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Résumé

Le développement des réseaux séparatifs entraine le transfert fréquent de
polluants urbains vers les milieux récepteurs (plans d’eau, rivieres, etc.). La
compréhension des processus de production et de lessivage des polluants dans le
milieu urbain est pourtant incompléte a I'hneure actuelle. Afin de répondre aux
questions liées a la gestion des eaux urbaines, 'amélioration des connaissances des
processus physiques est nécessaire, tant au niveau des surfaces urbaines que les
réseaux d'assainissement. Pour cela, la modélisation du transfert hydrologique des
polluants en milieu urbain peut étre un outil précieux.

Cette these a pour objectif de développer et d'analyser des modeles distribués a
base physique pour simuler les flux de polluants routiers (Matieres En Suspension
(MES), Hydrocarbures, Métaux) dans un environnement urbain. Elle s'inscrit dans le
cadre du projet ANR "Trafipollu" et bénéficie des résultats expérimentaux mis en
ceuvre dans ce projet pour la calibration et validation des modéles utilisés. Le travail
de thése s’articule autour de deux échelles de modélisation : I'échelle locale et
I'échelle du quartier.

A I'échelle locale, le code FullSWOF (volumes finis, schéma numérique d'ordre 2)
couplé au modéle d’érosion d'Hairsine and Rose (1992a; 1992b) et des données
géographiques trés détaillées (résolution spatiale centimétrique) ont été utilisés et
adaptés afin d'améliorer nos connaissances des processus physiques du lessivage
des polluants sur les surfaces urbaines. La comparaison aux mesures en continu
permet d’évaluer la performance d’'une modélisation physique pour représenter les
variations spatiales et temporelles des processus de transferts des polluants sur les
surfaces urbaines. Les analyses des résultats obtenus permettent de constater la
prédominance des effets d'arrachement liés a la pluie sur les processus
d'entrainement par l'advection sur la majeure partie du bassin versant routier.
L’utilisation d’'un modéle d’érosion pour modéliser le transport particulaire en zone
urbaine est une innovation importante de cette these.

A Tl'échelle du quartier, la deuxieme étape du travail consiste a coupler
séquentiellement le modéle TREX (Velleux, England, et al., 2008) avec le modéle
CANOE (Alison, 2005), nommé "TRENOE" plateforme. En changeant différentes
options de mise en ceuvre et de configurations du modéle, I'adaptation de la
précision numérique et l'utilisation de données détaillées d’occupation du sol
semblent étre les facteurs clés pour une telle modélisation. Par ailleurs, ce couplage
a montré des problémes de fond tels que la modélisation du schéma numérique des

1



flux en surface (seulement dans 4 directions), ainsi que l'utilisation de I'équation
USLE pour simuler I'érosion en milieu urbain, ne comprenant pas d’impact des
gouttes de pluie pour la modélisation.

Pour remédier a ces défauts, la plateforme opensource LISEM-SWMM est
développée en couplant le modéle LISEM (De Roo, Wesseling, et al., 1996), modele
d’érosion développé initialement pour le milieu naturel, et le modéle SWMM
(Rossman, 2010). Pour la premiére fois, la modélisation hydrologique s’appuie aussi
sur l'utilisation de sorties de modeéles atmosphériques pour les dépdts des particules
fines (PM10), hydrocarbures et métaux. Les résultats montrent que I'emploi de
modeles totalement distribués peut arriver a reproduire de maniére tres fine les
dynamiques des particules, des hydrocarbures et des métaux. Méme si a ce stade la
plateforme développée nécessite des améliorations pour adapter aux utilisations
dans le champ opérationnel, ceci constitue une avancée pour le domaine de
modélisation du transfert hydrologique des polluants routiers en milieu urbain.
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Abstract

Nowadays, the increasing use of separate stormwater systems causes a frequent
transport of urban pollutants into receiving water bodies (lakes, rivers). However,
current studies still lack of the knowledge of urban build-up and wash-off processes.
In order to address urban management issues, better understanding of physical
mechanism is required not only for the urban surfaces, but also for the sewer
systems. In this context, the modelling of hydrological transfer of urban pollutants can
be a valuable tool.

This thesis aims to develop and assess the physically-based and distributed
models to simulate the transport of traffic-related pollutants (suspended solids,
hydrocarbons, heavy metals) in urban stormwater runoffs. This work is part of the
ANR "Trafipollu" project, and benefit from the experimental results for model
calibration and validation. The modelling is performed at two scales of the urban
environment: at the local scale and at the city district scale.

At the local scale of urban environment, the code FullSWOF (second-order finite
volume scheme) coupled with Hairsine and Rose model (1992a; 1992b) and detailed
monitoring surveys is used to evaluate urban wash-off process. Simulations over
different rainfall events represent promising results in reproducing the various
dynamics of water flows and particle transfer on the urban surfaces. Spatial analysis
of wash-off process reveals that the rainfall-driven impacts are two orders of
magnitude higher than flow-drive effects. These findings contribute to a significant
improvement in the field of urban wash-off modelling. The application of soil erosion
model to the urban context is also an important innovation.

At the city district scale, the second step consists of coupling the TREX model
(Velleux, England, et al., 2008) and the CANOE model, named "TRENOE" platform.
By altering different options of model configurations, the adequate numerical
precision and the detailed information of landuse data are identified as the crucial
elements for achieving acceptable simulations. Contrarily, the high-resolution
topographic data and the common variations of the water flow parameters are not
equally significant at the scale of a small urban catchment. Moreover, this coupling
showed fundamental problems of the model structure such as the numerical scheme
of the overland flow (only 4 directions), and the empirical USLE equations need to be
completed by raindrop detachment process.

To address these shortcomings, the LISEM - SWMM platform is developed by
coupling the open-source LISEM model (De Roo, Wesseling, et al., 1996), which is
initially developed for soil erosion simulations, and the SWMM model (Rossman,
2010). For the first time, the hydrological model is also supported by the simulations
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of atmospheric dry deposits of fine particles (PM10), hydrocarbons and heavy metals.
The performance of water flow and TSS simulations are satisfying with the calibrated
parameters. Considering the hydrocarbons and heavy metals contents of different
particle size classes, simulated event mean concentration of each pollutant is
comparable to local in-situ measurements. Although the platform at current stage still
needs improvements in order to adapt to the operational applications, the present
modelling approach contributes to an innovative technology in the field of modelling
of hydrological transfer of the traffic-related pollutants in urban environment.

Key words

Physically based and distributed modelling; Integrated modelling;
Urban wash-off modelling; 2D - 1D modelling;

Urban stormwater quality; Traffic - related pollutants;
High-resolution LiDAR data; Detailed urban landuse;
Raindrop - driven detachment; Flow - driven detachment;
Sensitivity analysis; Atmospheric deposition.
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Chapitre 1. Contexte de lathese

1.1. L'hydrologie urbaine

Aujourd'hui, 54% de la population mondiale vivent dans les villes, une proportion
qui devrait passer a 66% en 2050 (ONU, 2014). Cet afflux massif d'habitants
impliqgue une expansion rapide des zones urbaines. La forte tendance de
l'urbanisation se traduit donc par une imperméabilisation importante des sols naturels,
qui modifie les mécanismes du ruissellement pluvial en surface, tant du point de vue
guantitatif (débit, volume) que qualitatif (pollutions urbaines).

En milieu urbain, la présence de surfaces imperméables et de réseaux
d’assainissement sont des facteurs fondamentaux du fonctionnement hydrologique
du bassin versant. Les impacts de ces deux phénomenes sur le cycle de I'eau en
milieu urbain ont été beaucoup étudiés par de nombreux chercheurs et ingénieurs
(Bressy et al., 2012; Elliott and Trowsdale, 2007; Fletcher et al., 2013; Petrucci et al.,
2014; Zoppou, 2001). Les effets de l'urbanisation sont généralement les suivants:

e Augmentation des débits de pointe par temps de pluie;

e Augmentation des volumes de ruissellement;

e Diminution du temps de réponse du bassin versant;

e Diminution de l'infiltration vers la nappe;

e Augmentation des charges polluantes, notamment pour les métaux lourds
et les Hydrocarbures Aromatiques Polycycliques (HAPS);

e Deégradation de la qualité des milieux récepteurs.

L'hydrologie urbaine a pour objectif de développer et d'améliorer les systemes de
gestion des eaux urbaines, afin (i) de protéger les populations contre les risques
sanitaires; (ii) de protéger la ville contre les inondations; (iii) de protéger les milieux
aquatiques contre les rejets polluants.

1.2 Pollution des eaux de ruissellement urbaines

Depuis les années 1990, les eaux de ruissellement en milieu urbain sont
considérées comme une source importante de pollution des milieux aquatiques
(Estebe et al., 1997; Fisher et al., 1999). D'aprées la Directive Cadre sur I'Eau (DCE)
2000/60/CEE, une liste de 33 substances ou groupes de substances prioritaires dans
les eaux pluviales a été établie le 7 février 2000. Cette liste comprend 10 pesticides
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(par exemple, Alachlore, Chlorfenvinphos, etc.), 4 métaux (par exemple, Nickel,
Plomb, etc.), et 19 substances organiques diverses (par exemple, Hydrocarbures
Aromatiques Polycycligues (HAPs), Phtalates, Polychlorobiphényles (PABSs), etc.)
(Legret and Pagotto, 1999; Sabin et al., 2005; Zgheib et al., 2012). Les impacts des
rejets urbains de temps de pluie sur les masses d’eau réceptrices dépendent de la
nature, des concentrations et des effets cumulés de plusieurs contaminants. Les
sources possibles des polluants dans les eaux de ruissellement sont présentées
dans le Tableau 1.1:

Tableau 1.1 Les origines des polluants dans les eaux de ruissellement.

Dépbts
atmosphériques

Déchets |Entretien|Freinage| Pneus |Carrosserie |Carburant

Solides
Cadmium
Chrome

Nickel

Pesticides

Nutriments
Autres
polluants

Les travaux de recherche effectués pour la caractérisation des effluents de temps
de pluie ont montré que les concentrations de MES sont le vecteur principal des
polluants des rejets urbains par temps de pluie (Aryal et al., 2010; Bressy et al., 2012;
Chebbo, 1992; Gasperi et al., 2014a). Parmi les différents contaminants, la plupart
des HAPs, Chrome (Cr), Cuivre (Cu), Fer (Fe) et Nickel (Ni) sont associés aux MES.
Par contre, les concentrations de Zinc (Zn) et Cadmium (Cd) en phase dissoute et
particulaire dans les eaux pluviales sont trés variables.

Par ailleurs, les nutriments (azote et phosphore) qui sont souvent sous forme
dissoute, sont des facteurs essentiels causant des phénomenes d'eutrophisation
dans les milieux aquatiques. Dans un milieu urbain, les nutriments proviennent
généralement des engrais utilisés pour les jardins, les pelouses, les terrains de sport
(golf, tennis, football). En revanche, le trafic automobile est une origine secondaire
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d’azote dans les eaux de ruissellement (Wakida and Lerner, 2005; Waschbusch et al.,
1999). Par conséquent, les contaminants azotés et phosphorés ne sont pas étudiés
dans cette these.

1.2.1 Polluants liés au trafic routier

Les émissions dues au trafic routier représentent une source importante de
polluants des eaux de ruissellement dans les villes et les zones périurbaines
(Fletcher et al., 2013; Petrucci et al., 2014; Shorshani et al., 2013). Par ailleurs, les
réseaux d'assainissement séparatifs sont fréquemment utilisés dans les zones
urbaines. lls transportent les eaux de ruissellement vers le milieu aquatique. Une
conséquence du transport de ces polluants liés au trafic routier est la dégradation
des milieux récepteurs ainsi que de I'écosysteme aquatique (Shirley Clark, 2007).
Conformément a la DCE (2000/60/CEE), la réduction des micropolluants est un des
objectifs principaux pour les zones urbaines. Il est donc essentiel de mieux
comprendre les processus de génération et de transport des polluants liés au trafic
routier lors des événements pluvieux.

Les polluants principaux tels que les particules, ETMs, et HAPs sont d'abord émis
dans l'atmosphere avec le trafic (Gunawardena et al., 2013); ensuite, ces polluants
dans la phase atmosphérique se dispersent et se déposent sur les surfaces en
formant des dépobts secs ou humides (Huston et al., 2009); enfin, ces contaminants
diffus peuvent étre entrainés par le ruissellement des eaux pluviales. Les polluants
des eaux de ruissellement ne sont cependant pas seulement reliés au degré de
contamination atmosphérique et d'autres processus contribuent a la contamination
des surfaces et des effluents urbains (Gasperi et al., 2014a). En particulier, le trafic
automobile génére aussi des particules grossieres (par exemple, abrasion de la
surface routiere) qui ont des temps de vol faibles et ne sont pas comptabilisées dans
les polluants d’origine atmosphérique. Les surfaces urbaines sont aussi réceptrices
d'autres sources de contamination directe, par les passants, les animaux
domestiques, I'entretien des voiries et espaces verts. Enfin, les dépodts
atmosphérigues ne sont pas uniguement dus au trafic routier, mais sont également
dus a lintégration a grande échelle de toutes les sources de contamination
(industries, chauffage urbain).

Les contaminants émis par le trafic automobile peuvent étre regroupés en deux
catégories: forme dissoute et particulaire. Concernant les HAP et les métaux, de
nombreuses études montrent une prédominance de la fraction particulaire (Bressy et
al.,, 2012; Gasperi et al., 2014b; Kafi et al., 2008). Les particules vectrices de
contaminants peuvent étre de différentes tailles. Les particules grossiéres sont
déposées directement sur les surfaces. Les particules fines sont pour certaines
dispersées dans l'atmosphéere et pour d’autres déposées directement sur les
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surfaces urbaines. Les particules atmosphériques sont ensuite déposées lors du
temps sec (dépbts secs) mais aussi lessivées pendant la pluie (dép6ts humides).
Comme les particules de tailles inférieures a 10 pm (notées PM10) sont a l'origine de
nombreuses pathologies humaines (par exemple, inflammations, maladies
coronariennes et pulmonaires), la séparation des particules fines et grossieres est
habituellement basée sur le critére de 10 pm.

En flux massique, les dépbts secs de polluants atmosphériqgues sont
prédominants par rapport aux dépodts humides (Chu et al., 2008; Gunawardena,
2012). Au contraire, les dépbts humides, bien que parfois supérieurs aux dépbts secs
en flux instantanés, sont finalement négligeables devant les dépbts secs, compte
tenu de la durée annuelle de pluie comparée a la durée de temps sec. Le transfert
des polluants émis par le trafic automobile dans le milieu urbain est illustrée dans la
figure 1.1.

Atmospheére
v S .
PM10; = N | PM10; !
ETM; ~ 1 Polluants associés. :
Hydrocarbures. e
Y
A Y
Dépfts secs; : i
Trafic automobile Deppts pumides. i Autres sources ;
/
/
Particules grossiéres, A Eel it
ETM, ¢ | Particules grossiéres; |
Hydrocarbures. v / / L _P_O_"P?rltf assoaes. _:
k

Ruissellement

Fig. 1.1 Transfert des polluants liés au trafic dans le milieu urbain.

1.3 Contexte de développement: le projet ANR-Trafipollu

Dans le cadre de I'étude des polluants liés au trafic routier, le projet Trafipollu a
été sélectionné par I'appel d’offre de TANR-VBD 2012 (Ville et Batiment Durable) et a
été lancé en Avril 2013. L'origine du projet Trafipollu est le projet « Ville Numérique »
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(2009 - 2014) qui visait a produire des outils numériqgues pour améliorer la
connaissance et la gestion de la ville.

L’objectif principal du projet Trafipollu est de développer des outils de modélisation
permettant de réaliser des cartographies caractérisant la dynamique et la localisation
des polluants générés par le trafic en milieu urbain. La résolution spatiale et
temporelle de ces cartographies varie selon les échelles considérées (de I'échelle
locale a I'échelle urbaine). Pour atteindre cet objectif, le projet comporte d'abord une
expérimentation de grande ampleur. Cette expérimentation comprend des
observations multi-milieux (trafic, air, eau, sol), sur un méme site fortement circulé et
a des échelles de temps et d’espace tres fines. Les observations réalisées doivent
permettre de calibrer et d’évaluer les modéles proposés.

Plus généralement, I'objectif du projet est de mettre en ceuvre des chaines de
modélisation a différentes échelles urbaines (rue, quartier et ville), afin de prévoir (i)
le comportement du trafic, (ii) les émissions de polluants associés, (iii) la dispersion
des polluants dans I'atmosphére, (iv) le dépbt des polluants sur les surfaces urbaines,
et (v) leur transfert sur les surfaces urbaines (sols, chaussées) et dans le réseau
d’assainissement.

Ce projet est organisé en 4 work-packages : WP1 : Couplage multi-physiques a
I'échelle local : étude fine des polluants en bordure de voirie (responsable : C.
Bonhomme - ENPC/LEESU) ; WP2 : Etude fine des polluants associés au trafic a
l'échelle d'un quartier ou d’'un aménagement structurant (responsable : Katia
Chancibault - IFSTTAR/IRSTV) ; WP3 : Analyse des pollutions associées au trafic a
I'échelle de I'agglomération (responsable : C. Seigneur - ENPC/CEREA) ; WP4 :
Données (responsable : B. Soheilian - IGN/MATIS).

Cette thése s’inscrit de maniére transversale dans les WP1 (échelle locale) et
WP2 (échelle du quartier).
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Chapitre 2. Objectifs et plan du manuscrit de
these

2.1 Objectifs et méthodes de lathese
Cette these a deux objectifs principaux :

e développer des modeles distribués a base physique pour simuler les flux de
polluants routiers (Matiéres En Suspension, Hydrocarbures, Métaux) dans
un environnement urbain a deux échelles spatiales (locale et quartier).

e analyser les sorties de modéle obtenues pour améliorer la connaissance
sur les processus dominants vis-a-vis de la production et du transfert des
contaminants par temps de pluie.

Elle s'inscrit dans le cadre du projet ANR « Trafipollu » et bénéficie des résultats
expérimentaux mis en ceuvre dans ce projet pour 'implémentation, la calibration et la
validation des modéles utilisés.

La premiere étape du travail consiste en un travail de modélisation a I'échelle
locale, en utilisant des données géographiques tres détaillées (résolution spatiale
centimétrique) produites par I'lGN. Le code FullSWOF (SWE?, volumes finis, schéma
numeérique d'ordre 2) (Delestre et al., 2014) couplé a un module d’érosion de type
Hairsine and Rose (1992a, 1992b) (Le et al., 2015) a été adapté au contexte urbain.
Pour la premiere fois, la comparaison des résultats de modélisation aux données
expérimentales nous permet de démontrer la pertinence de ce type d’approche pour
représenter les processus de transfert des polluants en zone urbaine. L'analyse
physique des résultats obtenus permet d'identifier les processus dominants
(arrachement par la pluie, mobilisation par I'advection liée au flux d’eau lors du
ruissellement), ce qui permet d'approfondir la compréhension des processus
physiques liés au transfert des polluants en zone urbaine.

La deuxiéme étape du travail consiste a coupler séquentiellement un code open-
source 2-D hydrologique en surface avec un modéle 1-D d'écoulement pour le
réseau afin de modéliser a I'échelle événementielle le transfert des contaminants par
temps de pluie. La premiere tentative a consisté a coupler le modele TREX (Velleux
et al., 2008) avec le modéle commercial CANOE (Lhomme et al., 2004). L’absence

! Shallow Water Equations (SWE), aussi appelées les équations de Barré de Saint Venant constituent
un systeme d'équations différentielles partielles hyperboliques qui décrit I'écoulement d'un fluide en
contact avec une surface.


https://fr.wikipedia.org/w/index.php?title=%C3%89quation_diff%C3%A9rentielle_partielle_hyperbolique&action=edit&redlink=1
https://fr.wikipedia.org/wiki/Fluide_(mati%C3%A8re)

d’'un schéma numérique totalement satisfaisant et de processus physiques de
surface liées a la mobilisation par les gouttes de pluie dans le modele TREX nous a
conduit a développer une nouvelle plateforme totalement open source en couplant
les modeéles LISEM (De Roo et al., 1996) et SWMM (Rossman, 2010). Pour cette
derniere plateforme, un couplage avec des données d’entrée provenant de
simulations des dépbts atmosphériques (Airparif, Trafipollu) et de données
expérimentales issues du projet a été réalisé. L'intégration des données issues de
modeles atmosphériques et I'utilisation de nouveaux modeéles d’érosion pour simuler
la qualité des eaux urbaines a I'’échelle d’un quartier constituent l'originalité de cette
seconde partie de these.

2.2 Plan du document

Ce manuscrit correspond a une thése "sur articles". Apres une introduction du
contexte et des objectifs de la thése (Chapitres 1 - 2), le reste de cette dissertation
est organisé comme suit:

La Partie | (Chapitres 3 - 4) constitue une étude bibliographique sur la
modélisation hydrologique en milieu urbain. Dans le Chapitre 3, nous faisons une
synthese de I'état actuel des connaissances sur les modéles hydrologiques urbains
tant pour les simulations quantitatives, que pour les simulations qualitatives. Plus
généralement, le Chapitre 4 apporte une vision globale des usages de la
modélisation hydrologique en milieu urbain.

La partie Il (Chapitres 5 - 6) est consacrée a la modélisation distribuée du milieu
urbain a base physique a I'échelle locale. Dans le Chapitre 5, nous présentons
d'abord les démarches expérimentales afin d'obtenir les données détaillées (pluies,
débits, turbidités, topographies, polluants, etc.) de la zone urbaine. Les
configurations du modéle FullSWOF sur le bassin urbain a I'échelle locale, ainsi que
les calibrations et les analyses de sensibilitts du modele sont également décrites.
Dans le Chapitre 6, nous analysons les résultats du modele et les données de
I'expérimentation pour indiquer des rdles de détachement par la pluie et par les
ruissellements dans les processus de lessivage des particules, nous réalisons pour
la premiére fois des analyses spatiales et détaillées des processus physiques du
lessivage des polluants en milieu urbain par temps de pluie.

La partie lll (Chapitre 7 - 9) est consacrée aux couplages de différents modeles
2D-1D a I'échelle du quartier. Dans le Chapitre 7, nous couplons des modeles TREX
et CANOE pour simuler les transferts de I'eau et de polluants a I'échelle du quartier
et nous analysons l'influence de différents facteurs du modéle (structure, précision
numérique, parameétres, données d'entrée) sur les résultats obtenus. Le Chapitre 8
est dédié a l'évaluation de limportance des données détaillées, telles que les
données de télédétection et les données de haute résolution de I'occupation du sol,
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dans la modélisation 2D-1D en milieu urbain. Dans le Chapitre 9, nous présentons
une approche de modélisation intégrée couplant l'air, I'nydrologie de surface et dans
les réseaux pour simuler le transfert des polluants urbains liés au trafic routier, les
simulations des concentrations des polluants (métaux, HAPs) a l'exutoire du basin-
versant urbain seront comparées avec les données mesurées.

Enfin dans la partie IV, nous concluons par une synthese des principaux résultats
et nous proposons des questions perspectives pour le travail dans le futur.

Les principaux résultats de cette these ont été publiés dans les articles suivants:
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monitoring and physically-based modelling to investigate urban wash-off
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doi:10.1016/j.watres.2016.06.027

Hong, Y., Bonhomme, C., Le, M.-H., Chebbo, G., 2016b. New insights into the urban
washoff process with detailed physical modelling. Sci. Total Environ. 573,
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Chapitre 3. Etat de |'art de la modelisation en
hydrologie urbaine

La maitrise des polluants urbains, dans le but de préserver et de reconquérir la
qualité des écosystemes aquatiques, constitue un enjeu important pour les
gestionnaires. Face a ces besoins, la mise au point de méthodes de surveillance et
d'outils d'évaluation des flux de polluants s'averent nécessaires. Au vu de la
multiplicité des phénomeénes en jeu et de la difficulté de réalisation et du colt des
campagnes de mesures exhaustives (en tous les points de déversement), la
modélisation apparait comme un outil fondamental pour la conception, la planification
et la gestion en hydrologie urbaine.

3.1 Qu’est-ce qu’un modele hydrologique ?

Depuis les années 1960, les modéles ont été utilisés de plus en plus dans le
domaine de la modélisation hydrologique. Néanmoins, le terme de « modéle »
recouvre une grande variété de définitions et de concepts selon I'objectif auquel on
'applique (Clarke, 1973). Les modéles hydrologiques étudiés dans cette thése sont
caractérisés par: (a) représentation des caractéristiques des milieux urbains/naturels
par des données numériques, (par exemple, les topographies, les occupations du
sols, les réseaux d'assainissement, etc.); (b) représentation des processus
hydrauliques et hydrologiques par des équations mathématiques, (par exemple, les
équations de St-Venant pour le ruissellement, les équations de Green and Ampt
(1911) pour l'infiltration, etc.); (c) implémentation de ces équations par des schémas
numeriques appropriés (par exemple, différences finies, volumes finis, etc.).

3.2 Classification des modeles hydrologiques

En milieu urbain, les processus hydrauliques et hydrologiques, tels que les
précipitations, le ruissellement, linfiltration, I'évapotranspiration, I'écoulement dans le
réseau d'assainissement, la génération et le transport des polluants sont distribués
dans le temps et I'espace. Ces divers aspects ont conduit les hydrologues a proposer
différents critéres pour catégoriser les modeles hydrologiques urbains (Chocat, 1997;
Fletcher et al., 2013; Refsgaard, 1997; Salvadore et al., 2015; Zoppou, 2001). Selon
les différentes représentations des relations entre les variables, des processus, du
temps et de I'espace, les modeles hydrologiques urbains peuvent étre classés selon
le schéma proposé dans la Fig. 3.1.

23



Classification des modéles hydrologiques urbains

Relations

Description Période de Discrétisation
entre les des processus imulati spatiale
variables P simulation p
) s N p \ . N

— Déterministe — Conceptu_elé L1 Evénementiel — Global
base physique
\ S . J L y \_ J
) e 3 - ~ ' p
— Stochastique — Statistique - Continu —  Distribué
\ J - J L y . J

Semi-distribué
| |* SousBV

* HRU

* UHE

Fig. 3.1 Classification des modeles hydrologiques urbains.

3.2.1 Classification selon la relation entre les variables d'entrée et
de sortie

Selon la relation entre les variables d'entrée et de sortie dans le modéle
hydrologique, les modeles peuvent étre déterministes ou stochastiques.

Les modéles déterministes sont constitués de relations "de cause a effet" entre les
variables d'entrée et de sortie. Les variables de sortie sont uniques avec des
données d'entrée définies. Néanmoins, les modéles déterministes comportent des
incertitudes attribuées aux erreurs de structure du modeéle, des solutions numériques,
de la variabilité du terrain urbain étudié, des paramétres et des données mesurees.
Divers modeles de ruissellement sur des surface urbaines ou d'écoulement dans les
réseaux appartiennent a cette catégorie.

Au contraire, les modeles stochastiques ou probabilistes sont constitués de
relations entre les probabilités ou distributions de probabilité des variables d'entrée et
de sortie. Dans ces modéles, les variables étudiées sont considérées comme
aléatoires.

3.2.2 Classification selon la description des processus

Afin de décrire les processus de cheminement des gouttes de pluie tombées sur la
surface jusqu'a l'exutoire, nous avons recours le plus souvent a une simplification qui
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consiste a décomposer les phénomenes hydrologiques en différents processus qui
peuvent étre représentés séparément. Selon la description de ces processus, les
modéles hydrologiques peuvent étre distingués en modéles conceptuels a base
physique ou modéles statistiques.

Les modeles conceptuel a base physique sont essentiellement déterministes et
sont issus de théories physiques (par exemple, mécanique des fluides,
thermodynamique...). Tous les processus élémentaires sont représentés par les lois
physiques.

Les modeles statistiques cherchent a reproduire la dynamique des variables de
sortie en fonction des variables d'entrée, sans tenter de décrire les processus
élémentaires. Les formules utilisées dans le modele sont souvent basées sur des
équations empiriques.

3.2.3 Classification selon la période de simulation

Selon les objectifs recherchés a travers la modélisation, le comportement du
basin-versant urbain peut étre reproduit uniquement pour des événements
particuliers ou en continu sur une période plus ou moins longue englobant des
périodes de temps sec (hors événements). Nous distinguons ainsi les modeles
événementiels et les modéles continus.

Y

Les modeles événementiels s'attachent a reproduire les conséquences d'un
événement pluvieux particulier. Ce genre de modéle nécessite de pouvoir préciser
les conditions initiales des eaux et des polluants du bassin versant urbain.

Les modéles continus permettent, quant a eux, de suivre I'évolution des variables
a plus long terme. En hydrologie urbaine, ce type des modéles est souvent utilisé
pour simuler le fonctionnement sur le long terme d'ouvrages spéciaux comme des
déversoirs d'orage, la mobilisation des solides dans les réseaux ou I'impact des eaux
pluviales sur les milieux récepteurs.

3.2.4 Classification selon la discrétisation spatiale

La discrétisation spatiale est un critére souvent utilisé pour classifier différents
modeles hydrologiques (Elliott and Trowsdale, 2007; Fletcher et al., 2013; Merritt et
al., 2003; Salvadore et al., 2015). Selon les représentations de l'espace dans le
modele, les modéles hydrologiques peuvent étre séparés en trois catégories: les
modeles globaux (lumped models), les modéles semi-distribués, et les modeles
distribués. Parmi ces trois catégories, les modeles semi-distribués peuvent étre
discrétisés en trois classes différentes: ils peuvent étre basés sur les sous-bassins
versants (sous BV), ou basés sur les Hydrologic Response Unit (HRU), ou basés sur
les Urban Hydrological Element (UHE).

En général, les modeles globaux (lumped models) sont plus simples que les
autres types de modeles, et sont utilisés surtout pour les cas ou les données sont
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limitées. Ce type de modele simule des réponses hydrologiques seulement a
I'exutoire du bassin-versant urbain. La variabilité spatiale interne des processus
hydrauligues et hydrologiques est soit ignorée, soit prise en compte par
I'intermédiaire de "valeurs moyennes".

Les modeles distribués résultent d'un découpage fin de la surface urbaine suivant
des grilles a mailles régulieres (carrées) ou irrégulieres (triangulaires et de taille
variable par exemple). Dans les modeéles existants, les mailles carrées sont les plus
souvent utilisées. Une connaissance géographique et physique détaillée de la zone
urbaine est nécessaire pour la modélisation hydrologique distribuée. Cependant, ces
modeles sont généralement couplés a un Modele Numérique de Terrain (MNT) ou un
Systeme d'Information Géographique (SIG).

Les modeles semi-distribués sont construits en considérant que certains
composants du bassin-versant peuvent étre globalisés. Ce type de modéle tient
compte de la variabilité spatiale a travers des classes ayant des comportements
hydrauliques ou hydrologiques supposés similaires. Par conséquence, les modeéles
semi-distribués nécessitent plus de données spatiales que les modeéles globaux.
Cependant, ils peuvent étre utilisés dans les cas ou les informations détaillées du
SIG ou du MNT ne sont pas disponibles par rapport aux modéles distribués.
Néanmoins, les modeles semi-distribués peuvent potentiellement calculer des
réponses hydrauliques et hydrologiques détaillées si les séparations des composants
sont fines. Tenant compte des différentes stratégies de regroupement des
composants du bassin-versant urbain, les modéles semi-distribués peuvent étre
définis en plusieurs groupes, (i)soit basés sur les sous-bassins versants; (ii) soit
basés sur les HRUSs; (iii) soit basé sur les UHES.

Les modeles basés sur les sous-bassins versants utilisent les données
topographiques et/ou les données de réseaux d'assainissement pour délimiter
différents sous bassins en milieu urbain. Les conditions hydrauliques et
hydrologiques sont homogenes pour chaque sous-bassin. Par ailleurs, les modeles
basés sur les HRUs (Hydrologic Response Units) regroupent différentes
caractéristiques géomorphologiques pour définir les Unités de Réponse
Hydrologique (HRUs). Par exemple, un type d'HRU peut étre représenté par une
combinaison d'une occupation du sol, une classe de pente (par exemple, < 2%), et
un type du sol. Les HRUs ne sont donc pas géo-localisées, et cette méthode
s'adapte mieux a la modélisation des grands bassins versants avec de nombreux
types de géomorphologie, ou les zones urbaines représentent des sous parties du
bassin. De plus, les modeles basés sur les UHEs (Urban Hydrological Element) sont
développés particulierement pour décrire les systémes hydrologiques urbains.
Contrairement aux autres types de modele, les concepts des modeles basés sur les
UHEs sont léegérement différents d'un modele a l'autre. L'idée en commun est
d'identifier I'élément ou [l'unité suffisamment petite, pour que les processus
homogeénes a I'échelle de I'élément soient capables de représenter I'hétérogénéité du
bassin versant urbain.
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3.2.5. Discussion sur les criteres de classification

Dans les sections précédentes, nous avons présentés la classification des
modéles hydrologiques urbains selon quatre différents aspects, tels que (i) les
relations entre les variables, (i) la description des processus, (iii) la période de
simulation, et (iv) la discrétisation spatiale. Néanmoins, il faut noter que méme si ces
classifications couvrent la plupart des modeles existants, certains aspects restent
assez ambigus.

La distinction entre les modeéles conceptuels a base physique et statistiques est
contestable selon plusieurs chercheurs et hydrologues (Beven, 1989; Zoppou, 2001).
Ces avis contradictoires proviennent généralement de la difficulté a identifier
clairement les lois physiques dans la recherche en I'hydrologie urbaine. Par exemple,
Clarke (1973) a justifié que la loi de Darcy? est une loi physique, cependant, cette loi
est basée sur les observations et les définitions empiriques. Dans ce contexte, les
modeles hydrologiques peuvent également étre catégorisés comme des modeéles
basés sur des processus (process-based) ou non (non process-based) (De Roo,
1998; Nearing, 1998). Néanmoins, il est difficile d'identifier explicitement les
processus €élémentaires pour que les mécanismes soient suffisamment représenteés.
Par conséquent, ce manuscrit continue a utiliser la notion des modeles "conceptuels
a base physique" ou "statistiques”. Les modéles a base physique écrits dans cette
these signifient que les équations utilisées dans ce type des modéles sont basées
sur les lois connues et largement appliquées (par exemple, équation de Barré de
Saint-Venant, loi de Stokes, etc.).

De plus, la classification des modeles en globaux, distribués et semi-distribués est
aussi discutable. En effet, les modéles distribués sont globaux a I'échelle de la maille,
et les modéles semi-distribués sont globaux a I'échelle d'une sous-partie du bassin
versant (Beven, 1989; Bonhomme and Petrucci, 2014; Refsgaard et al., 1990). Par
conséquent, les modéles peuvent aussi étre catégorisés en modeéles basés sur des
grilles (grid-based) ou pas (non grid-based) (Salvadore et al., 2015). Dans cette
thése, nous continuons a utiliser le terme de "modeles distribués", pour signifier que
les processus simulés sont spatialement distribués sur les surfaces urbaines.

3.2.6 Classification des modeles existants

Dans la littérature, il existe déja de nombreux modeles hydrauliques et
hydrologiques pour simuler les transferts des eaux et des polluants en milieu urbain.
Un certain nombre de modéles a été incorporé dans les logiciels commerciaux. Selon
les critéres que nous avons présentés dans les sections précédentes, le Tableau 3.1
présente les caractéristiques de quelques modeéles connus pour la modélisation des
eaux pluviales en milieu urbain.

% Loi de Darcy: une loi qui exprime le débit d'un fluide incompressible filtrant au travers d'un milieu
poreux suppose isotrope a I'échelle de travail.
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Tableau 3.1 Classification de quelques modéles pour la simulation des eaux

pluviales en milieu urbain.

R fex Relations | Description Période de | Discrétisation
Modéles et Référence entre les des . . :
. simulation spatiale
variables processus
SWMM Déterministe | Concentuel Evénementiel| Semi-distribué
(Rossman, 2010) P + Continu (Sous BV)
MUSIC o
. - . .| Semi-distribué
(Dotto et al., 2011; Déterministe | Conceptuel |[Evénementiel (Scl)ucl; B{/)u
Hamel et al., 2013)
URBS Déterministe | Concentuel Evénementiel| Semi-distribué
(Rodriguez et al., 2008) P + Continu (UHE)
CANOE Déterministe | Concentuel Evénementiel| Semi-distribué
(Lhomme et al., 2004) P + Continu (Sous BV)
AVSWAT-X Semi-distribué
(Jeong et al., 2010; Déterministe | Conceptuel Continu (HRU)
Larose et al., 2007)
CWD Semi-distribué
Dét iniste | Statisti Conti
(Mackay and Last, 2010) éterministe atistique ontinu (UHE)
MIKE-SHE . Evénementiel .
Dé I . D S
(DHI. 2008) éterministe | Conceptue + Continu istribué
INfoWORKS CS . Evénementiel .
Dé I . D S
(Innovyze Ltd, 2011) éterministe | Conceptue + Continu istribué
Chen and Adams (2006)| Stochastique | Statistique |Evénementiel Global
Aronica and Candela . - ) :
! (2007) Stochastique | Statistique |Evénementiel Global

En outre, il faut noter que dans la pratique, certains processus dans les modéles
hydrologiques urbains, surtout les processus concernant la modélisation de la qualité
de l'eau, sont difficiles a représenter par les lois physiques connues. Dans ce cas |a,
la plupart des modeles urbains actuels (e.g. Hamel et al., 2013; Lhomme et al., 2004;
Rossman, 2010) utilisent des approches de modélisation a la fois conceptuelle a
base physique (quantité) et fois conceptuelle (qualité).

3.3 Modélisation de la qualité de I'eau en milieu urbain

Depuis les années 1970, de nombreux outils mathématiques de modélisation ont
été développés afin de simuler la qualité de I'eau en milieu urbain. Pourtant, la
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description des processus inclus dans les modeles d'aujourd’hui restent celle
proposée par les pionniers (e.g. Sartor et al., 1974). Peu de connaissances nouvelles
sur les mécanismes de génération et de transport des polluants par temps de pluie
ont été intégrées dans les outils de modélisation. D'autre part, aprés 40 ans
d'expérience, il apparait que trés peu de modeéles de la qualité de I'eau sont utilisés
dans les zones urbaines par les opérationnels. Trois raisons principales expliquent
ce manque de confiance dans la modélisation de la qualité de I'eau:

e L'insuffisance des connaissances des processus a modéliser dans le milieu
urbain.

e L'insuffisance des données disponibles pour les caler et les valider.
e Le manque de performance qui a été mis en évidence pour ces modéles.

Les modeles a base physique sont des outils prometteurs pour nous aider a
améliorer les connaissances des processus physiques de transfert hydrologique des
polluants en milieu urbain. Néanmoins, la plupart des modeles actuels (par exemple,
les modeles SWMM, MUSIC, CANOE, etc.) utilisent des formules statistiques telles
gue les équations de Sartor et al. (1974), pour simuler la qualité de I'eau en milieu
urbain. En utilisant ces formules, le lessivage des polluants est proportionnel au flux
d'eau et a la masse initiale a I'échelle d'un bassin ou une sous-partie du bassin. Les
mécanismes de transport, ainsi que la distribution spatiale des polluants (pollution
diffuse) ne peuvent donc pas étre représentés. Par conséquent, le travail présenté ici
cherche a adapter les modéles distribués a base physique, qui sont initialement
utilisés sous le domaine de I'érosion sur les bassins versants naturels, pour simuler
les processus physiques de transferts des polluants en milieu urbain par temps de
pluie.

3.3.1 Processus de transfert des polluants en milieu urbain

Depuis les débuts des années 1970, lI'approche la plus souvent utilisée pour
simuler les flux polluants en milieu urbain prend en compte quatre processus
principaux: (i) accumulation des solides en temps sec sur les surfaces (build-up), (ii)
lessivage et entrainement des solides en temps de pluie sur les surfaces (wash-off),
(i) transport des solides dans le réseau incluant la sédimentation et la remise en
suspension, et enfin (iv) processus chimiques et biologiques des polluants dans le
réseau. Pour les simulations en zones urbaines équipées des réseaux
d'assainissement séparatifs, nous faisons I'hypothése forte dans ce travail de thése
gue les processus (iii) et (iv) peuvent étre négligés.

Accumulation des solides sur les surfaces urbaines (build-up)

La pollution des eaux de ruissellement urbaines a pour origine d'une part le
lessivage de l'atmosphére, et d'autre part le lessivage et I'érosion des surfaces
urbaines. D'apres Gunawardena et al. (2013) et Sabin et al. (2006), les dépbts secs
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dominent les processus de dépositions atmosphériques. Le stock de polluants
disponibles sur les surfaces en début de pluie résulte du dépét des polluants au
cours du temps sec précédant la pluie. Il dépend de facteurs tels que le type
d'occupation du sol, la circulation, le nettoyage de la voirie, et les conditions
météorologiques. Il en résulte une variabilité spatiale et temporelle importante dans
le processus d'accumulation.

Dans l'étude de Sartor et al. (1974), la masse disponible des polluants tend vers
une valeur limite au bout d'une dizaine de jours selon le type d'occupation de sol. Sur
la base de ces constats, ces auteurs ont proposé un ajustement asymptotique
(relation exponentielle) de la masse de stock accumulée en fonction de la durée de
temps sec. Ces équations sont largement utilisées méme dans les modeles actuels.
Néanmoins, ces modeles d'accumulation ne sont pas liés aux caractéristiques
physiques du systeme étudié, et ont été critiqués par plusieurs auteurs a cause de
leurs faibles performances (e.g. Al Ali et al., 2016; Sage et al., 2015). En pratique,
l'accumulation des solides pendant le temps sec est souvent estimée a partir de
campagnes de mesures a I'échelle des bassins versants urbains. Les mesures des
dépbts secs sont généralement faites ponctuellement et leur transposition sur une
surface non uniforme engendrent des risques de non-représentativité. Dans
guelques modeles, la source des polluants sur les surfaces est supposée illimitée, et
par la suite il n'y a pas besoin de tenir compte de I'accumulation (Escrig et al., 2011;
Guentzel et al., 1995; Scheerer et al., 2005).

Lessivage des solides en temps de pluie sur les surfaces (wash-off)

Les gouttes de pluie et les eaux de ruissellement peuvent provoquer l'arrachement
et I'entrainement des solides accumulés par temps sec aux surfaces urbaines. Le
lessivage des solides dépend de parametres tels que lintensité moyenne ou
maximale de pluie, la hauteur et la durée de la pluie, le débit de pointe du
ruissellement, le volume ruisselé, la topographie, la rugosité et les caractéristiques
des solides, etc. (Aalderink et al., 1990; Barbé et al., 1996; Yuan et al., 2001).

Sartor et al. (1974) ont proposé pour la premiére fois un modéle pour simuler le
lessivage des polluants sur la surface du milieu urbain. Il suppose que le processus
de lessivage est proportionnel a la masse disponible des particules et a l'intensité de
pluie et/ou au débit ruisselé sur la surface. Le modele de Sartor et al. (1974), de type
statistique, a été utilisé en premier lieu dans SWMM (Jewell and Adrian, 1978); il a
ensuite été repris avec certaines modifications dans plusieurs autres modeéles:
MUSIC (Dotto et al., 2011; Hamel et al., 2013), CANOE (Lhomme et al., 2004),
MOUSE (Thorndahl and Willems, 2008), InfoWORKS CS (Innovyze Ltd, 2011),
MIKE-SHE (Refsgaard et al., 2010), etc.

Du fait qu'il est difficile de décrire de maniere mécaniste la mobilisation des dépbts
secs sur les surfaces urbaines lors des périodes inter-événement, tres peu de
modeles actuels intéegrent des processus physiques de transfert des polluants par
temps de pluie. Cependant, la plupart des modeles a base physique pour simuler la
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gualité de l'eau a été développée et appliguée aux bassins versants naturels. En
considérant que les théories physiques de transfert des solides en milieu urbain
peuvent étre analogues a celles dans les milieux naturels, nous pouvons appliquer
les modéles de I'érosion aux zones urbaines pour simuler les processus physiques
de lessivage sur les surfaces urbaines. Les différentes études sur le sujet
s'accordent pour dire que le lessivage des particules déposées est di a I'impact des
gouttes de pluie, et a I'effet de la contrainte de cisaillement du ruissellement (Deletic
et al., 1997; Kinnell, 2009; Shaw et al., 2006; Vaze and Chiew, 2003).

3.3.2 Modeles d'érosion

Bien que les équations d'accumulation et de lessivage des polluants (build-up /
wash-off) sur les surfaces urbaines soient largement utilisées dans les modéles
actuels, I'utilisation de ces équations conceptuelles est fréquemment assimilée a un
modele "boite noire" (Al Ali et al., 2016; Bonhomme and Petrucci, n.d.; Sage et al.,
2015). Il est donc nécessaire d'améliorer les connaissances sur les processus
physiques de lessivage des polluants sur les surfaces urbaines, afin de proposer des
nouvelles formules mathématiques et des techniques de modélisation avancées.

Tableau 3.2 Les deux formules fréquemment utilisés pour la modélisation de
I'érosion.

Nom Principe Exemples des modeles
A = RKLCSP
Dans I'équation, A est les particules TREX (Velleux et al.,
érodées par unité de la surface; R K, L, C, 2008);
USLE (Foster et al., S et P sont des facteurs empiriques pour ~ WEPP (Laflen et al,,
1977; Wischmeier représenter 1'érodabilité des particules 1991);
and Smith, 1978) liée a la pluie (R), au sol (K), a la CREAMS (Leonard et
topographie (L et S), et au management al,, 1987);

agricole (C et P).

dc F(Q — Q)
i — ] —d GUEST (Misra and
R 1 ;
Dans I'équation, ¢ est le taux d'érosion ose, 1996);
o dt FullSWOF (Delestre et
Hairsine and Rose par unité du temps; P est l'intensité de al, 2014);

(1992a, 1992b) pluie; Q et Q, sont I'énergie et I'énergie Shaw et al. (2006);
limite de flux d'eau; d est la déposition; y,... 214 Chiew (2003);
H, a, ], F sont des facteurs liés aux Heng et al. (2011);
processus différents.
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Comme la majorité des polluants liés au trafic routier (e.g. Cu, Fe, Ni, Cr, HAPs,
etc.) est attachée aux particules, la mise en place de modéles d'érosion sur les
surfaces urbaines est une tentative prometteuse dans le domaine de la modélisation
de la qualité des eaux pluviales en milieu urbain. Plusieurs formules ont été
développées pour décrire les processus de transport des solides dans différents
modeles distribués. Dans les modeéles actuels, deux types de formulations
frequemment utilisées sont (i) les équations de type USLE (Universal Soil Loss
Equation) (Foster et al., 1977; Wischmeier and Smith, 1978); (ii) les équations de
type Hairsine and Rose (1992a, 1992b). Les descriptions de ces deux méthodes
ainsi que les exemples de modele sont présentées dans le tableau 3.2.

Les équations de type USLE

L'équation USLE (Foster et al., 1977; Wischmeier and Smith, 1978) est
initialement développée par le USDA (United States Department of Agriculture), puis
largement utilisée dans le monde. L'équation prévoit le taux moyen annuel de
I'érosion a long terme en milieu naturel, en fonction de la pluie, du type de sol, de la
topographie, du systeme cultural et des pratiques de gestion. L'USLE prévoit
uniguement l'importance des pertes en sédiment qui résultent des détachements par
les ruissellements sur une pente simple, sans tenir compte des effets de goutte de
pluie. En raison des limites reconnues de cette équation (e.g. Kinnell, 2010; Nearing,
1998), de nombreux auteurs ont proposé des versions modifiées ou révisées afin
d'améliorer les formules de base de I'USLE. Par exemple la famille de RUSLE
(Renard and Freimund, 1994) et le groupe d'USLE-M (Kinnell and Risse, 1998).

Les équations de type Hairsine and Rose( 1992a, 1992b)

Basées sur le principe que les impacts de gouttes de pluie et les effets de la
contrainte de cisaillement du ruissellement détachent les particules sur la surface, les
équations de type de Hairsine and Rose (1992a, 1992b) (e.g. Deletic et al., 1997;
Heng et al., 2011; Shaw et al., 2006; Vaze and Chiew, 2003) visent a améliorer la
représentation physique des processus d'érosion par rapport aux équations USLE.
Ces formules permettent de considérer séparément les trois processus d'érosion
suivants: le détachement par la pluie, le détachement et le transport par le
ruissellement, et le dép6t des sédiments. De plus, ces équations prennent en compte
gue les sédiments peuvent étre classés en plusieurs classes en fonction de leur
diametre.

A part les deux types de modeles présentés dans les sections précédentes,
plusieurs chercheurs ont construit des modeles d'érosion "a base physique" baseés
sur differents concepts ou leur données mesurées (e.g. Jetten and Roo, 2001;
Nearing et al., 1989). Néanmoins, il faut aussi indiquer que les modéles d'érosion
actuels contiennent toujours des relations empiriques sur un aspect ou un autre
(Bryan, 2000; De Roo, 1998). Par exemple, les paramétres de I'équation USLE sont
dérivés directement des données mesurees; ainsi, les valeurs de parametres H, a, J
et F de I'équation de Hairsine and Rose (1992a, 1992b) sont trés variables dans les
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différentes études publiées (e.g. Beuselinck et al., 2002; Heng et al., 2011; Hogarth
et al., 2004; Jomaa et al., 2010; Misra and Rose, 1996; Proffitt et al., 1993). La
demande importante en données reste une limitation sérieuse pour l'utilisation de
ces modeles, d’autant plus que les données sont censées représenter une variabilité
Spatiale complexe.
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Chapitre 4. Usages de Ila modélisation

hydrologique urbaine

4.1 Deux utilisations principales de la modélisation

hydrologique

Selon Grayson et al. (1992), les objectifs principaux de la modélisation
hydrologique sont:

e Un outil de recherche, qui permet d'améliorer nos connaissances des
processus physiques du systeme;

e Un outil opérationnel, qui peut étre utilisé comme un outil de prédiction et
de gestion.

En tant que modélisateur en hydrologie urbaine, il est important de distinguer ces
deux différents objectifs, qui peuvent exiger des approches de modélisation
différentes. Pour les objectifs de recherche, les modéles les plus détaillés avec les
données a haute résolution sont souvent encouragés (Beck, 1987; Beven, 1989;
Fletcher et al., 2013). Ces approches de modélisation peuvent éventuellement
améliorer la connaissance des mécanismes en jeu. Néanmoins, ces types de
modélisation nécessitent des données abondantes, et les temps de calculs sont
relativement longs. Au contraire, pour les objectifs opérationnels, les gestionnaires
des eaux urbaines préferent des outils faciles a utiliser, qui imposent des données
d'entrée limitées et qui ont tout de méme une bonne précision et de faibles niveaux
d’incertitude. Afin de répondre a ces demandes, les avancements de la recherche
sont réciproquement requis pour mieux comprendre les processus physiques ainsi
gue les améliorations des techniques de modélisation.

La modélisation de la qualité de I'eau en milieu urbain se situe au croisement de
ces deux objectifs. Contrairement a la modélisation quantitative, dont les processus
physiques sont bien analysés et largement validés (par exemple les équations de
Saint-Venant, (Green and Ampt, 1911), etc.), les mécanismes physiques de
l'accumulation et du lessivage des polluants en milieu urbain sont tres peu étudiés.
Aujourd’hui, nous ne connaissons pas les variables primaires pour conduire les
transferts des polluants dans un bassin-versant urbain (Vaze and Chiew, 2003). Ce
phénomene exige des avancées dans la connaissance des processus physiques de
transfert des polluants en zone urbaine. Par ailleurs, les prévisions de la qualité de
I'eau par temps de pluie permettent de savoir quand et ou les charges de polluants
sont importantes dans un milieu urbain, ces informations sont précieuses pour
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concevoir et planifier des démarches de gestion afin de controler les pollutions
hydrologiques en milieu urbain. Les deux objectifs de la modélisation hydrologiques
sont illustrés dans la figure 4.1.

Modélisation
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Recherche
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@ \

Opérationnel
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U \
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Nouvelles équations

Fig. 4.1 Les deux objectifs de la modélisation hydrologique

4.2 Données geographiques et la telédétection

Depuis les dix dernieres années, les développements rapides des techniques de
cartographie numérique, telles que les Systemes d'Information Géographique (SIG),
ont conduit a une forte croissance des modélisations hydrologiques distribuées a
base physique.

Les données SIG conviennent particulierement a la modélisation en hydrologie
urbaine parce qu'elles sont capables de représenter la variabilité spatiale (e.g.
topographie), et les évolutions rapides des données urbaines (e.g. occupation du sol).
Dans le cadre du projet Trafipollu, des données topographiques d'une résolution
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centimétrique sont obtenues. D'apres Salvadore et al. (2015), les plateformes SIG
utilisées dans la modélisation hydrologique urbaine peuvent servir (i) au pré- et post-
traitement des données d'entrée et des paramétres; (ii) a la gestion et l'affichage des
données spatiales; (iii) a l'identification des sous BV, des HRUs ou des UHEs; (iv) a
l'intégration des données de télédétection; et (v) peuvent étre utilisées pour coupler
différents modeles.

L'utilisation des données de télédétection est également supportée par les
plateformes de SIG. La télédétection par photo aérienne est la technique la plus
souvent utilisée pour mesurer les topographies et l'occupation du sol a haute
résolution (par la technique d’ortho-photos). Les données radar de précipitation sont
aussi utilisées pour générer les données de pluie distribuées. De plus, les techniques
de laser ou Lidar peuvent également étre utilisées pour estimer les valeurs de
parametres telles que le LAl (Leaf Area Index) (Zhou et al., 2010), la rugosité de la
surface (Vieux and Bedient, 2004), et la largeur du fond de riviere (Ogden et al.,
2011).

4.3 Vers une approche intégrée pour la modélisation des

systemes environnementaux urbains

En raison de la complexité du milieu urbain, les applications des modeéles
hydrologiques urbains cherchent généralement a répondre aux questions liées aux
composants élémentaires du systéme urbain (par exemple, les surfaces, les réseaux
d'assainissement, etc.). Ces modeles ne donnent pas accés au fonctionnement
d'ensemble des zones urbaines. Afin de résoudre les divers problemes liés a
I'environnement urbain, il est récemment proposé de fédérer le savoir-faire des
chercheurs dans les différents domaines autour de I'hydrologie urbaine, dans
l'intention de développer des modélisations intégrées pour la gestion des eaux et des
polluants en milieu urbain. Ces modeéles intégrés passent par des projets
interdisciplinaires qui associent différentes communautés, telles que les sciences de
l'ingénieur, économiques, politiques, sociologiques, anthropologiques,
géographiques, historiques et d'aménagement urbain (Bach et al., 2014; Brown et al.,
2009; Mitchell et al., 2004).

Du point de vue de la modélisation intégrée, les modeéles distribués a base
physique ont des avantages significatifs par rapports aux autres types de modele
pour la simulation des eaux de ruissellement. Ce type des modeles s'adapte bien a la
conception modulaire de la modélisation hydrologique en milieu urbain (Abbott et al.,
1986; Refsgaard et al., 2010). Comme les processus physiques sont bien décris a
I'échelle de la maille géo-localisée, les autres composants urbains, tels que les
réseaux d'assainissement, le trafic, les milieux aquatiques, I'atmosphere, etc.,
peuvent étre couplés avec un modeéle 2D existant.
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4.4 Incertitudes des modeles hydrologiques urbains

En vue d'utiliser les modéles pour la prédiction des réponses hydrauliques ou
hydrologiques en milieu urbain, il faut indiquer les incertitudes du modéle associé aux
différents aspects. D’aprés la littérature (Dotto et al., 2012; Refsgaard et al., 2007),
guatre types d'incertitudes peuvent étre identifiés dans la modélisation en hydrologie
urbaine:

e Incertitudes liees a [l'environnement urbain Ilui-méme. Ce sont des
conséquences de la variabilité spatio-temporelle des phénomeénes en milieu
urbain (e.g. précipitation, trafic, activités humaines, etc.), qui introduisent
des fonctions aléatoires dans les processus physiques.

e Incertitudes liées aux données d'entrée. A cause des techniques
d'acquisition des données et des méthodes d'interprétation et d'interpolation
utilisées, des incertitudes peuvent apparaitre systématiquement. Les
techniques de télédétection peuvent potentiellement réduire ces
incertitudes, mais elles sont colteuses et ces techniques ne peuvent pas
étre appliguées aux grandes échelles.

e Incertitudes liées a la structure du modeéle. L'incapacité du modéle de
représenter les processus physiques est a l'origine de ce type d'incertitude.

e Incertitudes liées aux paramétres du modele.

Aujourd'hui, de nombreuses méthodes ont été développées pour calculer les
incertitudes liées a la modélisation hydrologique (Beck, 1987; Beven et al., 2000;
Dotto et al., 2012; Refsgaard et al., 2007). Afin d'appliquer les modéles pour des
objectifs opérationnels, les analyses des incertitudes devront étre adressées aux
utilisateurs.
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PARTIE Il. Modélisation distribuée a
base physique a l'échelle locale
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Dans cette partie, nous présentons la modélisation du transfert de I'eau et de
polluants en milieu urbain a I'échelle locale. Dans le cadre du projet ANR-Trafipollu,
le modele distribué & base physique FullSWOF (Delestre et al.,, 2014) est couplé
avec un module sédimentaire (modéle Hairsine and Rose (1992a, 1992b)), afin de
décrire les processus physiques de lessivage sur les surfaces urbaines. Ces
avancées ont permis de mettre au point une nouvelle génération de modeles
hydrologiques pour les polluants des bassins versants urbains. Elles ont notamment
permis d'évaluer séparément l'importance des effets d'arrachement liés aux gouttes
de pluie et les effets d'entrainement par advection. Le modeéle est appliqué sur un
bassin versant routier situé sur la commune du Perreux-sur-Marne, autour du
boulevard d'Alsace Lorraine (RD 34), dans le département du Val de Marne a 12 km
a l'est de Paris. Le bassin versant routier est constitué d'un troncon de chaussée et
représente une surface de 2661 m2. Les chapitres 5 - 6 présentent les configurations,
les calibrations et les validations du modele FullSWOF. lls intéegrent également une
analyse de sensibilité et une analyse détaillée des processus physiques en jeu.

» Chapitre 5

Dans le Chapitre 5, nous proposons une nouvelle approche d'expérimentation et
de modélisation physique de lessivage sur les surfaces urbaines.

Dans le cadre du projet Trafipollu, les données détaillées du bassin versant local,
telles que les données topographiques de résolution centimétrique, les données
pluviométriques, les masses de dépdts secs sur les surfaces urbaines, et les
analyses granulométriques des matiéres en suspension (MES) dans l'eau de
ruissellement sont mesurées et collectées. Des mesures en continu de débits et de
turbidité sont mises en place dans un avaloir qui représente l'exutoire du bassin
versant local. Les résultats des expérimentations montrent que seules les particules
fines de dépdts secs sur les surfaces urbaines peuvent étre transférées a I'exutoire
du bassin versant pendant les pluies. lls montrent aussi que la plupart des
Hydrocarbures Aromatiques Polycycligues (HAPs) se trouvent dans la phase
particulaire.

Basé sur ces observations, le modéle FullSWOF a été appliqué a I'échelle locale,
avec l'hypothése que les contaminants tels que les métaux et les HAPs sont
associés a une seule classe de particules (D50 = 15 um). Les modélisations ont
portées sur 6 événements représentatifs des 56 événements observés pendant la
période du 20/09/2014 au 27/04/2015. La méthode des effets élémentaires
(elementary effects, également connue sous le nom de Morris) (Campolongo et al.,
2007; Morris, 1991) a été utilisée pour les analyses de sensibilité des six parametres
etudiés. Les résultats de simulations ont montré que le modele distribué a base
physique est capable de représenter les dynamiques des flux d'eau et des
concentrations de MES a I'échelle locale du bassin-versant urbain. Les résultats
d'analyses de sensibilité indiquent que la vitesse de chute de particules et les stocks
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initiaux en sédiments sur la surface sont les paramétres les plus influents pour les
simulations qualitatives en milieu urbain par temps de pluie.

» Chapitre 6

Afin d'approfondir le travail précédent, le Chapitre 6 présente une analyse détaillée
des processus physiques de lessivage sur les surfaces urbaines.

En plus des expérimentations réalisées dans le Chapitre précédent, les mesures
des hauteurs d'eau a la surface de la chaussée sont enregistrées en continu pour un
site a I'échelle locale du bassin-versant urbain. Les simulations quantitatives du
modele sont donc validées en comparant les données simulées et mesurées des
hauteurs d'eau a 0 - 0.5 mm. Les résultats obtenus confirment que les variations
spatiales et temporelles des flux d'eau sur les surfaces urbaines peuvent étre
représentées par le modeéle distribué a base physique.

Par conséquent, nous pouvons essayer de décrire les mécanismes physiques du
lessivage sur les surfaces urbaines en analysant les différentes variables obtenues
par la modélisation. Les simulations appliquées permettent de représenter les solides
en 3 classes particulieres en se basant sur les mesures granulométriques de MES
dans les eaux de ruissellement (D50 = 7 um, 70 um, et 250 um). L'analyse des
résultats locaux indique que la plupart des particules fines (> 90%) sur les surfaces
peuvent étre lessivées au début d'un événement de pluie, environ 10% - 20% des
particules de taille intermédiaire sont lessivées lors de la seconde partie de la pluie,
et presque aucune particule grosse ne peut étre transférée jusqu'a l'exutoire du
bassin. Les analyses spatiales des processus du lessivage montrent que (i) les
concentrations de MES sur les surfaces des chaussées et des trottoirs sont plus
sensibles a l'intensité de pluie que celles sur les surfaces des caniveaux; (i) les
particules grosses sont accumulées sur les surfaces des caniveaux lors du temps de
pluie; (iii) concernant les forces d’ entrainement du lessivage, I'impacts des gouttes
de pluie est de deux ordres de grandeur supérieur a l'effet des contraintes de
cisaillement; (iv) les détachements par les gouttes de pluie se réduisent
considérablement par l'augmentation des hauteurs d'eau; et (v) les détachements
avec les contraintes de cisaillement se produisent uniquement sur les surfaces des
caniveaux.
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Abstract:

Nowadays, the increasing use of vehicles is causing contaminated stormwater
runoff to drain from roads. The detailed understanding of urban wash-off processes is
essential for addressing urban management issues. However, existing modelling
approaches are rarely applied for these objectives due to the lack of realistic input
data, unsuitability of physical descriptions, and inadequate documentation of model
testing. In this context, we implement a method of coupling monitoring surveys with
the physically-based FullSWOF (Full Shallow Water equations for Overland Flow)
model (Delestre et al., 2014) and the process-based H-R (Hairsine-Rose) model
(Hairsine and Rose, 1992a, 1992b) to evaluate urban wash-off process on a road
catchment near Paris (Le Perreux sur Marne, Val de Marne, France, 2661 m?2). This
work is the first time that such an approach is applied for road wash-off modelling in
the context of urban stormwater runoff. On-site experimental measurements have
shown that only the finest particles of the road dry stocks could be transferred to the
sewer inlet during rainfall events, and most Polycyclic Aromatic Hydrocarbons (PAHS)
are found in the particulate phase. Simulations over different rainfall events represent
promising results in reproducing the various dynamics of water flows and sediment
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transports at the road catchment scale. Elementary Effects method is applied for
sensitivity analysis. It is confirmed that settling velocity (Vs) and initial dry stocks (S)
are the most influential parameters in both overall and higher order effects.
Furthermore, flow-driven detachment seems to be insignificant in our case study,
while raindrop-driven detachment is shown to be the major force for detaching
sediment from the studied urban surface. Finally, a multiple sediment classification
regarding the Particle Size Distribution (PSD) can be suggested for improving the
model performance for future studies.

Keywords: physically based and distributed model; urban wash-off; Hairsine-Rose
model; FullSWOF model; Sensitivity analysis;

1. Introduction

It is predicted that by 2050, 64% of the “developing world” and 86% of
the “developed world” will be urbanized (Montgomery, 2008). This trend of rapidly
increasing urbanization requires better understanding of the urban wash-off
phenomenon in order to develop more advanced management strategies.

Among the various substances of urban stormwater pollutants, suspended solids,
heavy metals and Polycyclic Aromatic Hydrocarbons (PAHS) are widely considered
as the major causes of contamination in receiving environments (Fletcher et al., 2013;
Zoppou, 2001). Most of these heavy metals and PAHs are found in the particulate
phase and associated with fine particles (Aryal et al., 2010; Bressy et al., 2012;
Gasperi et al., 2014). Therefore, the studies of stormwater quality can focus on the
urban sediment transport during stormwater events.

Numerous urban stormwater quality models exist, however, most of them are still
unable to adequately reproduce urban wash-off dynamics (Dotto et al., 2012;
Egodawatta et al., 2007; Elliott and Trowsdale, 2007). One of the major reasons is
the lack of available and reliable local data. According to Duncan, (1995); Vaze and
Chiew, (2003), accurate urban stormwater quality models require detailed spatial and
temporal data of rainfall intensity, water runoff characteristics and pollutants' features
(e.g. Weight, Size, Settling velocity). Since it is impossible to collect sufficient water
runoff data over different temporal and spatial points of an urban catchment, the
application of Full Shallow-Water equations with extremely high-resolution
topographic data is a promising approach for representing stormwater runoff
processes (Grayson et al., 1992a, 1992b). Another challenge of modelling urban
stormwater quality is the shortage of physical descriptions of pollutant wash-off
mechanisms. Until now, current urban wash-off models are generally based on
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exponential wash-off functions (e.g. SWMM, M-QUAL, HSPE, STORM etc.),
assuming the rate of particle loss on a catchment scale is directly proportional to the
availability of the pollutants on the road surface and to the water flow. With these
equations, urban spatial heterogeneities are neglected, leaving models to rely on
extensive calibration of empirical wash-off coefficients, a fact that limits their
predictive capacities (Tsihrintzis and Hamid, 1997). Thus, greater insight into the
physical processes of particulate detachment and transport will provide a more
detailed understanding of the movement of pollutants in urban landscapes.

Only very few studies have been performed for the physically-based modelling of
urban wash-off processes. Shaw et al., (2006) proposed a saltation-type wash-off
model in which particles were repeatedly detached from the impervious surface by
raindrop impacts and were transported laterally by overland flow while settling back
to the surface. Massoudieh et al., (2008) presented a wash-off model in which
detachment and reattachment of contaminants were considered as rate-limited
processes and the detachment rate was assumed to be a function of flow velocity by
a power expression. These existing models have provided a basic perception of
developing new mechanistic wash-off models for urban surfaces. However, the wash-
off processes in the above models were not combined with two-dimensional water-
flow simulations, and the detachments were only represented by single effects of
raindrops impacts (Shaw et al., 2006) or flow power influences (Massoudieh et al.,
2008). These inadequate assumptions limit the reliability of such physically-based
models for stormwater quality modelling in urban areas (Deletic et al., 1997; Dotto et
al., 2012; Wijesiri et al., 2015).

In this study, the Hairsine-Rose (H-R) model (Hairsine and Rose, 1992a, 1992hb)
coupled with the FullSWOF (Full Shallow-Water equations for Overland Flow)
modelling system (Delestre et al., 2014; Le et al., 2015) is applied. Unlike other
physically based approaches, the H-R model calculates raindrop-driven detachment,
flow-driven detachment and deposition processes separately, with the net outcome
being the difference between these process groups. The H-R model also simulates a
deposited layer that differs from the original soil in its composition and detachability,
which allows us to distinctively model urban dust and road pavement.

This study is the first time that the H-R model is applied and analyzed within the
context of urban stormwater wash-off, using the example of a road catchment near
Paris. With this new approach, our objective is to examine urban surface wash-off
dynamics for several stormwater events. This approach couples detailed monitoring
surveys and physically-based modellling, which may help to advance the
understanding of stormwater wash-off mechanisms. The following sections will
provide details on monitoring surveys for the road catchment, model configurations,
and sensitivity analysis.
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2. Materials and methods

2.1. Study site

A small urban road catchment near Paris (Le Perreux sur Marne, Val de Marne,
France), including a segment of high traffic volume (more than 30,000 vehicles per
day) and its adjacent sidewalk and parking zones, are selected for this study. A gutter
is located between the road and the sidewalk, allowing water flow from the upper part
of the catchment to the sewer inlet (FIG. 1). The total surface of the study basin is
2661 m2,where approximately 65% of the surface are roads, 30% are sidewalks, and
5% are gutters and parkings. The western section on a higher incline than the
eastern side, with an average slope of less than 2%.
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Fig. 1 Study area at Eastern Paris, France. The catchment is delineated by red
dashed lines, the sewer inlet is located at the northeast side of the catchment. In this
picture, road area is marked as grey, gutter area is marked as white, sidewalk and
parking areas are marked as brown.

2.2. On-site monitoring and sampling
2.2.1. Rainfall measurements

A tipping-bucket rain gauge is installed on the roof of a building close to the road
catchment (less than 150 meters). The pluviometer has a resolution of 0.1 mm. As
the study area is quite small, rainfall is considered as homogeneous within the basin.
Monitoring took place between September 20, 2014 and April 27, 2015, identifying
different rainfall events by intervals longer than 90 minutes between two tipping
records and total rainfall depth of each event of more than 1mm. It has to be noted
that there is no street sweeping on the study road, thus the antecedent dry days
between two rainfall events are the only factor that influence the deposited dry stocks.
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2.2.2. Monitoring at the sewer inlet

The sewer inlet is equipped for continuous monitoring of discharge, turbidity and
ability to perform samplings for the analysis of Particles Size Distribution (PSD) and
the PAHs features (FIG. 2a). The flow is measured by a Nivus Flowmeter, using the
cross correlation method in order to calculate flow speed for different layers in a full
pipe, which increased the reliability of data. The water discharge is recorded with a 1
minute time interval inside the road inlet. At the same time, a multi-parameter probe
(mini-probe OTT) is installed with the flowmeter, measuring turbidity with a 1minute
time interval. For several rainfall events, a peristaltic pump (Watson Marlow) pumped
250 mL of water at regular volume intervals entering the inlet for the purpose of
measuring mean TSS concentrations at the scale of rainfall event. The sampling
bottles are located in a cabinet at the side of the road (FIG. 2b). The complete
monitoring system is presented in FIG. 2c. The TSS-Turbidity relationship is therefore
established based on samplings during 16 studied rainfall events, which follows a
linear regression TSS=0.8533*Turbidity, with the R? equal to 0.97.
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Fig. 2 (a) Monitoring equipments inside the sewer inlet; (b) Cabinet at the road
side; (c) Flowchart of the monitoring system.

2.2.3. Road dust sampling

In the framework of the ANR (French National Agency for Research) Trafipollu
project, the road dust sampling was carried out on theOctober 14th 2014. The
detailed experimental protocol is described in (Bechet et al., 2015). The samples
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were collected in dry-weather after a dry period of 2 days. A two-square meter
surface was delimited with adhesive tape. After hand-brushing the surface, the road
dust was dry-vacuumed using a vacuum cleaner (Rowenta ZR80)(Fig. 3b)). Road
dust samples were collected in paper filters along the road: on the sidewalk, in the
gutter and on the road (3 positions (noted as A, B, C) over 3 locations (marked as 1,
2, 3)).

FIG. 3 (a) Location of sampling points along the road (Le Perreux, France); (b)
road dust dry sampling by a vacuum cleaner in gutter (point 3).

2.3. Particle Size Distribution (PSD) analysis

For both dry samples (road dust) and wet samples (sewer inlet), particle size
analysis is performed using a laser diffractometer for the fraction below 2mm
(Malvern® Mastersizer 3000), while the volume distribution is calculated with the Mie
(1908) light scattering theory. In order to compare the mass distribution of dry
deposits and suspended solids in the stormwater, the total mass of either road dust
or TSS load for the entire catchment is calculated independently. Assuming the
uniform distribution of sediments throughout the road surface, the measurements of
the deposit samples (2 m?) are used to calculate the total mass of road dust on the
catchment surface (2661 m?). Likewise, the total mass of loaded TSS during a rainfall
event can be calculated by multiplying the measured mean TSS concentration by the
total volume of flow water for each event.

2.4. PAH chemical analysis

Particles are freeze-dried during 48 hours and then extracted by means of
microwave-assisted digestion (Multiwave 3000, Anton Paar). PAHs samples are
extracted using Methylene chloride/Methanol (90/10, v/v) and spiked with similar
surrogate standards over a 30min cycle. Extracts are recovered by filtration, then the
solvent is removed and the residue dissolved in 300uL heptane before purification.
Thus, a 2.19g silica column is conditioned with 4mL heptane and the PAH fraction is
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eluted with 10mL heptane/methylene chloride (80/20, v/v). 13 types of PAHs are
analyzed with GC/MS (Focus DSQ, Thermo Fisher Scientific) using a RTX5SIL MS
silica capillary column (60m long, 0.25mm internal diameter and 0.25um film
thickness, Restek). The molecules are detected by a quadripole mass analyzer
operating in Selected Lon Monitoring mode (SIM).

2.5. High resolution topographic data

The accuracy of a process-based wash-off model depends on the accurate
simulation of water flows. Therefore, precisely defined topographic data is adapted to
the study site. In the framework of the ANR-Trafipollu project, topographical data of
lcm-resolution was collected by an on-vehicle LIDAR by the National Institute of
Geography of France (IGN) (Hervieu and Soheilian, 2013; Paparoditis et al., 2012).
In order to have the model apply with an adequate number of pixels, an aggregation
of 1cm-resolution to 10cm-resolution is performed (FIG 4).
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FIG. 4 Topographic data of 10cm-resolution for the model, (pixels 1833 x 515)

2.6. Model description

2.6.1. Water quantity modelling

The C++ code FullSWOF (Delestre et al., 2014) is applied for the water flow
modelling in this study. The FullSWOF model uses a finite volume scheme to solve
bidimensional Shallow-Water (SW) equations with topographical and friction source
terms. The water infiltration process is represented by using the Green and Ampt
model. Recently, (Le et al., 2015) recalled the studies of (Heng et al., 2009; Kim et al.,
2013), and introduced a faster numerical scheme for coupling the Hairsine-Rose (H-
R) model with SW equations. These authors introduced a numerical scheme for

55



coupling the H-R model with SW equations within the FullSWOF system, allowing the
simulation of soil erosion and transport processes of sediments.

2.6.2. Wash-off modellling

In this study, it is supposed that sediments are represented by a single class of
particles. This assumption is linked to experimental results obtained from urban dust
analysis, which will be explained in the section below. This simplification greatly
reduces the model complexity.

The H-R model allows particles to be present in one of three compartments: the
flow itself (in the form of suspended solid), the deposited layer, or the original soil.
Once sediments have been detached, particles can be suspended or return to the
bed by deposition, forming a deposited layer from which they can be subsequently
re-detached. Two types of wash-off processes are considered: the first one is due to
rainfall impact; and the second one is due to the shear stress by overland flow. This
presumption allows model to distinguish between the rates of detachment of the
original cohesive soil and non-cohesive deposited sediments. In the case of urban
catchment, the road asphalt is considered as a non-erodible original soil, while the
road dust is the deposited layer. This consideration leads to a simplification of the
initial H-R model by neglecting the terms of detachment on original soil (e, r). The
processes represented in H-R model are illustrated in Fig. 5:

C = Sediment Muass / Volime

Flux - Flux
G — > Water flow WD
R Detachment eposition
Demckmemg of urban dus (@
of usphalit (e, )
fe,r=0) ;

/ Depositedlaver (m). Urban (lus,

Original soil, Asphalt

Fig. 5 Concept of Hairsine - Rose Model. C represents the TSS concentration in
mass per unit volume; m refers to the deposited sediment mass per unit area; e and r
stand for the rate of rainfall-driven and flow-driven detachment for original soill,
respectively; er and rr mean respectively the rate of rainfall-driven and flow-driven
detachment for the deposited layer; and d is the rate of TSS deposition from the
water flow to the deposited layer.

The H-R model reflects the conservation of mass entering and exiting a cell,
equations are written as below (1 - 2):
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Where c represents the TSS concentration in mass per unit volume; m refers to
the deposited sediment mass per unit area; e, and r, means the rate of rainfall-driven
and flow-driven detachment for deposited layer, respectively; h is the water-height
and q is water flux which are computed from the SW equations; and d is the
deposition. The terms e;, r, and d can be written by EQ.3 - 5:

er = agP (3)
— Qe 4
" e g, )
Ps
d=v,c (5)

Where,

aq is the detachability of the deposited sediment (kg m™);

P is the rainfall intensity (m/s);

0. is the effective stream power (W/m2);

ps and p,, are the densities of sediment and water (kg/m°);

h is the water-heigh (m);

g is the standard gravity (m/s?);

Vs is the settling velocity of the single-class particle in water (m/s).

According to EQ.3, the rate of rainfall detachment (e, is considered to be
dependent on rainfall rate (P). In EqQ. 4, since the cohesive strength of the deposited
sediment is considered negligible, the resisting force of flow-driven detachment only
depends on the immersed weight of sediments. The power expended in lifting the
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sediment to some height in the flow is directly calculated by the rate of change of
potential energy of the sediment. The detachability ag and the effective stream power
e can be written as Eq.6-8:

Aao » h < ho
a; = h b 6
7 Vag (70) , h> hy ©
.Qe = F(-Q - Qo) (7)
2 =py,9Srq (8)

Where:

aqo is the initial detachability of deposited sediment (kg m™);

ho is the threshold of flow depth, above which the detachability will decline (m);

b is a positive constant.

F is the effective fraction of excess stream power;

0 is the calculated total stream power (W/m?2);

0y is the threshold stream power below which there is no entrainment (W/m2);

St is the friction slope which is calculated by Manning's equations;

Threshold o f Flow-
drivendetachment= 1,

Flow-drivendetachmentiof
original =oil (asphalt)=0

WATER Total Availabl#
F Stream Fower Stream Flow-driven detachmemn
FLOW n Fower of deposited laver(dust)

=Fl-1,)

Passive powerforHeat

Fig. 6 Flow diagram of the redistribution of Total Stream Power.
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Eq.6 illustrates that the raindrop impact detachability declines with the rise in flow
depth when it is beyond a certain threshold. This principle was originally proposed by
(Mutchler and Hansen, 1970), and revised by (Proffitt et al., 1991) for the H-R model.
Eq.7-8 show that the rate of flow-driven detachment is due to the effective stream
power (£2,), while the source and sinks of stream power in overland flow are shown in
Fig. 6.

2.7. Model performance and sensitivity analysis

2.7.1. RMSD and PCC objective functions

Model's ability to replicate the TSS concentrations is first evaluated by the widely
used Root-Mean-Square-Deviation objective function (RMSD) (Eq.9):

n_(Sim, — Obs,)?
RMSD = th‘l( lm; st) 9

Where n is the total duration of the simulated rainfall duration, Sim; and Obs;are
the simulated and observed TSS concentration at t"" minute.

However, Bennett et al., (2013); Gupta et al., (2009) summarized that when using
the RMSD and its related Nash-Sutcliffe efficiency (NSE) criterion, the bias between
the simulated and measured signals are systematically over-weighted, while the
variability and the relative correlation are underestimated. Consequently, the RMSD
coefficient assigns more importance to the highest TSS values, which have the most
significant discrepancies between measurements and simulations, compared to other
moderate fluctuations. As for the urban wash-off phenomenon, the first TSS
concentration peaks are typically much more important than subsequent peaks, thus,
using only the RMSD objective function could not truly evaluate the model’s
performance on the overall TSS dynamics. In this case, we introduced the Pearson's
Correlation Coefficient (PCC) objective function as a complement (Eq.10):

Z{zl(Sl'mt - ﬁ)(ObSt - %)

PCCT =
ZL(sim, ~5im)’" [SE(0bs, — OFs)’

(10)
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Where t indicate t-th minute in the duration of the rainfall event, Sim, and Obs; are

the simulated and observed TSS concentration at t™ minute, Sim and Obs are the
mean simulated and observed TSS concentration.

2.7.2. The investigated parameters

Generally, the simplified H-R model needs to define three parameters concerning
the raindrop impact detachment (aqo, ho, b), two parameters involving the flow-driven
detachment (F, o), and two physical properties which are difficult to measure
accurately (Vs, S).

Following (Mutchler and Hansen, 1970), most researchers (Heng et al., 2011,
Proffitt et al., 1991; Torri et al., 1987) consider that ho = 0.33 Dgr, where Dg is the
mean raindrop size. We use the same presumption in this study, with Dg = 2 mm for
the Parisian region in France (Gloaguen and Lavergnat, 1995), the parameter is
hence fixed as hg = 0.7 mm.

As for the parameters aqo, b, F, and o, their testing ranges are determined by
following the investigations of (Beuselinck et al., 2002; Heng et al., 2011; Hogarth et
al., 2004; Jomaa et al., 2010; Proffitt et al., 1991). These authors have investigated
the optimized parameter values of the H-R model for several case studies. Although
these parameter studies are based on erosion processes in natural soils, the
physical interpretations of the indicated 4 parameters are related to the properties of
sediment particles and water flows. Therefore, we could learn from the previous
findings in order to set testing parameter ranges for urban wash-off modelling.

Table 1 Tested values of H-R parameters for the Elementary Effects (EE) method

Symbol Units Definition Ranges
aqo kg/m*® | Initial detachability of deposited sediment 1500 - 4500
b - Positive constant 0.8-2
F - Effective fraction of excess stream power 0.01-0.03
Qo W/m? Threshold stream power 0.15-0.35
Vs m/s Settling velocity 0.00001 - 0.001
S kg/m? Uniformly initial dry stock 0.0001 -0.01

The settling velocity (Vs) and the initial dry stock (S) are roughly estimated from
the measured data. As it is difficult to obtain the exact values of these parameters,
we make some assumptions from the observed values, which will be explained in the
section below. The testing ranges of the 6 parameters are listed in Table 1.

2.7.3. Using Elementary-Effects (EE) Method for sensitivity analysis
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The Elementary-Effects (EE) method (also known as Morris method) is applied for
the Sensitivity Analysis (SA) (Campolongo et al., 2007; Morris, 1991). The major
advantage of this screening method is that it has a lower computational cost
compared to other global SA methods (Song et al., 2015). Thus the EE method is
particularly suited for computationally expensive models such as the physically-based
FullSWOF platform.

With the EE method, parameters are sampled using One-At-a-Time (OAT) design
(Saltelli and Annoni, 2010). Each model input X;, i = 1, ..., k, is assumed to vary
across p selected levels in the parameter ranges. The parameter sampling space 12
is thus a k-dimensional p-level grid. Following a standard practice in sensitivity
analysis, factors are assumed to be normalized in [0,1] for generating parameter
samples, and then transformed to their actual values for simulations. For a given
X=(x1, X2, ..., Xk), the elementary effect of the i-th parameter is defined as (Eq. 11):

y(x1; e X1, X + A' Xi+1» "'ﬂxk) -y (X)

where A is the distance between two testing values of parameter x;, and y(X) is the
objective function.

By setting different starting points X from {2, we can obtain the distribution of
elementary effects associated with the i-th input factor, denoted as F;. Two sensitivity
measures, the absolute mean (1) and the standard deviation (o) of the Fj can be
calculated by Egs (12) and (13) (Campolongo et al., 2007):

1 r
W= Z |d; ()] (12)
=1
1 - e ’
=) dim—;;dio) (13)

where d;(j) is the elementary effect for i-th input factor using the j-th starting point,
j=1,2,...,r; r is the number of repeated parameter sampling design, which is also
named trajectories of sample points in the parameter space 2. The number of r is
commonly set between 10 and 40 (Campolongo et al., 2007; Saltelli and Annoni,
2010).
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In this paper, we investigate the sensitivities of 6 parameters (k=6) for urban wash-
off modelling. p=9 levels ({0, 0.125, ..., 0.875, 1}) and r=20 trajectories are set for
parameter samplings. Following Campolongo et al., (2007), the starting points for the
trajectories are generated with Latin Hypercube Sampling (LHS), while the A=0.5 for
Xi < 0.5 and A=-0.5 for x;>0.5. The RMSD and PCC objective functions are applied. In
general, 20*(6+1)=140 simulations are performed for each rainfall events. The u’
estimates the overall effect of each parameter on the output, while the o estimates
the higher order effects, such as nonlinearity and interactions between inputs,
respectively.

3. Results and discussions

3.1. Field data treatment and analysis

3.1.1. Rainfall events selection
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Fig. 7 Histogram of rainfall event characteristics over the entire period. Where (a)
Rainfall depth; (b) Mean intensity; (c) Event duration; (d) Antecedent dry days.

56 rainfall events have been identified during the study period of September 20,
2014 to April 27, 2015. Analysis of rainfall depth, mean intensity, event duration and
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antecedent dry days are performed for all the precipitation events in order to highlight
their characteristics (Fig. 7).

According to the FIG. 7 (a)(b), we can observe that most rainfall events within the
study area of Eastern Paris, are considered low. In fact, more than 88% of rainfall
events have a rain depth of less than 8 mm, and nearly 89% of rainfall events have a
mean intensity of smaller than 3 mm/hr. Additionally, FIG. 7 (c)(d) shows that event
duration and antecedent dry days are a little more dispersed. However, most rainfall
events observed are shorter than 7 hours (87%), while 88% of the events are
preceded by a previous rainfall event by less than 8 days.

As the distributed FullSWOF model is implemented on a 10° pixel grid, the
simulation is quite time-consuming. Therefore, we have to select several rainfall
events which contain different characteristics in order to characterize the overall
performance of the FUllSWOF model within an urban context. Among the observed
rainfall events, we selected 6 typical events for model application and performance
evaluation, with the rainfall depths varying from 2 to 7.4 mm, the mean intensities
differing from 0.8 to 2.9 mm/hr, durations varying from 0.7 to 8 hours, and antecedent
dry days differing from 0.2 to 7.3 days. The summary of selected rainfall events is
listed in Table 2:

Table 2 Summary of the 6 selected rainfall events.

. Rainfall . 'V'eaf‘ . Max_ Duration Antecedent
Rainfall date depth (mm) intensity intensity (hour) dry days
(mm/hr) (mm/hr) (day)
10/06/2014 5.9 1.73 8.37 3.42 7.3
10/07/2014 2 2.86 20 0.7 0.2
11/14/2014 7.4 2.1 8.57 3.5 7.1
02/28/2015 4.6 2.05 5 2.2 2
04/02/2015 2.6 1 8.57 2.6 3.3
04/03/2015 6.9 0.84 5.63 8.1 0.9

3.1.2. Total mass and PSD of TSS and dry stocks

The total mass of TSS for several rainfall events and the total weight of road dry
stocks over the entire catchment are approximated based on stormwater samplings
and road dust samplings, respectively (FIG. 8a). Meanwhile, the mass distributions of
the washed off particles and the dry deposits for the entire catchment are compared
in FIG. 8b.
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Fig. 8 Measurements of Total Suspended Solids (TSS) and road dust in water
flow and dry stock samples, respectively. For (a) Estimated total mass of TSS (blue
bars) and road dust (orange bars) for different rainfall events and sampling sites,
respectively. (b) Mass distributions of TSS (blue bars) and road dust (orange bars)
for different rainfall events and sampling sites, respectively.

Generally, the mass of washed-off particles collected in the sewer inlet is much
lower than the estimated dry stocks, indicating that a large proportion of the
deposited particles are not transferred into the sewer networks during the rainfall
events. Moreover, the PSD of stormwater samples is quite different than that of
surface dust samples. The TSS in surface runoffs contains most of fine particles (<50
um), which represent more than 90% of total TSS load. While the small particles are
only shown in a limited portion (< 10%) of the surface dust samples. This
phenomenon suggests that only the finest particles of road dry stocks could be
transferred into the sewer inlet during the average rainfall events.
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For the modelling approach, since the TSS concentration is derived from turbidity
observations and the turbidimeter (mini-probe OTT) can only measure fine particles
(< 2mm), we focus on this part of sediments. By homogenizing the estimated weight
of road dust (FIG. 8a, orange bars) for the entire catchment (2661 m?), the testing
range of initial dry stocks is set to 0.1 - 10 g/m2. The settling velocity is calculated
with the particle size using Cheng's (1997) equation. According to FIG. 8b (blue bars),
the median diameter (dsp) of suspended solids in stormwater samples equals to
15um, while cumulative 10% and 90% points of diameter are d;0=5um and dg,=50um,
respectively. Therefore, the tested range of settling velocity is calculated from the dig
and dgp of the Particle Size Distribution, equals to 0.00001 - 0.001 m/s.

3.1.3. Investigations of PAHs

In the framework of ANR-Trafipollu project, 13 types of PAHs (Fluorene,
Phenanthrene, Benzos, etc.) have been found in 7 wet weather samples. The
average percentages of investigated PAHSs in particulate phases are presented in Fig.
9:
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Fig. 9 Average percentage of PAHs in particulate phases in stormwater runoff
samples.

As shown in Fig. 9, most PAHs have more than 90% are associated with
suspended patrticles, while the particulate fraction of Fluorene and Phenanthrene are
slightly smaller, yet still remaining between 60% and 80%. This finding confirms our
assumption of using TSS concentration as the indicator for urban stormwater quality
modelling.
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3.2. Water flow simulations

An accurate water quantity simulation is required for water quality modelling. The
trial and error procedure is performed for calibrating the Manning coefficient in order
to correctly reproduce the water flow. The RMSD and the NSE is used to evaluate
the model performance. An optimized Manning coefficient value of 0.05 is calibrated
for the event of Feb. 28th 2015 and validated for the other 5 examined rainfall events.
As seen in FIG. 10, the performance of the quantitative simulation is quite satisfying.
Compared to our previous work with the SWMM model (Rossman, 2010), the NSE
value is improved from 0.7 to 0.9. Therefore, the use of such a physically-based and
distributed model integrating the full shallow-water equations is more accurate than
using only Mannings' formula for the water flow simulation at the scale of a small
road catchment.

e Water flow simulations
© 00 Neasured discharges;

Fig. 10 Water flow simulations using NSE and RMSD as objective functions. The
simulated discharges at the outlet (solid blue line) are compared with the measured
data (red circles). Rainfall is plotted on the upper part. For events (a) Feb. 28th 2015,
(b) Oct. 6th 2014, (c) Oct. 7th 2014, (d) Nov. 14th 2014, (e) April. 2th 2015, (f) April.
3th 2015.

3.3. Water quality simulations and parameter investigations.
The Elementary-Effects (EE) method with 20 trajectories of 6 parameters is

performed for the 2 rainfall events of Oct. 7th 2014 and Feb. 28th 2015. The cost is
20*(6+1)=140 simulation runs for each event. The event of Oct. 7th 2014 has only
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one runoff peak while the other event contains several. Moreover, the durations of
these two events are relatively short (only 2.2 and 40min respectively), which require
shorter simulation times compared to other precipitation events.

3.3.1. "Best-fitted" TSS simulations

The "best-fitted" TSS simulations with the 20 trajectories EE method are displayed
in Fig. 11. Although the simulations are performed by using discrete parameter
values with very limited calibration efforts, the results are quite promising for the road
wash-off modelling. However, even though the performance of the model seems
satisfying visibly, the NSE and RMSD criterion show poor outcomes, owing mainly to
the significant deviation between the measured and simulated TSS concentrations.
Since the objective of this study is to investigate the effects of parameter on TSS
dynamics, the correlation coefficient (PCC) is a promising complement to assess
model performance.

Rainfall event 10/07/2014 Rainfall event 02/28/2015
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Fig. 11 Best-fitted TSS simulations using NSE and RMSD objective functions for
the rainfall events of (a) Oct. 07th 2014 and (b) Feb. 28th 2015. The simulated TSS
concentration at the sewer inlet (solid blue line) are compared with the measured
data (red circles). Rainfall intensity is plotted on the upper part.

3.3.2. Sensitivity analysis of H-R parameters

The absolute mean (x) and the standard deviation (o) of the distribution of
elementary effects related with each parameter are obtained using EE method with
20 trajectories. The RMSD and PCC objective functions are applied to calculate the
discrepancies between the measured and simulated TSS concentrations at the sewer
inlet. The EE sensitivity measures are shown graphically by scatter plots in Fig. 12,
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which consist of the x- and y- axes the absolute mean (i) and the standard deviation
(o), respectively.
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Fig. 12 Scatter plots representing the results of the sensitivity analysis using the
Elementary Effect (EE) method. For (a) the rainfall event of Oct.07.2014 using RMSD;
(b) the rainfall event of Feb.28.2015 using RMSD; (c) the rainfall event of
Oct.07.2014 using PCC; (d) the rainfall event of Feb.28.2015 using PCC.

As illustrated in Fig.12, the settling velocity (Vs) is the most sensitive parameter
and the initial dry stock (S) is the second influential factor for either of the two
presented rainfall event using different objective functions. While the others are
relatively less sensitive (b, aqo, Qo and F). This result is caused by our assumption to
simulate only one deposited layer with FUullSWOF. Since all the initially available
particles can be easily detached during the rainfall events, the sedimentation process
and the initial dry stocks are the driving factors controlling the amount of particles on
the surface for further wash-offs.

Concerning the detachment process, the parameters related to the raindrop-driven
process (b, ago) are much more important than that concerned with the flow-driven
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process (2o, F). Moreover, the 0, and F seem to be insensitive to the TSS
concentration at the sewer inlet. This finding suggests that the energy of simulated
water flow rarely exceed the threshold of the stream power for initiating particle
detachment. This implies that the wash-off process is predominately caused by
raindrop impact for the investigated urban road catchment.

In addition to giving detailed information on the standard deviation (o), the scatter
plots also allow us to highlight possible interactions and nonlinear behaviours as well
as identifying anomalies. According to Fig. 12, the parameter Vs has the largest
standard deviation in all conditions. This observation indicate that the interaction of
Vs with other parameters is more significant. Contrarily, the ¢ of the parameters b and
S are relatively less significant compared to their u". These two parameters are
therefore more highlighted by their overall sensitivities. Moreover, it is shown in the
FIG. 12(d) that using the PCC objective function, the standard deviation (g) of Qg
becomes more important for the event of Feb 28 2015. Since the event of Feb 28
2015 is longer (2.2 hours) than the other one (40min) and contains several runoff and
TSS concentration peaks after the first peak, the flow-driven process, which is linked
to the parameters Qo and F, may be more responsible for the fluctuations of TSS
concentration in the latest part of the rainfall event.

3.3.3. Continuous effects of the settling velocity (Vs) on TSS

Since the Vg was confirmed to be the most influential parameter on TSS dynamics
in our study, a continuous TSS correlation analysis is performed in order to
continuously investigate the effects of the settling velocity on the model performance
for 5 rainfall events. The selected events contain several runoff peaks and TSS
concentrations. Therefore, we fixed all other parameter values as the best-fitted
simulations, while the Vs is varied from its measured value (noted level 0, dsp=15um,
Vs=0.0001 m/s) to a higher limit (noted level +1, dgp=50um, Vs=0.001 m/s) and a
lower limit (noted level -1, dip=5um, Vs=0.00001 m/s), separately. The results are
displayed in Fig. 13:

As shown in Fig. 13, the effects of the settling velocity (Vs) on continuous TSS
correlation are consistent for all studied rainfall events. For every tested value of Vs,
the model is able to satisfactorily represent the dynamic trends until the first peak of
TSS concentrations. However, it should be noted that the performance of the model
is better with larger Vs values in simulating the fluctuations after the first peak. This
phenomenon can be explained by the assumption of single-class particles. In fact,
the model does not consider the change in sediment-size distribution which occurs
throughout the rainfall event. Due to the preferential deposition of the coarsest
particles in regards to the grain-size distribution of the transported sediment, the
representative settling velocity changed continuously during the rainfall event. Thus,
we can argue that the subsequent peaks of TSS concentration are mainly caused by
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particles which are re-deposited after the occurrence of the first peak. In order to
confirm this assumption, a detailed investigation of the road wash-off processes with
different classes of sediment is suggested for the further studies.
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Fig. 13 Continuous Pearson's Correlation Coefficient (PCC) calculated from the
simulated and observed TSS concentrations at the sewer inlet for different rainfall
events, where (a) Feb. 28th 2015, (b) Oct. 6th 2014, (c) Nov. 14th 2014, (d) April. 2th
2015, and (e) April. 3th 2015. Only the values of Vs are changed, other parameters
are fixed to their values of OAT level '0'. Solid black line stands for the OAT level "0"
of Vs ; the dashed blue line stands for the OAT level "-1", and the dash-dotted red
line stands for the OAT level "+1". Several peaks of TSS concentration are observed
and simulated during each rainfall events.

3.4. What is the proper value of Settling Velocity for urban wash-off

modelling ?

As discussed above, the settling velocity (V) is the key parameter for road wash-
off processes. However, in this case, it is revealed that the value of Vs = 0.0001 m/s,
which is calculated from the measured median diameter of particles (d50=15um), is
not suitable for reproducing the continuous dynamics of the TSS concentration for the
road catchment. Therefore, we conclude that using the single-class sediments
assumption, where the particle size equals to median diameter, is not capable of
accurately reproducing the dynamics of TSS concentrations at the outlet of a road
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catchment, particularly for the later part of stormwater event. The application of the
Particle Size Distribution with different classes of sediment could be suggested for
more accurate simulations over the entire duration of a rainfall event. Nevertheless,
since the single-class simplification could significantly reduce the computational time
for such a physically-based and distributed model, this assumption could be used for
specific objectives of water management. As shown in FIG. 12, the dynamics of the
TSS concentration are generally well represented until the initial peaks, regardless of
different values of settling velocity. We could therefore use the single class
assumption in order to investigate water pollution limited to the first part of a rainfall
event.

Besides, as observed by many researchers (Datry et al., 2003; Julien, 2010; Kafi
et al., 2008), the existence of a cohesive layer beneath the deposited urban dust
layer might also be a meaningful explication for the present issue, with which coarser
particles and flocculated fine particles can be detached only in the latest part of a
storm event when the top layer has already been washed off. This assumption could
also be investigated using the H-R and FullSWOF models in future studies.

4. Perspectives

In the previous sections, we introduced a novel approach to model urban
stormwater quality with the physically-based FullSWOF and Hairsine-Rose (H-R)
model. This new method has good potential for future studies in the following two
aspects: (1) a helpful research approach for increasing understanding of urban wash-
off mechanisms; (2) a useful tool for designing innovative stormwater management
technologies.

Current urban wash-off models rely on empirical, catchment-scale functions
(Sartor et al., 1974), that did not achieve significant advances for the last 40 years.
Using the physically-based model coupled with high precision and fully-distributed
data, researchers can have an insight view of the spatial and temporal
heterogeneities of the dynamics of urban pollutants as well as the driving forces for
wash-off mechanisms. This information is helpful for designing advanced
experimental measurements and settings, in order to improve the underlying theories
as well as the mathematical equations of urban wash-off processes. Nevertheless,
since the present approach requires highly precise input data and the simulations are
quite time-consuming, this method may be not suitable for large urban catchments as
a research tool yet. The detailed studies of urban wash-off behavious can nowadays
only be focused on small-scale roads, buildings or greenlands.

On the other hand, accurate predictions of stormwater quality are very meaningful
for planning and designing preventative measures. Benefitting from this physically-
based approach, stormwater managers could have the knowledge of the spatial
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distribution of particles and particulate pollutants on the road surface. The stormwater
pre-entrance technologies such as filter systems and storage tanks can be applied
at-source for certain areas where more sediments trend to be settled. This type of
source-control techniques are easier to implement comparing with other facilities at-
the-end of catchment (e.g. wastewater treatment plants, storage basin, etc.) and can
reduce the costs.

There is considerable scope for discussing the computational feasibility of applying
this type of detailed physically-based model for large urban catchments. For example,
how much spatial detail is needed to robustly represent wash-off processes for an
urban catchment; and what kind of input information is necessary for successful
water quality simulations. Undoubtedly, there is a need for systematic works on the
suitability of, and methods for, such up-scaling. These investigations may be helpful
for spreading this detailed urban wash-off modelling. Meanwhile, we are currently
working on a multi-processor version of the FullSWOF model. This advancement
may help further studies by reducing drastically the simulation time.

5. Conclusion

In the current study, the monitoring survey coupled with a simulation approach by
the physically-based FullSWOF model and the process-based Hairsine-Rose model
(H-R) is applied to a road catchment near Paris, in order to model the dynamics of
urban wash-off. Centimetric resolution of topographic data, continuous
measurements of rainfall intensities, water flows and turbidity measurements, as well
as road dust and stormwater samplings are used in the model in order to obtain
realistic input data. A global sensitivity analysis of 6 input factors is performed by
using the Elementary-Effects (EE) method. This is the first time that such a research
approach is applied and discussed in the context of urban wash-off modelling.

From on-site experimental measurements, the particle samplings show that the
total mass and the Particle Size Distribution (PSD) in stormwater samples are quite
different from that found in road dust samples, only the finest particles of the urban
dry stocks can be transferred to the sewer inlet of the road catchment during a rainfall
event. Meanwhile, it confirmed that most PAHSs are found in the particulate phase and
associated with suspended patrticles.

In our study, the H-R model coupled with FullSWOF software is for the first time
applied to urban wash-off modelling. The simulation results indicate that the
combined use of the models and high spatial- and temporal-resolution data provides
a good representation of both water flow and water quality modelling.

Sensitivity analysis indicates that the settling velocity (Vs) and the initial dry stock
(S) are the most sensitive parameters for either overall or second-order effects. The
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raindrop-driven detachment is revealed as the major force for detaching the sediment
from the urban surface. However, the flow-driven detachment is more responsible for
the fluctuations of TSS concentration in the latest part of the rainfall event.

The effects of settling velocity (Vs) on continuous TSS correlation are investigated
throughout 5 different rainfall events. The value of Vs, which is calculated from the
single-class sediments assumption with d50=15um, fell short of adequately
reproducing the TSS dynamics, whereas coarser particles appear to be more
adapted for modelling the TSS dynamics. Thus, a multi-class sediment perspective
regarding the PSD is suggested for improving the model performance. Finally, the
perspectives of using this new approach for increasing understanding of urban wash-
off mechanisms, as well as for designing stormwater management technologies are
discussed for future research and practical issues.
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Abstract:

Current urban washoff models still rely on empirical catchment-scale functions,
that have not been substantially updated during the last 40 years. This paper
introduce a new approach using the physical model FullSWOF to evaluate urban
washoff process. The modelling approach is performed for a Parisian road catchment.
Water flow simulation is validated by outlet discharge measurements and local
observations of water depth. Water quality modelling of three classes of particles
(d50 = 7 um, 70 um, and 250 um) is applied using the Hairsine-Rose model. Analysis
of the washoff process at the catchment scale indicates that most (> 90%) of the
finest particles are removed at the beginning of a rainfall event, about 10%—-20% of
medium-sized particles are moved over the latest part of the event, and almost no
coarse particles can be transferred into the sewer inlet. Spatial analysis of washoff
process reveals that the concentration of suspended solids on road and sidewalk
surface is more sensitive to rainfall intensities than that on gutter surface, while
coarser particles tend to accumulate in the gutter over the later part of a rainfall event.
Investigation of the driving force behind the detachment process indicates that
rainfall-driven effects are two orders of magnitude higher than flow-driven effects.
Moreover, it is observed that rainfall-driven detachment is considerably decreased
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with the rising water depth, while flow-driven detachment occurs only in gutter areas.
Finally, several controversial arguments on the use of physical models for assessing
the washoff process, and perspectives on development of physical urban washoff
models are discussed.

Keywords: urban washoff modelling; physically based and distributed model;
FullSWOF; Hairsine-Rose model; raindrop-driven detachment; flow-driven
detachment.

1. Introduction

Stormwater runoff from road surfaces forms a major contribution to pollution loads
in urban areas (Aryal et al., 2010; Fletcher et al., 2013; Zoppou, 2001). Since most of
the problematic contaminants, such as heavy metals and polycyclic aromatic
hydrocarbons (PAHS), are transported by adsorption to fine particles (Bressy et al.,
2012; Gromaire et al., 2001; Kafi et al., 2008; Zgheib et al., 2012), the dynamics of
suspended solids (SS) is regarded as one of the basic indicators of urban runoff
pollution. Because of the difficulties in accurately monitoring the spatial and temporal
variations of SS concentrations in urban catchments, urban stormwater modelling is
increasingly usedfor the interpretation of urban build-up/washoff mechanisms.

Sartor et al. (1974) introduced the first sediment washoff model, which assumed
that the rate of particle loss on a catchment scale is directly proportional to the water
flow and the availability of pollutants on the surface. Since then, numerous urban
stormwater quality models have been developed, assisted by the gradual increase in
computing power. However, most current urban stormwater models, such as SWMM
(Rossman, 2010) and MUSIC (Wong et al.,, 2002), are still based on the original
exponential equations. Different research studies have shown that the empirical
formulations, in models such as SWMM, cannot represent the spatial heterogeneities
of urban particle distributions during stormwater events (Kanso, 2004; Sage et al.,
2015). Conceptual models are therefore incapable of simulating urban non-point
source pollutions (Fletcher et al., 2013; Merritt et al., 2003). Improved insights into
washoff mechanisms are hence required to provide new theories and gain new
understanding of the urban washoff process, allowing the development of novel
models to improve management practices.

Physical modelling combined with highly detailed field data is a promising
approach to better understand the urban washoff process (Beven, 1989; Fletcher et
al., 2013). However, current physical models describing sediment transfers are
mostly developed and applied to the natural environment, not to the field of urban
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pollution. With assumptions that the physical theory of particulate pollutant transfer in
urban areas is the same as sediment transfer in natural environments, this work
focuses on the use of an erosion model (initially developed for the natural
environment) to better explain and describe the washoff process occurring in an
urban catchment. In this context, physical descriptions of particle washoff generally
focus on two distinct physical process: the removal of particles by raindrop impacts,
or shear stress from overland flow (Kinnell, 2009; Shaw et al., 2006; Vaze and Chiew,
2003).

It has been stated that particulate size is a crucial factor for transport of PAHs and
heavy metals in urban stormwater flow (Herngren et al., 2010; Zhao and Li, 2013).
Therefore, it is important to take into account the particle size distribution (PSD) of
the sediments in urban pollutant modelling. On the contrary, conceptual formulations
only considered the total pollutant flux. Among the numerous published size-selective
erosion models (e.g. Deletic et al., 1997; Hairsine and Rose, 1992a, 1992b; Merritt et
al., 2003; Shaw et al., 2006), the Hairsine and Rose (1992a, 1992b) model (H-R)
best fits our needs. Unlike other process-based approaches, the H-R model treats
detachment and deposition process independently, which makes a size-selective
modelling possible. It also simulates a deposited layer that differs from the original
soil in its composition and detachability, this allows us to distinctively model urban
dust and road asphalt. Moreover, as the rainfall-driven and flow-driven detachments
are calculated separately in the model, a greater insight into the washoff process can
be achieved, by comparing the rate of detachment induced by different factors.

With the aim of physical modelling the washoff process in urban areas, Le et al.
(2015) recently introduced a well-balanced and high-order finite volume
implementation of the H-R model in the FullSWOF platform (Full Shallow-Water
equations for Overland Flow, see Delestre et al., 2014). Latterly, Hong et al. (2016)
applied the underlying system to a road catchment near Paris using single-class
sediment assumptions. In this study, we recall the previous work, but using multi-
class sediment assumptions. The simulated water depth is compared with local
observations to ensure that the physical modelling is capable of accurately
representing water distributions over precipitation events. The objective is to achieve
better insights into the urban washoff process by analyzing the spatial and temporal
variations of suspended solids, deposited particles, as well as the detachment rate
driven by raindrops or water flow. Finally, issues with the use of physical models to
assess the washoff process, and perspectives for this modelling approach, are also
discussed.
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2. Methods and Materials

2.1. Model description

The C++ code FullSWOF (Delestre et al., 2014) uses a finite volume scheme to
solve bidimensional Shallow-Water (SW) equations using topographical and friction
source terms. The water infiltration process is represented by the Green and Ampt
(1911) model. Recently, Le et al. (2015) revisited the studies of Heng et al. (2011)
and Kim et al. (2013), and introduced a faster numerical scheme for coupling the H-R
model with the SW equations within the FullSWOF system, thus allowing the
simulation of soil erosion and sediment transport process.

The H-R model allows any sediment particle to be present in one of three
compartments: the flow itself (in the form of suspended solid), the deposited layer, or
the original soil. Once sediments have been detached by the impact of raindrops,
particles can be suspended or returned to the bed by deposition, forming a deposited
layer from which they can be subsequently re-detached. Two types of washoff
process are considered: the first is due to rainfall impact, while the second is due to
the shear stress exerted on the bed surface by the water flow. When the detachment
process continuously add sediment to water flow, the deposition process causes a
continuous loss of sediments from the flow forming a deposited layer. Therefore,
some fraction of the original soil surface is always covered by a layer of deposited
sediment. This presumption allows the model to distinguish between the rates of
detachment of the original cohesive soil and non-cohesive deposited sediments. In
the case of the urban catchment, the road asphalt is considered as a non-erodible
original soil, while the road dust is the deposited layer. This consideration leads to a
simplification of the initial H-R model by neglecting the detachment for original soil
(denoted e, r;) in the urban context. The process represented in the H-R model are
illustrated in Fig. 1.
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Fig. 1 Concept of the Hairsine-Rose model. For the ith class of particles, Ci
represents the suspended solids concentration in mass per unit volume; mi refers to
the deposited sediment mass per unit area; ei and ri stand for the rate of rainfall-
driven and flow-driven detachment for original soil respectively (ei, ri = 0 in the case
of asphalt); eri and rri mean, respectively, the rate of rainfall-driven and flow-driven
detachment for the deposited layer; di is the rate of solid deposition from the water
flow to the deposited layer.

The H-R model reflects the conservation of mass entering and leaving a cell
(called the control volume). Using the simplification linked to the urban context, the
mass balance equations can be written as:

dhc; 0dqc;
a_tl+a_xl=eri+rri_di (1)
dml-
R di — e — Ty (2)
t

where for the iy class of particles, c¢; represents the suspended solids
concentration in mass per unit volume; m refers to the deposited sediment mass per
unit area; e, and r; mean the rate of rainfall-driven and flow-driven detachment for
the deposited layer, respectively; ot is the partial derivative of time; dx is the partial
derivative of distance; h is the water-depth, and q is the water flux, which are
computed from the SW equations; and d; is the deposition. The terms e, r; and d;
can be determined by:

eri = — aqP 3)
_ m; Q'e
Tri —m—T m (4)
Ps
di =v¢ (5)

where,

- m; is the deposited mass per unit area of the i"" class of particles (kg/m2);
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my is the total mass per unit area of the deposited particles (kg/m?);

aq is the detachability of the deposited sediment (kg/m®);

P is the rainfall intensity (m/s);

e is the effective stream power (W/m2);

ps and py, are the densities of sediment and water, respectively (kg/m?);

h is the water-height (m);

g is standard gravity (m/s?);

viis the settling velocity of the iy, class of particles in water (m/s).

According to Eg. 3, the rate of rainfall detachment (e;) is considered to be
dependent on the rainfall rate (P). In EqQ. 4, since the cohesive strength of this
deposited sediment is considered negligible, the resisting force of flow-driven
detachment only depends on the immersed weight of sediments. The power
expended in lifting the sediment to some height in the flow is directly calculated by
the rate of change of potential energy of the sediment. The detachability aq and the
effective stream power (2. can be written as:

adO ] h S hO
ag; = h b 6
“ 7 Nag (7") , h> hy ©)
N, =F(2 —10y) (7)
2 =pyw9Srq (8)

where:

aqo is the initial detachability of deposited sediment (kg/m?);

ho is the threshold of flow depth, above which the detachability will decline (m);

b is a positive constant;

F is the effective fraction of excess stream power;

0 is the calculated total stream power (W/m?);
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- o is the threshold stream power below which there is no entrainment (W/m?2);

- St is the friction slope which is calculated using Manning's equations.

Equation 6 illustrates that the raindrop impact detachability declines with rising
flow depth beyond a certain threshold. This principle was originally proposed by
Mutchler and Hansen (1970), and was revised by Proffitt et al. (1991) for the H-R
model. Egs. 7-8 show that the rate of flow-driven detachment is due to the effective
stream power (£2,), while the source and sinks of stream power in overland flow are
shown in Fig. 2.
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Fig. 2 Flow diagram of the redistribution of total stream power.

Fig. 3 Study area in eastern Paris, France. The catchment is delineated by
dashed red lines; the sewer inlet is located at the northeast side of the catchment. In
this image, the road area is marked in grey, gutter area in white, and sidewalk and
parking areas in brown.
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2.2. Study site

The model is applied to a small urban road catchment near Paris (Le Perreux sur
Marne, Val de Marne, France). This study area consisted of a segment of busy road
(more than 30,000 vehicles per day), and its adjacent sidewalk and parking zones. A
gutter is located between the road and the sidewalk, directing water flow from the
upper part of the catchment to the sewer inlet (Fig. 3). The total surface of the study
basin is 2661 m2, with approximately 65% of the surface being roads, 30% sidewalks,
and 5% gutters and parking places. The western section had a higher incline than the
eastern side, with an average slope of less than 2%.

2.3. Detailed input data
2.3.1. Rainfall data

A tipping-bucket rain gauge is installed on the roof of a building close to the urban
catchment (less than 150 m). The pluviometer had a resolution of 0.1 mm. As the
study area is quite small, rainfall is considered as homogeneous within the basin. In
our previous work (Hong et al., 2016), 56 rainfall events were identified during the
study period from September 20, 2014 to April 27, 2015; six typical events were
selected for the model application with the assumption of single-class particles.In this
study, we recall the same rainfall events for analyzing the urban washoff process with
the assumption of three particle classes. Detailed analysis of the urban washoff
process is performed for the event of October 7, 2014 and the February 28, 2015.
With which, the event of October 7, 2014 has a single but significant peak of rainfall
intensity (rainfall depth = 2 mm; max intensity = 20 mm/h), whereas the Feb 28, 2015
event contains several peaks of rainfall intensity in the later part of the rainfall event
(rainfall depth = 4.6 mm; max intensity = 5 mm/h). Moreover, the duration of these
two events is relatively short (only 40 min and 2.2 h, respectively), which results in
shorter simulation times than with other precipitation events.

2.3.2. High resolution topographic data

In the framework of the ANR-Trafipollu project, particularly high-resolution
topographic data (1 cm) is collected by an on-vehicle LiDAR with the collaboration of
the French National Institute of Geography (IGN; Hervieu and Soheilian, 2013;
Paparoditis et al., 2012). To apply the data to the model using an appropriate number
of pixels, the 1-cm resolution is downscaled to a 10-cm resolution using the mean
aggregation method (Fig. 4):
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Fig. 4 (a) Topographic data of the road catchment; (b) Zoom-in on a rectangular
area of the road surface topography.

2.3.3. Road dust and Particle Size Distribution (PSD) data

A series of road dust samples were collected within the studied area by Bechet et
al. (2015), using a 2 m2 vacuum. The PSD of the collected sediments was then
determined by laboratory monitoring. According to the measurements of Hong et al.
(2016), only particles of sizes below 400 um could be transferred into the sewer inlet
during average rainfall events. Based on the 10%, 50% and 90% (D10, D50 and D90)
cumulative undersize PSD of 0—400 um particles, the sediments can be categorized
into three different classes (Fig. 5). Representing the finest (0-15 pum, 10%), medium-
sized (15-125um, 40%) and coarsest particles (125-400 pm, 50%). The settling
velocity of is then calculated using Cheng's (1997) equation, according to the median
size of each particle class (Table 1).

Table. 1 The three particle classes.

Particle . .
Diameter (d50) Percentage Settling velocity
classes (cm/s)
0-15 um 7 um 10% 0.002
15-125 pym 70 um 40% 0.192
125-400 pm 250 um 50% 1.78
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Fig. 5 Particle Size Distribution (PSD) of the finest part (< 400um) of the dry
deposited particles.

2.4. Validation of water flow modelling by outlet and local

measurements

Reliable modelling of urban stormwater quality requires a detailed spatial and
temporal description of water runoff characteristics. Therefore, the validation of water
flow simulations is an essential preliminary step for the physical analysis of washoff
mechanisms. In this context, Manning’s n coefficient is calibrated and validated using
measured hydrographs at the catchment outlet (road sewer inlet) for six rainfall
events.

Spatial validation is a quite valuable, but rarely applied approach, for proving the
reliability of such a physically-based and distributed model. However, experimental
measurements are usually only available at the outlet of the catchment. In this study,
in addition to the validation data from hydrographs at the catchment outlet, the water
depth data is collected at the surface of the road catchment using a remote surface
condition sensor (DSC111, Vaisaila). The measurement was performed in a 20-cm-
diameter round area with a resolution of 0.01 mm. The monitoring location is shown
in Fig. 4a. Therefore, the four correspond cells (10 cm) in the model can be identified,
which allows comparison between the simulated water depth (averaged water depth
of the four cells) and the observations.
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2.5. Washoff behavior at the catchment scale

For the sediment transport simulation, the H-R model is implemented using the
standard parameter values (aqo, b, F, Q0) obtained from Hong et al. (2016). The
homogeneous initial dry stock (S) is considered as the mean mass of all the urban
dust samples (Bechet et al., 2015), and the settling velocities of different particle
classes (V) are calculated by considering the observed particle sizes (Table 2).
Analysis of the washoff process at the catchment scale is focused on the evaluation
of the concentration of suspended solids at the outlet and the ratio of remaining
particles to initial deposits for each sediment class. The measured concentration of
Total Suspended Solids (TSS) is derived from the continuous measurements of
turbidity at the catchment outlet (Hong et al., 2016).

Table 2 Used parameter values.

ado Q0
(kg/m?®) b F (W/m?) S(g) |vi(cmls)|vz(cm/s)|vs(cm/s)
2000 | 0.8 | 0.02 0.2 0.002 | 0.002 | 0.192 1.78

2.6. Spatial analysis of the washoff process

The evolution of the spatial distribution of suspended and deposited particles, as
well as the dynamics of washoff mechanisms, can be evaluated according to different
urban land uses. For the studied road catchment, the position of the narrow gutter,
which is around 10-20 cm wide, could be delineated from the topographic data. The
studied urban surface could then be divided into three distinct land uses, these being
road, gutter, and sidewalk. Despite the fact that the surface material of these areas is
equally impervious and non-erodible asphalt, the varying topography certainly
affected the respective washoff behaviors. Thus, it is interesting to compare the water
flow and washoff process according to the different types of land use. Therefore, we
firstly defined the gutter cells, which have a clear road shoulder (> 5 cm) between
gutter and sidewalk, and we then selected the same number of cells to represent the
road and the sidewalk parallel to the cells of the gutter. A total of 2625 cells for each
land use areidentified along the street, which well represented the gutter, road, and
sidewalk (see Fig. 4a).

This allowed the spatial and temporal variations of the urban washoff process to
be separately evaluated for gutter, road and sidewalk. Although the initial deposited
layer is spatially uniform at the beginning of the simulation, the washoff process could
lead to a heterogeneous distribution of particles over the course of a precipitation

89



event. In order to assess variations in the washoff process for different land uses, the
mean concentration of suspended solids and the ratio of remaining particles to initial
deposits for each sediment class (Eq. 9), are individually calculated for the gutter,
road, and sidewalk.

remaining mass (particle(j))

TatiOLU ), ticle(j) — - (9)
(Oparticte() ZZCE”‘LU“) initial mass (particle()))

chell,LU(i)
1

where ratio ug,paricleg 1S the ratio of remaining particles to initial deposits for the
landuse LU(i) and the j" class of particles; nee is the number of studied cells of LU(i)
which is equal to 2625.

Moreover, since the calculation of the rainfall-driven and flow-driven detachment
process in the H-R model is separated (eqs. 3-8), we can independently analyse the
mass flux of detachment caused by raindrop energy (e, kg/m2s) or flow energy (r,
kg/mz2s) for each cell. The driving force (rainfall-driven or flow-driven) of the sediment
detachment process for gutter, road, and sidewalk can therefore be distinctly
evaluated. Furthermore, by considering the median, and lower and upper quatrtiles of
the mass flux for the cells of each land use, we can also investigate the spatial
heterogeneity of sediment detachment in the gutter, road and sidewalk.

3. Results

3.1. Validation of water flow simulation

Using the water flow measurements at the outlet of the catchment, an optimized
Manning's n coefficient value of 0.05 was calibrated and validated for the study area
(Hong et al., 2016). In addition to our previous work, this paper compares the
simulated surface water depth with the observations (Fig. 6).

As presented in Fig. 6, the water depth simulations at the monitored location
closely matched the in-situ measurements, even at a very fine scale with the water
depth varying from 0—-0.5 mm. This finding demonstrates that the application of the
FullSWOF model with detailed input data, is a suitable approach to represent the
spatial and temporal variations of water flows on urban catchments.

3.2. Urban particle washoff at the catchment scale

3.2.1. Concentration of suspended solids at the catchment outlet
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The simulated concentration of total suspended solids (TSS), as well as the
concentration of the 3 classes of particles (d50 = 7 um, d50 = 70 um and d50 = 250
pm), are compared with the measured TSS at the catchment outlet (Fig. 7).
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Fig. 6 Spatial validation of the water depth simulation (solid blue line) using
measured local water depth data (red circles) from the monitoring location inside the
urban catchment (see Fig. 4b). For the events of: (a) April 2, 2015 and (b) April 3,
2015.
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Fig. 7 Concentration of particles at the catchment outlet. The simulated
concentration of total suspended solids (TSS; solid black line), d50 = 7-um particles
(solid blue line), d50 = 70-um particles (solid green line), and d50 = 250-um particles
(solid magenta line), are compared with the measured TSS (red circles). Rainfall is
plotted on the upper part. For events (a) October 7, 2014; (b) February 28, 2015; (c)
October 6, 2014; (d) November 14, 2014; (e) April 2, 2015; (f) April 3, 2015.
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Overall, it can be seen from the Fig. 7 that the physical model FullSWOF can
correctly reproduce the TSS dynamics, especially the first peak of TSS concentration
for all the studied rainfall events. However, the simulated TSS concentrations are
generally underestimated for later TSS fluctuations (Fig. 7 b, c, d, e, f). This
phenomenon is mainly because of the rough classification of urban particles into
three classes (7um, 70um and 250um). Since the 7um particles can be easily
removed at the beginning of the rainfall events, while the coarser particles (70um and
250um) are hardly transferred under the investigated rainfall intensities for forming
the later TSS fluctuations. More elaborate classification of particles between 7 um
and 70 um could be considered for improving the model performance on further
studies. Nevertheless, as this paper aims to provide a physical insight into the urban
washoff process, the categorization of three particle classes is proved to be an
acceptable compromise between the simulation time and the modelling accuracy. In
below sections, the results of detailed analysis of urban washoff process are
presented for the rainfall events of October 7, 2014 (40 min duration) and February
28, 2015 (2.2 h duration).

3.2.2. Ratio of remaining particles to initial deposits at catchment scale

The ratios of remaining particles to initial deposits for each sediment class are
presented in Fig. 8.
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Fig. 8 Ratios of remaining particles to initial deposits on the catchment surface.
The d50 = 7-um particles (solid blue line), d50 = 70-um particles (solid green line)
and d50 = 250-um particles (solid magenta line) are evaluated for the events of (a)
October 7, 2014; (b) February 28, 2015. Rainfall is plotted on the lower part (black
line).
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As shown in Fig. 8, most (> 90%) fine particles (d50 = 7 um), about 10%—-20% of
medium-size particles (d50 = 70 um), and almost no coarse patrticles (d50 = 250 pm)
are transferred into the sewer inlet. Whereas the fine particles are rapidly removed
from the urban surface at the beginning of rainfall events, the other sediment sizes
are only detached from the surface at high rainfall intensities, and are then re-
deposited back to the surface when the rainfall weakens, causing a rise in the
remaining proportions of these particles on the surface. These findings are in
agreement with the concentrations of suspended solids recorded at the catchment
outlet (Fig. 7). We also found that in both of the two studied events, there are always
some fine particles (< 10%) remaining on the urban surface until the end of the
rainfall. This phenomenon can be explained by surface depressions at the scale of
the cell size (10 cm). As displayed in Fig. 4b, the topography of certain cells includes
local depressions on the surface, where suspended particles may be trapped during
rainfall events.

The simulated TSS concentration at the catchment outlet does not completely
match the in-situ measurements, especially for the last part of the longer rainfall
event (February 28, 2015). This discrepancy may be due to the inappropriate
classification of the initial urban dry deposit. Since we manually attribute 10% of the
total mass of dry deposits to d50 = 7-um patrticles, all of these particles could easily
be removed at the beginning of the rainfall events, causing a very high peak in the
TSS concentration. Particles of 15-125 um are also represented by a single class of
d50 = 70 pm, which is not able to reproduce the later fluctuations in TSS
concentrations.

3.3. Spatial analysis of the washoff process
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Fig. 9 Mean water depth for the cells of gutter (solid blue line), road (solid green
line) and sidewalk (solid magenta line). For the events of (a) October 7, 2014; (b)
February 28, 2015. Rainfall is plotted on the upper part (black line).
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Since the cells of gutter, road, and sidewalk have been properly defined (section
2.6), the simulations of water depth, remaining particles, suspended solid
concentration, and the mass flux of detachment by raindrop-driven or flow-driven
effects, can be analysed according to the different land uses.

3.3.1. Spatial distribution of water depth

In Fig. 9, it is clear that the water depth in the gutter cells is much higher than that
in the road or sidewalk cells. While the water depth in the gutter can reach 1-2.5 cm,
it is always less than 0.1 cm in the road and sidewalk cells.

3.3.2. Spatial distribution of suspended solids concentration and the ratio of

remaining particles to initial stocks

The spatial distributions of the mean concentration of the suspended solids and
the remaining fraction of particles are presented in Fig. 10 and Fig. 11, respectively.
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Fig. 10 Mean concentration of particles for the gutter (a, d), road (b, e) and
sidewalk (c, f). The simulated concentrations of total suspended solids (TSS; solid
black line), d50 = 7-um particles (solid blue line), d50 = 70-um particles (solid green
line), and d50 = 250-um particles (solid magenta line) are compared. Rainfall is
plotted on the upper part. Events (a, b, ¢) are October 7, 2014; (d, e, f) February 28,
2015.

According to Fig. 10, the mean concentration of the finest particles (d50 = 7 um) is
similar in all studied conditions. When rainfall begins, the finest particles can
immediately be detached and transferred to the sewer inlet. For the coarser particles,
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the suspended solids concentration show significant peaks associated with high
rainfall intensities for the road and sidewalk, but these are not apparent for the gutter
area. This phenomenon can be explained by the behavior of water flows. As shown
in Fig. 9, the gutter experience much more substantial water depths than the other
land uses, and is therefore less sensitive to raindrop impacts.
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Fig. 11 The ratio of remaining particles to initial stocks for the gutter (a, d), road (b,
e) and sidewalk (c, f). The evolution of d50 = 7-um particles (solid blue line), d50 =
70-um particles (solid green line), and d50 = 250-um particles (solid magenta line)
are evaluated for the events of (a, b, c) October 7, 2014; (d, e, f) February 28, 2015.
Rainfall is plotted on the lower part (black line).

The results for the remaining particles in Fig. 11 support the above findings. As
illustrated in the graphics, the great majority of the finest particles are instantly
evacuated at the very beginning of rainfall events. However, coarser particles,
particularly medium-sized (d50 = 70 um) sediments, are removed from the surface of
the road and sidewalk, but accumulate in the gutter. This fact suggests that with
rising water depth during rainfall events, coarser particles can still be detached from
the road and sidewalk, but that they are transferred to and deposited on gutter areas.
As most of the finest particles are eroded at the beginning, and the total quantity of
the coarsest particles appears stable during the entire rainfall period, the later
fluctuations in TSS concentration at the sewer inlet are mainly generated by medium-
size particles.
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3.3.3. Rainfall-driven and flow-driven detachment on urban catchments

The spatial distributions of the detachment mass flux caused by raindrop energy
(e, kg/m2s) or water flow energy (ri, kg/m3s), are independently calculated for the
areas of gutter, road and sidewalk. The mean mass fluxes of rainfall-driven and flow-
driven detachment for the indicated surface areas are presented in Fig. 12.
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Fig. 12 Mean detachment mass flux by raindrop-driven (a, c) or flow-driven (b, d)
effects, for the gutter (solid blue line), road (solid green line) and sidewalk (solid
magenta line). Mean flow velocities are plotted as dashed-dotted lines for the gutter
(blue), road (green) and sidewalk (magenta). Rainfall intensities are plotted on the
upper part (black line). For the rainfall events of October 7, 2014 (a, b), and February
28, 2015 (c, d).

According to Fig. 12, for the two studied rainfall events over different land uses
(gutter, road, and sidewalk), the mean mass flux of rainfall-driven detachment is
larger than that of flow-driven detachment by 2 orders of magnitude (10 and 107
kg/m2, respectively). This indicates that rainfall-driven detachment is much more
important than flow-driven detachment in urban areas, and that the flow-driven effect
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can be ignored most of the time. Moreover, it can be observed in Fig. 12(a) and (c),
that the raindrop effects for gutter, road, and sidewalk are similar at the start of
rainfall events, but decrease considerably in gutter areas afterwards. This
phenomenon is due to the increase in water depth at the gutter surface during rainfall
events. A comparison with the results presented in Fig. 9 shows that the water depth
in the gutter is much higher than the road and the sidewalk. By using Eg. 6 given in
section 2.1, it can be seen that the raindrop impact detachability in the gutter
dramatically declines with the rise in flow depth beyond a certain threshold (0.7 mm).
Otherwise, the water depth of the road and sidewalk cells rarely exceeds this limit;
the rainfall-driven detachment therefore remains at a high level throughout the rainfall
event. Moreover, the mean mass flux of rainfall-driven detachment on road areas is
slightly lower than that on sidewalk areas. This may be caused by the road areas
having a greater surface roughness than sidewalk areas; the greater number of
depressions on road areas may reduce the general raindrop impact because of
ponding water.

Fig. 12(b) and (d) indicate that the flow-driven detachment process occurs only in
the gutter, where the water flow velocity is much higher than on the other types of
surface. However, although the water flow velocity remains at a significant level
through the later part of the rainfall event, the flow-driven detachment does not follow
the dynamic of flow velocity, and declines much more quickly than the mean flow
velocity. This phenomenon is due to the effects of fine particles available (d50 = 7 um)
on the surface. Comparisons with Fig. 11(a) and 11(d) show the decrease in flow-
driven detachment comes after the decrease in the availably of fine particles on the
gutter surface. This therefore indicates that the detachment caused by flow energy
affects mainly the fine particles.

3.3.3. Spatial heterogeneity of sediment detachment in the gutter, road and

sidewalk

In order to evaluate the heterogeneity of the washoff process within each land use,
the median, and lower and upper quartiles of the mass flux (rainfall-driven and flow-
driven) for the selected cells (2625 cells) of gutter, road, and sidewalk, are
respectively presented in Fig. 13.

Similar to Fig. 12, Fig. 13 also shows that the rainfall-driven detachment is much
more important than the flow-driven effects, and that the flow-driven detachment
process only occurs in the gutter. It also reveals that the inter-quartile range for the
mass flux in gutter cells is less significant than in the other land uses. This indicates
that the lowest spatial heterogeneity in the washoff process occurs in gutter areas.
Contrarily, the largest inter-quartile range for the mass flux, which occurs in road cells,
illustrates the highest spatial heterogeneity for this land use. This finding suggests
that the surface roughness for the study catchment follows road > sidewalk > gutter.
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Fig. 13 Spatial heterogeneity of rainfall-driven (R-D; blue lines) or flow-driven (F-D;
magenta lines) sediment detachment for the gutter (a, d), road (b, €), and sidewalk (c,
f). The median values of the selected cells are represented by solid lines, the lower
guartiles by dashed lines, and the upper quartiles by dashed-dotted lines. Rainfall
intensities are plotted on the upper part (black line). For the events of October 7,
2014 (a, b, ), and February 28, 2015 (d, e, f).

Additionally, according to the results of the road and sidewalk areas, the lower
guartiles of the mass flux caused by raindrops, is far from the median values,
particularly during the latest part of the rainfall events. This phenomenon indicates
that certain road and sidewalk cells represent local depressions on the surface,
where relatively greater water depths can remarkably reduce the rainfall-driven
detachment effects. Otherwise, as for the mass flux in gutter areas, intervals between
the upper quartiles and the median values are more important than those of the lower
guartiles. This fact implies that several gutter cells represent higher locations, where
the water depth is lower, causing more significant detachment effects.

4. Discussion
4.1. On the use of physical models for assessing the urban washoff

process

Use of physical models to assess real-world mechanisms assumes that the
physical process can be represented in a deterministic way. In other words, it implies
that the overall catchment response can be reproduced by the combined action of
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the constituent process representations, and the spatial variability of a catchment can
be displayed by distributed values at the model scale. These assumptions have been
criticized by several researchers (Beck, 1987; Beven, 1989), who generally refer to
the lack of totally distributed spatial data; the superficial input parameters being
generally too sparse to allow realistic interpolation. However, the current study uses
the 2D shallow-water equations with a particularly high-resolution (10 cm)
topographic data, over an impervious urban catchment, which ensures an acceptable
precision for overland flow modelling by equations governing fluid mechanics. The
simulated water depth is also validated with local measurements at a very fine scale
(0-0.5 mm), confirming that the spatial variations in water flow are well represented
by the presented modelling approach. These findings demonstrate the relevance of
using the given physically-based water quantity model to further investigate the
washoff process.

Current urban washoff models still rely on empirical catchment-scale functions
(Sartor et al., 1974) that have not advanced substantially over the last 40 years. This
is mainly due to the shortage of experimental methods to provide basic information
for model development, such as distributed measurements of flow depth and velocity.
Use of the physical models can provide insights into the spatial and temporal
heterogeneities of flow characteristics for sediment or nutrient modelling. In this study,
we applied the H-R model to simulate washoff mechanisms, which allowed us to
distinguish the different effects of rainfall-driven and flow-driven detachment. As the
sediment characteristics (mass, PSD) are derived from measured data, and the
model parameters have been widely discussed and validated by other authors
(Beuselinck et al., 2002; Heng et al., 2011; Proffitt et al., 1991; Sander et al., 1996),
we consider that the current modelling approach is reliable for assessing washoff
process. The spatial analysis of the suspended solids concentrations, the particles
remaining after the washoff process, and the detachment mass flux caused by
raindrops or water flows, provide us with a basic view of washoff mechanisms within
an urban catchment. Such information is helpful for designing advanced experimental
measurements and settings, to improve the underlying theories and mathematical
equations describing urban washoff process.

The development of physical models has two major objectives. The first is to
improve the understanding of a particular theoretical construct, the second is to
accurately reproduce a specific output for certain conditions (generally hydrographs
or pollutographs for the catchment outlet). The present study is very valuable in the
first regard; however, it may not yet be suitable for application issues. One reason for
this is that the current approach requires very precise input data, and the simulations
are quite time-consuming; this method may not be applicable for large urban
catchments. Another reason comes from the fact that the spatial heterogeneities in
system responses may not be well reproduced by catchment average parameters,
such as the mass of dry deposits and particle size distributions. Similarly, the water
flow calculation at each grid cell would suffer from insufficient resolution when te
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model being applied at the urban catchment scale. And the particle
settling/resuspension process at the catchment surface needs a high resolution to be
well reproduced. Moreover, for larger urban catchments, the settling/resuspension
process in the drainage network may play a role, which limits the applicability of the
presented modelling approach. Nevertheless, it is expected that these drawbacks
could be overcome in the near future using means such as up-scaling methods and
integrated modelling with atmospheric deposition models and urban sewer network
models. With such developments, urban physically-based washoff models will
become very useful for application projects, helping stormwater managers design
pre-entrance technologies such as filter systems and storage tanks to control urban
non-point source pollutions.

4.2. Comparison of physically-based washoff modelling with

washoff experiments: a historical perspective

Vaze and Chiew (2003) published one of the few papers in which the relative
importance of the raindrop and runoff energies in the pollutant washoff process was
investigated by field and laboratory experiments. In their paper, the authors stated
that the energy of raindrops is very important for detaching surface pollutants at the
beginning of an event, but is not so important later on. Their findings are similar to
our simulation results for the gutter areas (Fig. 12). However, our simulations suggest
that the raindrop impact is the essential force for detaching particles over the entire
rainfall event for the road and sidewalk areas. This finding provides a new insight into
the wash off process. This difference is mainly caused by the fact that the
experimental setting of Vaze and Chiew (2003) used intense simulated rainfall events
(26-50 mm/h for 8-17 min), which are much higher than our measured rainfall
intensities (mean rainfall intensity is 2-3 mm/h). Therefore, the water depth in the
underlying authors' experimental plots may have rapidly reached a high level,
comparable to the simulated water depth in the observed gutter in our experiment,
leading to a significant decrease in rainfall-driven detachment. Moreover, both Vaze
and Chiew (2003) and ourselves, found that only the finer particles are removed
during rainfall events, with most coarser sediments remaining on the surface.

Vaze and Chiew (2003) also conducted another group of experiments, where
insect screens were placed above the surface to remove the rainfall energy.
Nevertheless, the authors observed that the washoff process could also take place
from the very beginning of the rainfall events. Considering that the detachment
induced by water flow energy was shown to be negligible in the current study, use of
only the flow energy-based equations may be insufficient for describing the flow-
driven detachment in urban areas. Chebbo and Gromaire (2009) argued that certain
urban particles have a quasi-nil settling velocity, which means that they will not be
deposited on urban surfaces. In such cases, these suspended particles could be
easily transferred into the sewer inlet under a very limited water flow. Therefore,
energy-based flow-driven equations with a threshold of stream power would no

100



longer be appropriate for the underlying conditions. By studying the effects of these
loose particles, more advanced flow-driven detachment equations may be derived,
which would allow improvements to the understanding of urban washoff process.

4.3. Future outlook of physical urban washoff modelling

4.3.1. Taking the spatial distributions of input factors into consideration

Although the spatial variations of the washoff process are well represented in this
study, we still use the uniform inputs of initial loads and the PSD of particles. These
inputs are derived from the experimental data of Bechet et al. (2015), by averaging
the measurements of samples from the gutter, road and sidewalk. However, the PSD
of urban particles from different land uses are quite different (Fig. 14).
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18 18 18 |
=16 - 16 | =16 | M Dust - Sidewalk 1
) ~ R R
%’14 | HDust- Gutter 1 Q‘m 1 W Dust Rcajl 9;14 | m Dust - Sidewalk 2
By | M Dust- Gutter 2 <12 - HDust- Road 2 E’lz 1 Dust - Sidewalk 3
Em _ Dust - Gutter 3 W10 - Dust- Road 3 €10
Z 8- s 2B
o 6 | 6 - a g -
2 (a) 5, (b) 4 (c)
2 2 il 2
o 0 H”rlr‘llr‘rlrlrl”””llfl I A1 20001 E 0 -
05 2 8 315 125 500 2000 0.5 2 8 31.5 125 500 2000 05 2 8 315 125 500 2000
Particle Size (um) Particle Size {(um) Particle Size (um)

Fig. 14 Particle size distribution (PSD) for the dust samples of (a) gutter, (b) road,
and (c) sidewalk at three different locations (1, 2, and 3).

According to Fig. 14, the PSD of gutter dust samples (Fig. 14a) and sidewalk (Fig.
14c) dust samples are similar, although both are different to road samples (Fig. 14b),
with road dust containing less fine particles and more coarse sediments. This is due
to the different sources of the urban dry deposits. Road dust chiefly comes from the
direct abrasion of the road surface materials, whereas finer atmospheric depositions
are more likely to remain on the sidewalk and gutter. Nevertheless, the
homogeneous PSD input (see Fig. 5) in the current modelling approach hides this
spatial heterogeneity. Since it is demonstrated that the first peak in the TSS
concentration at the catchment outlet is caused mainly by the finest particles, and
that the later fluctuations of the pollutograph are driven by medium-sized sediments,
this misinterpretation of PSD may lead to an overestimate of TSS concentration at
the beginning, but underestimate the TSS concentration during the later part of the
rainfall. That is the case for the events shown in Fig. 7 (Fig. 7 b, c, d, e, and f), where
the use of particles of d50 = 70-um could not reproduce the moderate dynamics of
the TSS concentration after all the d50 = 7-um particles are removed. Therefore, it
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would be interesting to continue to develop the FullSWOF model to assess the
effects of the spatially distributed input factors (initial mass, PSD, H-R parameters),
as well as the impacts of different particle size classes. Moreover, according to (Al Ali
et al., 2016), the six investigated rainfall events in this paper are related to "first flush"
events. However, as Métadier and Bertrand-Krajewski (2012) noted that an important
number of rainfall events does not follow the "traditional® pattern for the TSS
dynamics, advanced theories and urban washoff equations should be tested for our
further studies in order to cope with these rainfall events.

4.3.2. Taking advantage of novel remote sensing techniques

Despite the very high-resolution topographic data and local measurements of
water depth used in this study, limitations in the validation of physical urban washoff
modelling still remain. This is mainly due to the shortage of suspended solids
observations. For example, the measurements of TSS concentrations in the current
study are based on turbidity observations (mini-probe OTT) at the sewer inlet, which
require a certain depth of water to initialize the assessment. However, the most
significant peak in TSS concentration in urban washoff usually occurs at the very
beginning of the rainfall, yet it cannot be examined by this experimental method, as
the water depth is quite limited during the initial stage. Moreover, without continuous
PSD measurements of the suspended patrticles, the size-selective washoff modelling
could not be approved by comparison with observations.

The newly developed digital particle image velocimetry (DPIV) technique shows
potential for overcoming the underlying challenges in urban washoff modelling. Using
a DPIV system, continuous measurement of the particle sizes and concentrations, as
well as their spatial distributions, could be achieved. By establishing different
experimental scenarios, advanced physical washoff models could be established and
tested, in order to improve understanding of the washoff process.

5. Conclusion

In this paper, we introduce a new approach of using the physical model FullSWOF
to evaluate urban washoff process. The Hairsine-Rose (H-R) water quality sub-model
is able to independently simulate the rainfall-driven and flow-driven detachment,
which allow us to have an insight into the urban washoff mechanisms. The water
quantity simulation is validated with continuous and local measurements of water
depth, which confirm that the present modelling approach is able to represent the
spatial variations of the water flow on an urban surface.

Analysis of the washoff process at the catchment scale indicates that most (> 90%)
of the finest particles are removed at the beginning of a rainfall event, with about
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10%-20% of medium-size particles are removed over the later part of the event.
Almost no coarse particles can be transferred into the sewer inlet.

The spatial analysis reveals that the water depth in the gutter is much more
important than that on the road or on the sidewalk. Over the later part of a rainfall
event, the concentration of coarser particles is more sensitive to rainfall intensities on
the road and sidewalk, while the coarser particles tend to accumulate in the gutter.

Investigation of the driving force behind the detachment process indicates that the
rainfall-driven effects is two orders of magnitude larger than the flow-driven effects.
Moreover, it is observed that the rainfall-driven detachment on the gutter is
considerably decreased with a rise in water depth, while flow-driven detachment
occurs only on the gutter areas.

Although the physically-based modelling is still a simplification of the real world, it
is currently the only method for analyzing the spatial and temporal variations of the
washoff process. Moreover, the effectiveness of this research approach are
confirmed by the high-resolution input data and the spatial validation of water depth .
However, the comparison of this modelling approach with the published experimental
results reveals a shortage of energy-based flow-driven equations for urban washoff
modelling. Therefore, the application of advanced detachment equations considering
the effects of loose particles, the integration of the spatial distributions of input factors,
and the use of novel digital particle image velocimetry (DPIV) techniques, are
essential perspectives for physical urban washoff modelling.
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PARTIE Ill. Modélisation distribuée a
base physique a l'échelle du quartier
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Dans cette partie, nous présentons la modélisation du transfert de I'eau et de
polluants a I'échelle du quartier. Deux plateformes de modélisation sont développées
dans la thése: (a) la plateforme TRENOE qui couple les modéles TREX [1] et
CANOE [2]; (b) la plateforme LISEM-SWMM qui couple les modeles LISEM [3] et
SWMM [4]. Ces deux plateformes 2D-1D permettent de simuler la variabilité spatiale
et temporelle des flux d'eau et de polluants sur les surfaces urbaines et également
dans les réseaux d'assainissement.

Dans le cadre du projet ANR-Trafipollu, les modeles sont appliqués sur un petit
bassin-versant urbain autour du boulevard d'Alsace Lorraine (RD 34), situé sur la
commune du Perreux-sur-Marne dans le département du Val de Marne (12 km a I'est
de Paris). Le bassin-versant est délimité en considérant les données topographiques
(jusqu'au 20 cm de résolution) et les connections au réseau d'assainissement. La
surface du bassin est égale a 0.12 km2 Les chapitres 7 - 9 présentent les
développements, les applications et les analyses de ces plateformes 2D-1D
(TRENOE et LISEM-SWMM) sur le bassin-versant étudié.

» Chapitre 7

Dans le Chapitre 7, une plateforme de modélisation intégrée, 2D/1D, "TRENOE",
est développée en couplant le modéle 2D a base physique TREX (Velleux et al.,
2008) et le modele de réseau 1D CANOE (Alison, 2005). L’objectif de la plate-forme
est de simuler la quantité et la qualité des eaux pluviales urbaines a I'échelle d'un
quartier.

Des mesures en continu et un nombre important de données détaillées collectées
dans le cadre du projet ont permis d’évaluer l'influence sur les résultats du modéle de
différents paramétres comme la structure du modéle, la précision numérique, les
parametres et les données d'entrée utilisés. En changeant différentes options de
mise en ceuvre et de configurations du modéle, la modification des codes sources en
adaptant la précision numérique et l'utilisation des données détaillée de I'occupation
du sol sont des étapes cruciales pour cette approche de modélisation Par contre,
I'utilisation de données topographiques de haute résolution pour la route et la

calibration usuelle de la conductivité hydrauligue a saturation et du parameétre de
Manning semblent étre de second plan a I'échelle du petit bassin versant urbain.

En ce qui concerne la modélisation de la qualité de I'eau, notre travail montre que
les équations USLE empiriques doivent étre complétées par des processus de
détachement des poussieres urbaines par les gouttes de pluie. Méme si les
simulations de la qualité de I'eau doivent étre améliorées, la prise en compte de la
distribution de taille des particules se révéle étre un facteur important pour modéliser
le transport des polluants en surface sur un bassin versant urbain.
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» Chapitre 8

Le Chapitre 8 présente les résultats obtenus concernant l'utilisation des données
topographiques de haute résolution et les données détaillées d'occupation du sol sur
les résultats de modélisation.

En utilisant la plateforme TRENOE présentée dans le chapitre précédent, des
simulations des flux d'eau a I'exutoire du bassin versant urbain ont été redressées en
faisant varier (a) les données topographiques (haute et basse résolution) et (b) les
données d'occupations du sol (détaillées et grossiéres) provenant de différentes
sources de données. Les résultats de ces comparaisons montrent que (i) en utilisant
simplement les données topographiques de basse résolution, le modéle 2D-1D est
capable de reproduire les dynamiques des flux d'eau a I'exutoire du bassin-versant a
I'échelle du quartier du milieu urbain; (i) par contre, les informations détaillées de
I'occupation du sol sont nécessaires pour réaliser des simulations satisfaisantes des
transferts des eaux en milieu urbain.

» Chapitre 9

En tenant compte des origines des problémes résultant de I'utilisation de la
plateforme TRENOE présenté dans les chapitres précédents, nous avons développé
dans le Chapitre 9 une nouvelle plateforme de modélisation intégrant un modéle
d’érosion en surface a base physique (LISEM) avec un code de modélisation du
transfert en réseau bien connu (SWMM).

Par rapport aux outils précédemment utilisés, I'outil LISEM est particuliérement
intéressant dans la mesure ou le schéma numérigue associé a ce code prend en
compte les transferts d’eau et de particules pour les 8 cellules adjacentes a chaque
pixel. De plus, ce modéle est basé sur le modéle d’Hairsine et Rose (1992) pour
I'érosion, incluant le détachement des poussiéres urbaines par les gouttes de pluie
en distribuant sur plusieurs classes de particules.

Le transfert de matiéres en suspension lors de plusieurs évenements de pluie est
présenté dans ce chapitre en se basant sur deux scénarios types : un scénario qui
consiste a prendre en compte les données granulométriques et les masses
déposeées sur les surfaces urbaines a partir des données collectées au sein méme du
projet ANR-Trafipollu, un deuxieme scénario qui consiste a prendre en compte pour
les particules les plus fines sur les surfaces urbaines (<10 pm) les sorties de
modeles atmosphériques. La prise en compte de ces données de simulation permet
ainsi de considérer la distribution spatiale des dépdts atmosphériques a I'échelle du
quartier.

La prise en compte de la concentration en HAP et métaux des particules, selon
leur taille, permet de tracer I'évolution de la concentration en HAP et métaux a
'exutoire de ce bassin versant urbain, tout en distinguant les classes de particules
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concernées. En comparant avec les données de concentration moyennes obtenues
a partir des prélevements dans l'avaloir (cf. Chapitre 5 - 6) dans le cadre du projet,
les résultats montrent que I'emploi de modéles totalement distribués peut arriver a
reproduire de maniére tres fine les dynamiques des particules, des hydrocarbures et
des métaux. Par contre, les résultats de simulations montrent que les données
recueillies a I'exutoire ne permettent pas clairement de distinguer la pertinence de
l'utilisation de données distribuées par rapport a des données moyennées
spatialement. Méme si a ce stade la plateforme développée nécessite des
améliorations pour adapter aux utilisations dans le champ opérationnel, ceci
constitue une avancée pour le domaine de modélisation du transfert hydrologique
des polluants routiers en milieu urbain.
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Abstract: The widespread use of separate stormwater systems requires better
understanding of the interactions between urban landscapes and drainage systems.
This paper describes a novel attempt of developing urban 2D-surface and 1D-
drainage model “TRENOE” for urban stormwater quantity and quality modelling. The
physically-based TREX model and the conceptual CANOE model are integrated into
the TRENOE platform, highlighting that the roofs of buildings are represented
separately from the surface model, but simulated as virtual “sub-basins” in the
CANOE model. The modelling approach is applied to a small urban catchment near
Paris (Le Perreux sur Marne, 0.12 km?). Simulation scenarios are developed for
assessing the influences of different “internal” (model structure, numerical issues)
and “external” (parameters, input data) factors on model performance. The adequate
numerical precision and the detailed information of land use data are identified as
crucial elements of water quantity modelling. Contrarily, the high-resolution
topographic data and the common variations of the water flow parameters are not
equally significant at the scale of a small urban catchment. Concerning water quality
modelling, particle size distribution is revealed to be an important factor, while the
empirical USLE equations need to be completed by a raindrop detachment process.
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1. Introduction

Separate sewer discharges are now widely recognized for their deleterious impact
on receiving water bodies. Although combined sewer overflows were traditionally
considered to be the major cause of water quality degradation in urban waterways,
the impacts of stormwater discharges has been recently attracting more attention
with separate networks taking over combined ones [1-3]. The high levels of pollution
frequently observed in stormwater outflows are shown to significantly contribute to
the environmental pressure of urban areas on water streams, from which the
importance of a proper evaluation of these discharges emerges [4,5].

The modelling of urban stormwater can be split into two components: the
simulation of water quantity and the simulation of water quality. Despite the rapid
development of hydrological modelling during last decades, the water quality
component of urban stormwater modelling remains far less studied. One of the main
reasons is that accurate simulations of pollutant transport on urban surfaces require
detailed spatial and temporal information on stormwater runoff [6,7]. For example,
surface  modules of the well-known SWMM [8] and MUSIC [9] models are
respectively based on examining sub-catchments and land-use parcels to simulate
overland flows in urban catchments. These approaches are based on a conceptual
representation of routing processes governing pollutants’ transport from their
generation points to the sub catchment outlet [10]. Most of them are based on Sartor
and Boyd formulations of build-up and wash-off on urban surfaces [11]. These
conceptual equations have been criticized by several authors [7,12—14] for their poor
performance in reproducing pollutant concentration dynamics. However, current
urban stormwater quality models (e.g., SWMM, MUSIC, etc.) still rely on these
empirical catchment-scale functions that have not substantially evolved over the last
40 years. An alternative way to improve their performance might be to even out their
spatial dimension applications. In this respect, the 2D erosion model (TREX), which
was initially developed for rural/agricultural catchments and largely tested by the
scientific community to simulate particle transport in natural catchments, represents
an interesting tool to apply to urban catchments. This novel modelling approach
could lend itself to new ways of thinking in the field of urban stormwater quality
modelling, and could potentially advance our modelling techniques.

Over the last few years, the modeling approach of combining 2D overland flow and
1D drainage sewer flow has received great attention [15,16]. Several research
models [17-20] and commercial tools [21,22] have already been developed and
applied to various case studies. These models are able to accurately represent the
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spatial and temporal variations of surface runoffs and sewer flows on urban areas.
The concept of these 2D/1D models is hence well adapted to introducing more
reliable pollutant transport processes. However, present applications of these models
are mostly focused on urban flood modelling, while being rarely investigated for
urban pollutant transport simulations. On the other hand, existing publications on
integrated 2D/1D models rarely compare the influences of different factors on model
outputs [16,23,24]. In that case, the main drivers of the model outputs are still not
sufficiently investigated, which decreases the reliability of the integration of new
processes into the existing model, and restricts the transferability of the model to
other case studies.

In this context, we coupled the physically-based 2D model TREX [25,26], which
has been initially developed for watershed rainfall-runoff, sediment and contaminant
transport modelling, with the 1D pipe routing and subbasin components of the
CANOE model [27], resulting in the “TRENOE” platform. It is the first time that such a
2D physically-based erosion model, based on USLE equations, has been coupled
with an urban model for the simulation of urban stormwater quality. Moreover, TREX
is an open source code, well-documented, with a robust numerical scheme, which
makes it suitable for modification in an urban context. The coupling between TREX
and CANOE models is designed to be able to simulate the 2D overland flows and the
1D sewer network routing. Roofs are simulated separately from the 2D surface model
in TRENOE. Since the roof gutters are connected directly to the sewer networks in
the studied catchment, roofs are represented as the “subbasins” in the 1D CANOE
model.

Within the framework of the ANR (French National Agency for Research) Trafipollu
project, a detailed Geographic Information System (GIS) database is available for the
study of urban catchments (Le Perreux sur Marne, 0.12 km?), such as by using the
high-resolution topographic data of LIiDAR survey and the detailed land use data
derived from ortho photos. Benefitting from this large dataset of detailed source data
and continuous measurement at the sewage outlet, the influences of various inherent
(model structure, numerical issues) and external (input-data, parameter values)
factors on model performance are evaluated.

In general, this paper focus on two objectives: firstly, to apply the physically-based
2D/1D TRENOE platform to urban stormwater quantity and quality modelling;
secondly, to rank the impacts of different factors on model outputs and to highlight
the prerequisites for high performance simulations. The results of this study may be
very useful for reducing the cost of urban stormwater management by avoiding some
unnecessary data acquisition and modelling efforts (high-resolution topograhic data,
calibration, etc.). Perspectives and propositions for improving urban stormwater
guality modelling are presented as well..
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2. Materials and Methods

2.1. Model description

The physically-based 2D model TREX and the 1D pipe routing and subbasin
components of the CANOE model are integrated into the TRENOE platform. Within
TREX, the catchment surface is divided into several rectangular meshes based on
GIS topographic data. These grids are then categorized into several classes
according to land use information. Different parameters are attributed to each grid
point in accordance with the land use type. Interception, infiltration, water runoff and
pollutant transfer processes are then calculated. Diffusive wave approximation of
Shallow-Water equations (SW) is applied for simulating the surface runoff at the grid
scale, which is able to represent the spatial and temporal variations of the water flow
and the associated pollutants. With the 1D sewer system CANOE model, stormwater
and pollutant routing processes are computed for each portion of pipes between pre-
defined junction nodes using the kinematic approximation of SW equations and
advection equations, respectively. The modelling processes in TRENOE are
described in Table 1:

Table 1. Modelling processes in the 2D/1D TRENOE platform.

2D overland Conceptual roofs 1D sewer network
modelling: TREX | modelling: CANOE | modelling: CANOE
2D Shallow-Water 1D Shallow-Water
Water flow | equations; (Diffusive | Non-linear reservoir |equations; (Kinematic
Wave) Wave)
Infiltration Green & Ampt - -
Interception Volume loss - -
Sediment . .
deposition Settling velocity [29] - -
Sediment MOdmed for.m of Exponential washoff
erosion Universal Soil Loss equations -
Equation (USLE) g
Numerical Finite Difference Finite Difference Finite Difference
method
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The “junction nodes” in 1D sewer network model are the connecting points
between different parts of the TRENOE platform. From the grids of “sewer inlets” and
“roofs”, water and pollutants flow directly into the sewer networks via these “junction
nodes”. “Sewer inlets” are considered as “holes” in the 2D surface model, where
surface runoff and the related pollutants disappear at these grid points. In contrast,
‘roofs” are represented as obstacles, where water flows cannot enter these grids
from other types of land uses. As the buildings are not described in the Digital
Elevation Model (DEM) data, the grids of “roofs” are increased by 5 m at the step of
input data pre-treatment. Since most roofs are directly connected to the sewer
networks in the studied urban catchment, we gather the grids of roofs which are
linked to the same junction nodes (the nearest), to set the conceptual “sub-
catchments” in CANOE model. The size of each “sub-catchment” is equal to the total
area of the linking “roofs” grids. The non-linear reservoir method and the exponential
washoff equations [13] are then applied to simulate the rainfall-runoff and the
pollutant transport, respectively, for each conceptual “sub-catchment”. The model
scheme is illustrated in Figure 1:

Rainfall
‘ S e S S R fi 7
2D surface /7;;;;’/ Roads s
/ ?;::: / Roads / Roads
/Raads R ’I'W,_;!ens Roads

/ Roads / Roals

Virtual
Sub-basins

«Roof sub-basins»
and 1D networks

< Sewer Network
 — e

Figure 1. The scheme of the physically-based 2D/1D modelling platform TRENOE.
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2.2. Study site and urban catchment delineation

The study site is located in the eastern suburb of Paris (Le Perreux sur Marne, Val
de Marne, France). This research area is a typical residential zone in the Paris region,
characterized by a highly trafficked main street of eastern Paris. A preliminary step is
to delineate the urban catchment. Since this study aims at precisely modelling water
flows and pollutant transport at small urban scales, a detailed delineation of the
urban catchment is necessary. As it is well-known that the urban areas are complex
because of various buildings and infrastructure that may influence the water flow path,
our “hand-operated” delineation procedure is based on the complete knowledge of
sewer network infrastructure, road high-resolution LIDAR data (20 cm), and the
Digital Orthophoto Quadrangles (DOQs) (5 cm).

The detailed urban catchment is delimited by applying the following steps: (i)
identifying the contributing sewage portions for the monitored drainage outlet using
elaborate sewer network data; (i) locating the sewer inlets; (iii) delimiting the
“drainage basin” for each sewer inlet benefiting from the road high-resolution LIDAR
data (20 cm); (iv) merging all the “drainage basins” defined by the precedent steps; (v)
comparing data with the DOQs (5 cm), recognizing the buildings and infrastructure
that should be included in the basin. The delimited urban catchment is presented in
Figure 2:

Figure 2. Delineated urban catchment of the study site, Le Perreux-sur-Marne,
France.
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2.3. Input data description
2.3.1. Rainfall data

A tipping-bucket rain gauge is installed on the roof of a building close to the urban
catchment (less than 150 m). The pluviometer has a resolution of 0.1 mm. As the
study area is quite small, rainfall is considered as homogeneous within the basin.
Monitoring was conducted between 20 September 2014 and 27 April 2015. Different
rainfall events are identified by the time intervals longer than 90 min between two
tipping records and the total rainfall depth of each event should be more than 1 mm.
At the end, 56 rainfall events have been recognized for the observed period. An
analysis of rainfall depth, mean intensity, event duration and antecedent dry days is
performed for all rainfall events in order to analyze their characteristics (Figure 3).
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Figure 3. Histogram of rainfall event characteristics over the entire period. Where
(a) Rainfall depth; (b) Mean intensity; (c) Event duration; (d) Antecedent dry days.
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According to Figure 3a,b, we can observe that most rainfall events within the study
area of eastern Paris are considered low. In fact, more than 88% of rainfall events
have a rainfall depth of less than 8 mm, and nearly 89% of rainfall events have a
mean intensity lower than 3 mm/h. Additionally, Figure 3c,d shows that event
duration and antecedent dry days are a little more heterogeneous. However, most
rainfall events observed are shorter than 7 h (87%), while 88% of the events are
preceded by a previous rainfall event by less than 8 days. As the simulations are
quite time-consuming, we have to select several rainfall events which contain
different characteristics in order to characterize the overall performance of the
TRENOE platform within an urban context. Among the rainfall events observed, we
selected 6 typical events for model application and performance evaluation. A
summary of selected rainfall events is listed in Table 2.:

Table 2. Summary of the 6 selected rainfall events.

Rainfall date Rda;rpl)it:i“ in':/el,\?]irilty Puration A; :;Cde;yesnt
mm) | mmmp | oUD (day)
10/08/2014 4.86 1.51 3.22 0.4
10/12/2014 3.60 1.68 2.14 1.3
11/03/2014 4.6 1.33 3.46 12.9
11/15/2014 9.27 2.81 3.3 0.5
11/26/2014 2.86 1.1 2.6 9
12/12/2014 4.15 1.28 3.24 2.5

2.3.2. Topographic data

Topographic data is a crucial input for physically based modelling. In the GIS
database of the Paris region, the 25 m-resolution DEM data is available (Figure 4a).
Moreover, in the framework of the ANR-Trafipollu project, the LIDAR data of roads
collected by IGN France have a horizontal resolution of 20 cm and a vertical
precision of 1 cm. These data were collected by an on-vehicle laser (Figure 4b). The
roads are essential flow pathways in the studied urban catchment, because the
surrounding roofs are directly connected to the sewer network and the greenlands
only represent a small part of the urban surface. Therefore, the topographic data of
roads derived from high resolution LIiDAR data improve the resolution and precision

122



of previously used DEM data. Nevertheless, the resolution used for the TREX-
CANOE simulation platform needs to aggregate the Lidar data and thus to lower their
original resolution. Following [29,30], the proper spatial resolution for 2D modelling of
the urban surface can be set by considering the minimum distance between buildings
and one third of the street width as well as the calculation time. For our case study,
this distance can be estimated to 5 m. Compared with the DEM data at a 25 m
resolution, the use of high resolution LIiDAR is a significant improvement, even for the
simulations performed at 5 m resolution. Thereupon, both 20 cm and 25 m resolution
topographic data are firstly converted to 5 m resolution, and then merged to generate
the input data. The merged topographic data of 5 m resolution is presented in Figure
4c, in which the study catchment is represented by a 224 x 85 rectangular grid.

(b) Roads LiDAR data
(20cm resolution)

(a) DEM data
(25m resolution) '

Legend (m)

0 100 200 300 m =390 455 52.1 =57.0
[ 423 488 =553

Legend (m)
) I 38.88 43.712 53.41
48.56 WW 57.28

(C) Merged topographicdata
(5m resolution)

Le:génd (m)
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Figure 4. Topographic input data. (a) DEM data of 25m resolution; (b) Roads
LiDAR data of 20 cm resolution; (c) Merged topographic input data of 5 m resolution.

2.3.3. Landuse and sewer network

In collaboration with the IGN France, we defined 13 classes of urban land uses
which are derived from aerial photos. Besides, the locations of sewer inlets are
identified from the GIS and AutoCAD sewer network data. Since sewer inlets should
equally be presented in the surface part of the 2D/1D model, the “sewer inlets” are
integrated into land use input as a specific type. The vectorial land uses are then
transformed into grids using the same resolution as the topographic data. A specific
order has to be defined for this transformation. As the “sewer inlets” are considered
as the interface between the surface and sewer networks parts, it is undoubted that
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the “Sewer inlet” is the first that should be considered, followed by roads, sidewalks,
parking, various types of roofs, trees, grass and others. In general, 70% of catchment
surfaces are impervious areas, within which the roof areas represent 35% of the total
surface. The land use data and sewer network data are presented in Figure 5:

(a) Sewer networks
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Figure 5. Input data for TRENOE: (a) Separate stormwater sewer networks, (b)
Vectorial landuse data; (c) Raster landuse data with 5m resolution.

2.3.4. Urban surface dry stocks

Impervious urban surfaces are represented by two layers in TRENOE: the
deposited layer (that can be detached in the form of particles) and the pavement
(assumed to be non-detachable). The processes related to water quality modelling
occur only in the deposited layer, while the parameters depend on the properties of
the associated land use. Additionally, within the framework of the ANR-Trafipollu
project, series of road dust samples were collected on the studied area using a 2 m?
vacuum cleaner [31]. The collected road dust Particle Size Distribution (PSD) was
then determined by laboratory monitoring. According to the measurements of dry
stock samples over 3 different sites on the urban surface, it is assumed that the finest
particles (PM10) are only generated by atmospheric dry deposits on all types of
urban surfaces. The total dry stock on roads (coarse + fine particles) was estimated
to 10 g/m?. The mass of the finest part of the road dry deposits which represent the
atmospheric dry depositions is then estimated to be 1 g/m? Therefore, it is
considered that building roof accumulation is equal to the finest deposits on roads,
and the chosen initial dry deposits on roofs are 1 g/m? in our simulations.
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2.4. Model evaluation with scenario simulations

Due to time-consuming simulations with the physically-based TRENOE platform
(using a computer core of 16 GB RAM, the model runtime is approximately 10 min for
a 1-h rainfall event), the model assessment is performed by scenario simulations
instead of complete sensitivity analysis. Model configurations are firstly calibrated by
a trial and error method comparing with water flow measurements at the sewage
outlet. The influences of various factors are then examined by analysing the
simulation results using different model configurations, parameter values and input
data.

The model performance is evaluated using different objective functions, including
the Root Mean Square Deviation (RMSD), the Nash Sutcliffe Efficiency (NSE)
criterion [32], and the Mean Relative Standard Deviation (MRSD). Using RMSD and
MRSD coefficients, the bias between the simulation results and the continuous
measurements could be represented, while the NSE coefficient is a well-known
indicator for model performance. With these objective formulations, the accuracy and
the variability of model outputs could be evaluated under different conditions.

Several scenario simulations are performed in order to assess (i) the suitability of
numerical issues for applying a watershed model for small urban catchment; (ii) the
influence of the saturated hydraulic conductivity (Kh) and the Manning’s n values; (iii)
the benefit of using high-resolution roads LIDAR data; (iv) the benefit of applying
detailed land use data; (v) the impact of different choices of the particle size
distributions.

2.4.1. Scenario 1: Internal numerical precision of the source code

As with the 2D surface part of TRENOE, TREX is a typical watershed model and
usually applied for large areas [1,33]. The model uses the single-precision floating-
point format in its source code for reducing computing times. This type of numerical
precision has a limited internal representation at 10™/, which means the model can
only represent internal values that are greater than 10”’ at the end of each time-step.
Concerning water volumes, it implies that a volume smaller than 107" cubic meters
cannot be represented or taken into account. However, for the studied small urban
catchment (0.12 km?), we use a spatial resolution at 5 m and the time-step is less
than 1 S.
In that case, the water depths are very low and the internal digital precision of the
original source code (hereafter TREX) has to be adapted. Moreover, the amount of
suspended particles to transfer from one grid point to the other one is far lower for
urban water quality applications than for the erosion context. Therefore, scenario
simulations of TRENOE are set for testing the suitability of the single-precision or
double-precision floating-point format for the small urban catchment modelling, with
the limit of the internal value being 107**. After that, we calibrate the hydrologic
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components of the correct model by the trial and error method for the other scenario
simulations described below.

2.4.2. Scenario 2: The influence of the calibration of typical model parameters

Saturated hydraulic conductivity and Manning’'s N coefficient are commonly
considered as part of the most important parameters for water quantity modelling.
The ranges of the parameter values have been extensively studied over the last
decades [34—-36]. In order to evaluate the impact of the parameter values on the
water flow outputs, we perform 3 simulation configurations for every selected rainfall
event, within which the parameters of configuration 2 are set to the optimized values,
while the parameters of configurations 1 and 3 are set to their upper limits and lower
limits, respectively. In Table 3, the parameter values are approximately categorized
into two groups. The first represents the “Roads” areas, including roads, sidewalks
and parking. The second indicates different types of greenlands, such as trees,
gardens and grass. Since the buildings are considered as obstacles to runoffs in the
2D surface model, the parameters of different types of roofs are not discussed

Table 3. Different configurations of saturated hydraulic conductivity (Kh) and
Manning's' N coefficient for scenario 2 simulations.

N-manning Kh (m/s)
Roads, Trees, Roads, Trees,
Landuse Sidewalks, | Gardens, [Sidewalks,| Gardens,
Parkings. Grass. Parkings. | Grass.
Upper limits of parameters 0.02 0.05 1-107 1-10™
Calibrated Parameters 0.015 0.03 1-10°® 1-10°
Lower limits parameters 0.01 0.02 1-10% | 1.10”

2.4.3. Scenario 3: Influence of the road LIDAR data in comparison with DEM
data

Within the framework of the ANR-Trafipollu project, high-resolution topographic
data of LIDAR survey are available for roads. The sensitivity of model outputs to the
precision of altimetry will be tested, and also the need for costly GIS data will be
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assessed. Therefore, 3 typical configurations are tested: (i) directly resampling the
DEM data (25 m) to 5 m resolution; (ii) resampling the DTM data (25 m) to 5 m
resolution, and then lowering the identified road grid cells by 20 cm; (iii) resampling
the road LIiDAR data (20 cm) and the DEM data (25 m) to 5 m resolution, then fusing
the two types of data together.

2.4.4. Scenario 4: Influence of a fine knowledge of landuse based on ortho-
photos
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Figure 6. Landuse (LU) input map (5m) converted from different data sources: (a)
from the detailed LU information which are derived from ortho photos; (b) from the
coarser LU information which are used for urban plannings.

In the current study, we can benefit from detailed land use (LU) data which are
derived from ortho-photos. In order to assess the model sensitivity to the fine
knowledge of LU, we apply two simulation configurations: the first with detailed LU
data derived from ortho-photos, and the second with regularly achieved LU data
which contains only public buildings (stations, commercial centres, schools, etc.) and
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green-lands, the undefined areas are considered as the roads and parking. These
two types of data are illustrated in Figure 6. In general, the surface of urban roofs is
largely underestimated with coarser LU information, while the road and parking
surfaces are overestimated.

2.4.5. Scenario 5: Sensibility of the water quality module to different Particle
Size Distributions (PSD)

For the water quality modelling, several stormwater samplings were performed at
the outlet during rainfall events, and suspended solid measurements were then
performed in the laboratory. Moreover, a series of road dust samples were collected
on the studied urban surfaces using a 2 m? vacuum cleaner [31]. This experiment
was carried out on 14 October 2014 during dry weather after a dry period of 2 days.
The measurements of the deposit samples could be used to calculate the total mass
of road dust in the basin (2661 m?), by supposing that the sediments are uniformly
distributed on the road surface. Granulometric analysis was then conducted in the
laboratory for evaluating the PSD of the studied samples. Based on the PSD and the
total mass of each sample, we could calculate the mass of each particle size class.
The mass and the particle size in different wet and dry samples are represented in
Figure 7.
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Figure 7. Particle Size Distributions of a stormwater samples (blue bars) and a
road dust samples (yellow bars) during a dry weather sampling campaign (14 Oct.
2014).

In Figure 7, we observe that PSD in stormwater samples are quite different from
that in road dust samples, where fine particles (<100 um) are major compositions
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(>90%) of Total Suspended Solids (TSS) in stormwater runoffs. Yet, it is contrary to
the road dust samples (<10%). This phenomenon is caused by the fact that the finest
particles of road dry deposits are transferred to the sewer network during typical
rainfall events, whereas the coarser particles remain on the urban surface [37].
Based on these measurements, we tested two configurations for assessing the
sensitivity to the characteristics of the road surface sediments (Table 4): (i) 3 particle
classes based on dry deposit samples, which can represent all the available particles
on the urban surfaces; (ii) 3 particle classes based on stormwater samples, which
can only represent the removeable particles of the total dry stocks.

Table 4. Two configurations of different particle size classifications.

: Settling

. . Median .
Particle Size (um) : Percentage velocity
Diameter (um) (cm/s)

Configuration 1, based on road dry deposit samples

<15 7 10% 0.002
15-125 70 40% 1.92
>125 250 50% 1.78

Configuration 2, based on stormwater runoff samples

<7 3.5 30% 0.0005
7-25 15 40% 0.009
>25 50 30% 0.1

3. Results and discussions

The results will be presented step by step in order to illustrate the influence of
different factors on model outputs. To gain clarity in the following text, figures are only
produced for the event of 15 November 2014. The results for all six studied events
will be listed in the tables. The Root-Mean- Square-Error (RMSE) coefficient, Nash-
Sutcliffe-Efficiency (NSE), and Mean-Root-Square-Deviation coefficient are used to
evaluate the model performance. For assessing the model performance of different
settings of model structures and input data, the most detailed configuration is
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considered as the benchmark reference. In fact, the double precision, the high
resolution topographic data, and the detailed land use data are systematically used
when one of them is analyzed. By altering different options of model configurations,
the influence of different factors on model performance can be evaluated. The results
of this research can help practitioners identify the key factors in 2D-1D modelling at
the district scale in order to avoid the collection of unnecessary and costly data.

3.1. Scenario 1: Internal numerical precision of the source code

Figure 8 shows the change of the hydrograph in response to the change of digital
precision (single-precision or double-precision floating point format) for the rainfall
event of 15 November 2014, while the results of all rainfall events are presented in

Table 5.
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Figure 8. Change of the hydrograph due to the change from (a) single-precision to
(b) double-precision floating-point format of the source code. The simulated
discharges at the outlet (solid blue line) are compared with the measured data (red

circles). Rainfall is plotted on the upper part.

As illustrated in Figure 8 and Table 5, simulations with single-precision floating-
point format of the source code do not obtain acceptable results. Moreover, in
practice, we have mentioned that, no matter what combinations of parameter values
are taken, the dynamics of the simulation outputs are far from that of the
measurements. As shown in Figure 8, model outputs with single-precision floating-
point format are more sensitive to the change in rainfall intensity. As precipitation in
the Paris region usually consists of light rainfall (<10 mm/h), the accumulation of
water volume in a grid cell (25 m?) during a calculation time-step (0.1 s) is sometime
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less than 107" cubic meters, especially at the beginning of the rainfall event. In that
case, the volume of water is not represented during these time-steps with the single-
precision floating-point format of the source code. While for the double-precision
floating-point format of the source code, the internal numerical limit is 107, this
problem will not arise. In Table 5, the results confirm that the model works well with
the double-precision floating-point format of the source code. For these simulations,
the distributed water quantity parameters are the “best-fit” parameters and the only
change is the numerical precision of the source code. As can been seen in Figure 8,
the water balance is not conservative when the numerical precision is not appropriate.
Therefore, the first step of urban stormwater modelling is to ensure that the water
balance is correct, and the water quantity parameters can be adjusted at a later stage.
For the current study, we will use the double-precision floating-point format in further
evaluations as presented below.

Table 5. Influence of numerical precision of the source codes on water flow at the
outlet of the sewer system.

NSE RMSE MRSD

Double | Single | Double | Single | Double | Single

Oct. 08. 2014 0.88 0.09 5.9 16.9 0.39 0.78

Oct. 12. 2014 0.89 0.41 3.21 7.48 0.54 0.82

Nov. 03. 2014 0.89 0.67 7.74 13.32 0.38 0.64

Nov. 15. 2014 0.97 0.06 2.69 14.7 0.14 0.53

Nov. 26. 2014 0.76 0.14 5.08 9.67 0.59 1.29

Dec. 12. 2014 0.28 -0.16 21.33 27.3 0.27 0.51

3.2. Scenario 2: The influence of the calibration of typical model

parameters

As presented in the above section, we test three model configurations by using Kh
and surface flow Manning’s N value at their (i) upper limit; (ii) calibrated value and (iii)
lower limit. The greatest Kh and Manning’s N values assume that the surface are
more pervious and rough, while the lower limit of these two parameters means that
the imperviousness of the urban land uses are much higher with smoother surfaces.
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The hydrograms of the event on 15 November 2014 are presented in Figure 9, while

the outcomes of all six events are illustrated in Table 6.
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Figure 9. Hydrogram at the outlet of catchment using different values of water flow
parameters. For (a) simulation using the upper limits of the parameter values; (b)
simulation using the calibrated parameter values; (c) simulation using the lower limit
of the parameter values. The simulated discharges at the outlet (solid blue line) are
compared with the measured data (red circles). Rainfall is plotted on the upper part.

Table 6. Influences of parameter values on water flow at the outlet of the sewer

system.
NSE RMSE MRSD
Calibrated U.p Per L(.)W.er Calibrated U.p per L(.)W.e "calibrated U.p per L(.)W.e '
limit | limit limit | limit limit | limit
0581218' 088 | 079 | 052 | 59 | 883 |12.43| 039 | 045 | 05
O | 089 | 078 | 033 | 321 | 512 |943| 054 | 068 | 072
N%'li& 089 | 08 | 045 | 7.74 |10.23|17.25| 038 | 0.42 | 051
NOv-15.1 597 | 09 | 019 | 269 | 467 | 136 | 014 | 018 | 0.46
2014
Ng‘(’)'lia 076 | 061 | 052 | 508 | 6.21 [13.18| 059 | 0.62 | 0.66
D‘;g'liz' 028 | 015 | 0.16 | 21.33 |23.12 |2354| 027 | 031 |0.32
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Compared to the results of Scenario 1, simulations of Scenario 2 suggest that the
impacts of parameters (Manning’s N, saturated hydraulic conductivity (Kh)) on model
outputs are less significant than that of the numerical precision in source codes. The
dynamics of simulated water flow and the model performance remain acceptable
under different parameter configurations, particularly for the simulations using the
lower limit of the parameter values. The physical properties of the two parameters
can explain these results. The Manning’s equation is used to calculate the surface
runoff velocity, since the studied urban catchment is relatively small (0.12 km?) and
the flow path from each grid cell to its nearest sewer inlet is short (less than 100 m).
Surface runoffs can always rapidly enter the neighbouring sewer inlets regardless of
the Manning’s N values. Besides, Kh is the essential parameter in the Green-Ampt
model for infiltration modelling. It influences the total quantity of water entering the
sewer system, but it has limited impact on flow dynamics. As shown in Table 6, the
simulated configurations for all six studied rainfall events display comparable results.

3.3. Scenario 3: Influence of the road LiDAR data in comparison
with DEM data

In order to evaluate the impact of the merged high-resolution road LIiDAR data,
three different model configurations are established with different topographic input
maps: (i) directly resampling the DEM data (25 m) to 5 m resolution; (ii) resampling
the DEM data (25 m) to 5 m resolution, and then lowering the identified road grid
cells by 20 cm; (iii) resampling the road LIDAR data (20 cm) and the DEM data (25 m)
to 5 m resolution, then fusing the two types of data together. The simulation results
are presented in Figure 10 and Table 7.

—— Rainfall intensities;

Rainfall event of 11/15/2014 . Rainfall event of 11/15/2014 _ . Rainfall event of 11/15/2014

(c) Fusing resampled |-
DEM and LiDAR
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Figure 10. Hydrographs at the outlet of catchment using different topographic
input maps. For (a) directly resampling the DEM data (25m) to 5m resolution; (b)
resampling the DEM data (25m) to 5m resolution, and then lowing the identified road
grid cells by 20cm; (c) resampling the road LIDAR data (20cm) and the DEM data
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(25m) to 5m resolution, then fusing the two types of data together. The simulated
discharges at the outlet (solid blue line) are compared with the measured data (red
circles). Rainfall is plotted on the upper part.

Table 7. Influence of high-resolution road topographic data on water flow at the
outlet of the sewer system.

NSE RMSE MRSD
I I = b N
od DEM Resamplied DEM od DEM Resampled DEM od DEI\/lResampI ed DEM
ed DEM |with dug ed DEM |with dug ed DEM |with dug
and roads and roads and roads
LiDAR LiDAR LiDAR
Oct.
08.| 0.88 0.85 0.87 5.9 6.14 6.04 0.39 0.42 0.4
2014
Oct.
12.| 0.89 0.8 0.83 3.21 4.01 3.87 0.54 0.6 0.58
2014
Nov.
03.| 0.89 0.78 0.8 7.74 9.04 8.55 0.38 0.49 0.44
2014
Nov.
15. | 0.97 0.9 0.89 2.69 2.94 2.78 0.14 0.18 0.15
2014
Nov.
26. | 0.76 0.7 0.71 5.08 6.12 5.66 0.59 0.65 0.62
2014
Dec.
12.| 0.28 0.25 0.26 | 21.33 | 23.01 | 22.11 | 0.27 0.33 0.3
2014

As can be seen in Figure 10, it seems that the high resolution data on the road
altimetry has a weak influence on model outputs. In Table 7, the results confirm this
observation for all six studied events, as model performance remains acceptable
under different rainfall conditions. Moreover, simulations with DEM data with dug
road appear to be slightly better than that only with DEM data, and they are similar in
terms of performance to the model outputs with merged road LIDAR data and DEM
data.

Since the major benefit of using high-resolution LIDAR data is to ensure that water
flows in appropriate directions, the present study indicates that the flow directions in
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the TRENOE model are generally well represented even with coarser resolution
topographic data. Therefore, we can conclude that using high resolution altimetry
data is not a key factor for water flow simulations at the outlet of an urban catchment.
Considering only basic topographic data with lower streets is sufficient for simulations

3.4. Scenario 4: Influence of a fine knowledge of landuse based on

ortho-photos

In collaboration with the French National Institute of Geography (IGN), detailed
information on urban land use (LU) could be obtained. The vectorial land use data
derived from the ortho photos can have a very high resolution even at the scale of
centimetres, but transforming land use data into a reliable map of land uses is not
straightforward. Because the urban environment is constituted of varied
characteristics that have a typical size of less than 5 m (natural soil surrounding the
trees next to the road, courtyards, etc.), and the analyses of the ortho photos are
three dimensional. For example, the canopy has an extent on aerial photography
which is not the land use at the ground level (in an urban catchment, this ground will
be mainly pavement, for example). Therefore, when aggregating the land use classes
at the scale of the mesh grid, it is very important to hierarchise the different land use
types. The priority is based on the effect of the land use on the water quantity and
quality. A specific priority between land uses has been defined for this transformation.
In the current study, the priority land use is “sewer inlets”, followed by roads,
sidewalks, parking lots, various types of roofs, trees, grass and others. As for the
coarser LU information, the vectorial LU source data contains only public buildings
and greenlands, and the undefined areas are considered as impermeable roads and
parking areas. We followed the same priority order as mentioned before to generate
LU input maps (5 m). The results of water flow simulation at the outlet of catchments
using these two different LU input maps are presented in Figure 11 and Table 8.

As shown in Figure 11, the simulation outputs with LU input map converted from
coarser LU information do not match the measurements. In fact, the simulated water
balance is far less than the observed one and the simulated hydrographs seem to be
insensitive to the variations in rainfall intensity. Since private buildings are not
included in the low resolution LU source data, the infiltration is overestimated and the
longer pathways of surface runoff result in longer time of concentration compared
with the water from roofs.

On the other hand, the results in Table 8 indicate poor model performance with the
input LU map converted from coarser LU information. This finding confirms that the
land use information is an essential input data for this kind of urban stormwater
2D/1D modelling.
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Figure 11. Hydrogram at the outlet of catchment using different landuse (LU) input
maps. For (a) LU input map (5m) converted from fine LU information; (b) LU input
map (5m) converted from coarser LU information. The simulated discharges at the
outlet (solid blue line) are compared with the measured data (red circles). Rainfall is
plotted on the upper part.

Table 8. Influence of fine landuse (LU) information on water flow at the outlet of
the sewer system.

NSE RMSE MRSD

Fine LU |Coarser LU| FineLU |CoarserlLU| Fine LU |Coarser LU
information | information | information | information | information | information

Oct.

08. 0.88 0.16 5.9 16.14 0.39 0.65
2014

Oct.
12. 0.89 0.21 3.21 12.37 0.54 0.88
2014

Nov.
03. 0.89 0.14 7.74 21.2 0.38 0.67
2014

Nov.
15. 0.97 0.04 2.69 14.9 0.14 0.5
2014

Nov.

26. 0.76 0.07 5.08 19.67 0.59 0.87
2014

Dec.
12. 0.28 -0.5 21.33 32.1 0.27 0.42
2014
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As shown in Figure 11, the simulation outputs with LU input map converted from
coarser LU information do not match the measurements. In fact, the simulated water
balance is far less than the observed one and the simulated hydrogram seems
insensitive to the variation of rainfall intensities. Since the private buildings are not
included in the low resolution LU source data, the infiltration is overestimated and the
longer pathways of surface runoff slows down the time of concentration compared
with the water from roofs.

On the other hand, the results in Table. 9 indicate poor model performance with
the input LU map converted from coarser LU information. This finding confirms that
the landuse information is an essential input data for this kind of urban stormwater
2D/1D modelling.

3.5. Scenario 5: Sensibility of the water quality module to different
Particle Size Distributions (PSD)

Since hydrological modelling is extensively discussed and calibrated in the above
sections, we can now work on water quality simulations. As this is the first time that
the USLE equation is adapted to an urban context, we fixed all the parameters to
their maximum values which are equal to 1 in our first tests, including the rainfall
erodibility factor (R), the soil erodibility factor (K), the topographic factors (L, S) and
the cropping management factors (C, P). Because the PSD of stormwater samples
are quite different from that of road dust samples (Figure 7), we analyse the impact of
different PSD values on water quality simulations in order to know which choice is
appropriate for the current 2D/1D model. The simulation results are presented in
Figure 12.

According to Figure 12, we can note that the simulations of Total Suspended
Solids (TSS) concentrations vary across the configurations of the three classes of
particles derived from PSD of stormwater samples (3.5 ym, 15 ym, 50 um) and that
derived from PSD of dry stock samples (7 pym, 70 uym, 250 um). Since coarser
particles have greater settling velocities, simulated TSS concentrations using three
classes of fine particles are much higher than the other ones. Nevertheless, as with
the classification based on fine particles or coarser particles, the water quality
simulations are unsatisfactory with the current version of the TRENOE platform. It
cannot reproduce the first peak of TSS concentration at the beginning of the rainfall
event.

Indeed, the current code of TRENOE platform uses a modified form of Universal
Soil Loss Equation (USLE) for simulating sediment erosion, where the pollutant
wash-off from a given land use is represented as a mass rate of particle removal from
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the bottom boundary over time. Considering that the USLE method is originally
designed to predict soil losses caused by runoff in agricultural areas, several
adaptations are certainly needed to use it for urban areas, such as the alterations of
USLE parameters according to different criterions, the definition of the appropriate
initial dry deposits corresponding to various land uses, etc. Moreover, it is important
to note that TRENOE does not include any detachment processes driven by
raindrops, and the sediment erosion is only calculated from water flow detachment.
Therefore, the actual version of TRENOE cannot simulate the first peak of TSS
concentration when the water flow is still weak at the first part of the rainfall event. In
agreement with the recent findings of [37,38] that the raindrop impacts are essential
for wash off processes in urban areas, the raindrop-driven detachment should be
taken into account for further studies.
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Figure 12. Water quality simulations with different Particle Size Distributions. For
(a) 3 classes of fine particles derived from PSD of stormwater samples: 3.5um, 15um,
50um; (b) 3 classes of coarse patrticles derived from PSD of dry stock samples: 7um,
70um, 250um. The simulated TSS concentrations at the outlet (solid blue line) are
compared with the measured data (red circles). Rainfall is plotted on the upper part.

4. Conclusion and perspectives

In this study, we describe an attempt to develop an integrated 2D/1D modelling
platform “TRENOE”, as well as the necessary modelling assumptions and
adaptations to simulate both quantitative and qualitative hydrological processes for
urban areas. The physically-based combined modelling system is established for
water flow and water quality modelling by coupling urban surface and sewer networks.

Within the framework of the ANR (French National Agency for Research) Trafipollu
project, TRENOE platform is applied to a small urban catchment near Paris (Le
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Perreux sur Marne, 0.12 km?). In collaboration with other partners within the project,
high-resolution topographic data from LIiDAR survey, detailed land use data derived
from ortho-photos, and Particle Size Distributions (PSD) are obtained for the studied
urban catchment. Benefitting from these elaborate sources of input data, this article
tests the relative influence of various factors on the outputs of the model, particularly
the influence of numerical precision on source code, the influence of common
parameters on water quality, and the influence of having precise knowledge of the
topography (more or less known with great precision) and land uses. By analysing
the impacts of these internal and external factors on model outputs, the main
objective of this work is hence not only to identify which factors are significant for
urban 2D/1D stormwater modelling, because all of them are, but mainly to underline
the necessary model configurations for appropriate simulations with limited
availability of data sources and human modelling and simulation capabilities.

The numerical precision of source codes and the precise knowledge of land uses
are proved to be the most influential factors in the model outputs, whereas the
resolution of road topographic data and the model parameters have less impact.
These findings can assist urban stormwater managers in better organising their
efforts in data surveys to improve model accuracy from necessary field investigations.
Besides, the present results emphasise the importance of considering the
parameters’ physical significance in the model calibration. In cases where the
dynamics of model outputs greatly differ from measurements and cannot be
explained by the effects of parameters, there may be internal issues with the model
or problems with input data. Of course, these results need to be confirmed by
applying this modelling approach to other urban catchments with different shapes
and slopes.

Concerning water quality modelling, the present work fails to correctly reproduce
the concentration of Total-Suspended-Solids (TSS) at the catchment outlet. However,
the importance of taking into account the appropriate particle classification is
highlighted. Using only empirical USLE equations is certainly responsible for the poor
performance of the sediment erosion modelling. Taking into account the direct
detachment by rain drops is essential for improving urban stormwater quality
modelling. Testing the robustness of our main observations of an urban catchment
showing different physical characteristics (larger, steeper, with more green spaces
etc.) would also represent an interesting perspective in the future.
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and landuse data really necessary for urban
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Abstract

Remote sensing data is increasingly used in urban stormwater modelling.
However, the collection of unnecessary and costly data may cause wastes of the
experimental resources. In this context, this paper describes a new approach to
assess the advantages of using high-resolution LIDAR data and detailed landuse
data for urban 2D/1D stormwater modelling. The physically-based TREX model
(Velleux, England, et al., 2008) and the conceptual CANOE model (Lhomme, Bouvier,
et al., 2004) are integrated in TRENOE platform. The modelling approach is applied
to a small urban catchment near Paris (Le Perreux sur Marne, 0.12 km?) over six
studied rainfall events. According to the results, the detailed landuse information is a

crucial factor for accurate simulations, but using the very high resolution altimetry
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data is not equally significant for the water flow simulations at sewage outlet. Finally,
we suggest that the "proper" modelling approach should be developed with
"adequate" input data, depending on different management/research objectives.
Testing the performance of more efficient modelling tools with more economical

remote sensing technologies would represent an interesting perspective in the future.
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Introduction

Over the past ten years, the increasing availability of distributed remote sensing
data has led to a sudden shift of hydrological modelling from a data-sparse to a data-
rich research (Di Baldassarre and Uhlenbrook, 2012; Bates, 2012). For instance,
high-resolution topographic data and high resolution multi-view aerial images are
accessible by using airborne laser altimetry of LIDAR (Light Detection and Ranging),
flood extent maps are achievable by using satellites Synthetic Aperture Radar (SAR),
accurate information on landuse is available by analyzing digital ortho-photos. Such
new data sources allowed a significant breakthrough in urban spatially distributed
modelling (Fewtrell, Bates, et al., 2008; Gallegos, Schubert, et al., 2009; Horritt, Di
Baldassarre, et al., 2007).

Due to the high heterogeneity of urban surfaces, various city objects such as
roads and buildings are hardly specified in urban hydrological models. Consequently,
researchers often argue that more detailed remote sensing data should be
considered for improving the accuracy of the simulation results (Fletcher, Andrieu, et
al., 2013; Salvadore, Bronders, et al., 2015). Nevertheless, the acquisition of such
data usually requires expensive ad hoc instruments, ample data storage capacity and

post-treatments analysis. Therefore, the efficiency of using highly detailed remote

146



sensing data for common practices of urban hydrological modelling need to be

discussed.

In order to support urban infrastructure design and to control urban non-point
source pollutions, the integrated modelling of two-dimensional (2D) surface runoff
and one-dimensional (1D) urban sewer network has received growing attention in
recent years. Several research models (Djordjevi¢, Prodanovi¢, et al., 2005; Kidmose,
Troldborg, et al., 2015; Sto Domingo, Refsgaard, et al., 2010; Vojinovic and Tutulic,
2009) and commercial tools (Mike-FLOOD,DHI, 2008; Infoworks CS, Innovyze Ltd,
2011) have been developed and applied for various case studies. However, current
applications of urban 2D/1D models focus on applying increasingly detailed remote
sensing data (Di Baldassarre and Uhlenbrook, 2012; Bates, 2012). Yet few studies
have attempted to quantify the gains made by using these high-resolution data
compared to only using traditional low-cost data sources (for example, low-resolution
topographic data and coarse landuse information). Such work is crucial for
recognizing the real needs of collecting remote sensing data for improving urban

stormwater modelling.

In this study, an urban 2D-surface and 1D-sewer model TRENOE is applied to a
small urban catchment near Paris (Le Perreux sur Marne, Val de Marne, France), in
order to assess the influence of high-resolution topographic data and detailed
landuse information on model performance. The physically-based TREX model
(Velleux, England, et al., 2008) and the conceptual CANOE model (Lhomme, Bouvier,
et al., 2004) are integrated in TRENOE platform. In this platform, the building roofs
are simulated separately from the surface module and represented as virtual "sub-
basins" in the sewer module. This paper provides for the first time a discussion on
the economical use of the detailed GIS (Geographic Information System) information
for urban 2D/1D modelling.

147



Materials and methods

Model description

The physically-based 2D TREX model (Velleux, England, et al., 2008), the 1D pipe
routing and sub-basin components of the CANOE model (Lhomme, Bouvier, et al.,
2004) are integrated in the TRENOE platform. As for the land-phase hydrology,
TRENOE uses the diffusive wave approximation of Shallow-Water equations (SW)
for surface runoff modelling, the Green and Ampt (1911) method for infiltration
calculations and the canopy storage for interception estimations. An explicit finite-
difference scheme (Euler's method) is applied for numerical solution. Otherwise, the
building roofs are represented separately from the 2D surface model. Since the real
elevation of roofs are generally not described in Digital Terrain Model (DTM) data for
urban areas, a realistic adaptation consists in raising the building elevations above
the land surface at the step of input data pre-treatment. Besides, as most roofs are
directly connected to the sewer network in the studied catchment, the grid-cells of
roofs which are linked to the same sewer node (the nearest) are assembled as virtual
sub-basins in the CANOE model. The areas of these sub-basins are equal to the total
area of the connected roof cells. Non-linear reservoir method is then applied to
simulate the rainfall - runoff relations for each conceptual sub-basin. These sewer
nodes are the connecting points between the 2D surface module and the 1D network
module in TRENOE platform, called "Junction nodes". At each time-step, TRENOE
removes water from the grid-cells of "manholes” and simultaneously makes it enter
into the corresponding "junction nodes". Additionally, flow routing process in the
sewer networks is computed by the 1D kinematic wave approximation of the Shallow
Water equations and solved by an implicit finite-difference scheme (six steps

Preisman method). The model scheme is illustrated in Fig. 1.
Study site

The study site is located in the eastern suburb of Paris (Le Perreux sur Marne, Val
de Marne, France). This area is a typical residential zone in the Paris region,
characterized by a busy main street in the Eastern Paris (more than 30,000 vehicles
per day). The total area of this catchment is 12 ha, about 70% of the surface is

impervious, and the roofs represent about 35% of the entire catchment. The western
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section has a higher incline than the eastern side, with an average slope of less than
2% (Fig. 2).

The stormwater sewer system consists of 1156 metres major pipes (vertical ellipse,
2.3m x 1.3m) along the main street, and nearly 1000 metres minor pipes (circular,
0.3m x 0.3m) used to connect manholes to the major pipes. In total, there are 35
manholes in the studied catchment. The sewage outlet is located at the North-
Eastern edge of the presented sewer network, where the flow is continuously

monitored by a Nivus Flowmeter with 2 minutes time interval.
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Fig. 1. The scheme of the 2D-surface and 1D-network modelling system TRENOE.
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Fig. 2, Study area at Eastern Paris (Le Perreux sur Marne), and instrumental

settings in the drainage network. Flow monitoring devices at the drainage outlet is

also presented.

Rainfall event data

A tipping-bucket rain gauge is installed on the roof of a building close to the urban
catchment (see Fig 2). The rain gauge has a resolution of 0.1 mm. As the study area
is quite small, rainfall is considered as homogeneous within the basin. The monitoring
was performed between the September 20, 2014 and the April 27, 2015. In our
previous work of Hong, Bonhomme, et al., (2016), 56 rainfall events were identified

during this study period, with more than 88% of the events had a rain depth of less
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than 8 mm, nearly 89% of the events had a mean intensity smaller than 3 mm/h, and

87% of the events had a duration shorter than 7 h.

In this study, 6 typical rainfall events were selected for model assessment. These
rainfall events can be considered as representative of various hydrological situtations
on the catchment. The characteristics of the 6 selected rainfall events are illustrated
in Table 1.

Table 1 Characteristics of the six studied rainfall events.

Mean Max
_ Rainfall _ _ _ _ Duration
Rainfall date intensity intensity
depth (mm) (h)
(mm/h) (mm/h)

10/08/2014 4.86 1.52 8.57 6.17
10/12/2014 3.60 1.68 7.50 2.14
11/03/2014 4.60 1.33 36.0 10.3
11/15/2014 9.27 2.81 6.21 4.41
11/25/2014 2.86 1.32 5.14 3.33
12/12/2014 4.15 1.28 40.0 22.6

LiDAR and topographic data

In Europe, thanks to the Inspire Directive (2007/2/EC) of the European Parliament
and of the Council, Digital Terrain Model (DTM) databases are accessible for public
research centres. In France, the National Institute of Geographic and Forestry
Information (IGN) provides the large scale reference database (RGE®,
http://professionnels.ign.fr/rge) containing DTM data of 25m resolution for the whole
country. FIG. 3a shows a part of this data on our study site. This dataset is relatively
easy to achieve and demands no extra cost, hence have evident value for

operational purposes.

In addition to this available DTM data, a Mobile Mapping System (MMS) called
Stereopolis (Paparoditis, Papelard, et al., 2012) has been applied over the study area

in order to produce a 3D point cloud of the road topography with centimetric
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resolution. Whereas, the measured 3D cloud not only contains the topography but
also objects such as trees, urban furniture as well as moving objects such as vehicles
and pedestrians. A semi-automatic modelling approach was then developed in order
to filter out the non-terrain point (Hervieu and Soheilian, 2013). At the end, a 20cm

resolution topographic data of road and sidewalks was accomplished (Fig. 3b).

(a) DEM data

(25m resolution) (b) Roads LiDAR data

(20cm resolution)
o ) v;‘<" 05 W

Legend (m)

Legend (m)
0 100 200 300 m -23(3) igg _g%g =57.0 g :;;: EE;:‘; =

Fig. 3 Different sources of the topographic data. (a) coarse Digital Terrain Model
(DTM) data of 25m resolution; (b) 20cm resolution LIiDAR topographic data for roads
and sidewalks.
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Fig. 4 Three different topographic input data. For (a) DTM, (b) DTM - dug road,
and (c) DTM +LiDAR
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Following Gallegos, Schubert, et al. (2009) and Fewtrell, Duncan, et al. (2011), the
proper spatial resolution for 2D modelling of the urban surface can be set by
considering the minimum distance between buildings and the one third of the street
width. For our case study, this distance can be estimated to 5 meters. In order to
assess the influence of high-resolution LIDAR data on urban 2D/1D modelling, 3
typical configurations are tested: (i) directly resampling the DTM data (25m) to 5m
resolution, called "DTM"; (ii) resampling the DTM data (25m) to 5m resolution, and
then lowering the identified road grid cells by 50 cm, called "DTM -dug road"; (iii)
resampling the road LIDAR data (20cm) and the DEM data (25m) to 5m resolution,
then fusing the two types of data together, called "DTM+LIDAR". The three different
topographic scenarios are illustrated in Fig. 4.

Landuse information

In order to obtain a fine information of the urban landuse, different landuse classes
can be identified by combining multiple data sources, such as aerial ortho-photos,
LiDAR data and public accessible database. This is the first configuration of the input
landuse data for TRENOE platform (FIG. 5a), noted "detailed landuse”. In detailed
landuse, the road surfaces are traced by using aerial ortho-photos, thus the
sidewalks can be identified automatically as the areas between buildings and roads.
Then inside every cadastral plot, the complement of buildings was considered. Ortho-
photo identification was applied in order to classify those parts into different classes
such as bituminous surface, lawn and vegetation. LIDAR data was used for
recognizing low vegetation from trees. Moreover, an automatic image segmentation
tool (Guigues, Cocquerez, et al., 2006) was applied on aerial ortho-photo for
recognizing different types building roofs, such as flat, slopping and tiled roofs. As for
the overlapped areas within different data sources, a specific priority order of
landuses is defined by considering the hydrologic connectivity in urban landscape,
followed by roads, sidewalks, parking lots, various types of roofs, trees, grass and
others. Additionally, since the manholes have a key role in the coupling between the
2D surface and 1D network models, they are represented as a specific class of
landuse in TRENOE model.
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The second configuration of the input landuse data is simply extracted from the
BD-TOPO® database, which is much easier to achieve than the multiple data sources,
noted "coarse landuse" (FIG. 5b). The BD-TOPO® database only contains the
information of buildings which are more than 20 m2, and the urban public green
spaces. The undefined areas are considered as impermeable zones such as roads,

sidewalks and parkings.

(a) Detailed Landuse

Landuse
Legend _ .
Roid. Sidewalk and Paks Road, Sidewalk and Parkings;
0ECs DICEWATE aNC 2 aring; = Different types of roofs;
— " W Different types of roofs; — = Different tiges of green lands;

B Different types of green lands;

: m Sewer inlets;
Ml Sewer inlets;

Fig. 5 Input landuse information. (a) Obtained by combining multiple data sources,
(Multi-sources Landuse); (b) Extracted directly from the RGE® database (RGE
Landuse).

Results and discussion

Parameter calibration and validation

In recent urban 2D/1D modelling studies, researchers widely investigated the
physical meanings and the reliable ranges of different hydrological parameters (e.qg.
Kidmose, Troldborg, et al., 2015; Djordjevi¢, Prodanovié, et al., 2005; Leandro, Chen,
et al., 2009), such as the infiltration parameters of Green and Ampt (1911) method,
the friction coefficient for surface and pipes (Manning's N), as well as the interception
loss. Considering the common parameter ranges which have been used by the
above authors, the TRENOE parameters are firstly calibrated with a trial-and-error
procedure using the DTM+LIDAR topographic data and the Detailed Landuse
information. The Nash and Sutcliffe (1970) coefficient (NSE) are used to evaluate the
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model performance. Optimisation is performed on the event of November 15, 2014,

and the calibrated parameters (Table 2) are applied for the other five rainfall events.

Compared to the continuous measurements of water flow at the network outlet, the

performance of the urban 2D/1D modelling can be assessed. The simulation results

are illustrated in Fig. 6.

Table 2 Calibrated parameter values of TRENOE model.

Saturated Initial Suction Residual
Manning's hydraulic loss head at the soil

n conductivity (mm) wetting moisture

(m/s) front (m) content
Roads 0.015 1.0*10® 0.5 0.01 0.1
Trees 0.2 1.0*10° 3 0.01 0.1
Grass 0.2 1.0 * 10° 2 0.01 0.1
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Fig. 6 Water flow simulations using urban 2D/1D TRENOE model with the

detailed DTM + LIDAR topography and Multi-sources Landuse. The simulated

discharges at the network outlet (solid blue lines) are compared with the measured

data (red circles). Rainfall is plotted on the upper part. For events (a) October 8, 2014;
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(b) October 12, 2014; (c) November 3, 2014; (d) November 15, 2014; (e) November
25, 2014; (f) December 12, 2014.

According to the simulation results in Fig. 6, the performance of the water flow
simulation is quite satisfying with the DTM + LIDAR topographic data and Detailed
Landuse information. The NSE values for all the six studied rainfall events are
greater than 0.8, indicating a quite satisfactory modelling performance for the
investigated urban catchment. This encouraging result confirms that the 2D-surface
and 1D-sewer TRENOE model is a promising modelling approach for urban

stormwater quantitative simulations.

Sensitivties of low-resolution topograhic data and coarse landuse

information

Considering the simulations using "DTM + LIiDAR topography" and detailed
landuse (DTM_LIDAR + DL) as reference, the effects of applying low-resolution
topographic data and coarse landuse information on model outputs can be
respectively evaluated by comparing the reference simulations to simulations using (i)
DTM topography and detailed landuse (DTM + DL); (ii) DTM - dug road topography
and detailed landuse (DTM_dug + DL); (iii) DTM + LIiDAR topography and coarse
landuse (DTM_LIDAR + CL). The Mean Deviation (MD) and Relative Mean Deviation
(RMD) coefficients are used as performance indicators to quantify the differences

between the references and the scenario simulations (Eqg. 1 - 2):
n
1 N
MD = E lei - xref_l| (1)
i=1

1 _
n Z?=1|xi - xref,ll

RMD = 100 % 2)

Xre f

where n is the total number of simulated discharges during the rainfall events, Xx;
and X are the iy output of the scenario and reference simulation, respectively,

and x5 is the mean discharge of the reference simulation.
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The simulated sewer network discharges for the six studied rainfall events are

presented in the Fig. 7, and their RMD coefficients are displayed in the Table 3:
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Fig. 7 Sensitivities of low-resolution topographic data and coarse landuse
information. Simulations using DTM + LiDAR topography and Multi-sources Landuse
(solid blue lines) are compared with simulations using (i) DTM topography and Multi-
sources Landuse (dashed blue lines); (i) DTM - dug road topography and Multi-
sources Landuse (dash-dotted blue lines); (ii) DTM + LIiDAR topography and RGE
Landuse (dotted blue lines). Rainfall is plotted on the upper part. For events (a)
October 8, 2014; (b) October 12, 2014; (c) November 3, 2014; (d) November 15,
2014; (e) November 25, 2014; (f) December 12, 2014.

As shown in Fig. 7 and Table 3, simulations using coarse landuse data (CL) are
quite different from that using detailed landuse information (DL), with RMD values
around 50%. This result reveals that the present 2D/1D modelling approach is very
sensitive to landuse data on the studied urban catchment. Compared with the
simulations using DL, scenarios using CL underestimate water discharges at the
sewage outlet. This phenomenon is mainly due to the inappropriate description of the
urban landuses for the adjoining areas of manholes in CL. Since the connecting

areas of manholes are major water pathways for urban surface runoffs, the presence
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of public green spaces surrounding the manholes (Fig. 5b) can lead an
overestimation of infiltration. Contrarily, as the manholes are realistically surrounded
by the impermeable roads and sidewalks in DL (Fig. 5a), the infiltration of surface

runoffs can be correctly simulated by using detailed landuse information.

Table 3 MD and RMD between the reference simulations and simulations using

low-resolution topographic data and coarse landuse information, respectively.

DTM/ DTM - dug road / _
_ _ DTM + LiDAR /
Input data Multi-sources Multi-sources
RGE Landuse
Landuse Landuse
Coefficients | MD (L/S) RMD MD (L/S) RMD MD (L/S) RMD
10/08/2014 1.96 14.7 % 1.31 9.33% 6.32 47.6 %
10/12/2014 1.72 16.5% 1.70 16.3 % 5.34 51.3%
11/03/2014 3.76 23.3% 1.99 12.3 % 7.54 46.9 %
11/15/2014 2.80 10.5% 1.94 7.30 % 125 47.1 %
11/25/2014 0.94 17.4 % 0.86 15.9 % 2.76 511 %
12/12/2014 2.32 11.3% 2.31 11.2 % 9.58 46.6 %

On the other hand, the results surprisingly demonstrate that the gaps between the
reference simulations and simulations using lower-resolution topographic data (DTM
and DTM_dug) are not significant. The simulated water flows at the sewage outlet
are hence not sensitive to the use of different resolutions of topographic data. This
result is mainly related to the precisely defined and closely located manholes in the
studied urban catchment. Since the distances between manholes are very short
(generally less than 300 m), stormwater runoffs enter rapidly into the sewer networks.
Thus the precision of the road topography does not influence notably the transfer
time, as this time is very short in any case. Moreover, as the building roofs are
directly connected to the sewer networks in TRENOE platform, the effects of using

precise road topographic data has no effect for these landuses. Of course, this result
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needs to be confirmed by applications of this modelling approach to other urban
catchments with different shapes and slopes. It is important to notice that the
resolution of road topographic data may not be a key factor for urban 2D/1D

modelling.

Is the more detailed remote sensing data really necessary?

As presented in the above sections, by assessing the performance of the newly
developed 2D/1D TRENOE platform on an urban catchment at the city district scale,
detailed landuse information is required for accurate simulations of water flows at
sewer outlet. On the contrary, urban stormwater managers are not recommended to
apply expensive remote sensing techniques for measuring high-resolution altimetry
data, while using only easily achieved topographic data with artificially dug streets
seems to be a reasonable compromise to obtain acceptable simulations.

Nevertheless, this preliminary conclusion does not mean that the high-resolution
topographic data is useless. In fact, detailed remote sensing data can be used for
developing and analyzing physically-based models. As the descriptions of spatially-
variable processes can be supported by spatial measurements, researchers will be
able to test new theories and gain a new understanding of the physical mechanisms
with higher-resolution data, helping to improve the modelling techniques. On the
contrary, in the aspect of operational applications, lower-resolution images have the
advantages of greater spatial and temporal coverage, lower costs and lack of
copyright restrictions, hence are preferred by urban stormwater practitioners (Di
Baldassarre and Uhlenbrook, 2012). However, in order to achieve an acceptable
model performance, the necessity of detailed remote sensing data should be

evaluated for new modelling applications.

Furthermore, based on the results of this paper, it can be noted that the precise
description of manhole locations is also an important factor for the urban 2D/1D
modelling. As the roads are the major water pathways for stormwater runoffs at the
city district scale, the main benefit of using high-resolution road LIiDAR data is to
accurately simulate the surface runoffs over roads, particularly for representing the

flow directions and velocities. However, this high-resolution data is no longer a key
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factor when manholes are close from one another, implying the runoff time from road
surface to the nearest manholes can be correctly simulated even with lower-
resolution topography. Nevertheless, the landuse information, especially for the areas
close to the manholes, needs to be appropriately described. Therefore, perspectives
of using remote sensing technologies on urban 2D/1D modelling can focus on (i) the
identification of the manhole locations, an automatic manhole detection algorithm
(Hervieu, Soheilian, et al., 2015) can be an promising next step; (ii) the detailed
characterizations of landuses close to manholes as well as on the adjoining urban
surfaces. Meanwhile, new types of urban stormwater modelling tools, such as models

based on manhole locations and the adjoining areas, can be tested for further studies.

Conclusion

In this paper, we proposed a new approach to assess the needs of high-resolution
LiDAR data and detailed landuse data for urban 2D/1D stormwater modelling. The
TRENOE platform was applied to a small urban catchment near Paris (Le Perreux
sur Marne, 0.12 km?). According to the results, we can conclude that detailed landuse
information is a crucial factor for accurate simulations, but the effect of using very
high resolution altimetry data is limited for the simulations of water flows at sewer
outlet. Only considering basic topographic data with dug streets seems to be a
reasonable compromise to obtain acceptable model results.

Certainly, identification of the real needs of high-resolution and detailed input data
for urban hydrological modelling is a challenge for practitioners to avoid the collection
of unnecessary and costly data. Depending on different management/research
objectives, the "proper" modelling approach should be developed with "adequate"
input data. This study described a benchmark for assessing the gains made by using
the high-resolution topographic data and detailed landuse information compared to
only using traditional low-cost data sources. Testing the performance of more
efficient modelling tools (for example, based on manhole locations) with more
economical remote sensing technologies (for example, automatic manhole detection

algorithm) would represent an interesting perspective in the future.
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Abstract

For the first time, this paper develops an integrated and spatially-distributed
modelling approach, linking atmospheric deposition, soil erosion and sewer transport
models, to assess the transfer of traffic-related pollutants in urban areas. The

modelling system is applied to a small urban catchment near Paris. Two modelling
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scenarios are tested by using experimentally estimated and simulated atmospheric
dry deposits. Simulation results are compared with continuous measurements of
water flow and total suspended solids (TSS) at the catchment outlet. The
performance of water flow and TSS simulations are satisfying with the calibrated
parameters; however, no significant difference can be noticed at the catchment outlet
between the two scenarios due to the "first flush" effects. Considering the Cu, BaP
and BbF contents of different particle size classes, simulated event mean
concentration of each pollutant is compared with local in-situ measurements. Finally,
perspectives to improve model performance and experimental techniques are

discussed.
Keywords:

Integrated modelling; Atmospheric deposition; Soil erosion model; Sewer transport;
Traffic-related pollutants; Spatially-distributed modelling; OpenLISEM; SWMM; Urban

stormwater;

1 Introduction

Urban traffic emission is a major cause of nonpoint source pollution in cities and
near high-ways (Fletcher et al., 2013; Petrucci et al., 2014; Shorshani et al., 2015).
Key pollutants such as total suspended solids (TSS), heavy metals and polycyclic
aromatic hydrocarbons (PAHSs) are first accumulated in the atmosphere with traffic
activities (Gunawardena et al., 2013). With time, these atmospheric phase pollutants
can be transported and settle to urban surfaces forming dry or wet depositions
(Huston et al., 2009). Finally, these nonpoint source pollutants are entrained by
urban stormwater runoffs from separated sewer systems to water bodies, causing the
degradation of aquatic environments and ecosystems (Shirley Clark, 2007). In the
context of the European Water Framework Directive (2000), the mitigation of diffuse
urban pollutions such as heavy metals and PAHs is one of the main objectives.
Therefore, it is essential to understand the transport of such contaminants in urban

air-surface-sewer systems during rainfall events.
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According to the chemical nature and the source of contaminants, heavy metals
and PAHSs in urban stormwater runoff can be partitioned into solid and liquid phases
(particulate contaminants and dissolved contaminants, respectively). Several
investigations of the chemical and physical properties of these pollutants have been
reviewed by (Aryal et al., 2010; Pant and Harrison, 2013; Tsihrintzis and Hamid,
1997). Generally, the authors conclude that most of the PAHs, Cu, Pb, Fe, and Ni are
associated with fine particles. By assuming that such pollutants are in particulate
phase and distributed in different sizes of suspended solids (SS), the transport of
such nonpoint source pollutants can be simulated with physically-based and
distributed soil erosion models. Using that type of model, the spatial and temporal
variations of water flow and pollutants washoff can be precisely described.

Up to now, a large amount of integrated systems linking traffic flow, pollutant
emission and atmospheric dispersion models have been developed (Lim et al., 2005;
Oxley et al.,, 2013). However, very limited attention has been paid to couple
atmospheric deposition and stormwater quality models. (Shorshani et al., 2015, 2013)
firstly proposed the concept of integrated traffic, air and stormwater modelling for
urban areas. Nevertheless, the stormwater model in their modelling chain still relies
on exponential, catchment scale washoff functions (Sartor et al., 1974). Moreover,
the resolution of their model is restricted by the size of subcatchments. By assuming
that the rate of pollutant loss on a sub-catchment is directly proportional to the water
flow at the outlet and to the averaged dry deposits, the (Sartor et al., 1974) functions
are inadequate to represent the spatial heterogeneities of the urban nonpoint source

pollutions, accompanying with the high variability of urban surfaces.

In this paper, we linked for the first time a physically-based 2D erosion model (De
Roo et al., 1996; Jetten and Roo, 2001) to an air quality model (Soulhac et al., 2011)
and a sewer network model (Rossman, 2010). In order to simulate the transport of
multi-class sediments and their associated contaminants in urban areas. The
integrated modelling approach separately simulates the transfer of different sizes of
particles, allowing the distribution of contaminants among various particle classes
possible. Moreover, this integrated model independently calculates the detachment
process caused by rain splash impacts and by shear stress effects, which is
confirmed to be a crucial factor for accurate modelling of urban washoff process

(Hong et al.,, 2016a). Finally, the coupling of spatially-distributed atmospheric
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depositions and the 2D surface models, emphasizes a promising potential for the

improvement of the urban nonpoint source pollution management.

The following sections will provide details on model development, configurations,
and the application of the integrated modelling system to a small urban catchment
near Paris (12 ha, Le Perreux sur Marne). In this study, two modelling scenarios are
tested by using experimentally estimated and simulated atmospheric dry deposits.
The performance of the simulations are evaluated by comparing the simulated water
flow and TSS concentrations with continuous measurements at the catchment outlet.
The simulated event mean concentrations of traffic-related pollutants are compared
with local in-situ measurements. Finally, perspectives to improve model performance

and experimental techniques are discussed.

2 Materials and methods

2.1 Development of the integrated modelling system

This paper describes an integrated modelling approach which links three
separated modelling components: the air quality component, the 2D surface
component, and the roof and sewer network component. The scheme of the

integrated model is presented in Fig. 1:
2.1.1 Air quality component

The air quality component of the integrated modelling system uses the SIRANE
model (Soulhac et al., 2011) to simulate the dispersion and deposition of urban
atmospheric pollutants. In the framework of the ANR (French National Agency for
Research) Trafipollu project, the collection of the input data and the simulations were
performed by the association AirParif (http://www.airparif.asso.fr/). The outputs of the
air quality component are adapted and connected to the 2D surface component in

this study.
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Fig. 1 Conceptual scheme of the integrated modelling framework for the

simulation of the transfer of traffic-related pollutant on air-surface-sewer networks.

Within the SIRANE model, the streets are modelled as a network of connected
road segments. Traffic emissions are firstly assumed to be uniformly mixed within
each segment of street, the model then simulates the transport of pollutants in and
out of the street segments by three main mechanisms: (i) advection along the street

due to the mean wind along their axis, (ii) diffusion across the interface between the
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street and the overlying atmospheric boundary layer, and (iii) exchange with other
streets at street intersections. The simulation at street level is then complemented by
a standard Gaussian plume model for atmospheric transport and dispersion above
roof level. Assuming that the deposition velocity is 0.1 cm/s, the deposition rates for
different types of pollutants are calculated for the bottom layer of the atmospheric

columns, forming spatially-distributed dry and wet deposits at the urban surface.

The input data for the air quality component is the traffic emissions, the
meteorological situations (wind, precipitation, temperature), and the urban
geometries. In the framework of the Trafipollu project, the hourly counting traffic data
and the characteristics of vehicles were collected for the studied urban catchment
over several weeks, in order to simulate realistic average daily traffic intensities. The
emission of the traffic-related pollutants is then calculated by considering the vehicle
types, traffic speeds, road characteristics (slope, material, etc.), engine power and
temperature. The weather data is offered by Meteo-France
(http://www.meteofrance.com/), and the urban geometry data is provided by the
National Institute of Geography of France (IGN).

The air quality component simulates the dispersion and deposition processes of
PM10 (< 10um particles), Cu, Zn, Cd, benzo (a) pyrene (BaP) and benzo (b)
fluoranthene (BbF). The hourly deposition rates for such contaminants are calculated
at regular points with 10 meters distance. The total mass of the atmospheric
deposition at each point between two rainfall events can be calculated by
accumulating the hourly dry deposits during the dry period. Moreover, in accordance
with the commonly used assumption that the dry deposits dominate the atmospheric
depositions (Gunawardena et al., 2013; Sabin et al., 2006), the wet deposition loads

are neglected in this study.

In order to link the air quality component with the 2D surface component, the
accumulated atmospheric dry deposits at regular points (10 m) are then transformed
into 5m-resolution dry deposit maps by using the triangle interpolation method. Since
the deposition of Cd is not significant in the studied urban catchment, and the Zn is
mainly present in the dissolved form in urban stormwater runoff (Herngren et al.,
2005; Huston et al., 2009), the present modelling approach focuses on the
simulations of PM10, Cu, BaP and BbF.
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2.1.2 2D surface component

The physically-based, two-dimensional model openLISEM (stand for Limburg Soil
Erosion(De Roo et al., 1996; Jetten and Roo, 2001) is used for simulating water flow
and pollutant transport in the 2D surface component. OpenLISEM is a raster-based
model that simulates the surface water and sediment balance for every grid-cell. It is

event based and has great spatial and temporal resolution.

The process within openLISEM can be separated into two categories: the
hydrological part and the sediment transport part. In the hydrological part,
openLISEM uses the kinematic wave 2D approximation of shallow-water equations
for the surface runoff modelling, the (Green and Ampt, 1911) method for infiltration
calculations and the canopy storage for interception estimations. A finite volume
scheme is applied for numerical solution. As for the sediment transport part, the
detachment and deposition processes are simulated at steady state. Within each
time-step, particles eroded by the rainfall splash detachment (detspiasn) are firstly
added to the concentration of suspended solids (C;); the updated concentration is
then compared with the transport capacity of the water flow (T;). The flow-driven
detachment (detsow,) takes place when the updated concentration falls below T;, while
the deposition (dep;)) occurs when the T; is exceeded. Eq. 1 represents the
calculations of the final concentration of the i-th class of particles (E;) in a grid-cell at

the end of a time-step:

dt . dt
Ei=C + ﬂ(detsplash,i + detflow,i); if G+ Ah detspiasni < T

dt | dt M
Ei=C + ﬂ(detsplash,i - depi); if G+ Ah detspiasni > Ti

Where:

- E; is the final concentration of the i-th class of particles in a grid-cell at the end of

a time-step (kg/m®);

- C; is the concentration of the i-th class of particles in a grid-cell at the beginning

of a time-step (kg/m®);

- dt is the time step (S);
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- A'is the surface area of a grid-cell (m?);

- h is the water depth (m);

- detspiash,i Is the rainfall splash detachment rate of the i-th class of particles (kg/s);

- detow,i is the flow detachment rate of the i-th class of particles (kg/s);

- dep; is the deposition rate of the i-th class of particles (kg/s);

- Ti is the transport capacity for the i-th class of particles (kg/m°);

For each class of particles, the (Hairsine and Rose, 1992) model (H-R) is used to

calculate the T; (Eq. 2). The detsyasni iS Simulated as a function of the sediment

aggregate stability (As), rainfall kinetic energy (Ke) and the water depth (h) (Eq. 3-4,

derived from unpublished test data). The detsow, is calculated by assuming that the T;

deficit becomes detachment (Eq. 5), where the (Rauws and Govers, 1988) erosion

efficiency factor (y) is used to limit the detachment by the cohesion of the sediment

material (Eq. 6). Finally, the dep; is calculated by assuming that the T; surplus

becomes depositions (Eq. 7), and the settling velocity (vs;), is calculated by the

Stoke's equations (Eq. 8).

=k () () S o @
detspiasni = Pi (5 K, eC149M + 2.96) 22 P, 3)
K, = 8.95 + 8.4 Log(I) (4)
detriow,; =y (T; — C)) vs; A (5)
y = min(1, m) (6)
dep; = (C; — T;) (1 — exp (dt% ) Vg A (7
i =2 L be) g p2 (8)

U
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where:
- E. is the re-entrainment parameter of the H-R equations;

- ps.i» Pw are the mass densities of the i-th class of particles and water, respectively
(kg/m®);

- w, w. are the flow velocity and the critical flow velocity for sediment erosion,

respectively (m/s);
- St is the friction slope;
- Pi is the fraction of available sediment that lies within the i-th class of particles;

- As is the aggregate stability (median number of raindrops to decrease the
aggregate by 50%);

- Ke is the kenetic energy of the rainfall (J/m2 mm);

- Py is the rainfall depth in the time-step (m);

- | is the rainfall intensity (mm/hr)

- v is erosion efficiency coefficient;

- coh is the surface cohesion coefficient (k Pa).

- Vs is the settling velocity of the i-th class of particles (m/s).
- g is gravitational acceleration, = 9.8 m/s?;

- u is the dynamic viscosity (http://en.wikepedia.org/wiki/Dynamic_viscosity), (=
0.001 kg/m*s);

- R is the radius of the particle (m);

As shown in the above equations, the transport capacity (Eg. 2) is calculated for
each class of particles, allowing the simulation of size-selective erosion possible.
Besides, since the characteristics of the sediment material are different from one

rainfall event to another, the cohesion coefficient (coh) may need calibrations for
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different rainfall events. The values of other parameters can be fixed according to

published literature.

Generally, the inputs for the 2D surface component consist of rainfall data, urban
landuse information and urban topographic data. Details of these input data will be
presented in the sections below. Otherwise, the outputs of this modelling component
are hydrographs and pollutographs for the cells representing manholes, which will be

linked to the roof and sewer network component.
2.1.3 Roof and Sewer network component

The building roofs in this modelling approach are represented separately from the
2D surface component. Contrarily, the grid-cells of roofs are assembled as different
virtual sub-basins connecting to their nearest sewer nodes. For representing the fact
that the roof drains are directly connected to the sewer networks in the studied
catchment. The areas of each virtual sub-basin is equal to the total area of all the
connected roof cells. These sub-basins are treated as the non-linear reservoirs,
surface runoff occurs when the depth of water in the "reservoir" exceeds the loss of
initial wetting for roofs. The outflow of each sub-basin is given by the Manning's
equation. The washoff process is simulated by using exponential equations, where

the eroded mass is proportional to the water flow and the remaining particles on roofs.

The sewer network part of the integrated modelling approach is based on SWMM
model (Rossman, 2010). Interactions between the 2D surface component and the
roof and sewer network component is modelled through flow exchange at identified
linking points, named "junction nodes". These "junction nodes" can receive water and
pollutant flows from the virtual sub-basins and the manholes. The water flow in sewer
networks is computed by the 1D kinematic wave approximation of the Shallow Water
equations and solved by the finite-difference scheme. Otherwise, water quality
routing within conduits assumes that the conduit behaves as a continuously stirred
tank reactor (CSTR). Using the CSTR method, the concentration of a constituent
exiting the conduit at the end of a time step is calculated by integrating the
conservation of mass equation. The sewer network module only requires the
characteristics (connections, slope, length, etc.) of the urban drainage network as the
input information, while the outputs are hydrographs and pollutographs at the

sewerage outlet, which could be further compared with the in-situ observations.
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2.2 Study site

The modelling system is applied to a small urban catchment near Paris (Le
Perreux sur Marne, Val de Marne, France). This study area is a typical residential
zone in the Paris region, characterized by a highly trafficked main street in the
Eastern Paris (more than 30,000 vehicles per day). The total area of this catchment
is 12 ha, about 70% of the surface is impervious, and the building roofs represent
approximately 35% of the entire catchment. The western section has a higher altitude

than the eastern side, with an average slope of less than 2% (Fig. 2).

Drainage
= Outlet
F 32 :

Fig. 2 Study area at Eastern Paris (Le Perreux sur Marne). Instrumental settings
for measuring water flow and turbidity at the drainage outlet, as well as rainfall
intensities.
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The stormwater drainage system consists of 1156 metres major pipes (vertical
ellipse, 2.3m height and 1.3m large) along the main street, and nearly 1000 metres
minor pipes (circle, 0.3m diameter) for connecting manholes to the major pipes. In
total, there are 35 manholes in the studied catchment. The sewerage outlet is located
at the North-Eastern edge of the presented drainage network, where the flow is
continuously monitored by a Nivus Flowmeter with 2 minutes time interval, and the
turbidity is consistently measured by a multi-parameter probe (mini-probe OTT). The
total suspended solids (TSS) - turbidity relationship is therefore established based on
samplings during 16 studied rainfall events. That follows a linear regression TSS =
0.8533 x Turbidity, with the R? equal to 0.97.

2.3 Input data and model configurations

2.3.1 Rainfall events

Table 1 Summary of the studied rainfall events.

. . _ . Antecedent
. Rainfall depth |Mean intensity | Duration
Rainfall date dry days
(mm) (mm/hr) (hour)
(day)
10/08/2014 4.86 1.51 3.22 0.4
10/12/2014 3.60 1.68 2.14 1.8
11/15/2014 9.27 2.81 3.3 0.5
11/26/2014 2.86 1.1 2.6 9
Summary of D10 1.55 0.51 0.70 0.24
the 56 rainfall D50 3.35 1.18 3.29 1.82
events D90 8.65 3.15 7.51 10.18

A tipping-bucket rain gauge is installed on the roof of a building close to the urban
catchment (see Fig 2). The pluviometer has a resolution of 0.1 mm. As the study area

is quite small, homogeneous rainfall is considered for the entire urban catchment.
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The monitoring was performed between the 20th of September 2014 and the 27th of
April 2015. In our previous works (Hong et al., 2016a, 2016b), 56 rainfall events were
identified during this study period, more than 88% of the studied events had a rain
depth less than 8 mm, nearly 89% of the events had a mean intensity smaller than 3

mm/h, and 87% of the events had a duration shorter than 7 h.

In this study, 4 typical rainfall events are selected for model assessment, with the
rainfall depths varying from 2.9 to 9.3mm, and the mean intensities differing from 1.3
to 2.8 mm/hr. The characteristics of selected rainfall events and the summary of the

entire 56 rainfall events are listed in Table 1.
2.3.2 Topography and landuse

High-resolution topographic data is essential for the accurate simulations of
physically-based models. In Europe, thanks to the Inspire Directive (2007/2/EC) of
the European Parliament and of the Council, Digital Terrain Model (DTM) databases
are accessible for public research centres. In France, the large scale reference
database (RGE®, http://professionnels.ign.frirge) containing DTM data of 25m
resolution is available for the whole country. In addition to this DTM data, a Mobile
Mapping System (MMS) called Stereopolis (Hervieu and Soheilian, 2013; Paparoditis
et al., 2012) has been applied around the study area in order to produce a 20cm
resolution topographic data (LIDAR) of the roads and sidewalks. Following Gallegos,
Schubert, et al. (2009) and Fewtrell, Duncan, et al. (2011), the proper spatial
resolution for 2D modelling of the urban surface can be set by considering the
minimum distance between buildings, which is approximately 5 meters for the studied
urban catchment. Therefore, we firstly resample the LIiDAR data (20cm) and the DTM
data (25m) to 5m resolution, then merge the two types of data. With this final
topographic data (Fig. 3a), the urban catchment is represented by 224 x 85

rectangular grids.

One of the most significant benefits of using such a spatially-distributed model is to
be able to accurately simulate the impacts of urban landuses. In collaboration with
the IGN France, detailed landuse data is applied in this study, with manholes added
as a specific type (FIG. 3b). The locations of manholes are identified from the GIS
and AutoCAD sewer network data. Afterward, the vectorial landuse data are

transformed into 5 m resolution grid-cells following a specific hierarchy of different

175



landuse types. The priority is based on the effect of the landuse on the water quantity
and quality. In the current study, the prior landuse is the "manhole”, followed by road,
sidewalk, parking, various types of roofs and green lands. In general, 70% of the
catchment surfaces are impervious areas, within which the roof areas represent 35%

of the total surface.

Topographic data

DTM+LiDAR (m)

m 39.0 47.0 =9 55.0
1 43.0 51.0 == 59.0

1 Road, Sidewalk and Parking;
B Different types of roofs;

B Different types of green lands;
Bl Sewer inlets;

Fig. 3 (a) Input topographic data; (b) input landuse data.

2.3.3 Atmospheric dry depositions of PM10, Cu, BaP and BbF

As presented in the above sections, the atmospheric dry deposition maps can be
simulated for each studied rainfall event. Taking the event of 26th of November 2014
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as an example, the deposition maps for PM10, Cu, BaP and BbF are presented in
Fig. 4.

o i
_‘__-F"'-F B ) ._’.,-F"d- 2
= 0.1678 © 0.1785 = 0.1998 = 4105 1393 = 3348
— " 0.1891 M 02104 ‘s 2000 ™ 2366 m 4321

(c) BaP (d) BbF F
g BaP Dry Deposition (ng/m?) BRF Dry Deposition (ng/m?)
= 70.853 234.1 562.1
1 2| 0 100 200 300 m = 85.173 277.62 705.63
‘H":‘u"’ " 39571 == 712.33 T 495.62 ® 916.42

Fig. 4 Simulation of the accumulated atmospheric dry depositions for the event of
26th of November 2014. The dry deposition maps of (a) PM10, (b) Cu, (c) BaP, (d)
BbF.

Since the studied urban catchment is highly urbanized, the atmospheric dispersion
of traffic-related pollutants can be constrained by obstacles such as buildings or
vegetation at around the road. Therefore, the atmospheric contaminants are
generally accumulated and deposited on the main streets, nearby their sources.

2.3.4 Characteristics of detachable particles in surface runoffs

Water flow samples have been collected at a manhole in the studied urban
catchment using a peristaltic pump (Watson Marlow), which pumped 250 mL of water
at regular volume intervals entering the manhole (Hong et al., 2016b). For each
rainfall event, the measured TSS concentration in the stormwater sample can be
considered the same as the mean TSS concentration in the total surface runoff. By

assuming that the initial dry deposits is equal to the amount of detachable particles
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which can be afterward found in stormwater runoffs, the surface dry deposits can be

estimated by Eq. 9:

) Concrss * Volumenmannote
Deposityy, =

)

Are Amanhole

Where Deposityy is the experimentally estimated initial dry deposits for the urban
catchment (g/m?); Concrss is the mean TSS concentration of the stormwater runoff
sample (g/L); Volumenmannole IS the total volume of stormwater runoffs collected in the
sampling manhole (L); and Areamannole IS the drainage area of the urban surface

contributing to the sampling manhole (m?2).

The experimentally estimated urban dry deposits for the sampled rainfall events
are presented in Fig. 5a, the average value is 1 g/m2. Granulometric analysis was
performed in the laboratory to evaluate the Particle Size Distribution (PSD) of the
suspended particles (Bechet et al., 2015). The PSD and the accumulated percentage
of suspended solids are presented in Fig. 5b. Since the air quality component only
simulates the dispersion and depositions of PM10 (< 10um particles), particles are
separated into two different classes. That the first represents the PM10 (noted fine
particles), with the median size (D50) equals to 5 um; while the second stands for

the > 10um particles (noted coarse particles), which D50 is equal to 25 um.

1.8 7 Experimentally Estimated
= 1.6 urban dry depositions

| @

—_
[==]

PSD in stormwater samples 100

=]
T

80
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Accumulated Percentage (%o)

- T 00 D wow, v oo o o wmeo 2
- === ™ — - O
d —

= 0.63

article Size (um)

Fig. 5 (a) Experimentally estimated urban dry deposits of detachable particles (for
both fine and coarse patrticles). (b) Particle Size Distribution (PSD) of the suspended

particles in urban stormwater runoffs.
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2.3.5 Cu, BaP and BbF Contents of different particle classes

Based on the simulated mass of atmospheric dry depositions of different pollutants
(Fig. 4), the Cu, BaP and BbF contents of fine particles can be calculated (Eqg. 10). In
order to assess the concentration of such pollutants in urban stormwater samples, Cu
was analyzed by an inductively Coupled Plasma — Mass Spectrometry (ICP-MS),
while the PAHs were determined by a high performance liquid chromatography
(HPLC) coupled with UV fluorescence assay. Therefore, the Cu, BaP and BbF
contents of TSS (average sized) can be calculated (Eqg. 11). Considering that the fine
particles and coarse particles represent 45% and 55% of the TSS, respectively (Fig.
5b), the pollutants content of coarse particles can be calculated with Eq. 12. The Cu,

BaP and BbF contents of different classes of particles are represented in Table 2.

Table 2 Mean Cu, BaP and BbF contents of fine particles (< 10um), TSS (all

particle sizes mixed), and coarse particles (> 10um).

Cu Content BaP Content BbF Content
(Mg/9) (ng/g) (ng/g)

Fine particles (< 10um) 936.08 1734.80 1981.01

TSS (All particle sizes mixed) 541.82 920.84 1176.05

Coarse Particles (> 10um) 219.24 254.88 517.44

d tpollu

Contentfine,pollut = % (10)
ContentTSS,pollut = ZCpolhut (11)

concrss

(Contentrss porue— 45%*Content fine portut)
55%

Contentcoarse,pollut = (12)

Where Contentgine pout, Content oarse potiut Contentrss pouye are the pollutant (Cu,

BaP, BbF) content of fine particles, coarse particles and TSS (All particle sizes

mixed), respectively; concyey:, concrgs are the measured concentration of pollutants

(Cu, BaP, BbF) and TSS in stormwater samples, respectively; depot, e, depotppmio
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are the atmospheric dry depositions of pollutants (Cu, BaP, BbF) and PM10,
respectively.

2.3.6 Configuration of parameters for urban areas

Table 3 Parameter values for the integrated air-surface-sewer modelling

Water quantity parameters

Impervious surface Pervious areas
(road, sidewalk, (grass, trees,
etc...) etc...)
Rainfall interception (Smax, mm) 0 1
Random roughness (cm) 0.3 0.7
Initial moisture content (cm*cm?) 0.1 0.4
Porosity (cm*cm?) 0.1 0.5
Critical stream power for erosion (cm/s) 0.4 0.4
Initial loss of roof wetting (mm) 1
Manning's N for sewer networks 0.014
Manning's N for virtual sub-basins 0.012
1 calibrated value
Manning's N values for surface runoffs for all the rainfall Idem
events
1 calibrated value
Saturated conductivities (mm/hr) for all the rainfall Idem
event

Water quality simulations

Re-entrainment parameter 0.013 None
Critical flow velocity for detachment (m/s) 0.004 None
Washoff coefficient for virtual sub-basins 0.32
Washoff exponent for virtual sub-basins 0.43

1 calibrated value
Cohesion coefficient for every rainfall Idem
event

In order to reduce the calibration efforts, several parameter values are determined
from bibliographic works. As for water quantity simulations, the rainfall interceptions

for different urban landuses are defined by considering the canopy interception
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values of (Xiao et al., 1998); the random roughness values are defined as (Zobeck
and Onstad, 1987); besides, in accordance with (Rossman, 2010), we fixed three
parameters for (Green and Ampt, 1911) method such as porosity, initial moisture
content and average suction at wetting front, as well as three parameters used in the
sewer network module, including the initial loss of roof wetting, the Manning's N for
conduits and virtual sub-basins. As for the water quality part, the aggregate stability is
defined following (Jetten and Roo, 2001); the re-entrainment parameter of the H-R
equations is decided the same as (Hairsine and Rose, 1992); the critical flow velocity
for detachment is explained as (Rauws and Govers, 1988); and two washoff-

coefficients of the virtual sub-basins are determined from (Rossman, 2010).

Contrarily, calibrations are performed for three parameters using the trial-and-error
method. For the water quantity modelling, the Manning's N value for surface runoffs
and the saturated conductivities (Ksat) are calibrated for the event of 26th of
November 2014, and then validated for the other studied rainfall events. While for the
water quality modelling, the cohesion coefficient (coh) is calculated for each rainfall

event. The parameter values are listed in Table 3

2.4 Simulation scenarios

Table 4, Initial dry deposits of the two scenarios.

eneriod, | Scenario2
estimated) (simulated)
Initial deposits of fine particles 0.45 Atmospheric
on roads (g/m?) ' simulations
Initial deposits of fine particles 0.45 Atmospheric
on roofs (g/m2) ' simulations
Initial deposits of coarse
particles 0.55 0.55
on roads (g/m?)
Initial deposits of coarse
particles 0 0
on roofs (g/m?)
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Since the dry deposits of coarse particles are usually caused by direct depositions,
such as surface abrasion and tyre wear. The air quality component only simulates the
atmospheric dry depositions of fine particles (PM10). Therefore, the experimentally
estimated dry deposits (Fig. 5) of coarse patrticles are used in the model as the input
data. Consequently, two modelling scenarios are tested in this study: Scenario 1
uses the experimentally estimated urban dry deposits for both fine and coarse
particles; Scenario 2 uses the simulated atmospheric dry depositions for the fine
particles, while the dry deposits of coarse particles follow the experimentally
estimated values. The initial dry deposits of the two scenarios are presented in Table
4.

3. Results and discussions

3.1. Water flow simulations

Accurate water quantity simulations are required for reliable water quality
modelling. The trial and error procedure is performed for calibrating the Manning's N
and the saturated conductivities (Ksar), in order to precisely reproduce the dynamics
of water flow at the catchment outlet. Parameters are calibrated for the event of 26th
of November 2014, and then validated for the other studied rainfall events. The Root-
Mean-Square-Error (RMSE) coefficient (Eq. 12) is used to evaluate the model
performance. The optimized Manning's N is equal to 0.012 and 0.2 for the impervious
and pervious surfaces, respectively. The calibrated Ksy is equal to 0.1 and 25 mm/hr
for the impervious and pervious surfaces, respectively. The simulated water flow is

compared with the continuous measurements at the catchment outlet (Fig. 6).

Z’,_?:l(simt—ODSt)z
n

RMSD = J (12)

where n is the simulation duration, Sim; and Obs; are the simulated and observed

TSS concentration at the t-th minute.
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Fig. 6 Water flow simulations using the integrated modelling approach. The
simulated discharges at the network outlet (solid blue lines) are compared with the
measured data (red circles). Rainfall is plotted on the upper part. For events (a) 8th of
October 2014; (b) 12th of October 2014; (c) 15th of November 2014; (d) 26th of
November 2014.

As shown in Fig. 6, the performance of the quantitative simulations is quite
satisfying with RMSE varying between 2.70 and 9.07. This result confirms that using
such a spatially-distributed, integrated model is accurate for the water flow

simulations at the scale of a small urban catchment.

3.2. Simulations of Total Suspended Solids (TSS)

Simulations using different initial dry deposits (Scenario 1 and 2) are performed for

the four studied rainfall events. Since the surface conditions (humidity, heat, etc.) of
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the urban catchment can be different from one event to another, the cohesion

coefficient (coh) is calibrated for each studied rainfall event using the trial-and-error

method. The simulated TSS concentrations are compared with the measurements at

the catchment outlet. Simulations of Scenario 1 and Scenario 2 are shown in Fig. 7 -

8, respectively. The calibrated values of coh are presented in Table 5.

Table 5 Calibrated cohesion coefficient (coh) values (kPa).

coh (kPa) Oct. 8 2014 Oct. 12 2014 Nov. 15 2014 Nov. 26 2014
Scenario 1 13 10 13 13
Scenario 2 12 10 10 12

Fig. 7 Total Suspended Solids (TSS)
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concentration of Scenario 1 simulations

(measured initial deposits). The simulated TSS concentrations at the network outlet

(solid blue lines) are compared with the

measured data (red circles). Rainfall is
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plotted on the upper part. For events (a) 8th of October 2014; (b) 12th of October
2014; (c) 15th of November 2014; (d) 26th of November 2014.
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Fig. 8 Total Suspended Solids (TSS) concentration of Scenario 2 simulations
(simulated initial deposits). The simulated TSS concentrations at the network outlet
(solid blue lines) are compared with the measured data (red circles). Rainfall is
plotted on the upper part. For events (a) 8th of October 2014; (b) 12th of October
2014; (c) 15th of November 2014; (d) 26th of November 2014.

As can be seen in Fig. 7 and Fig. 8, simulated concentrations of TSS generally fit
well with the continuous measurements, especially for the amptitude and the time to
the first peak. The RMSE values vary from 48.9 to 178.6, being of the same order as
the uncertainty of the experimental measurements. These results confirm the good
performance of using the presented modelling approach to simulate TSS dynamics in
the urban context. Comparing with our previous work which used the USLE
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equations (Kinnell, 2010) to simulate urban sediment erosions (Hong et al., 2015a,
2015b), this paper is undoubtly an improvement of stormwater quality simulations for

urban areas.

In spite of the good performance of the TSS simulations, it should be mentioned
that the calibrated coh values are not steady between the different scenarios and
rainfall events. Generally, the calibrated coh for Scenario 2 are lower than that of
Scenario 1. This phenomenon is due to the fact that the simulated atmospheric
deposits are lower than the experimentally estimated dry depositions. As a
consequence, lower coh values are calibrated for Scenario 2 simulations.
Nevertheless, the calibrated coh for the both two scenarios correspond with the
typical values of the non-cohesive solids (Geotechdata.info, 2014). Considering the
uncertainties of the parameter values related to water quality simulations (Dotto et al.,
2012; Fletcher et al., 2013), the present study provides encouraging results in the

field of urban stormwater quality modelling.

It should be indicated that although the spatial distribution of the atmospheric dry
deposits is different from Scenario 1 to Scenario 2, however, quite similar simulations
of TSS concentration are obtained at the outlet of the urban catchment. This
phenomenon may be explained by the “first flush" effects of the studied rainfall
events. Since most pollutants are eroded at the beginning of the rainfall events, the
impacts of the spatially-distributed dry deposits are not significant at the scale of the
catchment outlet. Nevertheless, the effects of the spatial distribution of atmospheric
dry depositions may be further assessed by experimental measurements by sampling
manholes at different locations of the urban catchment. That model assessment can
lead to develop advanced stormwater management strategies, such as filter systems
located at the determined locations of the urban catchement, to reduce the traffic-
related pollutants entering the sewer networks. This type of source-control

techniques are easy to implement and can be effective and cheap.

Furthermore, in order to assess the dynamics of the two classes of particles for
different scenarios, the evolution of the fractions of the fine and coarse patrticles of

TSS for Scenario 1 and 2 are compared in Fig. 9:
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Fig. 9 Proportion of the fine particles (D50 = 5um, blue lines) and the coarse
particles (D50=25um, green lines) in Total Suspended Solids. Scenario 1 is plotted in
dash-dotted lines, and Scenario 2 is plotted in solid lines. For events (a) 8th of
October 2014; (b) 12th of October 2014; (c) 15th of November 2014; (d) 26th of
November 2014.

The fraction of fine particles in TSS in Scenario 1 is higher than in Scenario 2. This
result is in agreement with the above findings, that the simulated dry deposits of
PM10 are lower than the experimentally estimated values. For both scenarios, the
fine particles are firstly eroded at the beginning of the rainfall events, while the
fraction of coarse particles in TSS rapidly increases with the rise of rainfall intensities.
For the events of 8th of October 2014 and 15th of November 2014 (Fig. 12 a, c), due
to the steady rain throughout the rainfall event, the fractions of the different particle

classes in TSS remain stable. On the contrary, for the events of 12th of October 2014
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and 26th of November 2014 (Fig. 12 b, d), the fraction of coarse particles in TSS
significantly decreases with the reduction of rainfall intensities.

It should also be mentioned that in both scenarios, the dry deposits used in the
model cannot completely represent the real conditions of the urban surface. On the
one hand, it is quite difficult to assess the exact mass of initial dry deposits on urban
surfaces. In fact, (Bechet et al., 2015) showed that the variation range of the total
mass of different road deposit samples is close to a factor 10. Therefore, our first
scenario which takes into account the averaged deposit mass, has to be questioned
regarding to the spatial variability of the urban catchment. On the other hand,
atmospheric model outputs are also affected by large uncertainties, such as the
atmospheric concentrations, the climate data and the dry deposition velocities. The
simulated dry deposits of Scenario 2 are therefore not representative of the precise
mass of particles for each grid-cell. In spite of all these uncertainties and
approximations, this paper challenges for the first time the new field of integrated 2D
air-surface-sewer urban stormwater quality modelling with reasonable assumptions.
Moreover, the model performance can be further discussed by comparing the
simulated concentrations of traffic-related pollutants (Cu, BaP and BbF) for the two

studied scenarios as well as the local measurements.

3.3. Simulations of Cu, BaP and BbF

Considering the Cu, BaP and BbF contents of fine and coarse particles (Table 2),
the dynamics of pollutant concentrations at the catchment outlet can be evaluated.
The simulated pollutant concentrations (Cu, BaP and BbF) of Scenario 1 and
Scenario 2 are presented in Fig. 10-11. Benefitting from the measurements of event
mean concentrations of Cu, BaP and BbF in stormwater runoff samples (section
2.3.5), the simulated concentrations of such pollutants can be compared with the
observed values (Fig. 12).
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Fig. 10 Concentrations of Cu (pg/L, right y-axis), BaP (ng/L, left y-axis) and BbF
(ng/L, left y-axis) for Scenario 1. The simulated Cu (solid magenta lines), BaP (solid
blue lines) and BbF (solid green lines) concentrations are compared with the
measured mean concentration of Cu (dashed magenta lines), BaP (dashed blue lines)
and BbF (dashed green lines) (ng/L). Rainfall is plotted on the upper part. For events
(a) 8th of October 2014; (b) 12th of October 2014; (c) 15th of November 2014; (d)
26th of November 2014.
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Fig. 11 Concentrations of Cu (ug/L, right y-axis), BaP (ng/L, left y-axis) and BbF

(ng/L, left y-axis) for Scenario 2. The simulated Cu (solid magenta lines), BaP (solid

blue lines) and BbF (solid green lines) are compared with the measured mean

concentration of Cu (dashed magenta lines), BaP (dashed blue lines) and BbF

(dashed green lines) (ng/L). Rainfall is plotted on the upper part. For events (a) 8th of
October 2014; (b) 12th of October 2014; (c) 15th of November 2014; (d) 26th of
November 2014.
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Fig. 12 Simulated and measured event mean concentrations of Cu, BaP and BbF

(all particle size mixed)

Considering the large uncertainties in measurements of heavy metals and PAHs
(Bechet et al., 2015), the Fig. 10-12 show that both scenarios give realistic results
comparing with the measurements of pollutants in stormwater runoff samples. These
encouraging results confirm the validity of using the presented modelling approach

for simulating the transfer of traffic-related pollutants from air to the sewer outlet.

Nevertheless, it should be noted that the simulated concentrations of pollutants in
Scenario 2 are always less than that in Scenario 1. This can be explained by the
higher fractions of fine particles in TSS for Scenario 1 (Fig. 8). Since the pollutants
are preferred to attach to fine particles (Table. 2), TSS of Scenario 1 can transport
more associated pollutants. Analyzing the outputs of the air quality component (used
in Scenario 2) for the four studied rainfall events, the averaged atmospheric dry
deposits of PM10 for the entire urban catchment is equal to 0.055 g/m2. This value is
far below the estimated mass of the fine particles from the stormwater runoff samples
(used in Scenario 1), which is equal to 0.45 g/m2. This result can be mainly explained
by three reasons: (i) Stormwater runoff samples are collected in a manhole along the
road. Since there are more deposited particles on roads than on other types of urban

landuses, the experimentally estimated dry deposits for the entire urban catchment is
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hence overestimated for Scenario 1. (i) The air quality simulations do not take into
account the background atmospheric pollution, the PM10 deposits in Scenario 2 are
certainly underestimated in this study. (iii) The precipitation inputs used in the air
guality component are based on a prediction model of MeteoFrance (AROME model,
www.meteofrance.fr). With such a meteorological model, insignificant precipitations
(< Imm), which are usually not recorded by the rain gauge, are considered as wet
weather periods. These wet weather simulations further decrease the simulated dry

deposits in Scenario 2.

Finally, uncertainties for the pollutants content of PM10 (Table. 2) should also be
mentioned. Due to the uncertainties in rainfall event simulations, deposition velocities,
and particle size distributions, the variation range for the simulated atmospheric
deposits of pollutants can easily reach a factor 2 to 4 (Shorshani et al., 2015).
Therefore, the results in Fig. 12 are quite acceptable for the modelling of heavy

metals and PAHSs in the urban context.

4. Conclusion and perspective

In this paper, an integrated air-surface-sewer modelling approach is for the first
time developed to assess the transfer of traffic-related pollutants in urban areas
during rainfall events. The modelling system consists of three separated components,
including the air quality component, the 2D surface component, and the roof and
sewer network component. For the air quality component, the SIRANE model
(Soulhac et al., 2011) is coupled with realistic traffic data to generate spatially-
distributed atmospheric dry depositions; in the 2D-surface component, the
openLISEM model (De Roo et al., 1996; Jetten and Roo, 2001) is applied to simulate
the transfer of water and particulate pollutants on roads and green areas; in the roof
and sewer network component, building roofs are considered as virtual sub-basins
which are directly connected to the sewer networks, the SWMM model (Rossman,
2010) is used to simulate the transport of water and pollutants from roofs and

manholes to the outlet of drainage networks.

The integrated modelling platform is applied to a small urban catchment near Paris

(12 ha, Le Perreux sur Marne, Val de Marne, France). Simulation results are
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compared with continuous measurements of water flow and total suspended solids
(TSS) at the catchment outlet. The performance of the quantitative simulation is
highly satisfying with calibrated and validated parameter values of Manning's N and
saturated conductivity (Ksa). As for the water quality modelling, two modelling
scenarios are performed: Scenario 1 uses experimentally estimated dry deposits,
which are homogenously distributed on the urban catchment; Scenario 2 uses
simulated atmospheric dry depositions, which are spatially-distributed. With a simple
calibration of the surface cohesion coefficient (coh), the TSS concentration
simulations fit well with the observations for both scenarios. Nevertheless, no
significant difference can be noticed at the catchment outlet between the two
scenarios. This phenomenon is mainly due to the "first flush" effects of the urban
catchment. For the studied rainfall events, since most pollutants are eroded at the
beginning of the rainfall events, the spatially-distributed dry deposits have little effect
at the scale of the catchment outlet. Therefore, specific experimental surveys such as
sampling manholes, should be considered in order to test the modelling performance

at different locations of the urban catchment.

Considering the Cu, BaP and BbF contents of different particle classes, the
pollutographs of such pollutants are evaluated for each studied rainfall event. The
simulated event mean concentrations of pollutants are compared with local in-situ
measurements. For the first time, realistic simulations of traffic-related pollutants are
achieved at the catchment outlet. Additionally, the differences between the two
scenarios as well as the measurements are due to the modelling assumptions and
the uncertainties of the atmospheric dry deposits simulations. As a perspective,

sensitivity and uncertainty analysis should be considered for this modelling approach.

For the purpose of improving the model performance, the atmospheric background
concentration of pollutants and the direct deposition of traffic activities, such as
surface abrasion and tyre wear should be simulated. In order to evaluate the model
performance in transporting different particle classes and the associated pollutants to
the catchment outlet, the sampling at the sewer outlet with granulometric separation
would be an important next step. Moreover, since Zinc (Zn) is not significantly
associated with suspended particles, the modelling of soluble pollutants with

adsorption/desorption processes can be integrated in the future studies.
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The main interest in developing such an integrated modelling approach is
undoubtedly to be able to understand and to predict the transfer of traffic-related
pollutants in urban areas. This innovative work proves the effectiveness of using
erosion models for the modelling of urban stormwater quality. Moreover, the present
integrated modelling approach could be further coupled with traffic models and
pollutant emission models, in order to assess the impacts of different traffic

management strategies on urban separate sewer discharges.
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Perspectives
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Cette thése s'inscrit dans le cadre du projet ANR Trafipollu. Elle a pour objectif de
développer et d’exploiter de nouveaux outils de modélisation de flux de polluants afin
d’améliorer la connaissance des processus liés aux polluants par temps de pluie,
mais aussi de contribuer au développement d’'une chaine de modélisation dédiée au
transfert des polluants liés au trafic routier en zone urbaine (chaine de modélisation
Trafic-Emission-Air-Eau). Pour répondre a ces objectifs, nous avons collaboré avec
des chercheurs de multiples domaines : modélisation du trafic, des émissions, de I'air
et nous avons utilisé des modules préalablement congus pour modéliser I'érosion
des bassins versants naturels. Le travail a été effectué a I'Ecole des Ponts, en lien
aussi avec I'Université d'Orléans (MAPMO) et I'Université de Twente (ITC, Pays-Bas).

Conclusions

La premiére étape du travail a consisté en un travail de modélisation a I'échelle
locale, en utilisant des données géographiques trés détaillées (résolution spatiale
centimétrique), ce qui a permis d’améliorer les connaissances des processus
physiques liés au lessivage des polluants sur les surfaces urbaines par temps de
pluie. La deuxiéme étape a permis le développement d'une plateforme de
modélisation hydrologique de la qualité des eaux urbaines a I'échelle du quartier,
couplant un modéle 2D de surface a un modéle 1D de réseau d’assainissement.

A I'échelle locale et du quartier, nous avons reussi a développer dans un contexte
urbain des modeles distribués a base physique du transfert des particules et des
contaminants associés. Les contaminants étudiés ont été les métaux et les HAP. Au
niveau de la modélisation hydrologique quantitative, la performance aux deux
échelles est trés satisfaisante. Pour la modélisation des matiéres en suspension, les
résultats ont été trés satisfaisants a I'échelle locale, et d’un niveau de performance
variable d’'un événement a un autre a I'échelle du quartier. La prise en compte des
teneurs en polluants a permis de calculer des pollutogrammes en métaux et HAP a
partir des concentrations en matieres en suspension.

Les difféerentes analyses de sensibilité conduites aux deux échelles ont mis en
évidence l'influence des caractéristiques granulométriques et de vitesses de chute
des particules, ainsi que du stock initial des particules mobilisables. A I'échelle du
quartier, 'occupation du sol apparait comme le facteur le plus important vis-a-vis des
résultats de sortie.

Pour ce qui concerne l'analyse des résultats obtenus par les modeles, le
détachement par les gouttes de pluie est prépondérant sur les surfaces urbaines
observées (facteur 100 en masse entre le détachement par la pluie et par I'advection
liée au ruissellement). L’analyse spatiale de la mobilisation des contaminants sur le
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bassin versant étudié montre que le processus dominant sur la bande roulée et le
trottoir est I'arrachage par les gouttes de pluie alors que dans le caniveau
I'entrainement par le flux en deuxieme partie d’événement pluvieux est dominant.

L’analyse de la mobilité des différentes classes de taille modélisées montre que
les particules fines sont mobilisées en priorité et transportées en suspension sur tout
le bassin versant au début de I'événement pluvieux, tandis que les particules
grossiéres sont mobilisées puis accumulées dans le caniveau.

Au niveau du quartier, l'utilisation de données entierement distribuées provenant
de sorties de modeles atmosphériques n’est pas déterminante pour la dynamique
des polluants a I'exutoire du bassin versant.

Perspectives

Les travaux réalisés relévent d’'un certain nombre de questions qui pourraient faire
I'objet de recherches futures. Tout d’abord, il faudrait approfondir I'évaluation de ce
type de modéle en acquérant des données sur la variabilité spatiale et temporelle
des particules (tailles, vitesses de chute). L’acquisition de données concernant les
teneurs en polluants des particules a l'intérieur d’'un événement pluvial permettrait
d’améliorer la qualité de reproduction des pollutogrammes en métaux et HAP.

De plus, a l'échelle du quartier, il serait important d’évaluer les résultats de
concentrations en micropolluants obtenue, sur des sites de caractéristiques
différentes du site étudié et pour lesquels on dispose des données sur la dynamique
des MES et de micropolluants pour reconstituer un pollutogramme.

La comparaison des résultats obtenus dans cette thése a ceux qu’on pourrait
obtenir avec d’autres modeéles distribués plus conceptuels permettrait d’identifier la
réelle plus-value du travail et I'intérét pour répondre a des questions liées aux
changements de longs termes affectant les bassins versants urbains.

Compte tenu de la longueur des calculs et de la quantité de données nécessaires
pour la mise en ceuvre, il serait important d’évaluer I'intérét de ce type de modéles a
'échelle des agglomérations urbaines. Dans le cadre du programme OPUR,
observatoire des polluants urbains en lle de France, des réunions de concertation
entre chercheurs et opérationnels devraient permettre d’identifier les adaptations et
les simplifications a apporter éventuellement pour passer a plus grande échelle.
Actuellement, la lourdeur associée a l'utilisation de ce type de modéles pourrait
constituer un obstacle a une utilisation opérationnelle, sans la mise en place d’'une

expertise des chercheurs qui ont participé au développement.
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Enfin, les résultats concernant la prise en compte de la contribution spatiale
laissent penser a une contribution peu importante des retombées séches aux flux de
polluants dans l'eau. Une exploitation plus profonde des résultats de Trafipollu
devrait permettre de préciser la voie de transfert effective de la contamination des
eaux de ruissellement. Ce résultat ne doit pas étre interprété hativement comme un
désaveu vis-a-vis des modéles intégrés parce que le trafic peut manifestement étre a
l'origine d’'une part conséquente des particules fines qui se déposent sur les
chaussées, par transfert direct en dehors de la voie atmosphérique. Une origine de
la dynamique des particules fines sur la chaussée s’impose.
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