid (TSS)

Time (mgfl) (ng/l) (mg/l) (ng/l)
17 h 44 210 <1 0,24 20,28
18 h 02 103 <1 0,21 14,57
19 h 02 223 1,08 0,26 24,83
20 h 02 191 1,04 0,18 18,58
21 h 02 126 <1 0,12 10,45
23 h 02 66 <1 0,1 9,61

(*). Half the quantifiation limit (i.e., 0.5 pg/l) was used when Cd concentrations were
below the quantification limit.

7KH 3REVHUYHG™ FRQWLQXRXV P-Ebvsutted- &/€r RirkQeviadDby L R Q V
calculating the total suspended solids (TSS) concentration using ®¢uglity relation

and the ratio between TSS and metal concentrations obtained by the available sEmeples.
averages of these ratios are 5.14%10.11x10° and 1.29x18 ug/l for Cd, Pb, and Zn,
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respectively. These ratios were used to calculate easanisimetal concentrations at the outlet
of the catchment

Water quantity was simulated for 14 rainfall events. Half of the rainfall events (from 2 to 19
April) were used to calibrate the model and half (from 20 April to 3 May) were used for the
model validition[Figure 5.10]compareshe simulated flows with continuous measurements.
The Nash values are 0.6772 and 0.6063 for calibration and valid&spectively

Figure5.10. Comparison between simulation (blue line) and measurements (green line) results from 2
to 19 April (top, calibration) and from 20 April to 3 May (bottom, validation) at the outlet.

Water quality modelling

Usually water quality simulationsnélude the pollutant buildup during dry periods and
washoff during rainfall events. Different mathematical approaches are availaejgrésent

the processes governing pollutant accumulation and washoff. In this study, the buildup is
obtained from the atospheric deposition calculations and the power washoff equation can be
written as follows:

5.6

where,W is the washoff load (mass per houg),is the washoff coefficignE; is the washoff
exponentg is the runoff rate per unit area (mm/hour) and B is the available mass of buildup.
Thus, the pollutant washoff load is proportional to the product of runoff raised to some power
and to the amount of available pollutants.
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The washoff parameterk; and E; depend on land use (Cheah 2009). On the basis of the
available literature and without further information on the catchment, the chosen values for
the parameters are constant average vahs.1,E,=1.5.

Three modesimulations were conducted:

(1) a reference model simulation including all emission sources and the background
atmospheric concentrations, based on the model configuration described above

(2) a model simulation without any traffic emissions from the studylareacluding
background atmospheric concentrations

(3) a model simulation with traffic emissions, but with emissions for traffic on major
roadways treated as spatialyeraged over the study domain, which is defined as the
smallest rectangular area camgrthe catchment and extending up to 1000 m from the surface
(i.e., within the atmospheric mixing layer).

The results of the reference simulation can be compared to measured concentrations at the
catchment outlet. A comparison between the first and nsec®mulations allows us to
investigate the contribution of local traffic within the catchment area to stormwater
contamination. A comparison between the first and third simulations provides a quantitative
assessment of the uncertainty associated wittataig-averaged treatment of all emissions
within the study area compared to the reference simulation where the emissions associated
with major roadways are treated explicitly (i.e., spatially distributed).

Comparison of model simulation with measuremets

The results presented [Figure 5.11) show the comparison of metal mass flow rates (ug/s)
between the simulation and the measurements. The rainfall event of 24 April was excluded
because the flow rate was not estimated correctly. The average ratios of modeled and
measured mass flow ratare 77% for Zn, 100% for Cd, and 211% for Pb. These ratios vary
among the fourteen rain events and range from 9 to 106% for Zn, from 11 to 150% for Cd,
and from 24 to 296% for Pb. These results show that the impact of atmospheric deposition of
Zn, Cd andPb on water contamination is considerable. Zn originates from the corrosion of
building materials, which can explain the fact that the simulation concentrations
underestimate the measurements (Gromaire et al. 2011). Unleaded gasoline is now used in
Europe and Pb due neaxhaust emissions has also been reduced, but it still remains an
important source of water contamination (Gromaire et al. 2011). In this study, the COPERT4
nonexhaust emission factor for Pb was used. Because this emission factor irddt@es
between 1983 and 2007, it is likely to overestimate current Pb emissions because of
reductions in Pb neexhaust emissions in recent years. For example Hjortenkrans et al.
(2007), showed that Pb emissions from brake linings in Stockholm (Sweden)esdeaced

from 560 kg/year in 1993 to 35 kg/year in 2005. The results for Cd should be taken with
caution because twihirds of the measurements were below the quantification limit and using
half the quantification limit may oveor underestimate the actu@ntamination.
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Figure511.0HWDO PDVV IORZ U D Wdf Me Gidgny cdichmant Kskinuadow resdIia/ with
an explicit treatment of traffic (in red) aedperimental results (in blueyhe rainfall event of 24 April
was excluded (sgext).

Impact of road traffic in the study area

The comparisons between the simulations with and without considering local traffic within
the study area are preseniedFigure 5.12] The comparison of these twoases (with and
without traffic) demonstrates a significant effect of local traffic on Cd, Pb and Zn mass flow
rates. The background contribution is 4% of the Zn concentrations on average (calculated as
the average of the contributions for each rain eyemth a range of 2 to 6% among the
fourteen rain events. For Pb, the background contribution in stormwater is 6%, with a range of
3% to 8% among rain events. For Cd, the background contributes 7% in stormwater, with a
range of 4% to 10% among rain evernl$e traffic contribution is dominant because (1)
traffic emissions are close to the ground and, therefore, available for dry deposition and (2)
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the presence of particles with diameters greater than 10 um from vehicle equipment wear (i.e.,
with large dry @position velocities) leads to significant dry deposition near the roadways.

Figure5.12. Cd, Pb, and Zn mass flow rate ratios between thewisean explicit treatment of local
traffic (metaj) and without local traffic (metglin the study areat the outletf the Grigny catchment.
Only the average lsground atmospheric concentratimas used in the second simulation.

Effect of the spatial representation of traffic on major roadways

The metal concentrations in runoff were simulated by using two different representations of
the emissions associatedthwvtraffic on major roadways: in the reference simulation, four
roadways and one freeway were represented explicitly, In the other simulation, the emissions
from those major roadways were treated as those from residential streets, that is, they were
spatally averaged and treated uniformly over the study area covering the catchment and their
emissions were spatially distributed within a volume covering the study area with a height of
1000 m. This comparison provides, therefore, important information oettefits of using

an explicit representation of the emissions from major road traffic.

110



shows the temporal variation of the concentrations simulated with those two
model configurations. The average ratios of the mass flow rates calculated by those two
models (spatialhaveraged / spatialgistributed) averaged over all ragvents ar24% for

Zn, 41% for Cd, and 34% for Pb. These ratios vary among the fourteen rain events and range
from 11% to 38% for Zn, from 21 to 58% for Cd, and from 16 to 50% for Pbspaeally
averagedesults are low compared to those of dpatiallydistribued model, because of the
dilution of the traffic emissions within the atmospheric mixing layer over the study area. It
means that averaging emissions with a box model leads to reduced impact of local traffic
sources that have a strong impact on conceotiatat the catchment outlet. Therefore, the
differences in concentrations of metals emitted by traffic between the two simulations
demonstrate that it is essential to have a correct spatial representation of those local emission
sources.

Figure 5.13. Ratios ofCd, Pb and Zn mass flow rates at the outlethe Grigny catchment with
spatiallydistributed (meta@l and spatiallyaveraged (metgltraffic emissions.
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5.3.5 Discussion

This first step into air and water @grated quality modelling shows some limitations that
should be overcome in the next few years to make these integrated models more reliable to
predict contaminant concentrations in urban waters. First of all, the major drawback of this
integrated model @in comes from the different modelling bricks themselves.

In order to simulat¢he environmental impacts of traffic at the local urban scale, it was
necessary to choose the most appropriate modelling tooleerms of computational
efficiency, which is avery important point when several models have to be coupled to
constitute a modelling chaiMoreover, a major scientific stumbling block is that air quality
models typically consider only those particles smaller than 10 um in aerodynamic diameter
(PMyo) Since coarser particles are not regulatédis consideration is inherited from public
health concerns and is related to the fact that BMy, andfine particles affect human health.
However, the mass of particles greater than 10 um is significant aradeisant to water
quality. Accordingly, it should be taken into account because patrticles of diameter above 10
pm are measured with the turbidimeter. Here, we took into account those coarse particles
emitted by vehicle equipment wear; however, we did obant for road wear nor the-re
suspension of road dustlearly, uncertainties are associated with every component of the
modelling chain and some of those are discussed below.

For example, the most widely used air pollution models for calculating tiperdisn of

vehicle emissions at local scales are Gaussian dispersion models. However, in a densely built
environment, the Gaussian dispersion assumption no longer applies andastyeet models

or CFD models may be more suitable. A comparison betweess@audispersion models

and more detailed ones as part of a similar modelling chain is an interesting perspective.
Furthermore, the background air pollution was treated here in a simple manner, using
spatially uniform and temporally constant values in a bmdel. A plumen-grid approach

would provide a more comprehensive mgltale modelling approach to better characterize
this urban background in future studies

Further, in an atwater modelling approach, the emission models must be able to egtimate
main water pollutants such as total suspended solids (TSS), polycyclic aromatic hydrocarbons
(PAH), and heavy metals (e.g., Pb, Zn, Cd, and ig.a very restrictive need for emission
models because most of them do not include these pollutangariicular instantaneous
models). Moreover, to consider a large number of pollutants and emission phenomena (e.g.,
including fuel evaporation and naxhaust particle emissions), the microscopic emission
models, which only treat a few pollutants emittedni the vehicle exhaust, have to be
complemented with aggregated emission models such as COPERT4. However, those
aggregated modelsertain to large temporal scales, thereby leading to a discrepancy in the
estimation of traffic emissions at very fine temgdscales.

At last, water quality can be well described by seitributed models such as SWMM, but

the approach by subcatchments, adapted to hydrologic considerations, is not necessarily
suited for coupling with the air component. The resolution usedhf®iGrigny catchment
(average subcatchment size) is about 200 m, coarser than that of the output from the
deposition model. A fulldistributed hydrologic model would offer the advantage of
explicitly taking into account distributed land uses and roaceicharacteristics at a higher
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resolution, in addition to rainfall characteristics at the scales of the resolution of the
atmospheric receptors. Therefore, future work may use a fully distributed model for surface
water flow and water quality modellingpgpled to a hydraulic model for the urban drainage
network.

The second major source of uncertainties in this integrated modelling approach is the lack of
data covering the different components of this modelling chain.

For example, to assess the relatigpdbetween turbidity and metal concentrations, it would

be necessary to consider more measurements of metal concentrations in water at the outlet of
the catchment. In fact, the relations between turbidity, TSS and metal concentrations are not
simple (Hannache at al. 2011; Wust et al. 1994). These relations may depend, for instance,
on pH, which was not measured for the samples available in this study. Therefore it would be
necessary to obtain different samples in different seasons to confirm these results.

Another source of uncertainty in this modelling chain is the estimation of atmospheric
deposition fluxes, both wet and dry, because those are strongly dependent on the particle size
distributions. In particular, the dry deposition velocity still remaiifificdlt to estimate as a
function of particle size, atmospheric conditions and surface types (Roustan 2005). As this
velocity may vary by an order of magnitude or more depending on the particle size, the
influence on the simulated water concentratiorsurely very high and further work is needed

to determine more accurately this parameter accounting for particle size distributions and for
the distribution of metals between the different sizes of patrticles.

5.3.6 Conclusion

In this study, we developed, appli@hd discussed a modelling chain linking road traffic
emissions to air and stormwater concentrations. Different models for traffic, emission,
atmospheric dispersion and stormwater flow and contamination were presented. This brief
review provided the contéxeeded for the selection of the most appropriate models to be
coupled in order to implement an integrated and efficient modelling system for a simulation

of air and water quality in urban areas. This approach was tested on a urban catchment in the
Parisregion.

The effect of traffic impacin the Grigny catchment located in a southern suburb of Paris was
studied from2 April to 3 May 2012The simulated Zn, Pb, and Cd concentrations in pollution
peaks are commensurate with experimental results at thet,otitereby suggesting the
important contribution of atmospheric deposition to stormwater contamination in urban areas.
Comparison of metal loading from atmospheric deposition under two hypotheses (with and
without local traffic) indicates an important ¢gbution of local traffic to Cd, Pb and Zn in

urban catchments. Furthermore, an explicit representation of major roadways in the catchment
area was shown to have a significant effect on simulated mass flow rates and concentrations.

Through this process, avobserved several limitations in the simulation of all phenomena
(traffic, emission, atmospheric dispersion and stormwater). The main challenges are
associated with the consistency betwegnuts and outputs of the different models
constituting the modetlg chain, especially the available data, the scale of the problem and its
complexity.
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The method developed in this work appears very promising in the context of water quality
modelling. Currently, pollutant loads are usually calculated from urban landHese, the
atmospheric loads near heavgffic areas appear to be major contributions. Therefore, the
traditional approach may need to be reconsidered depending on the configuration of major
roadways within the catchment ardhaese encouraging resultsaynbe useful to test different
urban scenarios at the time of the design and planning of new urban areas.

To that end, experimental data are needed to calibrate and /or evaluate the different
components of the modelling chain. Although reasonable agreemee obtained here
between model simulations results and measurements at the catchment outlet, more work is
needed to refine this modelling approach and evaluate it over different settings. Furthermore,
this work highlights the importance of developimterdisciplinary research programmes with
strong interactions between modelling and experimental studies.
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Chapitre 6

6 Conclusion et perspectives

6.1 Conclusion

/ Pbjectif decette thése a été aeettre au point une cfree de modélisation qui peette de

quantifier les impacts environnementaux du trafic routier sur la pollution atmosphérigue et au
dela, sur la pollution des eade ruissellementen prenant en compte le trafic, les émissions

des véhicules, les processus de transport et de tramagfon atmosphériques, les dépbts
atmosphériques sur les bassins versants et les procestssidage et déansportparles

eaux de ruissellementes travauwont permis G 1D P p O L BodridissaQa@ G 1 LGHQWLILHU
limites etlesprécautions néceases a la réalisation de cette chaine, ainsidgusouligneta

nécessité de données expérimentales robustes pour la validatiamesdehaines de
modélisation

La premiere partie de la théagermis deéaliser XQ pWDW GH OfDUW BWRIPFPSOHW H
de modélisation des différents phénoménes (trafic, émissions, transferts atmosphériques et
hydrologiques) pertinents pour notre problématiques classificatiors des modéles orété
proposéesafin de faciliter la sélection des modeéles les plus @pp¥s pour étrautilisés
conjointementdansun systeme de modélisation intégpertinentet efficace. Nous avons

souligné les points fortdes limites, leslacunes etesincertitudes des différents modeles en

fonction de leur précisiopourla représetation physique des processisdiés L'importance

des données d'entrédeur disponibilité, représentativité, précision et pertinence et la
FRKpUHQFH HQWUH OHV VRUWLHYV G{XQ dnfe® giSchtéststy OHV HC
ces questions affeant la sélection de modeles pourdur intégration dansine chainede
PRGpOLVDWLRQ &HW pWDW GH O 9 Ddinplex®&/daH daVnatueY pOp S
pluridisciplinaire et portant sur des objets hétérocli@stérents couplages de modeéles

existans ont été présentés pour chaque échelle spatiporelle.Par ailleurs, dux chaines

GH PRGpOLVDWLRQ OYXQH VWDWLTXH HW KRUDLUH OD Vt
ont été proposs.

La deuxieme partiele la thesea consisté a développdes oW LOV DXWRPDWLVpPpV GfY
entre les différentsnodéles FHUWDLQV UpVXOWDWY RQW pWp SUpVHQW
par des exemples concrets la premiére pafie)raison du caractére peu modulaire de ces

R X W L O Vgénhé@alemm@mpas\ssible de réaliser leur intégration dans une chiaiégrée

&H VRQW GRQF GHV RXWLOV DXWRPDWLVpVY GILQWHUIDoDJF
suivants) qui ont été déevelopp€xes chaines de modeéles ont ensuite été testédsgférents
casGIpWXGH
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1- Couplage trafic / émissionavec la simulationdu trafic surune zone urbaine (Cours
Lafayette, Lyon)utilisant un modéle dynamique de trafic (Symuvia) en lien avec des modéles
GYpPLVVLRQV LQVWdy@JOMEPETB)+I(® comparaisodes résultats dees

deux couplagesnontre XQH IRUWH GLIIpUW Eagiés o pl&sLosndliien® de
circulationa vitesse faible (<10 km/h), ce quomprend &0% de véhiculesdans cett@tude.

2- &RXSODJH pPLVVLRQ T X2t dsphpriqeéd/ Y DA YD K W RS WH $
/IHV IDFWHXUV GYpPLVVLRQ PR\HQQpVCE Ebuglayeq pearmiRQW pW
GeYaluer le modéle de panache gaussien pour les impacts a proxfit€®d D XWeR UR X W H
résultats montrenine sousestimationdes dép6t de cadmium poudesdistancs inférieures

a20m GH O 1D XW-BlaRi& dhittd digtahdes résultatslu modélesont satisfaisantLa
sousestimation & proximitéle l'autoroute peut étreue au fait que les particusegrossieres

nonprises en compte dans lesestimations des émissiongourraient contribuer
significativement aux dépats

3- &RXSODJH WUDILF pPLVYIORBR UTGXM o Rdiole b L U

modele de panache gaussiérété modifié poumieux simulerla dispersion de polluants
atmosphériques liés au trafic routier pour desditiors de vent faible Ce modéle a été
pYDOXp DYHF GHV PHVXUHV HIIHF WXy Msi¢td pEIRaAGX UH GH
traitement deconditionsmétéorologiquesalmes amétire significativement le coefficient de
corrélation entre concentrations mesurées et simulées (par exemple le coefficient de
corrélation de PMs croit de 0,41 a 0,72¢t permetausside réduire les erreurd.a
resuspension des particules par le trafictieoucontribue fortement aux concentrations de
particules. Dans cette étude, la remise en suspension des particules a été incluse sur la base
GHV UpVXOWDWYV GTXQH DQDO\WH GHV VRXUFHV GH SROOXL
sont satisfaisastpour les particules (PM PM; et certains métaux)e modéle sousstime

les concentrations de NGComme les concentrations de N&bnt moins influencées par les
concentrations de fond que celles des particules, ces résultats suggeéerent que detiansélio

doivent encore étre apportées au modeéle pour ces conditions météorologiques
particulierement difficiles a simuler en bordure de route (effet de la turbulence induite par le

trafic par exemple).

4- Couplage émissions / pollution atmosphériqueodele boitepour un quartier suburbain
(SucyenBrie). Ce modeéle relativement simpke été développé pour fournir des dépbts
atmosphériquesmoyens sur une période assez longne peuvent étre utilisés comme des
GRQQpHV GITHQRGUYEPH GOV VEB®OHPHQW /H PRGQSfEOH IDLW
dispersion homogéne si@olluants sur le bassin versant. Les résultatsnddéle sont en

accord avec les mesurde dépbtsdes métaux lourds maisep fiables pour les HAP. La
surestimation des HAP peut étr&kdH DX[ IDFWHXUV GYfpPLVVLRQ HW RX
incorrectes.

5- Couplage dépots atmosphériques / qualité des eaux de ruissellement pour un bassin versant
suburbain Cette étude a consisté a développer un modéle de calcul ds ei@épénction du

trafic et asimuler avecSWMM la propagation des polintsdans les soubassins versants

sur une zone expérimentale de Grigny (2@090). Cette simulatiora monte que les
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concentrationsimuléesde polluants (Cd, Pet =Q G D Q SonOr§dp&rdement trois fois,
six fois et deux fois plus élevées quand dascription explicitele la distribution spatialéu
trafic est utilisée.

6- 8QH FKDVQH GH PRGpOLVDWLRQ FRPSOqWH DYHF FRXSOD
qualitédes eaux de rusgllement pour un bassin versant suburbain (Grigwmyl 2019. Cette
chaine permetle simulerla plupart desSURFHVV XV , @ £prRAri¥I&sL padicules
grossieresle diametre supérieurl®d P qui ne sont généralement pas prises en compte dans
les modeles atmosphériqud3eux simulationsdistinctesont été réaliseV @ faXeQun
PRGqOH ERvViwec HiModelg DeXMindt¢he gaussien. La comparaison lestdeux
simulations a montré gule modeéle boitesousestime considérablemelitmpact des sources

de trafic local sutes concentrations deS R O O X D Qe'i\A I'exidtQire dO lpassin versdrd.
comparaison entréa simulationavecle modele Gaussien et les mesures expérimestal

I THIXWRLUH GX Bkttt QueY poUHeDtQU¥moyens de débits massijuia
valeur simulée représeni#® % de la valeur mesurégour Zn, ce quidémontreun impact
significatif des polluants atmosphériquasrla TXDOLWp GH OTHDX

AtraverscesGLIIpUHQWYV, ADW VEWPWDOGHRQW SHUPLV GLGHQWLIL
OfLQWpPpJUDWLRQ GH PRGgOHV SRXU OH FDOFXO GH OD SRO
au trafic routier. Paailleurs, ils fournissent une base solide pour leetippement futur de

modeles numériques intégrés de la pollution urbaine.

6.2 Perspective s

Les travaux effectués lors de cette these St UPLYV OfpODERUDdNdirfd@Qe GH GLII
modélisation etdur applicatiora différens cas d'études. Néanmoins, deshanations de ces

chaines de modélisatiol W GH OHXU FRXSODJH VHPEOHQW VRXKDLW
FRQILIXUDWLRQV VIDSSX\DQW VXU GIDXWUHV PR@&qOHV SF
simulationdeOD TXDOLWp GHHDYXDLU HW

Il a été nentionné que la plupart des modéles disponibles sont basdsssdonnées d'entrée
moyenrées. Ces modelegelativement agrégéprésenent des limitespour de nombreux

problémes particulierar exemple les concentrations des polluants a proximité dies tel

que sur legrottoirs). Dans cette étude, le couplage entnenodélede trafic dynamiqueet un

P R G g @misdiv® instantanées été effectué. Les résultats de ce couplpgerraient
alimenterun modele CFD (RANS ou LES) afin de simuler la qualiéd Gifieskthelles
spatiotemporells fines De méme les modeles distribués da qualit¢t GH OfYHDX DYHF >
maillage compatible avezelui dumodele CFD purraientétrealimengsavecles dépotsssus

du modele CFDDes problemesssociés de telscouplagessontdus au manque de facteurs
GTpPLVVL R pdlRiKdt) importarst pour O T HpaK exemple les émissions non
echappement de particule)utilisation de modéles dynamiquesraitpréférablepour ces
applications et leur utilisation est pdssi avec les ressources informatiqaesuellesmais

une amélioration Wl PRGgqOH G §prRtAtanéss€a nécessaire pour consieérla
TXDOLWp GH OfHDX DYHF XQH FKPDODPHFGN PRGQpOHWYWDGALPRPQ \C
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actuellement limitéts a yHOTXHYV SROOXDQWY DWPRVSKpULTXHV HW T
(principalement échappement).

Les couplages effectués dansceglreont été appliquga la pollution erbordure @ routes

sans prise en comptles obstacles etesbatimens. Pour un milie urbain la prise en compte

des infrastructures urbainélsatiments)dans les simulations de dispersion de polluants est
souvent nécessairees modeles de panachgaussies considérat généralement un domaine
GTpWX @it cBredgwent des modeles tigmnent compte dO TLPSDFW GHV EKWLPH(¢
dispersion depolluants sont nécessaires

Dans cette thése, la dispersatmosphérique des polluants émis par le trafic prerabepte
O THI 14 ivrb@dtcedue auxvéhicules avecla formulation de KatnerKlein et al. (2000)
Cette formulation influencepeula concentration depolluantsdans desonditiors de vent
faible ou la turbulence de aux véhicules pourrait étre prédominane. De nouvelles
formulatiors plus réaliste devraient donc étre déveloges.

La chaine de modélisation peut étre intégrée dat3 DOJRULWKP HAd&I§ BualiéL PLV D W
GH OfDLU HW GH OD TXDOLWp GH OfHDX (Q HIIHW OHV G
trafic pourraient étre utilisées dans la chaine de modéR€Qati SR XU VLPXOHU OD TXDO
OD TXDOLWp GH OfHDX &HV UpVXOWDWY SHXYHQW HQVXLW
des concentrations de polluants et en optimisant des différents paramétres mis en jeu (le trafic,
ses émissions, mais VL SDU H[HPSOH O DMuRsy,We Godvealx dddhagiesHYV D Q
peuvent étre définis afin de- RGpOLVHU OHV FRQFHQWUDWLRQV GHYV
accord avec les réglementations soit atteint.

Figure6.1 $OJRULWKPH GTRSWLPLVDWLRQ GH OD TXDOLWp

118



7 Référence

Amato, F., Pandolfi, M., Moreno, T., Furger, M., Pey, J. Alastuey, A., Bukowiecki, N,. Prevot, A.S.H,.
Baltensperger, U., Querol, X. (2011). Sources and variabflityhalable road dust particles in
three European cities. Atmospheric Environment 45, &787 .

An, X., Hou, Q., Li, N., Zhai, S., 2013. Assessment of human exposure level to PM10 in China.
Atmos. Environ. 70, 37686.

André, M., Fantozzi, C., Adra, N. @26). Development of an approach for estimating the pollutant
emissions from road transport at a street l&@einmission Européenne. Bron, INRETS, LTE0628,
149 p.

André, M., Roche, A. L., Bourcier, L. (2012%tatistiques de parcs et trafic pour le cdlaes
émissions de polluants des transports routiBr®n, France.

André, M., Fallah Shorshani, M., Berger, C., Montenon, A., & Bivtiresse, E. (2012Evaluation
des PDU- problématique du calcul des émissions de polluants du trafic

André, M., RochgA.L., Bourcier L. (2013). Statistiques de parcs et trafic pour le calcul des émissions
de polluants des transports routiers pour la France. In French. Rapport IFSTTAR LTE, Bron
(France), 132pp.

André, M., Chanut, H., Pasquier, A., Pellet, C., Montenon(2014). Modélisation et estimation des
émissions de polluants du trafic routier. Rapport 7.1, Projet MOCoPo (Mesure et mOdélisation de
la COngestion et de la Pollution), In French, Contrat n° 2010 MT CVS 121.

Andronache, C., (2004). Estimates of sulfaeosol wet scavenging coefficient for locations in the
Eastern United States. Atmos. Environ. 38, 88!.

Ayrault S, A Senhou, M. Moskura, A Gaudry (2010) Atmospheric trace element concentrations in
total suspended particles near Paris, France. Atnmérda. 44, 370€B8707.

Azimi S, Ludwig A, Thévenot DR, Colin-ll. (2003). Trace metal determination in total atmospheric
deposition in rural and urban areas. Sci Total Environ 308256,

Azimi, S., Rocher, V., Garnau8,, Varrault, G., and Thevenot D.R005). Decrease of atmospheric
deposition of heavy metals in an urban area from 1994 to 2002 (Paris, France). Chemosphere, 61,
645651.

Baklanov, A., Schltinzen, K., Suppan, P., Baldasano, J., Brunner, D., Aksoyoglu, S., Zhang, Y. et al.
(2014). Onlinecoupled regional meteorology chemistry models in Europe: current status and
prospectsAtmospheric Chemistry and Physidgl(1), 317398.

Baldauf, R, Thoma E, Hays, M, Shores, R Kinsey, J, Gullett, B, Kimbrough, S. Isakov, V., Long
T., Snow, R, Khlystov, A, Weinstein, J Chen, FL, Seila, R, Olson, D,Gilmour, I., Cho,
SH., Watkins, N, Rowley, P, Bang. J(2008). Traffic and meteorological impacts on Aead air
quality: summary of methods and trends from the Raleigh-Read StudyJ Air Waste Manag
Assoc.58(7), 86578.

Barcel6, J., and Casas, J. (2005). Dynamic network simulation with AIMSUN. In Simulation
approaches in transportation analy{pis. 5798). Springer US.

Barth, M., Malcolm,C., Scora, G. (2001b). Integration a comprehemnsodgal emission model into
ATMIS. Transportation modeling framworks institute of transportation studies. Research report
UCB-ITS-PRR2001-19.

Barth, M., An, F., Younglove, T., Scora, G., Levine, C., Ross, M., Wenzel, T. (2000). Comprehensive
modal emissionPRGHO &0(0 YHUVLRQ Univasitid of Ldliforkia, RRiverside,
USA.

119



Baumer, D., Vogel, B., Fiedler, F. (2005). A new parameterisation of motaendaged turbulence
and its application in a numerical model. Atmospheric Environn3&{81), ¥505759.

Beevers, D,. Kitwiroon, N,. Williams, M,. Carslaw, D. (2012). One way coupling of CMAQ and a
road source dispersion model for fine scale air pollution predictions. Atmospheric Environment,
59, 4758.

Beck, M.B,. (1987. Water quality modellinga review of the analysis of uncertainty Water Resour.
Res., 23 (1987), pp. 1398442.

Bell, M. L., Davis, D. L. (2001). Reassessment of the lethal London fog of 1952: novel indicators of
acute and chronic consequences of acute exposure to air polridgronmental health
perspectiveslOSuppl 3), 389.

Benarie M (1967) The simple Box Model revisitédmos. Environ.12, 19291930.

Benson, P.E. (1989CALINE4 +A Dispersion Model for Predicting Air Pollution Concentration near
Roadways. Office of trasportation laboratory, California department of transportation,
Sacramento, CA.

Bessagnet, B., Menut, L., Curci, G., Hodzic, A., Guillaume, B., Liousse, C., Moukhtar, S., Pun, B.,
Seigneur, C. Schulz, M. (200R.egional modeling of carbonaceous aeroseky Europe focus
on secondary organic aerosols. J. Atmos. Chem., 62075

Boriboonsomsin, K., and Barth, M. (2008). Impacts of freeway -bigtupancy vehicle lane
configuration on vehicle emissionE&ansportation Research Part D: Transport and
Environment,13(2), 112125.

Boulter, P.G.(2007). Noeexhaust particulate matter emission from road traffic. TRL Report PRR231.
TRL Limited, Wokingham.

Boulter, P. G., and Latham, S. (2008ission factors 2009: Reportadreview of methodologies for
modelingcold-start emissions.

Boxill, S.A, and Yu, L. (2000). An evaluation of traffic simulation models for supporting ITS
development. Center for transportation training and research texas southern university Report
No.SWUTC/00/167604.

Brett, S. D., and GavjnF. B. (2011). Spatial distribution of bulk atmospheric deposition of heavy
metals in metropolitan Sydney, Australia. Water Air Soil Pollution, (214)A&Z.

Briant, R., and Seigneur, C. (2013). Mwdtale modeling of roadway air quality impacts:
Develgment and evaluation of a PluimeGrid model. Atmospheric Environmen€8, 162173.

Briant, R., I. Korsakissok, C. Seigne(®2011).An improved line source model for air pollutant
dispersion from roadway traffic, Atmos. Environ., 45, 4@997.

Briant,R., Seigneur, C., Gadrat, M., Bugajny, C. (20R)aluation of roadway Gaussian plume
models with largescale measurement campaigns. Geoscientific Model Develop®yddg #46.

Briggs, G. (1973). Diffusion estimation for small emissions. Report NOAZM.Oak Ridge, TN
(U.S.A).

Burian, S. J., McPherson, T. N., Brown, M. J., Streit, G. E., Turin, H. J. (2002). Modeling the effects
of air quality policy changes on water quality in urban areas, Environ. Model. Assess.HR.79

Byun, D.. and Ching, J1999). Science algorithms of the EPA moe&lsommunity multiscale air
quality (CMAQ) modeling system. EPA/6004®9/030. US Environmental Protection Agency,
Washington, DC, United States.

Cappiello, A., Chabini, 1., Nam, E., Abeéteid, M., and Lue, A. (20R). A Statistical Model of
Vehicle Emissions and Fuel Consumption. IEEE ITSC 2002 Paper, (Number 107).

120



Carruthers, D., Holroyd, R., Hunt, J., Weng, W., Robins, A., Apsley, D., Thompson, D., Smith, F.,
(1994). UKADMS: a new approach to modeling dispersio® WKH HDUWKfV DWPRVSKHU
layer. Journal of Wind Engineering and Industrial Aerodynamics, 524539

CETE Normandie Centre, and DADT Département aménagement durable des terf&oir@y. User
guide of COPCETE v3.

Chang, J., and Hanna, SO(®). Air quality model performance evaluation. Meteorol. Atmos. Phys.
87, 167196.

Chanut S.,Chevallier E. (2012). Estimating the atmospheric impacts of traffic management projects:
application of theoretical models to concrete caResherchdranspots Sécurité 011-00184.

Cheah, (2009). Kinematic wave modelling of surface runoff quantity and quality for small urban
catchments in Sydneyhesis ofuniversity of New South Wales.

Chen K, and Yu L. (2007).Microscopic traffieemission simulation ahcase study for evaluation of
WUDIILF FRQWURO VWUDWHJLHV - 7UDQVSQ 6\V (QJ ,7

Chevallier, E. (2005). A microscopic modelling framwork for estimating emission from traffic
management policier. Report Master of science of the UiiiyefsLondon.

Chevallier, E., Leclercq, L., (2008Ylacroscopic investigation of microscopic merging models at
unsignalized intersections. In Transportation Research Board, Washington DC.

Chevallier, E., Leclercq, L., (2008b). A microscopic dualregimeehfot singlelane roundabouts.
Submitted in Journal of Transportation Engineering.

Choudrie, S.L., Brown, L., Miln, R., Murrells, T.P., Thidtlethwaite, G., Watterson, J D. Jackson, J.
(2008). UK greenhouse gas inventory, 1990 to 2006. AEA Technology glla@xfordshire.

Cimorelli, A.J., Perry, S.G., Venkatram, A., Weil, J.C., Paine, R.J., Wilson, R.B., Lee, R.F., Peters,
W.D., Brode, R.W., (2005). AERMOD: a dispersion model for industrial source applications. Part
I: general model formulation and boungé#ayer characterization. Applied Meteorology 44, 82
693.

Cirillo, M.C., Poli, A.A., (1992) An intercomparison of sergimpirical diffusion models under low
wind speed, stable conditions. Atmospheric Environment A. General Topics 28,7465

Csanady, G(1973). Turbulent diffusion in the environment. reidel publishing company, Dordrecht,
Netherlands.

Daganzo, C.F. (1980). Optimal sampling strategies for statistical models with discrete dependent
variables. Transportation Science 14, 34b.

Daganzo, C.F.(2007). Urban gridlock: Macroscopic modeling and mitigation approaches,
Transportation Research part B (41);620

Davis, N., Lents, J., Osses, M., Nikkila, N., Barth, M. (200Bart 3: Developing countries:
development and application of an internagibvehicle emissions modélransportation Research
Record: Journal of the Transportation Research BA&RH(1), 155165.

Declercq, C., Pascal, M., Chanel, O., Corso, M., Ung, A., Pascal, L., Blanchard, M., Larrieu, S.,
Medina, S., (2012)Impact sanitaie de la pollution atmosphérique dans neuf villes francaises.
Résultats du projet Aphekom.

Deletraz, G. (2002): Géographie des risques environnementaux liés aux transports routiers en
montagne- Incidence des émissions d'oxydes d'azote en vallée d'Agfee Ritiatou (Pyrénées).
These de I'Université de Pau et des Pays de I'Adour, Pau, France, 564p.

Di Sabatino, S., Kastndlein, P., Berkowicz, R., Britter, R. E., Fedorovich, E. (2003). The modelling
of turbulence from traffic in urban dispersion modelartPl: theoretical considerations.
Environmental Fluid Mechanic8(2), 129143.

121



Diakaki, C., and Papageorgiou, M., (1996). Integrated modelling and control of corridor traffic
networks using the METACOR modelling tool. Dynamic systems and simulatiomatabg
Technical university of Crete. Internal Report No. 8. Chania, Greece, p. 41.

Dotto, C.B.S., Kleidorfer, M., Deletic, A., Fletcher, T.D., McCarthy, D.T., Rauch, W. (2010).
Stormwater quality models: performance and sensitivity analysis. Wateresbindl. 62, 837e843.

Dotto, C.B.S.,Mannina, G.Kleidorfer, M., Vezzaro, L., Henrichs, MMcCarthy, D.T.,Freni, G.,
Deletic, A. (2012).Comparison of different uncertainty techniques in urban stormwater quantity
and quality modelingvolume 46, Issue ,8ages 254%558.

Draxler, R. R., and Hess, G. D. (1998). An overview of the HYSPLIT_4 modelling system for
trajectoriesAustralian Meteorological Magaziné7(4).

Duhanyan, N., Roustan, Y. (201Below-cloud scavenging by rain of atmospheric gases and
particulatesatmospheric environment, Volume 45, Issue 39, P 7217 .

Eichhorn, J., and Kniffka, A. (2010). The numerical flow model MISKAM: State of development and
evaluation of the basic versiadeteorologische Zeitschrift,19(1), €D.

Elliott, A.H., Trowsdale, S.A. (2007). A review of models for low impact urban stormwater drainage.
Environmental Modelling & Software 22, 3905

El-Tabach, E., I. Tchiguirinskaia and Schertzer D. (2010). Miytiro: a spatially distributed model
to assess and manageoff processes in pedrban watersheds. Water Science and Technology
(under review).

ENVIRON. (2011). User's Guide, comprehensive air quality model with extensions (CAMX), version
5.40. Available online : http ://www.camx.com.

Eskridge, R. and Rao, $1986). Turbulent diffusion behind vehicles: Experimentally determined
turbulence mixing parameters. Atmos. Environ., 20 5850

Fallah Shorshani M., Bonhomme C., Petrucci G., André M., Seigneur C. (2012) Road traffic impact
on water quality in an urbawmatchment (Grigny, Franc&th International Joint IWA/IAHR
Conference on Urban Drainage Modellingelgrade, Serbie.

Fallah Shorshani M., Seigneur C., Polo L., ChanuPllanY ., Jaffrezo J.L., Charron AAndré M.
(2014). Atmospheric dispersion meting near a roadway under calm meteorological conditions.
Submited to TransportatidResearchrart D.

Fallah Shorshani M., André M., Bonhomme C., Seigneur C. (2014). Modelling chain for the effect of
road traffic on air and water quality: Techniques, entrstatus and future prospects. Submited to
Environmental Modelling & Software.

Fallah Shorshani M., Bonhomme C., Petrucci G., André M., Seigneur C. (2014). Road traffic impact
on urban water quality: a step toward integrated traffic, air and stormwater
modeling,Environmental Science and Pollution Reseakiblume 21, Numéro 8, Pages 5297
5310.

Fellendorf.M., Vortisch,P (2011).Validation of the microscopic traffic flow model VISSIM in
different realworld situations, Preprint CD GBOM of 80th annual meigig, transport research
board, Washington.

Fellendorf, Martin, K. Nokel, and Norbert Handke. (2000). VISIdMine-traffic management for the
EXPO 2000 based on a traffic modetoceeding of the™vorld congress on intelligent system.

Fellendorf. M., Vortisch P., (2010), Microscopic Traffic Flow Simulator VISSINhternational
Series in Operations Research & Management Schkolcene 145 pp 6393.

Freni, G., Mannina, G., Viviani, G. (2009). Urban runoff modeling uncertainty: comparison among
Bayesiarand pseudoBayesian methods. Environ. Modell. Softw. 24, 1:100.1.

122



Freni, G., Mannina. G., Viviani, G. (2011). Assessment of data and parameter uncertainties in
integrated wategquality model. Water Science & Technology 1913 9 63.99

Frey, H. C. (2007). Qantification of uncertainty in emission factors and inventoried6th Annual
International conference emission inventories: Integration, Analysis, and Communications,
Raleigh, NC.

Garshick, E., Laden, F., Hart, J.E., Caron, A. (2003). Residence maajoaroad and respiratory
symptoms in U.S. Veterans; Epidemiol. 14, -73%.

Gasperi J, Sebastian C, Ruban V, Delamain M, Percot S, Wiest L, Mirande C, Caupos E, Demare D,
Diallo Kessoo M, Saad M, Schwartz JJ, Dubois P, Fratta C, Wolff H, Moilleron BpGHhe, Cren
C, MilletM, Barraud S, GromaireMC (2013). Micropollutants in urban stormwater: occurrence,
concentrations, and atmospheric contributions for a wide range of contaminants in three French
catchments. Environmental Science and Pollution Reseancle@aan, W.J., Avol, E., Lurmann,
F., Kuenzli, N., Gilliland, F., Peters, J., McConnell, R. Childhood. (2005). Asthma and Exposure to
Traffic and Nitrogen Dioxide; Epidemiol., 16, 7-343.

Godlewski, E., Raviart, P.A. (1991) Hyperbolic systems of condenvéws. Paris: Ellipses SMAI,
252p.

Goliff, W. S., Stockwell, W. R., Lawson, C. V. (2013). The regional atmospheric chemistry
mechanism, version Atmospheric Environmeng8, 174185.

Gousseau, P., Blocken, B., Stathopoulos, T., Van Heijst, G. JOELX2CFD simulation of nedield
pollutant dispersion on a higlesolution grid: a case study by LES and RANS for a building group
in downtown Montreal. Atmospheric Environme#§(2), 428438.

Graff, A. (2002). The new German regulatory magelagrangia particle dispersion model. Bth
international conference on harmonisation within atmospheric dispersion modelling for regulatory
purposegpp. 1417).

Grell, G., Peckham, S., Schmitz, R., McKeen, S., Frost, G., Skamarock, W. Eder, B. (2005). Fully
couged 'online' chemistry in the WRF model. Atmos. Env., 39:68876.

Gromaire MC, Robersainte P, Bressy A, Saad M, De Gouvello B, Chebbo G, (22d1and Pb
emissions from roofing materialsmodelling and mass balance attempt at the scale of a small
urban catchment. Sourc&vater Sci. Technol., 63, 253597

Gunawardena, J., Egodawatta, P., Ayoko, G.A., Goonetilleke, A. (2012). Atmospheric deposition as a
source of heavy metals in urban stormwater. Atmospheric Environment,-3236¢12)0113@®

Hanna,S. R., J. C. Chang, and M. E. Fernau. (1998). Monte Carlo estimates of uncertainties in
predictions by a photochemical grid model (UAM) due to uncertainties in input variables,
Atmos. Environ., 32, 3618628.

Hanna, S. R., Z. Lu, H. C. Frey, N. Wheel8r Vukovich, S. Arunachalam, M. Fernau, and D. A.
Hansen (2001). Uncertainties in predicted ozone concentrations due to input uncertainties for the
UAM-V photochemical grid model applied to the July 1995 OTAG domain, Atmos. Environ., 35,
891003.

Hannoube A, Chebbo G, Ruban G, Tassin B, Lemaire BJ, Jonnais C, (2011) Relationship
betweerturbidity and total suspended solids concentration within a combined sewer system.
SourceWater Sci. Technol., 64, 2445152,

Hatzopoulou, M. and E.J. Miller. (2010Linking an activitybased travel demand model traffic
HPLVVLRQ DQG GLVSHUVLRQ PRGHOV 7UDQVSRUWYYV FRQWULE:
Environment. Volume 16, Issue 6, P. 33%b.

HBEFA, (2010).Handbook Emission Factors for Road Tiao$. Tech. rep., INFRAS, HBEFA 3.1
URL:. http://www. hbefa. net/ef/index. html.

123



Hertel, O. and Berkowicz, R. (1989a). Modelling NO2 concentrations in a street c&iyidhLuft
A-131, page 31p.

Hertel, O. and Berkowicz, R. (1989)lodelling pollution fromtraffic in a street canyon. Evaluation
of data and model development. DMU Luftl®9, page 77p.

Hertel, O. and Berkowicz, R. (1989€)perational street pollution model (OSPM). evaluation of the
model on data from st. Olavs street in Oslo. DMU Luft 25.

Heinrich, J., Topp, R., Gehring, U., Thefeld, W. (2005). Traffic at residential address, respiratory
health, and atopy in adults: the national german health survey 1998; Environ. Res.;38.240

Hidy, GM., Brook, J. R., Demerjian, K. L., Molina, L. TRennell, W. T., Scheffe, R. D. (Eds.).
(2011).Technical challenges of multipollutant air quality management. New York: Springer,
553pp.

Hirschmann.K, M. Zallinger, M. Fellendorf, S. Hausberger. (2010). A New Method to Calculate
Emissions with Simulated &ffic Conditions, Annual Conference on Intelligent Transportation
Systems,13th International IEEE.

Hirtl, M. and BaumantStanzer, K. (2007). Evaluation of two dispersion models (AER&&ads and
LASAT) applied to street canyons in Stockholm, London and mektimospheric
Environment41, 59595971.

Hjortenkrans, D. S., Bergback, B. G., Haggerud, A. V. (2007). Metal emissions from brake linings and
tires: case studies of Stockholm, Sweden 1995/1998 and 2005. Environ. Sci. Technol., 41, 5224
5230.

Holmes, N.S. Morawska, L. (2006). A review of dispersion modelling and its application to the
dispersion of particles: An overview of different dispersion models available. Atmospheric
Environment 40, 5905928.

Hossain, I., Imteaz, M., Gafbrinidad, S., Shanablel,. (2010). Development of a catchment water
quality model for continuous simulations of pollutants buifdand wasioff. International Journal
of Civil and Environmental Engineering(4), 216217.

Houghton, J.T., Meira Filho, L.G., Lim, B., Treanton, kamaty, I., Bonduki, 1., Griggs, D.J. and
Callender, B.A., (1996). Revised IPCC Guidelines for national greenhouse gas inventories.
Refrence manuel, vol. 3, ytp://www.ipcenggip.iges.or.jp/public/gl/invs6.htm

Huber, A. H. (1991). Wind tunnel and Gais plume modeling of building wake
dispersionAtmospheric Environment. Part A. General TopRS(7), 12371249.

Hugrel C, Joumard R, (2004) French fleet composition (Z8¥A5). Report: LTE n°0420, 2004,
IFSTTAR, Bron, France/http://www.inrets.fr/ur/lte/publautresactions/notedesynthese/hugrel

dossier/Rapportl.ppf

1(5,6 +\GURFDUEXUHV $URPDWLTXHV GHRP)\FAHF O arfibieity G D Q V
air. In French.5SHSRUW ,QVWLWXW 1DWLRQDO GH OT(QYLURQQHPHQ\
/JDERUDWRLUH FHQWUDO GH VXUYHLOODQFH GH OD TXDOLWp Gl

Jacobson, C.R. (2011). Identification and quantification of the hydrologicglacts of
imperviousness in urban catchments: A review Journal of Environmental Management 92,1438
1448.

Janssen, N.A.H., van Vliet, P.H.N., Aarts, F., Harssema, H., Brunekreef, B. (2002). Assessment of
exposure to traffic related air pollution of chidth attending schools near motorways; Atmos.
Environ., 35, 387%884.

Kakooei, H., Kakooei, A.A. (2007). Measurement of PM10, PM25 and TSP Particle 24
Concentrations in Teharan Uran. Journal of Applied Sciences 7(20),38851

124



Kanso, A., Gromaire, M.CGaume, E., Tassin, B., Chebbo, G., (2003). Bayesian approach for the
calibration of models: application to an urban stormwater pollution model. Water Sci. Technol. 47,
77e84.

Kanso, A., Chebbo, G., Tassin, B. (2004). Application of MCX¥ASA model calibrabn method to
urban runoff quality modelling. Journal of Reliability Engineering & System Safety 32 (%856

Karamchandani, P., L. Santos, I. Sykes, Y.Zhang, C. Tonne., C. Sei{@10). Development and
evaluation of a statef-the-science reactivelpme model, Environ. Sci. Technol., 34, 8380.

Karamchandani, P., Lohman, K. Seigneur, C. (2008jng a sulgrid scale modeling approach to
simulate the transport and fate of toxic air pollutants. Environ. Fluid Mechanics{B.59

Karamchandani, P., iMyaraghavan, K. Yarwood, G. (2011). Sgiid scale plume modeling.
Atmosphere, 2:38406.

KastnerKlein, P., Berkowicz, R., Plate, E. J. (2000). Modelling of vehicthiced turbulence in air
pollution studies for streetmternational Journal of Envinmment and Pollutiori4, 496507.

Ken M.U, Kreider M.L, Panko M.J, (2013) Comparison of tire and road wear particle concentrations
in sediment for watersheds in France, Japan, and the United States by quantitative pyrolysis
GC/MS AnalysisEnviron.Sci. Tehnol., in press, doi:10.1021/es400871j.

Kerstin L. Kenty, Noreen D. Poor, Keith G. Kronmiller, William McClenny, Clark King, Thomas
Atkeson, Scott W. Campbell, (2007). Application of CALINE4 to roadside NO/NO2
transformations, Atmospheric Environment, Muole 41, Pages 427280,

Kim, Y., Seigneur, C., Duclaux, O. (2018€evelopment of a plumim-grid model for industrial point
and volume sources: application to power plant and refinery sources in the Paris
region.Geoscientific Model Developmeni(2), 559-585.

Kouridis, C., Gkatzoflias, D., Kioutsioukis, J., Ntziachristos, L., Pastorello,C., Dilara, P., (2010).
Uncertainty estimates and guidance for road transport emission calculations, European Union,
ISBN 97892-79-1530%5.

Kousoulidou, M., Ntziachriss, L., Mellios, G., Samaras, Z. (2008Roadtransport emission
projections to 2020 in European urban environments.Atmospheric Enviro#@¢3R), 7465
7475.

Laval, J., Leclercq, L., (2008). Microscopic modeling of the relaxation phenomenon using a
macracopic lanechanging model. Transportation Research Part B, 42 (6)5321

Le Tertre, A., Henschel, S., Atkinson, R. W., Analitis, A., Zeka, A., KatsouyanniMKdina, S.
(2014). Impact of legislative changes to reduce the sulphur content in fuelsdpeEon daily
mortality in 20 European cities: an analysis of data from the Aphekom prjedQuality,
Atmosphere & Healthl-9.

Leclercq, L., Laval, J., (2007). A multiclass dalowing rule based on the LWR model. In Traffic
and Granular Flow, Pai

Leclercq, L., Laval, J., Chevallier, E., (200The Lagrangian coordinates and what it means for first
order traffic flow models. In Allsop, RE., Bell, MGH., Heydecker, BG. (Ed.), ISTTT; 7%

Leclercq, L., Laval, J., Chevallier, E. (2007). The laaggian coordinates and what it means for first
order traffic flow models. Proceedings of the 17th International Symposium on Transportation and
Traffic Theory, Ed.: Allsop, R.E., Bell, M.G.H., Heydecker, B.G., Elsevier, London,7%35

Leclercq, L., & Béarie, C. (2012). A meso LWR model designed for network applications.
In Transportation Research Board 91th Annual Medtifa. 118, p. 238).

Legret, M., C. Pagotto (1999). Evaluation of pollutant loadings in the runoff waters from a major rural
highway, $i. Total Environ., 235, 14350.

125



Leonard, D.R., Power, P., Taylor. N.B. (1989). CONTRAM: structure of the model, Transportation
research laboratory, Crowthorn.

Lighthill, M. J., and Whitham, G. B. (1955). On kinematic waves. Il. A theory of traffic floloag
crowded roadsProceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences?229(1178), 317345.

Lim. L.L, Susan J. Hughes, Emma E. Hellawell. (2005). Integrated decision support system for urban
air quality assessmentparonmental Modelling & Software 20 9454.

Lin, J., Yi-Chang Chiu, Song Bai, Vallamsundar, S. (2011). TRE 9®nual Meeting #137, January
23.

Lindblom, E., Madsen, H., Mikkelsen, P.S., (200Zpmparative uncertainty analysis of copper loads
in stornwater systems using GLUE and giteyx modeling. Water Sci. Technol. 56, 11e18.

Liu, R. (2005). The DRACULA dynamic network microsimulation model. In simulation approaches in
transportation analys{pp. 2356). Springer US.

Liu A., Egodawatta PKjolby M.J. and Goonetilleke A (2010). Development of pollutant builg
parameters for MIKE URBAN for Southeast Queensland, AustrahéProceedings of the
International MIKE by DHI Conference

Loubet, B., Aubry, C., Dugay, F., Petit, C., Missonnier, J., Relmy,Honore, C., Feiz, A.A,,
Blondeau, C,.Cordeau, E., Mauclair, C,. Durand, B,. De Biasi, L., Kaufmann,AMPE, C,.
Hibault, C., Cellier, P. (2010). Concentrations and deposition of pdiuianthe vicinity of a
highway near Paris. Final report, Bramme PRIMEQUAL 2/ PREDIT, Paris, France.

Madireddy, M., De Coensel, B., Can, A., Degraeuwe, B., Beusen, B., De Vlieger, ., Botteldooren, D.
(2011). Assessment of the impact of speed limit reduction and traffic signal coordination on vehicle
emissions using an integrated approadiransportation research part D: transport and
environment,16(7), 50808.

Mallet, V., Quélo, D., Sportisse, B., Ahmed de Biasi, M., Debry, E., Korsakissok, I., Wu, L., Roustan,
Y., Sartelet, K., Tombette, M. et Foudhil, H. (0. Technical Note: The air quality modeling
system Polyphemus. Atmos. Chem. Phys., 7(20):5487 .

Mannina, G., Freni, G., Viviani, S., Saegrov, L. S. Hafskjold. (2006). Integrated urban water modelling
with uncertainty analysis. Water Sci. Technol. 5&(6 379886.

Matzoros. A (1990 Results from a model of road traffic air pollution, featuring junction effects and
vehicle operating modes Traffic Engineering and Control, 31 (1), p8524

McConnell, R., Berhane, K., Yao, L., Jerrett, M., Lurmann@@liland, F., Kuenzli, N., Gauderman,
J., Avol, E., Thomas, D., Peters, J. (2006). Traffic, susceptibility, and childhood asthma; Environ.
Health Perspect. 114, 766 2.

Milliez, M. and Carissimo, B. (2007). Numerical simulations of flow and pollutartedsson in an
idealized urban area, for different meteorological conditions. Boufdaygr Meteor., 122(2):321
342.

Misra, A., Roorda, M.G., MacLean, H.l., (2013). An integrated modelling approach to estimate urban
traffic emissions. Atmospheric Envirormt 73, 8191.

Nam, E.K, Gierczak C A, Bulter J W. (2003), Acomparison of-vealld and modeled emission under
condition of variable driver aggressiveness. Ford Scientific Research Laboratory, Mi26821

Namdeo.A, G.Mitchell, R. Dixon (2002). TEMMSn antegrated package for modelling and mapping
urban traffic emissions and air quality. Environmental Modelling & Software 14810

Noland, R.B, Quddus.M (2006). Flow improvement and vehicle emission:effet of trip generation and
emission control technadly. Transportation Research:Part D,vol, 11:PR1

126



Ntziachristos L, Gkatzoflias D, Kouridis C, Samaras, Z, (2009). COPERT: a European road transport
emission inventory model. In information technologies in environmental engineering, I.N.
Athanassialis etal., eds., 49104, Environmental Science and Engineering, Sprivgglag
Berlin Heidelberg.

Obropta, C., J.S. Kardog2007). Review of urban stormwater quality models: Deterministic,
stochastic, and hybrid approaches. Journal of the American Waterr&sséssociation. Vol.43,
No.6.

Ortuzar, J. D., Willumsen, L. G. (2011). Modelling transport, 4th. Edition. Chichester: John Wiley,
Sons Ltd.

Panis. L, Broekx. S, Liu.R. (2006). Modelling instantaneous traffic emission and the influence of
traffic speedimits, Science of the Total Environment 371, 2285

Park J.Y, Noland R.B., Polak J.W. (2001). A Microscopic model of air pollutant concentration :
comparison of simulated results with measured and macroscopic estimates, paper presented at the
80th AnnualMeeting of the Transportation Research Board, Washington, DC.

Park, D., Roesner, L.A. (2012). Evaluation of pollutant loads from stormwater BMPsto receiving
water using load frequency curveswith uncertainty analjsisme 46, Issue 2A5, Pages 688t
6890.

Paatero, P., (1997). Least squares formulation of robushegative factor analysis. Chemom. Intell.
Lab. Syst. 37, 285.

Paatero, P., Tapper, U., (1994). Positive matrix factorization: Anegative factor model with
optimal utilization of error dBnates of data values. Environmetrics 5, HI26.

Patnaik, G., and Boris, J. (2010). FAST8D: an LES model for urban Aerodynamics Model.
In Proceedings: International Symposium on Computational Wind Engineering

Pay, M.T, P. JiméneGuerrero, J.M. Baldsano (2011) Implementation of resuspension from paved
roads for the improvement of CALIOPE air quality system in Spain, AtEiegron. 45, 802807.

Petrucci G, Rioust E, Deroubaix], Tassin B. (2013Do stormwater source control policies deliver
the light hydrologic outcomes?. Hydrology, 485, 18200.

Petrucci G., Gromairel. C., Fallah Shorshani M., ChebBo (2014). Normpoint source pollution of
XUEDQ VWRUPZDWHU UXQRII D PHWKR GR@éhdent® BcighteLdnd U\ VR X
Pollution Researchdoi:10.1007/s1135614-28454 (available online).

Pirjola, L., Paasonen, P., Pfeiffer, D., Hussein, T., Hameri, K., Koskentalo, T., Virtanen, A., Ronkko,
T., Keskinen, J., Pakkanen, T.A., Hillamo, R.E. (2006). Dispersion of particles andgases
nearby a city highway: mobile laboratory measurements in Finland; Atmos. Environ., 48867

Pitt, R., Voorhees, J. (2002). SLAMM, the source loading and management kiveteleather flow
in the urban watershed: technology and managementl 393

Polo Rehn L. (2013). Caractérisation et impacts des émissions de polluants du transport routier :
DSSRUWV PpWKRGRORJLTXHV H-Wpes: DV Frarige X/ GeHavchive) 5K{QH

ouvertes.fitlel-00876623

Polo Rehn, L., Waked, A., Charron, A., Piot, C., Besombes, J. L., Marchand, N., Guillaud, G., Favez,
2 -DIIUH]R - [/ (VWLPDWLRQ GH OD FRQWULEXWLRQ GHYV
et hors échappement aux teneurs atmé@sgbhes en PM10 par Positive Matrix Factorization
(PMF).Poll Atmos., 22122683798

SURPH\UDW 6 &RQWULEXWLRQ j OfpWXGH GH+xOD SRO
FDUDFWpPpULVDWLRQ GHV I10X[ GH GHSRVLWLR@nn&heNtOde FR QWD
proximité (The contribution of case study of highway air pollutioharacterization of metallic
contamination flow)Ph.D. thesis, University of Metz, France.

127



Pullen, J., Boris, J.P.,Young, T., Patnaik, G., Iselin, J. (2005). A comparis@ntaidnant plume
statistics from a Gaussian puff and urban CFD model for two large cities. Atmospheric
Environment 39, 1044.068.

Pun, B. K., and Seigneur, C. (2008ensitivity of particulate matter nitrate formation to precursor
emissions in the Califofa San Joaquin Valley.Environmental science & technol®gi4), 2979
2987.

Quadstone. (2002). PARAMICS V4.0 User Guide and Reference Manuals, Quadstone limited,
Edinburgh, U.K., Lee, EH. PARAMICS simulations at the California ATMIS testbed: A
benchmarlanalysis. Proceedings of

the 6th International conference on the applications of advanced technologies in transportation
engineering.

Qian, W., and Venkatram, A. (2011). Performance of statalg dispersion models under low wind
speed condition®8Bounday-layer meteorologyl 38, 475491.

Refshaard, J. C., Storm, B., Singh, V. P. (1995). MIKE SEiinputer models of watershed
hydrology., 809346.

Richards, P. I. (1956). Shock waves on the highWaperations researcii(1), 4251.

Rodriguez F., Andrieu KH.Morena F. (2008). A distributed hydrological model for urbanized areas.
Model development and application to urban catchments. Journal of Hydrology 328268

Rossman, L. A. (20105torm water management model user's manual, version 5.0. Natiagkal Ri
Management Research Laboratory, Office of Research and Development, US Environmental
Protection Agency.

Roustan. Y, (2005Modélisation de la dispersion atmospherique du mercure, du plomb et du
FDGPLXP OYfpFKHOOH HXURSpHQQ He des Ronts & Kihislsdes, Elarc@H 1DV
167pp.

Russell, A., and R. Dennis (2000). NARSTO critical review of photochemical. models and modeling,
Atmos. Environ., 34, 22342283.

Sabin L.D., Lim J.H., Stolzenbach K.D., Winer A.M. and Schiff K.C. (2005). Conioibwf trace
metals from atmospheric deposition to stormwater runoff in a small impervious urban catchment.
Water Research, (39), 3928937

Sabin L.D, Lim J.H, Venezia M.T, Winer A.M, Schiff K.C, and Stolzenbach K.D. (2006). Dry
deposition and resuspensiof particleassociated metals near a freeway in Los Angéleros.
Environ, 40, 752&538.

Sahlodin, A. M., Sotudefsharebagh, R., Zhu, Y. (2007). Modeling of dispersion near roadways
based on the vehiciaduced turbulence concefptmospheric Environnma, 41(1), 92102.

Sartelet, K., Debry, E., Fahey, K., Roustan, Y., Tombette, M. Sportisse, B. (2007). Simulation of
aerosols and related species over Europe with the Polyphemus system. part |-tordatkl
comparison for 2001. Atmos. Env., 41:614631.

Schmidt, M., Schéfer, R.P. (199&n integrated simulation system for traffic induced air pollution.
Environmental modelling & software 13, 2863.

Schwede, D. B., Dennis, R. L., Bitz, M. A. (2009). The watershed deposition tool: A tool for
incorporatirg atmospheric deposition in watguality analyses, J. Amer. Water Res. Assoc.,45,
973985.

Seigneur, C., Wu, X. A., Constantinou, E., Gillespie, P., Bergstrom, R. W., Sykes, I., Venkatram, A.,
Karamchandani, P. (1997Formulation of a secongeneration eactive plume and visibility
model.Journal of the Air & Waste Management Associat®r(2), 176184.

128



Seinfeld, J.H and S.N. Pandis (2006) Atmospheric Chemistry and Physics: From Air Pollution to
Climate Change,“?edition, John Wiley & Sons.

Sharan, M.Anil Kumar Y., M. P. Singh, (1996). Plume dispersion simulation irnand conditions
using coupled plume segment and gaussian puff approdctfgsl. Meteor.35, 16254631.

Singh, V., & Murty Bhallamudi, S. (1998). Conjunctive surfacbsurface modiag of overland
flow. Advances in Water Resourc24(7), 567#579.

Smit R. (2006). An examination of congestion in road traffic emission models and their application to
urban road networks, Phd Report.

Smit, R., Smokers, R., Rabé, E. (2007). A new mouglhpproach for road traffic emissions:
VERSIT+. Transportation research part D: transport and environh2(g), 414422,

Smit R., Brown A.L. and Chan Y.C. (2008). Do air pollution emissions and fuel consumption models
for roadways, include the effectsf congestion in the roadway traffic flow2nvironmental
Modelling & Software(23), 12624270

Smit R, Ntziachristos L, Boulter pau{2010) Validation of road vehicle and traffic emission models
A Review and metanalysis. Atmos. Environ{44,29432953.

Soulhac, L., Salizzoni, P., Cierco;:X. Perkins, R. (2011)T'he model SIRANE for atmospheric urban
pollutant dispersion ; pal, presentation of the modéitmos. Env., 45:7379395.

Soulhac, L., Salizzoni, P., Mejean, P., Didier, D. Rios, |. (2012¢. model SIRANE for atmospheric
urban pollutant dispersion ; part Il, validation of the model on a real case study. Atmags. Env.
49:320357.

Sportisse, B. (2007). A review of parameterizations for modelling dry deposition and scavenging of
radionuclides. Atmospheric Environment, 41, 2&83%8.

Sportisse, B (2009) Fundamentals in Air Pollution: From Processes to Modeling, Springer.

Stevanovi@, Stevanovic .J, Zhang .K, Batterm&n (2009). Optimizing traffic control to reduce fuel
consumption and vehicular emissions, Vol 2128,-108.

Stohl, A., Hittenberger, M. Wotawa, G. (1998). Validation of the lagrangian particle disparsoai
FLEXPART against largscale tracer experiment data. Atmos. Env., 32:42285.

Sternbeck J, Sjodin A, Andréasson K. (2002). Metal emission from road traffic and the influence of
resuspensiof results from two tunnel studies. Atmos Environ 36:4#384.

Sun, N., Hong, B., Hall. H., (2013). Assessment of the SWMM model uncertainties within the
generalized likelihood uncertainty estimation (GLUE) framework for a -tegblution urban
sewershed, Hydrol. Process. DOI: 10.1002/hyp.9869.

Tate, J., Bell, M.C.,, Liu, R. (2005). The application of an integrated traffic microsimulation and
instantaneous emission model to study the temporal and spatial variations in vehicular emissions at
the localscale. InProceedings of the 14th International Symposium onndpart and Air
Pollution.

Thomson, D.J., Manning, A.J. (2001). Alemgnd dispersion in light wind conditions. Boundary
Layer Meteorology 98 (2), 34858.

Thorpe A, and Harrison R.M (2008purces and properties of rerhaust particulate matter from
roadtraffic: A review.Sci. .Total Environ 400, 276282.

U.S. EPA (U.S. Environmental Protection Agency) (1994). User's guide to MOBILES (Mobile Source
Emission Factor Model) Report # ERA-AQAB-94-O10ffice of air and radiation & office of
mobile SourcesAnn Arbor, Michigan.

Vassilios, A. Tsihrintzis. Hamid, A. (1997). Modeling and management of urban stormwater runoff
quality: A review water resources management 11:48%, 1997. 137.

129



Venkatram, A. et Horst, T. (2006\pproximating dispersion from a fite line source. Atmos. Env.,
40:24012408.

Venkatram, A., M. Snyder, V. Isakov, (2013). Modeling the impact of roadway emissions in light
wind, stable and transition conditions, Transportation Res. D, 241190

Vezzarg L., Ledin, A., Mikkelsen P.S.(2012). Integrated modelling of Priority Pollutants in
stormwater system®&hysics and Chemistry of the Earth, Parts A/Bflumes 4244, 4251

Vijayaraghavan.K, J. Herr, S.Y. Chen, E. Knipping. (2010). Linkage between an advanced air quality
model and anechanistic watershed model, Geosci. Model Dev. Discuss., 3 A508

Viard, B., Pihan F., Promeyrat S. and Pihan J.C. (200@grated assessment of heavy metal (Pb,
Zn, Cd) highway pollution: bioaccumulation in soil, Graminaceae and land snails\oSpieere,
(55), 13491359.

Vlachokostas, C., Chourdakis, E., Michalidou, A.V., Moussiopoulos, N., Kelessis, A., Petrakakis, M.,
(2012). Establishing relationships between chemical health stressors in urban traffic environments:
Prediction of toluene concwation levels in European cities. Atmos. Environ. 55, 239.

Wang Y.J., Zhang K.M. (2009). Modeling nearoad air quality using a computational fluid
dynamics model, CFYIT-RIT. Environ. Sci. Techno#3(20), pp 77787783.

Wesely M.L and Hicks B. (2000). A review of the current status of knowledge on dry deposition,
Atmos. Environ., 34, 2262281.

:LFNH ' &RFKUDQH 7 $ DQG 26X0OO0OLYDQ $° $WPRVSKH
runoff of heavy metals from different impermeable urbarfaces. J. Environ. Monit, (1), 20%9.

Willems, P. (2008). Quantification and relative comparison of different types of uncertainties in sewer
water quality modeling. Water Res. 42, 539e3551.

Wust W, Kern U, Herramanner R, (1994) Streer wafftbehavour of heavymetals, polyaromatic
hydrocarbons and nitrophenols. Sci. Total Environ., ¥&7-463.

Xia.L Y.Shao. (2005)Modelling of traffic flow and air pollution emission with application to Hong
Kong Islandvolume 20,9, 11751188.

Xie, Y., Chowdhuy, M., Bhavsar, P., Zhou, Y. (2012). An integrated modeling approach for
facilitating emission estimation of alternative fueled vehicles. Transport and Environment; 17, 15
20.

Yim, S.H.L., Barrett, S.R.H. (2012). Public Health Impacts of Combustion Emsséothe United
Kingdom. Env. Sci Technol 46, 4294296.

Yu, S., Eder, B., Dennis, R., Chu, S.H., Schwartz, S. E. (2006). New unbiased symmetric metrics for
evaluation of air quality models, Atmos. Sci. Lett., 726

Yuan, C., Ng, E., & Norford, L. K.(2014). Improving air quality in higdensity cities by
understanding the relationship between air pollutant dispersion and urban morphaloigésy
and Environment71, 245258.

Zallinger, M., Tate, J., Hausberger, S. (2008).instantaneous emissionodel for the passenger car
fleet, Proceeding of 18International Conference, Transport and Air Pollution, Graz.

Zannetti P, (1990). Air pollution modelling: Theories, computational methods, and available software,
Computational Mechanics Publications.

Zegeye.K, B. De Schutter, J. Hellendoorn, E.A. Breuness. (2010). Integrated macroscéépic A& Z
and emission model based on METANET and-Mitro, Delft university of technology, Technical
report 0901.

Zhang, Y. (2008). Onlineoupled meteorology and chemistry models: history, current status, and
outlook. Atmospheric Chemistry and Physi8gl1), 28952932.

130



Zhang, K. and Batterman, S., (2010). Nezad air pollutant concentrations of CO and PM2.5: A
comparison of MOBILE6.2/CALINE4 and generalized additive models, Atmospheric
Environment, 44, 1740748,

Zhang, Y., Bocquet, M., Mallet, V., Seigur, C. and Baklanov, A. (2012). Rémhe air quality
forecasting, part | : History, techniques, and current status. Atmos. Env., @5532

Zhang L, S. Gong, J. Padro, L. Barrie. (2001). A-sizgregated particle dry deposition scheme for an
atmosphdc aerosol moduleAtmos. Environ. 35, 54860.

Zgheib, S., (2009). Flux et sources des polluants prioritaires dans les eaux urbaines en lien avec l'usage
du territoire, Ecole Nationale des Ponts et Chaussées, Paris, France (2009) 349 p.

Zmirou, D., S. Gawun, I. Pin, I. Momas, F. Sahraoui, et §2004). Traffic related air pollution and
incidence of childhood asthma: results of the Vesta -castrol study, J. Epidemiology
Community Health, 58, 183.

Zoppou, C., (2001). Review of urban storm water modethwvironmental Modelling and Software 16,
195231.

131



8 Annexe

Annexe A : Le Modele COPERT

COFERT (Computer Programme to calculate Emissions from Road Transport) est un outil
disponible sur internefhtp://www.emisia.com/copeft/dont la méthode est principalement
H[SOLFLWpH GDQV OD PpWKRGRORJLH HXURSpPHQQH GYLQYF

D E HW F TXL GLVWLQJXH OHV pPLVVLRQV j OfpFKDSS
caburant, par usure de pneumatiques et des freins, et par abrasion de la route.

&23(57 PLVH j] MRXU Y VIDSSXLH VXU GHV PH\
GIfHVVDL UHSUpVHQWDWLIV HW FRQFHUQH OYHQVHPEOH G
FDWpJRULHV GH YpKLFXOHV URXWLHUV ;0 SHUPHW GH UpD
sur un territoire, en distinguant les milieuxiain», «rural» et «autoroute», a partir des

véhicules x kilometres selon ces milieux et des vitessesrdelation représentatives, et

calcule:

- les émissions a chaud pour les véhicules légers (voitures, véhicules utilitaires légers,

2-roues) et lourds (camions, autobus et autogars)

- les surémissions a froid pour les véhicules légers

- les surémissions liéeésla pente et au chargement pour les véhicules lourds

- les corrections liées aux améliorations des carburants

- les corrections liées au vieillissement des catalyseurs et leur maintenance

- les émissions par évaporation des véhicules légers (essence)

- ITpPLVVLRQ QRQ pFKDSSHPHQW XVXUH GHV IUHLQV HW
Tous les calculs de la méthodologie COPERT4 sont accessibles et paramétrables
(surémissions a froid, évaporations, corrections liées aux spécificités des carburants,
corrections liée§ OfDQFLHQQHWP HW OTHQWUHWLHQ GHV YpKLFXO

Les véhicules sont subdivisés en 242 types (63 VP, 14 VUL, 99 PL, 46 bus, 20 deux roues)
selonle carburant utilisé, la taille du moteur ou le poids du véhicule, la technabtge
réglementationportant sulesémissions.

Les émissiongotales sontalculéegpar sommation sur les catégories détaillées de véhicules,

GHV GLIIpUHQWY SKpQRPgQHV @df pietel vHatdQat frqpdk D SSHPH
évaporation), chacun résultadé produits de facteutbémissio par unedonnéed'activité

(par exemple,véhiculeskm). Les émissions non échappement ne sont pas toujours
comptabiliséesLes émissions du véhicule dépendant fortement des conditions de circulation

(et de fonctionnement du moteur), on différentie égatertes émissions en zones urbaine,

rurale et autoroute.
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Emission a chaud

/IfpPLVVLRQ j FKDXG GpSHQG GH OD GLVWDQFH SDUFRXUX
vitesse (ou le type de route), son age (dégradation), la taille du moteur ou le poids du
VEKLFXOH 3RXU XQH SpULRGH GH WHPSV KHXUH MRXU DQ
comme suit

Emission [g]= FE [g/km]x N [veh]x Km [km/veh]
- FE IDFWHXU RX IRQFWLRQ VSpFLILTXH GYpPLVVLRQ IR
- N nombre des véhicute
- km  kilométrage (annuel) par véhicule

Par conséquent, la formule est applicable pour le calcul des émissions a chaud des polluants
des groupes 1 et 8dir Tableau 8.2 et 8.3)

Echaudikr = Nk X My r X €haudikr

avec

- Echaugixkr €mission achaud de polluant i, produit dans la période concernée par
véhicule de technologie k sur la route de type r (ou milieu urbain, rural, autoroute),

- Nk nombre de véhicules ayant technologie k,

- My, kilométrage des véhicules de technologie k [km/veh] swugerde type r,

- €haudikr IDFWHXU VSpFLILTXH GYpPLVVLRQ >J NP@ SRXU
route r.

Cette formule est également utilisée pour calculer la consommation de carburant.

/IHV IRQFWLRQV GYpPLVVLRQV Y D Uds DéRivvlesRdd BohsRIEt€adeyY H O R Q
vitesses moyennes représentatives pour chaque type de route-Rrikaiih, rural60 km/h

et autoroutel00 km/h), ou alternativement des distributions de vitesses. Ces fonctions sont de

la forme générale suivante

EF = @+cxV+exV2)/(1+bxV+dxV?2)

ou les coefficients a, b, ¢, d, ent été déterminés par régression sur les données
HI[SpPULPHQWDOHY GYpPLVVLRQ HW OHV FDUDFWpPULVWLTXH\
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TableawB.1. Coef I LFLHQWY GHV IRQFWLRQV GYpPLVVLRQ GH ¢

Surémission a froid

&HWWH VXUpPLVVLE&QMIlie@X whadikeE ired, [EsX¥ehicules particuliers et
XWLOLWDLUHY OpJHUV HW QH YDULH SDV DYHF OfkJH GX
VIpFULW

Efoidjv = X Echaud,jvurbainX (Esurémission j£1)
avec :

- Eoigjv = SUrémission a froid pour les véhicules de type j circulant a la vitesse V

- = fraction des kilomeétres parcourus a froid par les véhicules de type j (dépend de la
température ambiante @¢la distance moyenne du déplacement)

- Efwoigj,v = SUrémission a froid pour le véhicule de type j circulant a la vitesse V

- &surémission~ coefficient de surémission a froid pour le véhicule de type j (dépend aussi
de la température ambiante)

- Echaudjvurbair €mission a chaud pour le véhicule j circulant a la vit®ssagin

- Vubarr YLWHVVH GH FLUFXODWLRQ HQ PLOLHX XUEDLQ
réseau dans COPERT, < a 50km/h)

Emissions par évaporation

/TpPPLVVLRQ YpKLFXOHV Hfonctb® Beél lavdylddddd,Pde) WolumEsy dM
réservoir et du dispositif de piégeage (canister ou filtre a charbon) des vapeurs de carburant,
des conditions de températures et des caractéristiques du carburant (volatilité¢). Le calcul
GLVWLQJXH 19316V HDOURY COMPTIXDWLRQ VXLYDQWH
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avecg,

- Bvoc= OfpPLVVLRQ GH &29 SDU pYDSRUDWLRQ VXU XQH Sg
Ds = lenombrede jours pour lesquels facteurd'émissiorsaisonniedoit étre
appliqué

- N; =le nombre de véhicules asence de type j

HW OHV IDFWHXUV GYfpPLVVLRQ SDU pYDSRUDWLRQ

- HS =la moyenne quotidienne des évaporations apres arrét moteur chaud du véhicule
de catégorie j [g/jour], fonction du nombre de trajets journalier
- & = la moyenne des évaporations joulgras dues aux variations de température
ambiante pour le véhicule de type j en stationnerjggjour]
- RL; = la moyenne quotidienne des évaporatiamséhicule j en marche [g/jour].
/IHV IDFWHXUV GYfpPLVVLRQV VRQW IR QFWeRQempérxtu/\SH GH

GH OD WDLOOH GH OfYDEVRUEHXU GH YDSHXU GX FDUEXUD
vapeur saturante.

&HV IDFWHXUV GYpPLVVLRQV VRQW GRQQpYV GDQV OH *XLC

7TDEOHDX J)DEWHXUV G1pPs¥KituRpaBtoullesYDSRUDWLRQ G

Les émissions non échappement de particules

/[HV SDUWLFXOHV 30 VRQW SURGXLWHYV j OD VXLWH GH Of
la surface de la route, et également lorsque les freins sont appliqués pour ralétmicuéey
Dans les deux cas, la génération de fod= cisaillement par le mouvement est le principal

PpFDQLVPH GH SURGXFWLRQ GH SDUWLFXOHYV 8Q PpFDQLVE
matériau de surface aux hautes températures.

Deux méthodes sonproposées dans le Guidebook 2009, mais COPERT en utilise une
WURLVLgPH QRQ H[SOLFLWpH /D SUHPLqUH PpWKRGH H[SUL
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véhicules de différentes catégories, le kilométrage moyen pendant une durée définie et le
facteur spécit TXH GpPLVVLRQ GH YpKLFXOH GH W\SH M SRXU FK

La deuxieme méthode considére aussi les facteurs de fraction de masse (TSP) qui peuvent étre
attribués a une classe de taille de particule et un facteur de correctewitlssse moyenne

(S).

'RQQpPHY GTHQWUpHYV

/IHV GRQQpHV GTHQWUpHY GHPDQGpPpHV VRQW

- pour chacun des 242 types de véhicule (selon technologie, carburant, taille et
réglementation pollution),
o Les nombres de veéhicules, kilométrages ann[let¥an] et totaux cumulés
[km],
o La distribution du kilométrage annuel selon les milieux urbain, rural et
autoroute,
0 La vitesse de circulation selon ces milieux (avec cependant des limites basses
10km/h pour les véhicules légers, 12 km/h pour les vélsdaleds, ebus
o /D WDLOOH GX UpVHUYRLU HW GH OYDEVRUEHXU
o LH W\SH GTILQMHFWLRQ
- Les températures (max/min) et la tension de vapeur mensuelles,
- Les spécifications des différents carburants (teneurs en métaux lourds, soufre, HC, OC
mg/kQ)
- Lesdistances moyensale déplacemeptnombres de trajets journaliers
- PRXU OHV YpKLFXOHV ORXUGV O 1i6Q&a% aipasRi®2®H OD S
et du chargement (0, 50 ou 100% en poids)
- LYDIIHFWDWLRQ GH OYfpYDSRUDWLRQ VHORQ OHV PLOLH

Résultats de Copert

Les résultats du modéle COPERT couvrent la plupart des phénoménes d'émission
(échappement, évaporation, réchappement) et des polluants importants. Les résultats sont
FRPSOpWHPHQW GpFOLQpPpV SDU W\SH @afdmatgafianRaon FKDXG
échappement), par milieu (urbain/rural/autoroute) et pour tous les types de véhicules. Seules
les spéciations de COV et de HAP / POP ne sont pas détaillées par types de véhicule et
GYpPLVVLRQ
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/ILPLWHYVY GH OD PpWKRRERTHW GH OYfRXWLO &2

Principalement adapté pour le calcul & échelles macroscopiques (agglomération, région, pays,

KHXUH MRXUQpH DQQpH OfYDSSURFKH &2F&IpouNleg WUQqV
LOQYHQWDLUHY QDWLRQDX[ GTpPLVVL&S ediHatirik @@ WV H
GYLPSDFW j pFKHOOHYV UpJLRQDOHV RX GYDJJORPPUDWLRQ

&HSHQGDQW OHV IDFWHXUV GYpPLVVLRQ EDVpV VXU OD Y
représentatifs, ne tiennent pas compte de la dynamique des conditions de circulation
(accélérations, arréts, etc.) qui peut cependant avoir un impact sur les émissions. De méme, la
GRQQpH GH OD PHVXUH |j pFKHOOH GT1XQ F\FOH GYfHVVDL
PODERUDWLRQ QIDXWRULVH JXqUH GH\pluBi€ud @ivitdd/oj GHV p
plusieurs centaines de metres.

'H IDLW OYDSSURFKH QYHVW SDV YUDLPHQW DSSURSULpPH
WURQORQV RX ILQH GfXQ SRLQW GH YXH WHPSRUHO QL S
ceuxci sont HQYLVDJpV j GHV pFKHOOHV UHODWLYHPHQW PLF
SURSRVH XQ FDGUH GTDQDO\VH DJUpJp HW PDFURVFRSLTX
VDQV VSDWLDOLVDWLRQ HW j pFKHOOH DQQXHO®&L QRQ C
routier par exemple.

Pour ces raisons, de nombreux outils sont développés a partir de la méthode COPERT /
Guidebook, pour des applications locales et intégrant généralement de nombreuses
hypothéses nationales (parcs automobiles, données de météeuiodgs trajets, etc.).

Polluants

Les polluants peuvent également se diviser en quatre catégories en fonction des différentes
WHFKQLTXHY GH FDOFXO SDU OH PRGqQOH GYpPLVVLRQ

-*URXSH OHV SROOXDQWYV SRXU OHVTXHOsVa eaHivdd RQFW L |
QRPEUHXVHYVY PHVXUHV VXU EDQF GYfHVVDL /HV pPLVVLRQV
des conditions de circulation (le plus souvent la vitesse moyenne) et/ou de fonctionnement du
moteur (régime et couple moteur pour les véhicules lotedspérature, voire charge). Ce

groupe inclut notamment les COV ou HC totaux, et également la consommation de carburant,
dont seront dérivées les émissions de polkidat autres groupes
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Tableau8.2. Polluants connus selon les vitesses et conditions de fonctionnement (groupe 1)

- Groupe 2 : les polluants pour lesquels peu de données existent (métaux) ou pour lesquels la
conversion est immédiate (30CQ,). Les dnissions sont estimées a partir de la
consommation de carburant. Ce sont notamment tous les métaux (issus des carburants, des
OXEULILDQWYV HW GH OfXVXUH LQWHUQWHXU DLQV

TableauB.3. Polluants calculés a partir des consommations de carburant (groupe 2)

- Groupe 3 : les polluants pour lesquels peu de données existent, et pour lesquels les
émissions ne sont généralemeats connues selon les conditions de fonctionnement ou de
circulation, mais seulement par grande famille de védscet decarburantsTableau 8.1

Tableauw.4. Polluants HAP et POP donnés sous formepdeiations (groupe 3)
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- Groupe 4 : les COV individuels ou par famille, qui sont estimés selon une spéciation i.e. leur
SURSRUWLRQ UHVSHFWLYH GDQV OfHQVHPEOH GHV &29 QR
soient approchés selon les conditions de fonoement et les catégories détaillées des
véhicules, les composés individuels ou familles de COV ne devraient pas étre évalués de
maniere aussi détaillée car on dispose de tres peu de spéciations (par grande famille de
véhicule et de carburant, sans distion des coditions opératoires)

TableauB.5. Polluants COV donnés sous forme de spéciation (composition) (groupe 4)
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Annexe B : Les polluants pris en compte dans le logiciel COPCETE

Polluant Chaud Froid Evaporation| Hors échap.
Dioxyde de carbone GO X X
2[\GHV GTD}JRWHYV 12 X X
Monoxyde de carbone CO X X
Dioxyde de soufre SO X X
Particules diesel et essence PM X X x®
Composés organigues Volatiles COV X X X
Méthane CH X X
Spéciation COV non méthanique
- benzene X X X
- formaldéhyde X X
- acétaldehyde X X
- acroléine X X
- 1,3-butadiene X X
HAP
- total des 6 HAP les pll X
cancérigéné’
- benzo(a)pyrene X
Métaux lourds
- Plomb Pb X X
- Cadmium Cd X X X
- Cuivre Cu X X
- Chrome Cr X
- Nickel Ni X X
- Sélénium Se X X
- zZinc Zn X X
- Baryum Ba X
- Arsenic As X
BURWR[\GH,GYID]J]RWH 1 X X
Ammoniac NH3 X X
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Annexe C

Fallah Shorshani M., Bonhomme C., Petrucci G., André M., Seigneur C. (2012)
Road traffic impact omvater quality in an urban catchment (Grigny,
France) 9th International Joint IWA/IAHR Conference on Urban Drainage

Modelling, Belgrade, Serbie.
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ABSTRACT

Methods for simulating air quality due vehicles and the associated effects on
stormwater runoff quality in an urban environment and their coupling are
examined. To achieve this aim, the models (traffic, emission, atmospheric
dispersion, and stormwater) must be carefully selected accomlitige tspecial
requirements and the level of details needed for the integrated system. The present
study focuses on the interface between the air quality and stormwater models. The
development of this interface raises questions concerning the procestss tivea
represent mass transfer between the atmosphere and stormwater. Moreover, other
pollutant sources are added to road pollutants in an urban context: the evaluation of
this new modelling chain with observations needs to distinguish between pollutants
linked to traffic emissions and other pollutants. To assess the contamination of
water runoff induced by traffic, concentrations aafdmium (Cd), lead (Pb), and

zinc (Zn) in theGrigny catchment in France were simulated using typical pollutant
deposition uxes measured at roadsidehe highest simulated concentrations of

Cd, Pb, and Zn at the outlet were 2.12, 284.61, and 1757 pespectively. These
results show that pollutant concentrations are increased up to three times with an
explicit description of road contaminant sourceS.herefore, an exhaustive
knowledge of the spatial distribution of roads with heavy traffic is important to
predict water quality in urban areas.

Keywords

Integrated modelling; Stormwater; Traffic; Emissions; Air pollution; &tin

INTRODUCTION

Traffic is a major source of pollution in cities and near highways. Thus, the modelling of air and
stormwater quality due to vehicles and of the presence of contaminants is, therefore, essential to
control road traffic impact on the eneitment. Today, traffic models can predict the position and
kinematic parameters of the vehicles and emission models can estimate the amount of different
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pollutants emitted by vehicles, albeit with some uncertainty. Then, the dispersion of pollutants in the
atmosphere can be simulated using atmospheric dispersion models. A fraction of the air pollutants
deposits to the ground by dry and wet processes. These pollutants may be entrained by the water
runoff during rainfall events, which may be simulated by bialic models.The main building

blocks of such a simulation framework are (1) the models and (2) the interfaces which transfer the
output from a model to the input for the next model, as shown in Figliteeltypes of model for each
phenomenoritraffic, emissions, air quality and water quality) are presebtdw with increasing
accuracy and complexity.

Figure8.1. Schematic representation of the motiey chain (components are represented with ellipse
with expected input and output data (represented with boxes).
Three major classes of traffic models can be identified (Table 1):

1. Static modelsely on localization of population anderage traffic volumes in different areas
of a network and are used mainly to study vehicles fluxes over large spatial and temporal scales.

2. Aggregated dynamic models can keep an explicit representation of congestion by describing
the temporal evolutioof traffic states of a simplified network (spatial aggregation)

3. Dynamic models describe the temporal variations of traffic conditions in order to determine the
impact of individual vehicle movement.

Table8.6. Traffic models

Models Field study Results Example

Static Largescale Average quantity | DAVISUM

of vehicles MARS
. Several Average speed, | THOMSON
Aggregated dynamic neighborhoods congestion DAGANZO
. Local scale | Density & speed of SYAMUT
Macroscopic Highway vehicles CORFLO
METACOR
9HKLFOH CONTRAM
Dynamic Mesoscopic | A few streets trajectory DYNAMART
FASTLAN
Position, speed, SYMUVIA
Microscopic | Urban network| acceleration per VISSIM
second PARAMICS
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The usual appro&es for estimating the associated emissions can be classified according to the
input data, the scale of the study and the type of pollutants being considered. These approaches
can be distinguished as follows:

8. Models relying on fuel sales data (e.g., AGO)

9. Models relying on annual average traffic volumes per vehicle categories (e.g., HUGREL)
10. Models relying on average speed of traffic (e.g., COPERT)

11 Models implying a particular traffic situation. (e.g., HBEFA)

12. Models implying traffierelated variables (g., TEE)

13. Models providing the emissions from various driving cycle variables. (e.g., VERSIT+)

14. Models relying on speed chronology or instantaneous models (e.g., PHEM)

Models of categories 1 and 2 can be used for lacgée emission inventories (nationajjodels of
categories8 and 4 arenore reliable, andover the major emission processes and most pollutants from

a single road up to a city. Models of category 5 require traffic flow variables for each road and
category 6 is defined by individual vehicleowement data. Both models are restricted to specific
conditions and pollutants. Models of category 7 represent explicitly the vehicle emission behaviour by
relating emission rates to vehicle operation (engine power, speed, and acceleration) duringf series
short time steps.

For model integration, the input requirements of the emission models have to be linked with the
outputs of the traffic models. A traffic model must be chosen according to its capacity to produce the
inputs for the emission model (Srait al., 2008). Thusntegrated chains of models can be considered
according to three main types (or levels) of application:

1. Macroscopic: Static models simply calculate the traffic volume, mean travelling speed and the
number of vehicles needed by the ssivn models of categories 1 and 2. Average speed
emission models of categories 3 and 4 can be coupled with static models or aggregated
dynamic traffic models, which provide the average speed or the level of congestion.
Macroscopic traffic flow and emissianodels are used for largeale road networks.

2. Mesoscopic: Emissions can be modeled more accurately with both vehicle speed and
acceleration as input parameters. Macroscopic traffic models of categories 1 and 2 do not
provide the acceleration as do migcopic models (i.e., category 3), but it is possible to assess
such kinematic characteristics through an intermediatarsdel at a given speed range and
according to other parameters (Cappiello et al., 2002; Zegeye et al., 2010).

3. Microscopic: Emissionates for vehicle operation during a series of short time steps can be
predicted by coupling microscopic traffic models with instantaneous emission models. The
essential advantages of such approaches are the prediction of individual vehicle emission
behaviair in real time. The validity of such tools and chain of models at a microscopic level
has however to be demonstrated.

A coupling between emission and air quality models is necessary to predietriperal and spatial
variability of urban air qualitandto calculate the pollutant deposition fluxd@he major input data
necessary for the air quality model are spatiditributed and temporaHlsesolved emissions
provided by the emission model, meteorological inputs, boundary conditions, angstaddtaln the
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case of Eulerian air quality models, the emissions must be defined for the 3Degtidand for each
pollutant. In the case of models used to assesssoeace impacts (e.g., Gaussian dispersion models
and CFD Computational fluid dynami¢snodes), roads are considered as line (or elongated surface)
sources and emissions induced by vehicles are estimated individually for each road segment.
Atmospheric pollutants are introduced to the stormwater runoff by dry and wet deposition. These
processes cabe described in air quality models by several algorithms (Sportisse, 2007).

The hydrological models may be classified in terms of their functionality, accessibility, water quantity

and quality components included in the model and their temporal aridl Sgates (Zoppou, 2001;

Elliot et al., 2007). In terms of spatial distribution, hydrological models may be categorized in
SOXPSHG-GLWHWPULLEXWHG ™ RU 3IXOO\ GLVWULEXWHG" /XPSHG PRG
the input parameters over thatchment: these models consider time variability but not spatial
YDULDELOGWVWBHPXWHG PRGHOV WDNH LQWR DFFRXQW VSDWLTE
hydrological units (SUOFDWFKPHQWYV ZKHUHDYV 3IXOO\ GLWWspateXWHG ™ P
variability: information such as soil properties and land use are averaged over a model mesh.

a. Study Design and Methodology

This studyestimated and tested the effect of traffic impacts in the Paris region. The whole modelling
chain is not pdormed here as we focus mainly on the atmosphere/water interface. Therefore, instead
of using model outputs from traffic, emission and air quality modelling, experimental data on pollutant
deposition fluxes are used to estimate roadside impacts.

The preent study focuses on major metallic road pollutants (Cd, Zn, and Pb) emitted from traffic and
observed in thesrigny catchment, during years 2009 and 20T@e model used to perform the
stormwater runoff analysis is SWMM 5 (Rossman, 2010). This model @gpansource modelling
software, well adapted to this investigation as it allows rainalbff simulations (quantity and
guality) over long periods with short time steps. The water quantity part of the model of the Grigny
catchment was developed by Petiiet al. (2012).

The Grigny catchment is located 20 km south of Paris. The catchment area is 365.7 ha, covered by
several municipalities. This area is impacted by two main roads (D310 and D445) and the A6
highway, respectively having annual averageydawffic volumes of 17,000, 21,000 and 125,300
vehicles per day.

The Grigny catchment is divided into 20 stdichments. Each sidatchment is further divided to

reflect the variability of land use according to four laxaer types. Therefore, foreadlJHD Q" V XE
FDWFKPHQW IRXEDWRKGHIIWWXERUUHVSRQGLQJ WR JUHHQ URR
defined. The geographical location and division of the catchment are presented in Figure 2. The model
parameters that could not be defined accordimgphysical measurements were calibrated and
validated on a twanonth long flow rate time series recorded at the outlet. Theréevcalibration

was performed using a genetic algorithm to maximize the Nash criteria, as described in details by
Petrucci eal. (2012).

145



Figure8.2. Geographical location and details of the Grigny catchment.

The dispersion of atmospheric pollutants is calculated using wind direction data covering two years,
2009 and 2010. The wind rose is based on observations aéé#nest station (Orly airport, 8 km from

the catchment). The use of the wind rose from a close but different location is appropriate in this case
because of the relatively flat terrain and the surrounding urbanization (i.e., residential area).
Considerilg the road network geometry, a wind rose with six directions represents the transport and
dispersion of pollutants effectively, as shown in Figure 3. Total concentrations of Cd, Pb, and Zn are
simulated in runoff from the Grigny catchment during 23 moi@i$01/200901/12/2010) with a 5

min reporting time step. The aim of such a kegn simulation is to determine the effects of traffic

on the pollutant levels at the outlet of the catchment within this period. For this purpose, two cases are
studied. Thefirst case takes explicitly into accoubaickground depositioand the local pollutant
deposition due to the three main roadways of this h&affic area, which is spatially variable. The
second case uses only a uniform deposition flux corresponding taveraged urban pollution
background typical of lowolume surface roads (<2000 vehicles/daye study by Wicke et al.,
(2011) is used for the following background deposition fluxe€d, Pb, and Zn0.13, 8, and 14Qg

m? day" respectively

Figure 8.3. The wind rose for the Orly airport station calculated from 2009 and 2010 déte WRPLOT
software
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b. Atmospheric deposition

Several studies have experimentally quantified atmospheric deposition of metals near roadways
France, Promeyrat measured in 2001 the deposition of three metals (Pb, Cd, and Zn) on both side of
the A31 highway (France) along transects with sampling points ranging from 1 to 320 m. The average
traffic on this highway is about 60,000 vehicles gay. The results were summarized by Viard et al.
(2004). In the Paris metropolitan area, the study of Azimi et al. (2005) quantified the deposition of
four metals (Pb, Cd, Zn, and Cu). These measurements include deposition due to road traffic
emissions andather sources (incinerator, airport, and power plant). The traffic volume was that of
highway A86. More recently, the PPTA project was conducted by Loubet et al. (2010) to quantify
deposition of several metals (Fe, Cu, Pd, Pb, and Zn) along highwaytAé south of Paris, with 6

sites ranging from 4 to 284 m. The volume of traffic is on the order of 80,000 vehicles per day. In the
USA, Sabin et al. (2006) measured the deposition of several metals (Cr, Cu, Ni, Pb, and Zn) along
highway F405 in Los Angels, California at distances ranging from 10 to 450 m. The traffic on this
highway is on the order of 3000,000 vehicles per day. Our modelling is based on deposition flux
measurements near highway A31 (France) by Promeyrat (2001), because that study e wbess
complete and consistent data base for a French setting. The mean deposition fluxes of pollutants from
data on both sides of the highway are shown in Table 2.

Table8.7. Daily load (ug nf day?) of heavy metals (Cd, Zn, and Pb) used in this study (based on Promeyrat,
2001).

Pollutant /Distance (m) 10 20 30 60 120 average
1,88 1,08 0,49 0,27 0,21 0,40
Cd
7n 992 321 80 512 142 277
Pb 404 192 119 80 7 71
c. Modelling

Water quality simulations include the pollutants buildup during dry periods and washoff during
rainfall events. Different mathematical approaches are availaleptesent the processes governing
pollutant accumulégon and washoff. The exponential buildup and power washoff equations can be
written as follow:

(1)

(2)

whereB is the pollutant buildup (mass per unit are®js the daily accumulation mat(mass per unit

area per day), t is the number of antecedent dry days (day€), #the removal coefficient (1/day),

which represents the removal of pollutants from surfaces by various mechanisms such as wind, traffic,
street sweeping, biological antiemmical degradation, except stormwater washoff (Liu et al., 2010).
The pollutant washoff load is proportional to the product of runoff raised to some power and to the
amount of available pollutants (Eq. 2), whaiéis the washoff load (mass per hol)js the washoff
coefficient,E, is the washoff exponent, aads the runoff rate per unit area (mm/hour).
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In order to define the buildup and washoff parameters, coeffic@nts; andE, are chosen from
previous studies according to different land usé value of the removal coefficier®0.01 0.05)

was calculated for residential lade by Liu et al. (2010). Reported values related to the washoff
coefficient E;) range from 0.0013 to 0.11. The expondsf) (was found to range from 1.0 to 2.0
accoding to various experimental studies (Cheah, 2009). On the basis of the available literature and
without further information on the catchment, the chosen values for the parameté&ls=@ueL,
E1:0.1,E2:1.5.

The daily accumulation rateg\)( are calculatediccording to the deposition flux of each pollutant
source (i.e., the two roads and the highway), the associated level of traffic and the wind direction. The
pollutant deposition exhibits wetlefined linear relationships with traffic volume (Brett et 2011).
Therefore, the traffic effect can be calculated based on the measurement data of highway A31 with the
proper traffic scaling. With regards to the wind rose, deposition fluxes are estimated for each road or
highway. According to previous work (seebave), the daily accumulation rates for each sub
catchment are calculated over areas impacted by road traffic that extend up to 240 m from the road.
Then, each road affected a fraction of the-satthment area based on road location with respect to
the sup-catchment and wind direction. The background deposition level was attributed to the
remaining area of the sudatchment. Next, based on those input parameters for stormwater modelling,
the variation of water quality was calculated with SWMM.

d. Sensitivity analysis

A sensitivity analysis was conducted to determine the influence of the three parameters discussed
above C,, E;, E;) on simulated peak and average concentrations at the outlet. The sensitivity can be
represented by the relative sensitivity coédiit (S) defined as:

3)

wherex is the default value of the parameter and y is the corresponding output vialgeare the

extreme values of the parameter range ang gre the corresponding output values. The grehteS

value is, the more sensitive to a specific parameter the model output. The analysis was realized for the
removal coefficient €, mir=Ci gefau= 0.01; C; ma=0.05), washoff coefficientH ni=0.01; E; gefaui=0.1;
E1mac=0.3), and for the washofixponent E; mi=1; E getau=1.5; E2 ma=2). The sensitivity coefficients

for each pollutant are presented in Table 3.

Table8.8. Sensitivity analysis

Parameters/ . -
Sensitivity coefficient Cy(removal coeffient) E;(washoff coefficient) E,(washoff exponent)
concentration Peak Mean Peak Mean Peak Mean
S, 0.50 0.4276 0.48 0.0954 2.49 2.2411
n
Seq 0.50 0.4297 0.48 0.0951 2.44 2.2232
Seo 0.48 0.4416 0.45 0.0953 2.29 2.1442

For all parameters, the peak comization output is more sensitive to parameter fluctuations than the
average pollutant concentration. Moreover, the washoff exponestliie most influent parameter on
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model outputs and the sensitivity analysis enables to evaluate error bars on mpdel dué to
parameter uncertainties (in particula).E

RESULTS

The comparison of two cases (heavy traffic and without traffic) confirms a significant effect of traffic
on water contamination. The highest concentrations of Cd, Pb, and Zn at the outisipaively

2.12, 284.61, and 1757.93 ud (Fig. 4a). Cases without traffic reach a maximum of 0.78Cpd. ",

47.72 pgPbL™, and 835.17 p@n-L™ (Fig. 4b). These important differences are related to the
pollution peak. Otherwise, 0.08 @0-L™, 6.33 ugPbL™ and 79 pgZn-L* are the averaged
concentrations due to traffic over two years (2@090). These values in the case without taking
explicitly into account the traffic impact are 0.06-Gg-L™, 4.01 ugPb-L™, and 70.19 pgZn-L™
Regardingthe sensitivity analyses, the variability of outputs caused by the uncertainties in the model
parameters, the results remain in accordance with measurements by Sabin et al. (2005). In these
measurement the annual mean concentrations + standard errb89:at80 pgZn-L™* and 12+10 pg

PbL™* for a small urban catchment. The SWMM simulation results are consistent with these
observations as these measurements fall within the range of the mean and maximum values.
Accounting for wet deposition would increadealstly the SWMM concentrations; however, total
deposition is dominated by dry deposition near roadways.

Figure 84 +HDY\ PHWDO FRQFHQWU D WL BE Grigny catchment Y Kvith &hXekplch W
consideration of traffic and lgue to an average background depositygical of urban areas.

Comparison of metal concentiatis related to the sttatchment locations revealed different traffic
impacts on sulgatchments near roads and highways. At the time of pollution peak, total Zn
concentrations are shown in Figure 5 for all-satchments and nodes. The most polluted gpe2G0
Hg-Zn-L™) include the impervious sutatchment near highway A6 having a traffic volume of 125,300
vehicles per day and swatchments impacted by both main roads. The least polluted zone contains
subcatchments located far from roads and the biggektatchment with a small surface fraction
impacted by traffic. In addition, bulk water contaminations in pervious areas like green space are
negligible, even when they are located at the roadside.
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Figure8.5. Spatial distribution of Zinc concentrationg(L) from atmospheric deposition at pollution peak, 6:30
07/03/2010.

The results presented in Figure 6 show the relative load of Zn from eadlatshiment in both
conditions: with an explicit degption of the contribution of traffic or considering only the effect of a
background residential contamination. Some-cafichments present low pollutant concentrations
because they do not produce any runoff due to a large amount of pervious suriatesggee) in the
subcatchment. Figure 6 shows that the traffic effect can increase the water contaminant
concentrations on highly exposed stdichments by up to 3 times in comparison with the case
without traffic.

Figure8.6. Relative load of Zn from each solitchment between the case with traffimanain roads and
the case with background deposition.

The results of Zn concentrations at thélet between the case with background deposition and with
traffic during 6 days are shown in Figure 7. The relative variation between daily Zn concentration and
average concentrations over two years were simulated. The highest concentration pealdcmmpare
the average Zn concentration is 2 times greater in the case with traffic than in the case with
background deposition. This result shows that an explicit description of local atmospheric pollution
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sources such as traffic has a strong impact on pallytieaks observed at the outlet of an urban
catchment.

Figure 8.7. Relative Zinc concentration (ratio between daily concentration of Zinc and average concentration )
over 6 days for the case with backgrdudeposition (left) and the case with traffic on main roads (right).

DISCUSSION

One major limitation of this study is that the variation of traffic volume in urban areas (e.g., hourly
variability) was not considered. This problem will be solved next Iy ithplementation of an
integrated modelling chain, which simulates traffic situation up to atmospheric deposition. Such a
modelling chain will estimate the pollutant concentrations in stormwater according to the temporal
variability of traffic, which is nbpossible with longerm averaged measurements.

As the atmospheric deposition potentially accounts fel @0 of the trace metal load on urban
surfaces, traffic is a major source of atmospheric pollution (Sabin et al., 2005). In order to dimeulate
ervironmental impacts of traffic at the local urban scale, the first step is to choose the most appropriate
tools in terms of relative scales. The most appropriate air pollution models for calculating the
dispersion of vehicle pollutant emissions at localles are mostly Gaussian dispersion models. In
order to account for the atmospheric urban background as well (essential for wet deposition), it is
planned to use a plunrie-grid model, which combines an Eulerian model and an imbedded line
source Gaussianadel.

Nevertheless, a major scientific stumbling block is that air quality models typically consider only
those particles smaller than 10 um in aerodynamic diameter. However, the mass of particles greater
than 10 pum is significant and is relevant to wajeality and should be taken into account. Therefore,

the selected emission models must be able to estimate the main water pollutants such as suspended
solids (SS), polycyclic aromatic hydrocarbons (PAH), and heavy metals (e.g., Pb, Zn, Cd, and Cu).
Moreove, to consider a large number of pollutants and emission phenomena (e.g., including fuel
evaporation and neexhaust particle emissions), the microscopic emission models have to be
completed with aggregated emission models such as ARTEMIS and COPERT.

At last, the water quality can be modelled either by sdisiributed models such as SWMM, but this
modelling has the drawback to consider only homogeneousatabments. A fully distributed model
would offer the advantage of explicitly taking into accourstrihuted land uses, road surface
characteristics at a high resolution, in addition to rainfall characteristics at different scales. Therefore,
future work may use a fully distributed model for surface water flow and water quality modelling (for
example, he model TREX) coupled to the wdthow SWMM model for the urban drainage network.
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CONCLUSION

In this study, different models for traffic, emission, dispersion and stormwater were presented. This
review aims at making easier the selection of the mosbpppte models to be coupled in order to
implement an integrated and efficient modelling system for a simulation of air and water quality in
urban areas.

Nevertheless, there are several limitations for the simulation of all phenomena (traffic, emission,
dispersion and stormwater). The main challenges are associatethavitmportance of inputs and
outputs of the different models constituting the modelling chain, especially the available data, the scale
of the problem and its complexity.

Moreover, theeffect of traffic impactn the Grigny catchment located in a southern suburb of Paris
was considered in combination wigxperimental deposition flux data during 2009 and 2010. The
water quality analysis showed that the maximum concentration of heavy neetaisact2.12 pgCd-

L? 284.61 pgPbL™, and 1757.93 ugn-L™* at the outlet. Comparison of metal loading from
atmospheric deposition under two hypotheses (with and without considering explicitly the influence of
traffic) indicates an important contritton of main road traffic to stormwater runoff in urban
catchments. These encouraging results may be useful to test different urban planning scenarios at the
time of the designing and building of new urban areas.

Finally, the method that is developed iristiwork is quite new in the context of water quality
modelling. In fact, pollutant loads are usually calculated from urban landHese.the atmospheric
loads near heaviyaffic areas are shown to be major contributions and the traditional approach only
considering land use is put into question.
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Abstract

The characterization and control of runoff pollution from4p@int sources in urban aes a

major issue for the protection of aquatic environments. We propose a methodology to
quantify the sources of pollutants in an urban catchment and to analyze the associated
uncertainties. After describing the methodology we illustrate it through @licaion to the
sources of Cu, Pb, Zn and PAH from a residential catchment (228 ha) in the Paris region. In
this application we suggest several procedures that can be applied for the analysis of other
pollutants in different catchments, including an eation of the total extent of roof
accessories (gutters and downspouts, watertight joints and valleys) in a catchment. These
accessories result as the major source of Pb and as an important source of Zn in the example
catchment, while activityelated soures (traffic, heating) are dominant for Cu (brake pad
wear) and PAH (tire wear, atmospheric deposition).

Keywords: substance flow analysis; uncertainty estimatiorspmam source pollution; urban
runoff, metals; PAH.

1. Introduction

Non-point pollution ¢ urban runoff is considered an important cause of degradation of
aquatic environments and ecosystems since several decades (e.g. Deutsch and Desbordes
1981). The interest for this type of water pollution is still increasing because of the evolutions

in the regulatory framework for micropollutants. In the context of the European Water
Framework Directive (2000), in order to protect aquatic ecosystems it is essential to mitigate
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diffuse urban pollution sources. Analyses of the sources and fluxes of paljutdign
JDWKHUHG XQGHU WKH QDPH RI 3VXEVWDQFH IORZ DQDO\VI
Hansen and Lassen 2002), have flourished in recent years. They provide a global insight of
the flows of pollutants emitted by urban areas to stormwater atwlAbre receiving water

body (Terekhanova et al. 2012). The main purposes of SFA are both scientific and
operational: they include environmental impact assessments, prioritization of the sources for
research (which sources are the less known and the n@&ineto investigate) and policy
making (which sources are the most important to mitigate). Some SFA focused on
downstream impact assessment detail extensively the flows of pollutants through the urban
and drainage systems (e.g. combined sewer overflogatment plants, sludge; Benedetti et

al. 2006; Rule et al. 2006). However, these SFA are often simplistic in the estimation of the
sources of pollution, recurring sometimes to an aggregated approach based on the average
pollutants concentration in rundifom each landuse (see the review by Gdbel et al. 2007).

The main disadvantage of this approach is that it reduces the capability to understand which
processes and sources are actually responsible of the pollutant load. For example, it is unable
to distihguish if pollution of roof runoff is mainly emitted by roof materials or comes from
atmospheric deposition. As a consequence, this approach is unable to predict any change, for
instance, in building materials or in fuel composition and it is not adaptlirce control of
nonpoint emissions (Cui et al. 2010). To overcome this issue, some researches focused
particularly on the sources of pollutants in order to provide insight on the relative weight of
each source on the global urban flow of pollutanierfBund 2010; Chevre et al. 2011; Davis

et al. 2001).

The main difficulty in this kind of studies is constituted by the multiplicity of factors
LQIOXHQFLQJ WKH GLIITHUHQW VRXUFHY DQG HPLVVLRQV ,Q
the substancddws, at each step some concentrations, ratios, etc. have to be estimated. Many

of these factors are difficult to quantify or even completely unknown. It is necessary to use
SUHDVRQDEOH DVVXPSWLRQV" RQ WKH QXPEHUV dWR EH |
experience (Davis et al. 2001; Westerlund 2001). This pragmatic solution allows overcoming

the lack of information associated with sources estimations but raises the issue of the
uncertainty of the flows quantified. Because of the lack of informatianalsa of the spatial

and temporal variability of the processes involved, estimations of pollution sources and fluxes

are highly uncertain (Benedetti et al. 2006). A correct estimation of uncertainty is even harder

than the estimation of sources and fluxbéemselves: information on uncertainty and
variability are even less available than information on the source magnitude. A further
difficulty is that data, information and calculation procedures involved in SFA are highly
heterogeneous. Thus, it is in @eal impossible to define a single, formal procedure of
uncertainty estimation able to cover all the situations occurring in the analysis. Procedures
currently used involve sensitivity analyses to a selected set of parameters, but the scope of
these analyss is generally limited because the variability of parameters is often poorly
determined (Chévre et al. 2011; Hansen and Lassen 2002; Tangsubkul et al. 2005).

In this study we propose a detailed approach (section 2) to quantify and distinguish pollution
saurces as much as possible. This approach includes a procedure to systematically quantify

156



uncertainty: the procedure allows to pragmatically treat most of the cases occurring in a
source analysis taking advantage of all the available information. In s&ti@apply the
general approach to the specific case of the emissions of copper (Cu), lead (Pb), zinc (Zn) and
polycyclic aromatic hydrocarbons (PAH) from a residential catchment in the Paris region.
The case study illustrates the application of the peg@arocedure, especially for uncertainty
estimation. It also includes the presentation of a sampling method for the estimation of metal
emissions from roof linear and point elements (rain gutters and downspouts, watertight
joints), often neglected in sifar researches.

2. General methodology

2.1 Nonpoint sources of urban runoff contaminants

Non-point sources of contaminants can be grouped in three main types (aeilizigd, land

cover related, behavigelated) plus atmospheric deposition. The latterid be operationally
treated as a source but strictly speaking it is not one: contaminants from atmospheric
deposition are produced from other sources inside or outside the catchment. A synthesis is
presented in Fig. 1 and in the following paragraphss @scussion is intended to provide a
framework and a starting point for applications, presenting the major sources that should
generally be considered in any source analysis.

The first step of the analysis is to determine which sources are potentiallgntefor the
specific pollutant(s) of interest in the specific catchment(s) considered. This operation can be
helped by a general framework like the one proposed here but has to be adapted tny-a case
case basis. In particular the analyst hasaimbinetwo types of information: on one side, the
general framework and the literature on the specific pollutant(s) of interest must be used to
prepare a list of the potential sources; on the other side, the analysis of the catchment(s)
characteristics is necesy to orient the research by excluding irrelevant sources or by
suggesting the presence of specific ones. For example the focus in what follows is on chronic
sources, while some temporary or accidental sources like construction sites or fires can be
relevant in specific cases.
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Fig. 1 Non-point chronic sources of runoff pollution in urban catchments

2.1.1 Activityrelated sources

Road transport emissions are generally sadeltumented. However, because of their primary
relevance for air pollution, stues are mainly focused on emission of gas and ssiwl
particles (i.e. diameter <J@m), more subject to atmospheric transportation than coarser
particles (Fallah Shorshani et al. 2013). Much information and several models are
consequently available fexhaust emission while less are available for-exmaust emission
(Thorpe and Harrison 2008). For water pollution the contribution of the latter can be relevant
(Legret 2001; van Bohemen and Janssen van de Laak 2003gxRanst emissions include
brake wear (Westerlund 2001; Hjortenkrans et al. 2007), tire wear (Wik and Dave 2009) and
road wear (Kennedy and Gadd 2003). These sources depend on parameters like the vehicles
distribution (e.g. heavy duty vehicles or cars) and on other specific conditioasthik
extended use of winter tires in cold climates. Another source correlated with road transport is
leakage of car fluids like motor and brake oil: while the composition of these fluids can be
easily found or determined, their potential as a pollutantce is poorly characterized (Gébel

et al. 2007; Bjorklund 2010). Other sources can exist for specific pollutants: for example,
bisphenol A can be present in the inner layers of car coating, and can eventually be emitted to
runoff water (ANSES 2011; LamgaBretaudeau and Gromaire 2014).

Railway transport is also a poorly documented but potentially important source of metals and
PAHs (Malawska and Wilkomirski 2001). Domestic heating, like traffic exhaust, is more
documented as a source of pollution in temh air quality than in terms of urban runoff (e.qg.
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Fenger 1999; Schauer et al. 2003). In general coal and wood are considered the more
pollutant fuels, although their use in most urban areas in developed countries is decreasing
(Maruejols et al. 2011; Bl 2013).

2.1.2 Landcover related sources

Land-covers can represent sources of pollutaeisending orthe building and infrastructure
materials exposed to water runoff. Roof materials are the most studied and their emission
patterns are available for senpollutants (e.g. Robe8ainte et al. 2009; Van Metre and
Mahler 2003). Upscaling to the catchment are however uncommon. Roof accessories (rain
gutters and downspout, watertight joints and valleys) are a less studied source, even if
evidences of their fevance exist (GromairBlertz et al. 1999). Building sides are poorly
studied because of the small quantity of runoff they produce but some research is available for
specific materials and pollutants (Burkhardt et al. 2011; Davis et al. 2001). Infrastructu
materials include paving (usually concrete or asphalt; Drapper et al. 2000; Gilbert and
Clausen 2006) and accessories, like train and tramway catenaries, guardrails, urban lights,
road panels and markings. Catenaries and guardrails are consideradasignietal sources
(Legret and Pagotto 1999; Chévre et al. 2011), while lights and panels are less relevant
because of the small surface exposed to runoff (van Bohemen and Janssen van de Laak 2003;
Westerlund 2007).

2.1.3 Behaviomrelated sources

The emision of some pollutants depends more on individual, collective or institutional
behaviors than on land cover or activities. It is the case for biocides, pesticides, fertilizers and
other chemicals used for maintenance in urban areas (Blanchoud et aBati@4t al. 2012;

Van de Voorde et al. 2011; Wittmer et al. 2010). The assessment of these sources of pollution
is particularly difficult: factors like local traditions, practices and regulations, social and
economic conditions, can be determinant.

2.1.4Atmospheric deposition

Part of the pollutants emitted in the catchment can pass in the atmospheric compartment.
There, pollutants from each source are mixed; part is transported outside the catchment;
external contributions can enter the catchment. Kinalfraction of the pollutants in the air
compartment can pass to urban runoff either by deposition on the catchment surfaces and
washoff (dry deposition), or by capture in rain drops (wet deposition). This set of processes
makes difficult to distinguis, inside atmospheric depositioamongsources and between

local and external contributions. However, the cumulate atmospheric flux of pollutants can be
quantified by deposition measurements or by modeling (Azimi et al. 2003; 2005; Davis and
Birch 2010; an der Swaluw 2011; Lamprea et al. 2012). Some rroadd research on
atmospheric deposition has also addressed the question of distinguishing specific sources
(Ying 2009; Fallah Shorshani et al. 2013).
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2.2 Estimation structure

After identifying the souwres relevant for a specific application, the next step is their
quantification. As in most SFA (Hansen and Lassen 2002) a-lpademsce approach
constitutes the starting point. The total annual emission for the poljyt&g} (kg/y), can be
estimated ashe sum of the emissiofis s (kg/y) from each source

(eq. 1)

Then, for each source, emissions can be expressed, in general, as the product of the source
extentes, its pollutant content, concentration or specific emis€ignand an efficiencyp s

(eq. 2)

According to the source and the available data the meaning and units of these factors vary,
and eq. 2 can be rearranged. For instance, for brake padenwesr,represent the total traffic
volume in the catchmentkm-vehicles)/y) multiplied by the mean wear (kg/(km-vehicles)),

Cp.s the concentration gb in brake pads (kg/kg),p,s the fraction of wear product passing to

the ground multiplied by the fraction of deposition passing to stormwatgran also inclue
degradation processes, according to the pollutant. For the emission of Zn by zinesicaodis,
represent the total surface of zinc roofs (m?) @pdthe specific emissions of Zn per unit of
rainfall (kg/(m2-mnuintan)) Multiplied by the average yewrtainfall (mm). Further examples

are given in section 3.1.

It should be noted that the procedure of defining, source by source, the factors of eq. 2 is one
of the most delicate points of the whole procedure, demanding to find a compromise between
level of detail and data availability. As a general rule, the estimation of each factor can be
further decomposed in simpler estimations, and this until it is possible to provide a value for
each elementary parameter using one of four methods: i) direct measis;eiditerature

data; iii) modeling; iv) researcher experienthere is no general ranking among the methods
except for iv), that should be usually considered a last resort. For example, the estimation of
the annual traffic volume in the catchment dan decomposed in the estimation of daily
traffic volumes for each road segment, which can be measured, modeled or estimated more
easily than the aggregated value.

This analytical approach allows an iterative refining of estimations: initial gross estimatio
procedures for each source can provide a first prioritization. Then, for the most relevant
sources, the estimation can be improved using more sophisticated procedures.

2.3 Uncertainty estimation

Uncertainty in source quantification can be extremely higktimations, as well as
measurements, of the single factors described above can span over several orders of
magnitude (e.g. Mansson et al. 2008; Morf et al. 2008; Cu content in brake pads in section
3.1.1). However, when several sources are aggregatesufbisiently large catchments,
uncertainties are partially compensated (Benedetti et al. 2006; Sommer et al. 2008). This
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effect is due to the averaging of a multitude of single local processes: if the emission of a
specific car on a specific trip can betrexnely variable (e.g. depending on temperature,
driving and road conditions, etc.), the total emission of thousands of cars over thousands of
trips is much more stable.

In several existing SFA uncertainties are estimated globally on aggregated valltasgresu
from complex physical processes. This estimation is very difficult, often resulting Iin
simplistic assumptions: all the parameters have the same variability (Tangsubkul et al. 2005)
or they are equally distributed with the same standard variationvi€ee al. 2011). This
approach is unable to account for the high uncertainty on single factors and for the stabilizing
effect of aggregation. To partially solve this issue it is possible to decompose the global
uncertainty estimation in a series of eletaey estimations. Instead of directly estimating the
uncertainty of total traffic emissions, the estimation is done for single car emissions and for
the traffic volume, then the two uncertainties are combined. This procedure is equivalent to
that proposedn section 2.2 and can be realized in parallel: for each elementary parameter
used in the calculation the uncertainty is systematically assessed. When the parameters are
combined to provide global estimations of sources, their uncertainty is propagatetaito

the global uncertainty estimation. This procedure reduces the difficulties associated with
aggregated uncertainty estimations and explicitly takes into account the aggregation of
individual sources. Furthermore, it provides a complete view of thertainties: it makes
available not only the uncertainty for global results but also for each source and for
intermediate calculation steps. It is thus possible to identify the most important sources of
uncertainty. The procedure requires methods to sydteally assess parameters uncertainty
(section 2.3.1) and a method to propagate it (section 2.3.2).

2.3.1 Uncertainty estimation for elementary parameters

From section 2.2, the quantification of each source is decomposed in the estimation of a series

of dementary parameters. For each parameter, we consider that the estimated value

corresponds to the mean valueand that its uncertainty is described by the standard
GHYLDWLRQ 1 %HFDXVH WKH SDUDPHWHUV UHSUWHW/HQW GL
the sake of comparability we suggest to use the coefficient of var@tion

(eq. 3)

The information providedby DQG 1 LV WKH V [ BridCyWakdpasamd fiok oRel
notation to the other is straightforward &valuateC, for each parameter, different methods
should be used according to how the parameter itself has been estimated and to the available
information.

Estimation from data (method 1)

If a sample of measurements of a given parameter is availableas$iest procedure is to
estimate its mean and standard deviation from the sample, using classical estimators like the
sample mean and sample standard deviation. More complex analyses can also be performed,
when available data suggest specific distribwgiohthe parameter.
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Estimation from intervals (method 2)

Often it is not possible to reconstruct the distribution of a parameter, but it is possible to
define a variability range. It is often the case for literature reviews, where min and max values
can bedefined but the lack of information on single measurements or methodological
differences prevent any formal statistical treatment. Literature reviews provide also
information about the range confidence: if many studies are available and coherentdhere is
high probability that the actual value falls within the range; on the contrary, if few studies
exist and show high variability the actual value can easily fall outside the range. To make the
most of this knowledge we suggest a qualitative procedure.

We onsider the rangda,b] as the confidence interval for the parameXercentrally
distributed. The mean value ¥fis px=(a+b)/2.The relation betweefa,b], the confidence
OHYHO DQG 1 LV

(eq. 4)

ZKHUH . LV D FRHIILFLHQW GHSHQGLQJ RQ DQG RQ WKH

(eq. 5)

If we assume a normal distribution ¥f we have to determine qualitatively thenfidence
OHYHO RI WKH UDQJH DQG FDOBRMeOI) W ldrder to dhtdPanWw D E O H

HVWLPDWLRQ RI 1

7TDEOH 6DPSOH YDOXHV RI . IRU D QRUPDO GLVWULEXWLRQ

In most cases, the assumption of a normal distribution is reasonable: in partidudar

estimating average values it is possible to consider than their distribution tends to normality.
However, if available data suggest a different distribution, the same procedure can be used
with some adaptation: for a nowrmal centered distributiony DOXHV RI1 . VKRXO
changed, while for a necentered distribution also eq. 4 and 5 should be adapted.

Conceptual estimation (method 3)

The two preceding methods cover most of the possible sitgdtiahcan occur in a SFA. For
example, if a paramet is estimated through a deterministic model providing a single output
value, two options are available to evaluate the associated uncertainty. The first option is to
use Montecarlo methods to obtain a distribution of the output and then apply methgd 1 (e
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&KgYUH HW DO 7KH VHFRQG RSWLRQ LV WR PRGHO
minimalist and a maximalist estimation of the parameter and then apply method 2. However,
as well as researcher experience can be used for parameter estimadioa/sode necessary

to assess the uncertainty (Morf et al. 2007). In this case, the estimation should be as justified
as possible.

2.3.2 Uncertainty propagation

As in other SFA (Tangsubkul et al. 2005; Kwonpongsagoon et al. 2007; Cencic and
Rechberger 2B), we adopt the approach of propagating uncertainty through first order
linearization (JCGM 2008): for a functidix,y),

(eq. 6)

If uncertainty is given for all elementary parameters, eq. 6 can be applied to all calculations
up to emission estimations (eq. 2) and aggregation (eq. 1). As an example, assuming
independence among variables, uncertainty calculation for eq. 1 and 2 are, respectively:

(eq.7)

(eq.8)

In most cases it irasonable and practical to assume the independence among parameters and
neglect the covariance term: for highly uncertain parameters the covariance term can be
assumed small compared with variance terms and assessing it would require, if and when
possible a supplementary complexity of the estimation procedure. Because of this difficulty

in estimating covariance, in the cases where independence is clearly a non acceptable
hypothesis, it can be necessary to find alternative solutions to estimate aggregated
uncertainty: an example is provided in section 3.1.1.

3 Specific methodology

In this section the proposed general methodology is illustrated through an application. We
focus on the emissions of Cu, Pb, Zn and PAH from an urban catchment in the Paris region
Despite the specificity of the example, many points discussed here are of more general
interest: the concentrations and emission factors presented can be used for other applications
on the same pollutants and methods to calculate source extent (toa&fficey area and length

of roof surfaces and accessories) can be useful to study other pollutants having the same
sources.
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The studied catchment covers part of the city of SareBrie, 15 km soutkeast of Paris,
France. The catchment area is 228 ha, impas cover is 21% and the population is about
5200 inhabitants. Landse is mainly residential, with 97% of buildings represented by
detached houses. Transportation is mainly provided by a few main roads and a network of
service and collecting roads. Evém train station is at the catchment border, no railways or
tramways are present inside the catchment. Available data include cartographic data on roads
and buildings (BD TOPO® database; IGN 2009), satellite images, traffic data on major roads
(Val-de-Marne 2010) and meteorological data at the Orly airport (10 km west of the
catchment).

Potential sources of PAH are road transport and domestic heating, through atmospheric
deposition. For Cu, Pb and Zn, the potential sources are road transpomxfraust
emissions), roof materials and accessories (metallic gutters and downspout, watertight joints
and valleys). Infrastructure materials, because of the absence on the catchment of major roads
or motorways, can be neglected. The scheme of the estimati@senped in Fig. 2.

In Figure 2, ORVVHV DUH LQGLFDWHG VWDUWLQJ IURP WKH
compartment. They represent the accumulation of pollutants on the catchment and their
degradation. We can neglect these losses because the pollutardereonare slowly or not
degraded and we can assume that there is no net accumulation on urban surfaces from one
year to another. Other losses like the fraction of emitted pollutants that does not deposit on
urban surfaces are however taken into accouthterestimation of the different sources.

Fig. 2 Scheme of the considered souréastted lines indicates negligible fluxes
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3.1 Emissions estimation

3.1.1 Activities: road transport and domestic heating

Part of the activityrelated emissions take a diteand short path to deposition on the ground

and runoff, while another part passes from the atmospheric compartment and is mixed with
contributions from outside the catchment (section 2.1). To quantify these two parts, we adopt
different methods: for thierst we apply, for each source, the procedure described in section
2.2 (eq. 2); for the second, we recur to an atmospheric model.

To estimate the direct emissions from road traffic we need to estimate the specific emissions
for each pollutant and sourcéhe efficiency (i.e. the fraction of emissions passing to
stormwater) and the source extent, in this case the annual traffic volume.

Specific emissions and efficiencies

Specific emissions and efficiencies are obtained by a literature review, and tetainties

are determined through the construction of confidence intervals (method 2). We present a
detailed example of this procedure for brake pad wear, while for the other sources we specify
only the references and results: detailed numbers are pdavidiee supplementary material.

Brake pad wear

Composition of brake pads is extremely variable (Thorpe and Harrison 2008). An extended
set of measurements (Hjortenkrans et al. 2007) indicates that between 1998 and 2007 average
metal concentrations werertsiderably reduced, suggesting that antecedent measurements are
no more up to date. Data sources include a review from Thorpe and Harrison (2008),
comprising data from 1991 to 2003; measurements (Pagotto 1999; von Uexkull et al. 2005)
and an adaptation afata from Hjortenkrans et al. (2007) to the Hungarian case (Budai and
Clement 2011). For Cu an analysis of Denier van der Gon et al. (2007) is also available. A
synthesis is presented in Table 2.

Table 2 Summary of the available estimations of the neetatient of brake pads. In bold, the figures included in
the selected intervals
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According to observations and hypotheses from Hjortenkrans et al. (2007) it is possible to
realize an average estimation for the French car pool. Hjortenkrans et al. obaetire thain
GLITHUHQFHV LQ FRPSRVLWLRQ RFFXU EHWZHHQ *EUDQGH
UHSODFHPHQWY DQG 3SLQGHSHQGHQW EUDNH SDGV™ L H 1L
legislation, in recent years independent suppliers have acquisede and growing share of

the replacements market (Autorité de la concurrence 2012), allowing to assume that all new
vehicles (<5 years) use branded brake pads while old cars use independent ones (Westerlund
2001; Hjortenkrans et al. 2007). According tlata from the French ministry of the
environment the share of vehicles with less than 5 years is 32.7%. This value and the average
concentrations provided by Hjortenkrans et al. (2007) provide a content estimation for Cu:
42614mg/kg; Pb: 625ng/kg; Zn: B627mg/kg.

For Cu we select an interval of [13000 ppm, 110000 ppm], comprising the estimations of von
Uexkull et al. (2005), Denier van der Gon et al. (2007), Hjortenkrans et al. (2007) and our
weighted average. We exclude the estimations of Budai ande@te(2011)and others too

old (Pagotto 1999 Thorpe and Harrisor2008). The interval encompasses all the most
relevant estimations and we attribute to iFeRQILGHQFH OHYHO RI

select an interval of [130 ppm, 630 ppm] comprising all the recent estimations. Because
European norms regulate Pb content in brake pads this interval is more representative than
that for Cu and we attribute tt W D FRQILGHQFH OHYHO RI . )R
interval of [13000 ppm, 37000 ppm] comprising all the estimations but that of Thorpe and
Harrison (2008) which is based on old data. As for Cu we attribute to the interval a
confidence level of 87% .( $ VXPPDU\ LV SUHVHQUW ldakulated 7DEOH
according to method 2.

Table 3 presents also the estimations of the specific wear of brake pads and of the fraction of
wear depositing to the ground. Specific brake pad wear (mg/(km-v)) wamseest using data

from Abu-Allaban et al. (2003); Budai and Clement (2001); Legret (2001); Pagotto (1999);
Sorme and Lagerkvist (2002); Westerlund (2001). For both cars and heavy duty vehicles
(HDV) values in literature are coherent, but for cars more dataavailable. Thus we
attributed a higher confidence level to the interval for cars. The fraction of pad wear passing
to the ground was estimated from Budai and Clement (2001); Garg et al. (2000); Hulskotte et
al. (2007); Sanders et al. (2003); S6rme bagerkvist (2002). The coherence of the different
estimations suggested a high level of confidence.

Table 3 Pollutant content and wear of brake pads.
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Tire and road wear; exhaust emissions

Except for Zn, tires have a small content of metals but cae dignificant source of PAH.
Literature reflects this proportion with more studies on the PAH content (Takada et al. 1990;
Legret 2001; Kennedy and Gadd 2003; Boonyatumanond et al. 2007; Sadiktsis et al. 2012)
than on metals (Legret and Pagotto 1999; kelyrand Gadd 2003; Hjortenkrans et al. 2007).
European regulations limited the content of PAH in tires produced after’tbé January

2010. Because of the time necessary for the regulation to have significant effects on the
emissions and of the absenck more recent data, we use in this study values from the
preceding period. It is however urgent to update the assessment of PAH content in the actual
European car pools. Recent studies on tire specific wear (Aatmeeyata 2010; Wik and Dave
2009) provide cosistent figures, while the fraction of deposit to the ground is more uncertain
(Budai and Clement 2011; Legret and Pagotto 1999; Wik and Dave 2009).

Few references are available on metal and PAH content of road materials (Lindgren 1998;
Legret 2001; Sérmand Lagerkvist 2002). For this reason, the estimations used are highly
uncertain. Specific wear is particularly studied in northern countries, where the common use
of studded tires produces a road wear up to 100 times higher than fstucoled ones
(Kupiainen 2007; S6rme and Lagerkvist 2002; WEAREM 2010). In other countries, available
references are Legret (2001) and Luhana et al. (2004). To estimate the fraction of deposition
to the ground we use the same coefficients used for tire wear, becausespsidéecie similar
(S6rme and Lagerkvist 2002).

Exhaust emissions are considered a major source for PAH and a minor one for metals (Legret
2001; Sorme and Lagerkvist 2002; Wang et al. 2003). In Europe exhaust emissions strongly
decreased in the last decade a consequence of EURO regulations. A recent, extended
measurement campaign for PAH emissions taking into account EURO regulations was
realized by Joumard et al. (2007). We performed a weighted aggregation of data from
Joumard et al. (2007) according to French vehicles pool
(www.insee.fr/frithemes/tableau.asp?reg_id=0&ref id=NATTEF13629). Consumption values
are obtained by actualized French official statistics (DGEMP 2006). Engine oil contains a
relevant fraction of Zn, even if its consumption is low ([3ast al. 2001; DGEMP 2006;
Sorme and Lagerkvist 2002). Fraction to the ground has been discussed by Sérme and
Lagerkvist (2002) and Yang et al. (1999).

Extended dataand a summary of the values used are presentedairies 1 to 4 of the
supplementary matial.

Traffic volume estimation

To estimate the annual traffic volume two methods are applied. Direct measurements are
available for major roads (4.4 km, 13% of the total road length of the catchment). Daily traffic
ranges between 5512 and 11418 vehicles qay (v/d) and heavy duty fractions between
2.2% and 4.9%. We consider these values accurate, and assume an uncertainty of 5% (method
3).
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For smaller roads (30.5 km), we adopt a procedure based on average European values
suggested by W@AEN (2006). Averge valuesof daily traffic (v/d) are provided for four

road categories: small main roads, collecting roads, service roadssmttaohds. To classify

each road of the catchment in one of these four categories we adapt the road classification
present in ta BD TOPO database: in this database roads are grouped in 5 levels according to
their importance (1=motorway, 5=path). In the catchment, only roads of level 3, 4 and 5 are
present and measurements are available for all the roads 3 and for some roadds4. Roa
needing to be classified in the four categories of-YAEN are thus some roads of level 4 and

DOO WKH URDGV RI OHYHO 'H FODVVLI\ URDGV RI OHYHC
URDGV" 5RDGV RI OHYHO FRQQHFWIMQIFW@R HRDIGI URWD G
FRQQHFWLQJ DW PRVW RQH URDG RU DV 3VHUYLFH URD
S GHBG@®G URDGV" %HFDXVH RI WKH ORZ DFFXUDF\ RI WKLV
affected by an uncertainty of 30% on each roadlfow 3). Results are summarized in Table

4.

Table 4 Summary of traffic volume estimation

Aggregation of traffic loads on the whole catchment is realized by multiplying, for each road,
its length and the attributed traffic load, and by summing for altdhds of the catchment.

This aggregation results in 21.52240n-v/y for cars (58% from measurements, 42% from
estimations) and 0.36-1@m-v/y for heavy duty vehicles (87% from measurements, 13%
from estimations). Reported to inhabitants, the resulb@i©4200 km-v/y per person. Data
from USIRF (French road industries union, www.usirf.fr) allow to estimate a French average
for 2009 of 5620 km-v/y per person excluding motorways. Our result is of the same order of
magnitude, even if smaller of 35%: this coherent with the abundance of public
transportation in the Paris region in comparison with French average.

To calculate uncertainty of the total traffic loddeq. 6 is applied for the sum of individual
traffic estimationg;. With the assumption ohdependence:

(eq. 9)

The uncertainty of traffic load on single roadgf ranges in our estimations between 5% and
30% but the aggregation of the uncertainty for the total traffic volung fesults in 1.5%.
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This small valudllustrates the compensation in upscaling discussed in section 2.3. However,
this result represents a minimal value, under the hypothesis that single road estimations are
uncorrelated. For the specific procedure used, where a single value is assigney toaus,

this hypothesis is clearly unacceptable. The covariance term cannot be neglected and the
variance of total traffic becomes:

(eq. 10)

We can estimate a maximum value for the covariance terms recurring to a property of
covariance:

(eq. 11)

This calculation provides a maximal value of uncertainty of 15.6%. Considering that most of
the estimated traffic comes from independent measurements this value of uncertainty
constitutes a significant overestinoat. For precaution we assume in further calculations a
value close to this maximum: 10%.

Atmospheric deposition

To estimate deposition on urban surfaces we used an atmospheric model. Among available
PRGHOV )DOODKVKRUVKDQL HWRGHO ~ 7KH WD GRS WRIIGFR BB/
atmospheric concentration and deposition are spatially uniform above the study area, which is
defined as the rectangular area covering the catchment and extending up to 1000 m from the
surface during the day and 50 m agrithe night because of atmospheric stability (i.e. within

the atmospheric mixing layer). For each time step of 1 hour the concent@atibreach
pollutant is calculated as the sum of a background concentration and of the catchment
emissions divided by & study area volume, and multiplied by a coefficient inversely
proportional to wind velocity in order to describe advection processes (de Leeuw et al. 2002).
The deposition flu¥q is then estimated using the following formulation:

(eq. 12)

whereVj is the deposition velocity, which is mainly a function of meteorology and particle
size. Because in this application time distribution of deposition is not necessary, the effect of
meteorology on deposition velocities is not takem iatcount and timaverage values are
used. Particle distribution and corresponding deposition velocities are obtained from Roustan
(2005): size distribution of PM emissions is assumed to be 74% in particles with a diameter
less than 1 pm, 10% in parted between 1 and 2.5 pm, and 16% in particles with a diameter
between 2.5 and 10 um. Deposition velocities of particles in these three size ranges are
respectively of 0.2, 0.4 and 4 cm/s. This relatively simple model is unable to precisely
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describe transpb and deposition processes but it is adapted to provide average estimations
over long periods of time (i.e. one year; Fallahshorshani et al. 2012).

Catchment specific inputs to the model are: atmospheric background concentrations of
pollutants, meteorolagal data, emissions from traffic and domestic heating. Background
concentrations were obtained from measurements conducted in the Paris region (Ayrault et al.
2010; INERIS 2000). The average urban background total suspended particulate (TSP) values
are 184, 6.3, 45.8 and 1.61 ngirfor Cu, Pb, Zn and PAH respectively. These concentrations
were assumed to be spatially uniform over the study area and constant in time. Meteorological
data were available at the Orly airport, 10 km from Sucy.

Traffic emissionsare estimated by traffic data and emission factors. It is important to notice
that emission factors for atmospheric models are not necessarily thestmse calculated

for ground deposition, because of the differences in the relevant particles szberefore

better to use, in this context, specific emission factors. For metals, we used experimental
results (Sternbeck 2002). For PAH we applied the CopCETE model, an adaptation to the
French context of the European widely used COPERT4 model
(http:/www.emisia.com/copert/General.html).

Domestic heating emissions were estimated on the basis of data from the French Institute of
Statistics (INSEE), providing information of the different energy sources used in each city.
For SucyenBrie, 47% of houseand apartments use gas, 20% heating oil, 26% electricity,
7% other fuels. Considering average energy consumption data for France and emission factors
corresponding to the different sources (CITEPA 2012), it is possible to estimate annual
emissions. It shdd be noticed that INSEE data concern only the main heating source per
house: as a result, wood combustion is never mentioned in the statistics, while it can be
present as a complementary, seasonal source of energy.

The model output is the average annugpaskition per hectare. To assess the validity of the
results, we compared them to other data (Fig. 3): the average atmospheric deposition
measured in the catchment, based on eight measurements between 2011 and 2013 (Gasperi et
al., 2013) and the estimatioof annual deposition in Créteil, a nearby catchment, in
2001/2002 (Azimi et al. 2003; 2005). For the three metals, and particularly Pb, data from
Créteil are higher than both the model and theaitthment measurements: this is probably

due to the highedensity, traffic and industrialization of the Créteil area as compared with
Sucy and to the progressive reduction of emissions in the last decade as a consequence of
regulations. Because metal emission factors used in the modefroate2002, the last
corsideration can explain the result provided by the model for Pb, higher than what estimated
by direct measurements. For the other metals there is a good match between the model and
direct measurements. For PAH, however, the med&mationis almost five iimes higher

than local measurements: in this case the good match between local and Créteil data suggests
that the model is overestimating the annual deposition. An alternative explanation is that
measurements of deposition, generally realized in high qlagederestimate pollutants
emitted locally in low places like traffiemitted PAH. As a consequence of these
considerations, we use the model results for Cu and Zn with an uncertainty of 20% (method
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3). For Pb we use direct measurements with an uncer@irt0% (method 1). For PAH we
construct an interval between measurements and model and we attribute to it a confidence
level of 68% (method 2). We obtain an average value of 2.6 g/(ha-y),Gy#B6%. To
estimate annual loads to stormwater runoff, waimgsthat deposition on pervious areas is
infiltrated to the soils and only impervious areas contribute.

Fig. 3 Estimations of annual atmospheric deposition

3.1.2 Landcover: emission from buildings

Roof materials and accessories are a significant saminmetals. Zinc panels are directly used

as roof material as well as galvanized steel (zmated); zinc is also one of the most current
materials for linear and point accessories: rain gutters, downspouts, valleys and joints. Copper
is used for rain gters and downspouts. Lead is commonly present in watertight joints and
valleys. To estimate specific emissions we used measurements by-Raineégtet al. (2009).

To quantify sources extent we adopted two procedures considering the catchment features.
Roof materials in Sucy are mainly tiles: to identify the few metallic roofs we proceeded to a
systematic inventory and classification based on aerial images. For linear and point
accessories, invisible in aerial images, we adopted a sampling approactaéhedetousing

which is the most common building type in the catchment. The sample used consisted in 88
houses corresponding to 4% of the total population, as suggested by Sellami et al. (2013). For
each house of the sample we visually identified the nadgeand estimated the length and
area of linear and point accessories. We validated the identification by demanding
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independent classifications from two researchers expert in building materials. Results were
then extrapolated to the whole catchment.

Speciic emissions

RobertSainte et al. (2009) realized a substantial database on emissions from metal roof
materials. This database includes more than one year of measurements on two different sites
equipped with different metal surfaces of different ages.tiggafrom this database, we
aggregated data for different materials: roof cover in zinc and galvanized steel (high
emissions of zinc) and other metals (like aluminum, coated steel, etc. characterized by low
emissions); lead point accessories; guttersnn and copper. For each category we computed

the distribution of the specific emissions per mm of rainfall and the associated uncertainty
(method 1,supplementary materialsable 5). To pass to specific emissions per year we
considered an average yearlinfall of 693 mm.

Roof materials

The systematic identification of roofs from aerial images provided a classification in 8
categories: tiles (78.2% of total surface); concrete or gi@wetred flat roofs (9.3%);
fibrocement (1.2%); steel (nayalvanized,1.4%); zinc (0.8%); noidentified metal (2.2%);
mixed with metal (3.3%); mixed without metal (3.6%). Thus, high emitting surfaces cover
between 0.8% (zinc roofs) and 6.3% (zinc + -mbentified metals + mixed with metal)ow
emitting surfaces (other médacover between 1.4% (nagalvanized steel) and 6.9% (+ Ron
identified metals + mixed with metal). Attributing to seéntervals a confidence level of 95%

we obtain the values reported in Table

Table 5 Roof material surfaces.

Linear accessories (gters and downspouts)

For each building in the sample we measured the length of rain gutters on aerial images.
Because gutters are normally invisible on these images the estimation was based on the roof
structure and particularly on the number and lemjtthe eaves. This procedure is relatively
precise for simple roofs because the definition of the available images ranged between 30 and
50 cm. However it can be difficult to apply for complex roof structures. Height and number of
downspouts were estimatéldrough visual recognition and measurement on the part of the
roof visible from the street, and then extrapolated to the rest of the building according to the
roof structure. Height estimation is reasonably precise because it is based on comparisons
with standard architectural elements like floors, doors and windows. The most uncertain
estimation is the extrapolation to the invisible part of the building. For a small building,
having one downspout visible in the front, one or two can be reasonably predentear. If
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we assume that one is present, the maximal error is 33% (estimation is 1/3 less than reality).
Thus we consider an uncertainty in these estimations of about 30%.

Extrapolation to the whole population was based on a regression (R?2=0.58¢he¢hg total

length of linear accessories and the area of the building (from the BD TOPO database). This
regression was applied to estimate the length of linear accessories for each building in the
catchment. The resuis a total length of linear elemenover the catchment of 93.5 km.
Similarly to what observed for traffic estimation, this aggregation of highly uncertain
individual values results in a small uncertainty on the total length over the catchment: 0.7%
for a 30% uncertainty in single building¥otal uncertainty is poorly sensitive to single
estimations: increasing the uncertainty in single building estimations to,1ib@%global
uncertainty grows only to 2.3%. Even considering correlation maximum uncertainty is 3.5%.
This low sensitivity suggsts that errors in measurements and regression on single buildings
are acceptable. Moreover in the present case estimations are based on a significant local
sample and not on literature average vaasder traffic. Thus, instead of assuming a value of
uncertainty close to the maximum, we decide to use an average value of 1.4%.

Material classification was realized through two independent visual classifeaf@nated

by expert researchers. Each resulted in one distribution. We compared the twotidistribu

by a test of comparison of proportions (Saporta 1990). The hypothesis that the proportions are
different is always rejected but because of the size of the sample the test is significant only for
zinc and PVC. The average distribution is given in &afil The uncertainty of each
proportionf is quantified by the variance estimator:

(eq. 13)

wheren is the number of cases observidhe size of the population, the proportion of the

observed cases on thansple. The total length for each material is the produdtanfd the
total length of linear elements in the catchment.

Table 6 Material classificatiofor linear accessories.
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Point accessories (watertight joints)

On the same sample used for linear asoges we estimated the surface and material of
watertight joints and valleys. Procedure for classification and surface estimation are the same.
Extrapolation to invisible parts of buildings is supported by aerial images: for instance, if lead
joints of Q2 m? are present for each visible skylight of a building and two more invisible
skylights are observed on aerial images, a supplementary lead surface of 0.4 m2 is attributed
to the building.

Considering the results, it was impossible to find a satisfaategression or a single
distribution fitting the watertight surfaces in lead as in the case of linear elements. Thus, we
adopted a supplementary classification: among the sample we distinguished buildings without
lead elements (49%), buildings having lésan 1 m2 of lead (39%, =14% using eq. 13)

and buildings having more than 1 m? (12%~=31%). For the last two categories we
computed the average surface of lead per building (0.33 m? and 2.81 m? respeCiively,
72% and 59%). Then we computed théakdead surface as the weighted average of the
population, resulting in 1026 mC{ 52%). A similar analysis for zinc point accessories
resulted in 904 m,= 57%).

Outlet estimation

In order to check the validity of the results, we compared them waksuarements at the
outlet. Gasperi et al. (2013) realized a set of measurements of pollutant concentrations at the
outlet of the Sucy catchment between 2011 and 2013. To obtain an estimation of the annual
flow of each pollutant its average measured comagoh was multiplied by an estimation of
annual runoff, computed as the product of average rainfall and impervious area.

4 Results and discussion

The results of the estimations are presented in Tabie Fig. 4: the table presents emissions

per ha of inpervious surface (48 ha), while the figure depicts relative contributions of each
source and total catchment emissions. In the figure are also represented the estimated flows at
the outlet for comparison.
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Figure 4 Relative contribution (left) andtal catchment emissions (right) of the different sources for Cu, Pb, Zn
and PAH (UURU EDUV UHSUHVHQW D “1 LQWHUYDO

For Cu the largest source is brake pad wear (79%), followed by atmospheric deposition (12%)
and linear elements (9%). Thus, actiwiglated sources contribute for more than 90% to the
total Cu emission in Sucy. Despite the uncertainties, the dominance of brake pad wear and,
more in general, of activityelated sources, is stable. However the contribution of gutters and
downspouts is remarkbdb in Sucy only about 3% of the linear elements are in copper. In
other urban areas, copper is a more common material for this use and the contribution of
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linear roof accessories can be the largest one. It is the case, for example, of the city of
Lausannestudied by Chevre et al. (2011): they found that the main sources of Cu are
trolleybus catenaries, absent in our catchment, and roofs. Brake pad emissions represent only
16% of those from roofs, an inverted proportion compared to our results. Davi$2&04l),

on a hypothetical American urban area, conclude on a dominance of brake pad wear (47%)
followed by buildings (31%) and atmospheric deposition (21%). A deeper comparison with
these researches on absolute values is not possible because no dataactivéh area
considered is given. However, the observations made are sufficient to conclude that brake pad
wear is always a significant source of Cu in urban runoff, while other main sources strongly
depend on specific features of the catchments (pres#gncamways, frequency of copper
elements in buildings).

For Pb 94% of the emissions are produced by the lead watertight joints and valleys used in
roofs. The other sources are mainly traffic related (exhaust, atmospheric deposition, brake pad
wear). As br Cu, this ordering is stable despite the uncertainties. Thévenot et al. (2007), using
measurements from 1997, estimated a balance of lead sources in a small dense catchment in
central Paris, and obtained total annual flugesto seventimes higher thanvhat founded

here (1.58 kg/(ha-y)). However, the authors consider that this estimation should be lowered
according to important reduction of lead emissions in the last decade and that in the ancient
buildings of the studied catchment the use of lead eitsrie roofs was particularly high. In

terms of sources, they found that 73% of lead was originated by roof runoff, 23% by streets
and the remaining from courtyards. Considering the decrease in traffic emissions and
atmospheric deposition of Pb in receertys, these ratios are consistent with our results. The
dominance of building emissions demonstrates, on the one hand, the effectiveness of the
regulatory efforts of the last decades to reduce lead emissions from road traffic. On the other
hand, it showshat if lead emissions to the atmosphere have been cut down, they are still
significant for the water compartment because of building materials. Although regulations
addressed also construction practices, the replacement of lead elements with othes material
will take decades, and for this time emissions to stormwater will continue.

Zn does not show single sources prevailing over the others, although building materials (roof
cover plus linear elements) account for 70% of the total emissions and atistieég sources
account for the remaining 30%. The ordering of specific sources is impossible because of the
uncertaintiesHoweverit is remarkablghat in an urban area wittmcommonzinc-emitting

roofs 3.5%) their contribution is about one third of thealoémissionsilt is possible that the
procedure applied for estimating ziemitting roofs drove to an overestimation because of
the presence of neidentified metal roofs, butof areas including relevant fractions of zinc
roofs, this source will easilyonistitute the most relevant one. This is the case in the catchment
studied by Thévenot et al. (2007): half of the roof area is in zinc and roofs account for 86% of
the total Zn emissions (10.6 kg/(ha-y)) while streets for 12% with 1.44 kg/(ha-y). This last
number is comparable to our result of 0.7 kg/(hésyjn of the traffierelated sources) and the
difference can be explained by the higher concentration of activities and atmospheric
pollution in central Paris than in Sucy.
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For PAH the largest sources aapresented by tire wear (56%) and atmospheric deposition
(40%) while exhaust emissions to the ground account only for 4%. Among the two largest
sources, uncertainties make impossible to decide the largest one. In a research on an
urban/business catchmemt Le Havre, France, Motelaylassei et al. (2006) measured
absolute values for PAH atmospheric deposition (2090+830 mg/(ha-y)) close to our
estimations. However, they conclude that this contribution accounts for only 4% of the total
PAH content in runoffestimated in 51450+3220 mg/(ha-y). They attribute the remaining 96%
mainly to street deposits. The much higher estimation of the total flux by these authors can
depend on catchment specificities or on the presence of point sources, but suggests further
investigations about unrecognized potential-pomt sources. Despite this discordance both
results underline how some traffielated sources which are poorly relevant for atmospheric
pollution can be the most significant for the water compartment.

The conparison with the outlet estimation tends to confirm the validity of the analysis.
Considering the uncertainty in both measurements and source analysis, the two estimations
are always compatible. The mean values show a trend: for the three metals (Cuij, tRb, Z
source analysis provides results always higher than the measurements at the outlet. The ratios
between the two estimations are all comprised between 1.4 and 1.85. This stable reduction
between catchment emissions and outflow can be interprete@ &sfelot of processes like
sedimentation in the sewer system. For PAH the ratio between the two estimations is inverted:
the result of the source analysis is 30% smaller than the outlet estimation. Although
uncertainties are particularly significaiotr PAH, this opposite behaviaf PAH as compared

with metalssuggest that some supplementary sources of PAH can exist in the catchment or
in the sewer system.

The analysisof the uncertainties offex directions on how to improve the quantification of
each pdutant. For pollutants having a single main source identified, this single source is
clearly the focus. It is the case for copper and lead. For the first, principally emitted by brake
pads, the main uncertainty resides in the Cu content of pads. A dgnsitiglysis showed

that halving the uncertainty of this parameter could reduce the uncertainty of the total Cu
emissions from 52% to 37%. A similar halving of uncertainty, for instance, for the total traffic
load, could reduce uncertainty only to 51%. kead, depending on roof point elements, it
could be useful to enlarge the sample of buildings used for surface estimation: halving the
uncertainty on the total surface of lead elements could reduce the uncertainty of total Pb
emissions from 63% to 46%, vign halving the uncertainty on emission factors could reduce
uncertainty to 53%. For the other pollutants, which have several main sources, reasoning
should be based on opportunities: for example, extending the sample of buildings to improve
Pb estimationgould be beneficial also for the estimation of linear elements and thus for Zn
emissions. Similarly, an improvement in the characterization of tire average content and wear
could improve estimations of both Zn and PAH.
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5. Conclusions

In this research a rtfeodology was proposed for the quantification of 4p@mt sources of
urban runoff contamination. The procedure, consisting in an iterative decomposition of
complex estimations into simpler ones, is not radically different from what is already
implicitly used in many SFA focused on sources of pollutants. However its explicit
formulation allows a parallel treatment of uncertainties, which is a major methodological
improvement as compared with existing studies. In particular, even if uncertainties remain
important they are estimated in a transparent, verifiable way.

The methodology was applied to the estimation of sources of Cu, Pb, Zn and PAH in a
residential catchment in the Paris region. This example has not only the purpose of clarifying
the procedure, budlso of illustrating procedures applicable in other situations. Annual traffic
load over the catchment was estimated on the basis of a few traffic measurements and of a
generic topographical database: this procedure, simpler than detailed traffic mochetirog

easily applied for the estimation of annual flows of pollutants from road traffic. In fact, even

if this procedure can be too approximated for other uses, in a context of high uncertainties its
results demonstrated a sufficient accuracy. Similaxlgy presented a sampling procedure to
estimate the extent of metallic elements in roofs (linear and point accessories). This procedure
proved to be useful to analyze this source of pollutants often neglected. The sample used was,
as suggested by Sellantiad. (2013), of 4% of the buildings population: this sample size was
sufficient to well characterize frequent features like zinc gutters but resulted too small for
more uncommon elements like lead joints. Together with these two procedures to estimate the
extentof pollution sources, we suggested a method to assessniksion factor&nd their
uncertainty on the basis of literature reviews and of other procedures providing mixed
guantitative and qualitative information. We applied this method to obtpito-date
emission factors for the considered pollutants, which can be reused in other applications.

Specific results on the studied catchment are that human activities are the main sources for Cu
(brake pad wear) and PAH (tire wear), while lamover matdals are responsible for most of

Pb (roof point elements) and Zn (roof cover and linear elements) pollution. These results can
be useful to define mitigation strategies.

In terms of research perspective the analysis of uncertainties showed that, with some
generality, the estimation of activitglated sources could be improved by more detailed
researches on emission factors. The extent of these sources seems reasonably known using
GIS data and usual measurements or statistics, available for most catcHimient®t the

same for lanetover related emissions: even if the characterization of emission factors should
be improved, the main issue for quantifying these sources is the determination of their extent.
Today, methods for fast characterization of materused in buildings and infrastructures,
including small but frequent and highly emitting elements, are poorly developed. A further
difficulty is that materials employed in buildings often depend on local traditions, regulations
and other specific contitbns. As a consequence, the development of generic ratios or average
values for urban typologies seems highly challenging and requires deep analyses.
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