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Réesume

La maitrise de la contamination générée par temps de pluie en milieu urbain constitue
un enjeu environnemental important pour limiter la dégradation des milieux aquatiques
superficiels. Les outils de modélisation traditionnelle utilisés pour estimer les flux de polluants
dans les eaux de ruissellement sont jugés insuffisants dans leur capacité a reproduire les
dynamiques des polluants a 'exutoire. Cela est souvent lié au manque de connaissances
précises sur les processus en jeu d'une part, et d’autre part aux difficultés d’acquérir des bases
de données représentatives et en continu sur des sites réels. Cette these a donc pour objectif
d’améliorer 1'état de la modélisation de la qualité. Elle vise en particulier le développement
d’un outil de modélisation conceptuelle de la qualité des eaux de ruissellement a 1’échelle du
quartier, a partir d'une compréhension approfondie des processus d'accumulation et de
lessivage. La simulation des pollutogrammes de matieres en suspension (MES) a I'avaloir du
bassin versant routier avec les modeles conceptuels d’accumulation-lessivage montre la faible
performance des modeles pour estimer les dynamiques d’émissions de MES pour des longues
périodes ; la variabilité du processus d’accumulation est le responsable principal de
I'inadéquation de ces modeles. L’évaluation de la contribution des retombées atmosphériques
seches a la contamination des eaux de ruissellement en hydrocarbures aromatiques
polycycliques (HAPs) et métaux montrent que 1’atmosphere ne joue qu'un role tres mineur
dans la contamination des eaux de ruissellement par ces substances. Ainsi le couplage des
modeles atmosphériques, qui ne tiennent pas compte des émissions directes liées au trafic,
avec les modeles de qualité de I’eau, ne semble pas tres pertinent dans 1"objectif d’améliorer la
prédiction de la contamination des eaux pluviales a I'exutoire. L’investigation a la micro-
échelle du mécanisme de lessivage montre que les particules fines sont les plus susceptibles
d’étre mobilisées par le ruissellement. Cette étude a été menée en utilisant un simulateur de
pluie innovant qui présente les avantages d’étre mobile et léger, et la possibilité d’avoir des
enregistrements en ligne du débit et de la turbidité. Les nouvelles connaissances acquises sur
les processus soulignent une grande variabilité qui remet en cause lintérét de leur
modélisation avec des approches déterministes. Ces connaissances sont intégrées a I’échelle

du quartier pour développer un outil de modélisation conceptuelle basé sur une approche



stochastique d'estimation de la concentration moyenne de MES et des parametres de qualité.
Le modele développé est intégré dans le modele hydrologique URBS. L’application de ce
modele permet d’'intégrer la variabilité spatiale et temporelle des émissions en distinguant les
contributions de chaque occupation du sol. Les résultats sont prometteurs en termes
d’estimation des niveaux de concentration de MES a l'exutoire du bassin versant et de
réplication du comportement général de la dynamique de MES, cependant des améliorations
peuvent étre envisagés pour consolider l'approche et améliorer ses prédictions. La
comparaison de ce modele avec des approches de modélisation empirique globale,
conceptuelle semi-distribuée et physique distribuée, montre qu’en termes de pouvoir prédictif
et de fiabilité, 'approche URBS-stochastique en parallele avec I'approche de modélisation
physique distribuée sont les plus performantes. En termes de simplicité d'implémentation et
d’ajustement entre les observations et les simulations, les approches de modélisation
empirique globale et conceptuelle semi-distribuée sont les plus puissantes. A I'issue de cette
comparaison, il est clair qu’il n’existe pas un modele parfait qui couvre toutes les
caractéristiques de la modélisation de la qualité des eaux de ruissellement. Le choix de
I'approche de modélisation la plus appropriée doit se faire en fonction des objectifs attendus

par le modélisateur.

Mots-clés : Modélisation conceptuelle ; stochastique ; accumulation ; lessivage ;

particules fines ; simulateur de pluie ; retombées atmosphériques ; polluants particulaires.



Abstract

Urban runoff contamination is recognized as a major source of the deterioration of the
quality of surface water. Commonly used stormwater quality models have poor performance
in predicting the pollutant dynamics at the surface outlet, mainly due to the lack of precise
knowledge on the governing processes and the difficulties of acquiring representative and
continuous databases on real sites. The main purpose of this Ph.D. thesis is to improve the
state of stormwater quality modeling. It aims in particular to develop a conceptual modeling
tool for stormwater quality prediction at the scale of a city district catchment, based on a deep
understanding of the build-up and the wash-off. The application of commonly used
stormwater build-up/wash-off models to simulate the dynamics of total suspended solids
(TSS) at the outlet of the road catchment suggests that the models poorly replicate the temporal
variability of the TSS concentrations unless short periods are considered. The unpredictable
nature of the accumulation is largely responsible for the model failure. The evaluation of the
contribution of atmospheric dry deposition to stormwater loads for polycyclic aromatic
hydrocarbons (PAHs) and metals shows that atmospheric deposition is not a major source of
contaminants in stormwater runoff. Thus, linking the air and water compartment in a
modeling chain to have more accurate estimates of pollutant loads in stormwater runoff may
not be relevant unless the direct traffic emissions are accounted for. The investigation of the
wash-off process on elementary surfaces shows that the fine particles are the most likely to be
mobilized and transported during a rainfall event. Stormwater samples were collected for this
study using an innovative rainfall simulator that allows continuous, on-site monitoring of
instantaneous flow and turbidity and that can be easily transported and used on real sites. The
new knowledge acquired on the build-up and wash-off processes underlines the great
variability of these processes and calls into question their modeling with deterministic
approaches. Hence, this knowledge is incorporated into developing a new conceptual
stormwater quality model based on the stochastic drawing of event mean concentrations
(EMC) of TSS and water quality parameters. The model is integrated within the hydrological
model URBS. The application of this approach accounts for the spatial and temporal variability

of pollutant emissions by distinguishing the contributions of each land use separately. The



obtained results are promising in terms of estimating the concentration levels of TSS at the
outlet of the city district catchment and replicating the general behavior of the TSS dynamics.
However, improvements can be envisaged to consolidate the approach and improve its
predictions. Comparison of this model with global empirical, semi-distributed conceptual and
distributed physical modeling approaches shows that in terms of predictive power and
stability, the stochastic-URBS and the physically distributed approaches are the most efficient.
However, in terms of ease of implementation and best fit between observations and
simulations, the global empirical and semi-distributed conceptual modeling approaches are
the most powerful. This comparison shows that the perfect model that covers all aspects of
stormwater quality modeling does not exist. The choice of the most appropriate modeling

approach should mainly be driven by modeling objectives.

Keywords: Conceptual modeling; stochastic; build-up; wash-off; fine particles; rainfall

simulator; atmospheric deposition; particulate pollutants.



Remerciements

Ce travail de recherche a été réalisé au Laboratoire Eau Environnement et Systemes
Urbains (LEESU), laboratoire commun de I’Ecole Nationale des Ponts et Chaussées, de
I"'Université Paris Est et de I'Institut des sciences et industries du vivant et de I’environnement
(AgroParisTech). Je souhaiterais tout d’abord remercier son directeur, Monsieur Régis
Moilleron, de m’avoir accueilli au sein du laboratoire et d’avoir veillé au bon déroulement de

la these durant ces trois longues et enrichissantes années.

Je souhaiterais remercier 1'association « Azm & Saade » du Liban et le programme de
recherche OPUR (Observatoire des Polluants Urbains) d’avoir financer cette these, réalisée en

cotutelle entre le Liban et la France.

Ma reconnaissance va également a Monsieur Gislain Lipeme-Kouyi et Monsieur
Patrick Willems d’avoir accepté de rapporter cette these, ainsi que Messieurs Fabrice
Rodriguez et Yelva Roustan pour leur role d’examinateurs. Leur intérét porté a ce travail ainsi

que leurs remarques et critiques m'ont permis de prendre du recul sur ces trois années.

Cette these a été réalisée sous la direction de Monsieur Ghassan Chebbo en France et
Madame Véronique Kazpard au Liban, et I'encadrement de Madame Céline Bonhomme en
France. Je tiens a leur exprimer mes plus sinceres remerciements pour leur confiance, leur
implication, leur enthousiasme et leur soutien tout au long de ce travail. J'ai appris a leur coté
la persévérance, la rigueur et la curiosité scientifique indispensable a tout travail de recherche.
Sans eux, ce travail ne serait certainement pas ce qu’il est aujourd’hui. Je souhaiterais en
particulier remercier Monsieur Ghassan Chebbo pour m’avoir permis d’intégrer le
programme de recherche passionnant OPUR et pour toutes les idées intéressantes qu’il
apportait a nos réunions. Je souhaiterais également saluer l'investissement considérable de
Madame Céline Bonhomme qui était disponible tout au long de la these pour m’orienter, me
guider et pour répondre a mes nombreuses interrogations. Je tiens par ailleurs a remercier

Madame Véronique Kazpard pour m’avoir accompagné avec mes démarches au Liban.

Je tiens a remercier chaleureusement Monsieur Fabrice Rodriguez, et lui exprimer ma
gratitude pour son implication dans cette these, ses conseils et sa bonne humeur. A travers
cette collaboration, j’ai eu I’occasion d’approfondir considérablement le volet modélisation de

ce travail de recherche.

Certains résultats de cette thése s’appuient sur les contributions des stagiaires Xavier
Debade et Edric Clayton a qui je souhaiterais adresser mes remerciements. Je tiens aussi a
remercier Madame Béatrice Béchet qui a été impliquée dans le stage de Xavier Debade, et Yi
Hong avec qui j’ai collaboré sur une partie de cette these.



Une partie de ce travail s’est appuyée sur des résultats expérimentaux acquis durant
ma these. Je tiens par conséquent a remercier Messieurs Philippe Dubois et Mohamed Saad,
pour leur aide, s’agissant de soutien méthodologique comme logistique. Je souhaiterais en
particulier adresser ma gratitude a Monsieur Philippe Dubois, pour son appui précieux, sa

disponibilité et sa patience lors des expérimentations que nous avons menées ensemble.

Un grand merci a Mesdames Annick Piazza, Catherine Charleux et Cécile
Blachemanche pour leur soutien administratif mais surtout leur gentillesse et leurs sourires

quotidiens.

Je tiens a remercier 'ensemble des membres (ou anciens membres) du LEESU avec qui
j’ai partagé ces trois années de these. A Kelsey Flanagan et Tala Kanso, avec qui j'ai partagé
des moments inoubliables qui resteront a jamais gravés dans ma mémoire, un tres grand merci.
A tous les doctorants du LEESU : Mohamad, Najwa, Jérémie, Steven, Claire, Damien, Neng,
Yujie, Natalie, Yi, Fabien, Francesco... Un grand merci pour la bonne humeur, les discussions
autour d'un café, les gateaux, les galettes des rois, les tisannes, les chocolats, les sorties et

surtout les encouragements dans la derniere ligne droite de cette these !

Je souhaiterais également remercier mes copines au Liban pour leur
soutien inconditionnel : May, Lara, Roua, Zahraa, Sarah M., Sarah H., Nadine, Sabrine, Zeinab,
Fatima F., Fatima D., Feda et Elissa.

Je souheterais adresser un merci tres particulier a Walaa Issa et Mohamad Hobballah,

je n'y serai jamais arrivée sans vous, votre amitié a été plus qu'un soutien.

Pour finir, je dois dire un grand MERCI a ma famille qui m'a soutenue, a mes sceurs,
May et Nada, qui m’ont encouraggé sans cesse, et particulierement a mes parents, Sawsan et
Mohamad, qui m'ont donné le gofit pour les études et m'ont permis de suivre la voie que j'ai

choisie. Je vous suis éternellement reconnaissante !



10



Table des matieres

RESUMG . ... e e e 4
A DS ACE vttt e 6
ROMICIEIMNEINLS ..ottt et e e 8

Table des NAtIOTES .. ..neeeeeiee ettt eeeeeeeeeesrreeeesesessnene 11

Partie 1. INtroduction.........ccccooiviiuiiiiiiiiiiniiiiicc s 16
L1, CONtEXEE vt 16
1.2.  Projets de recherche..........cccccouviiiiiiiiininiiii e 18

1.2.1. OPUR ..t 18
1.2.2. TrafipOllt ..cciiiiiiiciiiiicic s 19
1.3.  Objectifs dela these ... 19
1.4.  Structure du ManUSCIit ..o 19
1.5, REEIENCES.....ooiiiiiiiiiiiiiiiicic e 22

Partie 2. Présentation des sites expérimentaux et de la base de données................... 24

2.1.  Echelle locale : le bassin versant routier............ccoccevviiicininiiiiiniiiiiinccens 25
2.1.1. Description dul Site.......ccceiiiiiiiii e 25

2.1.2. Mesures des parametres quantitatifs et qualitatifs des eaux de

ruissellement 25

2.1.3. DEPOLS SECS ...cuuvvriiiiiiciciei ettt 26
2.1.4. Analyse granulomeétrique.........cccccvieueiiniriiiiiniiiciinceceee e 28
2.1.5. Mesures des concentrations atmosphériques...........cccoeeevinniiiiinnccnnns 28
2.2.  Meéso-Echelle : le bassin versant quartier ............cccccoeeveeirecininiccsececnes 29
2.2.1. Description dul SIte.......ccoueuiuiiiiiiiiiiiiiiiiiciee e 29

2.2.2. Mesures des parametres quantitatifs et qualitatifs des eaux a 'exutoire. 29



2.3.  Station plUVIOMELIIQUE .....c.cueuiiiiiiiiiiiccecce e 30

2.4. L’expérimentation de 1eSsivage.........cccocoviririiininieieicicicicicccccccccs 30
2.5, Récapitulatif ........cccocuiuiiiiiiiiiii 31
Partie 3.  Etat del’art ..o 34
3.1. Leruissellement en milieu urbain...........ccocoeuiviviniiiiniiiiniiiiiis 34
3.1.1. Effets de I'urbanisation .............ccccceeueirinnieiiiniiicinceceeeeeeteeeeeees 35
3.1.2. Pollution des eaux de ruissellement .............cccccoeveveeeeiccccne 39
3.2.  Processus d’accumulation et de lessivage............ccccoeuvuvuruiiiciiiiciiiine 48
321, Accumulation ..o 49
3.2.2. LeSSIVAZE..coouiititiiiiici e 54
3.3, MOAELSAtION. ...ceviiiiiciiiieicereee ettt 57
3.3.1. Modélisation hydrologique et fonction de production............cccccceuvueueuncns 57
3.3.2. Modélisation de qUalité ............ccoermrriiiiiiiiiieicicce e 59
3.4, CONCIUSION ...ttt 69
3.5, RE{ETENCES ...ttt 70

Partie4. Compréhension des processus de production et de mobilisation des

contaminants a I’échelle locale : modélisation et études expérimentales............cccccccvinnininincns 87

Chapitre 1. Evaluation of the Performance and the Predictive Capacity of Build-Up

and Wash-Off Models on Different Temporal Scales............c.cccoovvrriininiiinnnnicene, 93
1. INtroducCtion.......c.cucvivie e 93
2. Materials and Methods ..o 96
3. Results and diSCUSSION.........cccciuiiiiiiiiiiiii s 105
4. Conclusions and perspectives..........cccoceccceiininininininneee e 122
5. References.......cccooiiiiiiiiiiiiiiiccccc s 125

Chapitre 2. Contribution of atmospheric dry deposition to stormwater loads for

PAHs and trace metals in a small and highly trafficked urban road catchment ................ 129

12



6.

T OAUCHION ettt ee e e e eeeee e sesaeeesesaeeesesaseeesessaeeesennne 129

Materials and methods ..o 132
RESULLS ..ottt 138
DSCUSSION ...ttt ettt ettt ettt et e st be st e te s b e e e saeeaeen 148
CONCIUSION ...ttt ettt sttt ettt besbesbeneen 151
RELETENCES ...ttt ettt 152

Chapitre 3. Investigation of the wash-off process using an innovative portable

rainfall simulator allowing continuous monitoring of flow and turbidity at the urban surface

outlet 157
1. INtroducCtion.. ... 157
2. Materials and methods ... 160
3. RESUIS ..o 166
4. DISCUSSION....cuiiiietitiieiitctiiete ettt 173
5. CONCIUSION .....viiiiiiiiiiiicc s 179
0. References.......cccocoiiiiiiiiiiiciciccccccc s 183
Chapitre 4. Bilan des messages principaux dans cette partie........ccccocovvvvvnnnene. 187
Partie 5. Modélisation de la production et du transfert de la contamination dans les
eaux de ruissellement a I'échelle du quArtier ..o 189
Chapitre 5.  Accounting for the spatio-temporal variability of pollutant processes in
stormwater quality modelling based on stochastic approaches.............ccccceveiinniiinnnnnn. 193
1. INtroduction.......ccuceeii e 193
2. Materials and methods ... 196
3. Results and diSCUSSION.........cccciuiiiiiiiiiiiii s 205
4. CONCIUSION.....cuiiiiiiiiiciiic e 215
5. References.......cccooiuiiiiiiiiiiiiiicccc s 217

13



Chapitre 6. Benchmarking urban stormwater quality models of varying spatial

discretization: A case study with lumped, sub-catchments based, urban hydrological

element based and grid-based models............ccccoviiiniiiinii 220
1. INtroduction.......cccuiiiiiiiiii e 220

2. Study site and data availability .........cccocoiiiiiiiiiiiiii 222

3. Modelling approaches ..o 227

4. Benchmarking different modelling approaches.............ccccocoeeuiiniiiiicniennnnee. 231

5. Results and diSCUSSION........ccceiiiiiiiiiiiiic s 238

6. Future outlook for urban stormwater quality modelling practice................. 242

7. CONCIUSION ...ttt s 245

8. ReferencCes.......cccoouiiiiiiiiiiiiiccc s 248
Chapitre 7. Bilan des messages principaux dans cette partie............cccoeveuirnnnne. 252
Partie 6. Conclusions et Perspectives ..o 254
6.1. Rappel des objectifs...........cccoiiiieiniiiiiicc e 254
6.2.  Principaux résultats............cccoviiiiiiiiiiniiiiii e 254

6.2.1. Synthese sur les connaissances acquises sur les processus d’accumulation

et de lessivage254
6.2.2. Synthese sur la modélisation a I'échelle du quartier ............cccccevveueunnnnne. 255
0.3, PerspectiVes......cccocuiiiiiiiiiii e 257
6.3.1. Pour une meilleure compréhension des processus............cccccccevururueurnnnne 257
6.3.2. Modélisation de la qualité : ol va t’'on ?.......ccccevevriiiiniiiicces 258

14



15



Partie 1. Introduction

1.1. Contexte

L'urbanisation a connu un accroissement sans précédent depuis la moitié du XXeme
siecle dans la plupart des régions du monde. Selon un rapport de I'ONU sur 1'urbanisation,
54% de la population mondiale vivait dans les zones urbaines en 2014, une fraction qui est
supposée passer a 66% en 2050. L’expansion du développement urbain s’est traduite par la
transformation progressive des zones rurales accompagnée de la construction intensive de
batiments et infrastructures, et en conséquence par I’augmentation des surfaces imperméables

(Paul and Meyer, 2001).

La modification de 1'occupation du sol liée a l'urbanisation exerce des pressions
directes sur le cycle de I’eau. Celles-ci se manifestent non seulement par 'augmentation des
volumes ruisselés par temps de pluie mais aussi par 'augmentation des débits de pointe et la
diminution du temps de réponse du bassin versant (Chocat, 1997; Schueler, 1994). En plus de
l’altération du cycle hydrologique, s’ajoute la dégradation des milieux aquatiques récepteurs
en raison de la forte contamination diffuse véhiculée par les eaux de ruissellement (Miller et

al., 2014; Paul and Meyer, 2001).

La mise en place des stratégies pour limiter et controler les impacts des rejets urbains
sur la qualité des milieux récepteurs imposée par les textes réglementaires (Directive cadre sur
’'eau DCE/2000/60/CE) fait de la maitrise de la contamination des rejets urbains par temps de
pluie un enjeu environnemental important. Pour cette raison, des expérimentations sont mises
en place sur les systemes d'assainissement et les milieux récepteurs pour surveiller et
quantifier les flux de polluants ; par ailleurs, les modeles mathématiques constituent des outils
de gestion et de prédiction tres importants car ils permettent d’avoir des estimations des

masses et des flux rejetés.

Des les années 1970, les modeles de calcul des rejets urbains par temps de pluie ont été
développés et ils comprennent généralement deux modules : quantitatif et qualitatif. Les
modeles hydrologiques quantitatifs basés sur la transformation pluie-débit ont largement

évolué au cours du temps avec l'intégration des connaissances détaillées sur les processus
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hydrologiques qui permettent d’avoir des estimations précises des flux d’eau (Fletcher et al.,
2013). Cependant, I'évolution des modeles de qualité des rejets de polluants ne s'est pas faite
au méme rythme que celle des modeles quantitatifs. Les processus dominants vis-a-vis de la
production et du transfert des contaminants dans le milieu urbain sont mal compris et leur
description dans les modeles n’a pas évolué depuis une quarantaine d’années. La modélisation
de la qualité des rejets urbains par temps de pluie reste alors un grand défi pour les chercheurs
dans le domaine de I'hydrologie urbaine (Dotto et al., 2011; Freni et al., 2009). Cela est di a
plusieurs raisons notamment i) la complexité des processus de génération des polluants, ii) la
difficulté de mesurer les processus directement in situ, iii) la quantité limitée de données de
pollution des eaux a cause des contraintes économiques et logistiques, iv) les réactions
physiques, chimiques, biologiques et biochimiques qui se passent dans le réseau, v) la
variabilité extréme, spatiale et temporelle, des phénomenes liés a la pollution des eaux de

ruissellement.

Les résultats obtenus dans le cadre des travaux antérieurs engagés sur le theme de la
modélisation des contaminants en milieu urbain menés au LEESU soulignent les lacunes des
modeles conceptuels de qualité. Dans la these de (Kanso, 2004), les principales conclusions
montrent que les modeles traditionnels d’accumulation-lessivage, basés sur les équations de
(Sartor et al., 1974), sont incapables de reproduire les pollutogrammes a I'exutoire du bassin
versant « Le Marais » a Paris. Le calage de ces modeéles en appliquant la méthode de Monte
Carlo par Chaine de Markov, a mis en évidence la grande incertitude liée a 1’estimation des
valeurs des parametres de qualité et I'insensibilité des modeles aux valeurs optimales des
parametres, en particulier pour les parameétres d’accumulation. Ce travail s’appuyait sur une
base de données événementielle ou les prélevements et les analyses n’ont été effectués que sur
un nombre limité d’événements. Dans la these de (Sage, 2016), la performance de ces modeles
a été évaluée mais cette fois ci en utilisant des données de débit et de turbidité acquises en
continu sur 11 mois a I'avaloir d’une chaussée urbaine sur un bassin versant de 0.08 ha. Les
résultats montrent encore une fois que les modeéles conceptuels exponentiels d’accumulation-
lessivage ont un pouvoir prédictif tres faible. La capacité de ces modeles a estimer les
dynamiques de MES est limitée pour des longues périodes ce qui est en majorité expliqué par
la faiblesse de la formulation d’accumulation. Les travaux de modélisation de qualité en milieu

urbain conduits au LEESU, ne se sont pas limités a la modélisation conceptuelle. Dans la these
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de (Hong, 2016), une plateforme de modélisation de la qualité distribuée a base physique a été
développée. L’application de cette approche de modélisation a contribué a I’amélioration des
connaissances sur les processus, et a réussi a donner des niveaux de performance satisfaisants
en termes de réplication de la dynamique des particules et des polluants. Cependant, cette
approche nécessite 'acquisition d'importantes bases de données pour sa mise en ceuvre et elle
tres colteuse en termes d’expérimentation et de temps de calcul ce qui empéche son

application dans un contexte opérationnel.

Une étude plus approfondie sur les processus impliqués dans la génération et le
transport des contaminants dans le milieu urbain semble donc nécessaire pour une meilleure
compréhension des mécanismes et pour le développement des outils de modélisation qui

seront fiables et faciles a utiliser par les opérationnels.

1.2. Projets de recherche

Cette these s’inscrit dans le cadre du theme 11 de la quatrieme phase du programme
de recherche OPUR lancée en 2012 et qui porte sur la modélisation intégrée. Elle bénéficie
également des bases de données quantitatives et qualitatives acquises dans le cadre du projet
ANR « Trafipollu », associé au programme OPUR, ainsi que des résultats expérimentaux mis

en ceuvre dans ce projet pour I'implémentation, le calage et la validation des modeles utilisés.

1.2.1. OPUR

OPUR est un observatoire de terrain en hydrologie urbaine créé en 1994 et installé en
Ile de France. OPUR regroupe les acteurs scientifiques et opérationnels autour des enjeux
principaux relatifs a la production, au transfert et la gestion de la contamination des eaux
pluviales. Les principaux volets de la quatrieme phase de ce projet incluent la maitrise a la
source de la contamination des eaux pluviales, l'utilisation des ressources alternatives a I'eau
potable en ville, le développement de nouvelles méthodes pour le suivi et la caractérisation

des contaminants et la modélisation intégrée des flux de polluants.

L’objectif du theme 11 sur la modélisation intégrée est de développer un modele a
I’échelle d'un quartier urbain capable de reproduire la variabilité spatiale et temporelle des
flux de polluants a I'exutoire d'un bassin versant, mais aussi en différents points clés du bassin

versant, avec une attention particuliere aux processus de surface et en réseau.
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1.2.2. Tratipollu

Ce projet ANR a été lancé en Avril 2013 et cloturé en Septembre 2016. Le focus du projet
« Trafipollu » portait sur les polluants générés par le trafic routier. Son objectif principal était
de développer des outils de modélisation qui permettent de réaliser des cartographies pour
déterminer dynamiquement la localisation de ces polluants dans un milieu urbain. Pour
atteindre cet objectif, il a fallu mettre en ceuvre des chaines de modélisation a 1’échelle de la
rue, le quartier et la ville dans le but de prévoir (i) le comportement du trafic, (ii) les émissions
de polluants associées, (iii) la dispersion des polluants dans I'atmosphere, (iv) le dépot des

polluants sur les surfaces urbaines et (v) leur transfert dans I’eau et dans les sols.

1.3. Objectifs de la these

L'objectif principal de cette these est de contribuer au développement d’un outil de
modélisation de la qualité des eaux de ruissellement a 1'échelle du quartier a partir d’une
compréhension approfondie des processus primaires de production et de transfert de

contaminants dans le milieu urbain, notamment 1'accumulation et le lessivage.
Ce travail de recherche vise a :

1. Améliorer les connaissances sur les processus primaires de génération des
contaminants dans le milieu urbain qui sont 'accumulation et le lessivage a 1'échelle locale
d’un petit bassin versant urbain routier et a I'échelle d'une surface élémentaire en se basant

sur l'interprétation des bases de données expérimentales.

2. Développer un outil de modélisation conceptuelle de la qualité des eaux de
ruissellement a 1'échelle du quartier, en se basant sur les connaissances acquises a 1’échelle

locale, afin de mieux appréhender la prédiction des niveaux de contamination a l’exutoire.

1.4. Structure du manuscrit

Ce manuscrit correspond a une these sur articles et il s’organise en six parties :

Partie 1. Introduction : Cette premiere partie donne d'une part le contexte général de
la these et présente les projets de recherche dans lesquels elle s’inscrit. D'autre part, elle détaille

les objectifs de la these et la méthodologie de recherche qui a été suivie.
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Partie 2. Etat de l’art : Cette partie synthétise les principales connaissances sur la
contamination des eaux pluviales, la modélisation hydrologique et de qualité dans le milieu
urbain, en se focalisant sur les processus d’accumulation et de mobilisation des contaminants.
Elle permet de récapituler les recherches précédentes menées sur ces questions et met en

évidence les lacunes en termes de performances des modeles de qualité.

Partie 3. Présentation des sites expérimentaux et de la base de données : 1’objectif de
cette partie est de décrire les sites expérimentaux a 1'échelle locale ainsi qu’a I'échelle du
quartier, les équipements qui sont mis en place et les bases de données qui sont acquises. Elle
détaille aussi les procédures d’échantillonnages et les analyses faites sur les échantillons
récupérés. L’expérimentation de lessivage qui été mise en place sur la surface élémentaire est

aussi présentée.

Partie 4. Compréhension des processus de production et de mobilisation des
contaminants a 1’échelle locale : modélisation et études expérimentales : Dans cette partie,
les bases de données présentées dans la partie précédente sont exploitées pour approfondir les
connaissances sur les processus. Cette partie comprend trois chapitres. Dans le chapitre 1, la
possibilité de simuler les concentrations en matieres en suspension (MES) dans le
ruissellement a l’avaloir du bassin versant routier est évaluée en considérant les modeles
traditionnels d’accumulation-lessivage. Dans le chapitre 2, les transferts de polluants entre les
compartiments air-eau sont quantifiés en évaluant la contribution des retombées
atmosphériques seches a la contamination des eaux de ruissellement en hydrocarbures
aromatiques polycycliques (HAPs) et métaux. Le chapitre 3 est consacré a I'étude a la micro
échelle des surfaces élémentaires du mécanisme de mobilisation des particules lors dun
événement pluvieux, et de la relation qui existe entre le stock accumulé et le stock mobilisable.
La conception et la mise en point d'un simulateur de pluie innovant qui a été utilisé pour
obtenir les échantillons de ruissellement sont aussi détaillées. Le chapitre 4 donne le bilan des

messages principaux obtenus dans cette partie.
Cette partie s’appuie sur les articles suivants :

Article 1- Al Alj, S., Bonhomme, C., Chebbo, G., 2016. Evaluation of the Performance
and the Predictive Capacity of Build-Up and Wash-Off Models on Different Temporal Scales.
Water,8,(8),312.
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Article 2- Al Ali, S, Debade, X., Chebbo, G., Béchet,B., Bonhomme,C., 2017.
Contribution of atmospheric dry deposition to stormwater loads for PAHs and trace metals in
a small and highly trafficked urban road catchment. Environmental Science and Pollution

Research, doi:10.1007/s11356-017-0238-1.

Article 3- Al Alij, S., Bonhomme, C., Dubois, P., Chebbo, G., 2017. Investigation of the
wash-off process using an innovative portable rainfall simulator allowing continuous
monitoring of flow and turbidity at the urban surface outlet. Science of the Total Environment.

609, 17-26.

Partie 5. Modélisation de la production et du transfert de la contamination dans les
eaux de ruissellement a 1’échelle du quartier : Cette partie est consacrée a la modélisation a
I'échelle du quartier et comprend deux chapitres. Les nouvelles connaissances relatives sur la
contamination des eaux de ruissellement sont intégrées pour proposer un outil de
modélisation de la qualité basé sur une approche stochastique afin d’évaluer les niveaux de
contamination en MES a I'exutoire. Ce module de qualité est intégré au modele hydrologique
URBS (Rodriguez et al., 2008). Ce travail est présenté dans le chapitre 6. Afin d’évaluer la
robustesse de cette approche et ce qu’elle apporte par rapport a d’autres approches de
modélisation de la qualité ayant des degrés de complexité variables (globale, semi distribuée
conceptuelle et distribuée a base physique) et qui ont été appliquées sur le méme bassin
versant du quartier, un travail de comparaison des différentes approches de modélisation est
fait en collaboration avec Yi Hong au LEESU et il est décrit dans le chapitre 7. Les messages

principaux de cette partie sont résumés dans le chapitre 8.
Cette partie s’appuie sur les articles :

Article 4- Al Ali, S., Rodriguez, F., Bonhomme, C., Chebbo, G., 2017. Accounting for
the spatial-temporal variability of Pollutant processes in stormwater quality modelling based

on stochastic approaches. Soumis.

Article 5- Benchmarking urban stormwater quality models of varying spatial
discretization: lumped, sub-catchments based, urban hydrological element based and grid-

based.
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Partie 6. Conclusions et perspectives : Dans cette derniere partie, les principales
conclusions tirées de ce travail sont présentées avec une mise en perspectives des résultats et

des réflexions développées au cours de ce travail de recherche.
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Partie 2. Présentation des sites expérimentaux et de la base de
données

Dans le cadre du projet Trafipollu, deux sites expérimentaux ont été équipés sur la
commune du « Perreux-sur-Marne » située dans le département du Val-de-
Marne en région Ile-de-France. Le premier site correspond au bassin routier du boulevard
d’Alsace Lorraine qui représente 1’échelle locale et le deuxieme est le bassin versant quartier

qui représente la méso-échelle (Figure 2-1).

(b) Méso-échelle : Bassin Versant Quartier

(a) Echelle Locale : Bassin Versant Routier

A Station de qualité d’airl

[> Station de qualité d'air 2

<> Localisations de campagnes
de dépot sec

O Avaloir

D Station pluviométrique

Figure 2-1 Les sites d'étude de la commune du “Perreux sur Marne”. (a) Le bassin versant routier
est délimité en blanc et représente 1’échelle locale avec les localisations de toutes les stations
expérimentales ; (b) Le bassin versant quartier délimité par la zone orange représente la méso-
échelle. L’exutoire est représenté par le cercle vert. (Google Map@2016)

Dans cette partie, nous présentons successivement pour chacun des sites : leurs
caractéristiques morphologiques, les équipements expérimentaux et les bases de données qui
ont été acquises. Ces données ont servi comme données de calage et de validation des modeles
hydrologiques et des modeles de qualité. Elles ont aussi été exploitées pour acquérir de

nouvelles connaissances sur les processus d’accumulation et de lessivage.
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2.1. Echelle locale : le bassin versant routier

2.1.1. Description du site

Le bassin versant routier a une superficie totale égale a 2661 m? (Figure 2-2). Il
comprend un segment de trafic important (plus de 30 000 véhicules par jour) qui fait partie du
boulevard d’Alsace Lorraine, et inclut les trottoirs et les zones de stationnement adjacentes. La
voirie représente 65% de la surface totale, et le reste est réparti entre les trottoirs (30%), les
caniveaux et les zones de stationnement (5%). L’eau qui s’écoule sur la partie supérieure du
bassin est acheminée vers I’avaloir par I'intermédiaire des caniveaux qui sont situés entre la
route et le trottoir. La pente moyenne du bassin versant est égale a 2.6%, avec une inclinaison

plus importante en amont (partie Ouest).

Figure 2-2 Le bassin versant routier délimité en noir et les localisations de la station de
pluviométrique et de 1’avaloir (Google Map@2016)

2.1.2. Mesures des parametres quantitatifs et qualitatifs des eaux de

ruissellement
Les dispositifs de mesure des parameétres de quantité (débit) et de qualité (turbidité,
conductivité, pH et température) des eaux de ruissellement ont été situés a l'entrée de 1’avaloir
et ils enregistraient les mesures en continu a un pas de temps d'une minute pour la période
d’avril 2014 jusqu’a septembre 2015 (Figure 2-3 (a)). Une grille métallique a été placée al'entrée

du collecteur pour collecter les macros déchets et empécher 1'obstruction de 1'avaloir.

Le débit a été mesuré en utilisant un débitmetre « Nivus » qui utilise la méthode de
corrélation croisée ultrasons pour calculer la vitesse d'écoulement pour différentes couches

dans une conduite pleine, ce qui augmente la fiabilité des données. Les parametres de qualité
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ont été obtenus grace a une sonde multiparametres DS5 OTT (Figure 2-3 (a)). Pour économiser
I'énergie et 'espace de stockage, le déclenchement de la sonde OTT a été asservi au débitmetre.
Une fois que le débit est supérieur a 0,15 1/s (ce qui est considéré comme le seuil du
déclenchement du débitmetre), les mesures de qualité sont lancées jusqu' a ce que le débit

devienne inférieur a 0,13 1/s pendant plus de 15 minutes.

Un volume de 500 ml a été collecté tous les 300 1 qui passaient dans le débitmetre, pour
faire des analyses en laboratoire des métaux, des hydrocarbures aromatiques polycycliques
(HAPs), du carbone organique dissous (COD), du carbone organique particulaire (COP) et des
matieres en suspension (MES) pour un total de 14 événements pluvieux. Pour chaque
événement, le volume a été réparti dans deux flacons (un en verre et I'autre en plastique) d'une
contenance de 201; 250 ml ont été pompés dans chaque flacon, placé dans une armoire fermée

sur le trottoir (Figure 2-3 (b)).

Sonde multi-
paramétre

\
\
\
\
\
\
\
N\
\ I
R}
b

Débimétre

(a) (b)

Figure 2-3 Les équipements a I’avaloir pour mesurer des parameétres quantitatifs et qualitatifs des eaux
de ruissellement. (a) Entrée de 1’avaloir ; (b) L’armoire placée sur le trottoir dans laquelle elles sont
placées les bouteilles de collectes des échantillons et la pompe

2.1.3. Dépodts secs

Deux campagnes de mesure des dépots secs ont été faites sur le bassin versant routier
suite a une collaboration entre le LEE (IFSTTAR Nantes) et Le LEESU les 14/10/2014 et
07/07/2015 apres successivement 2 et 37 jours de temps sec respectivement pour caractériser le
stock des dépots secs pour trois localisations (Figure 2-4 (a)) différentes et pour trois positions

sur la chaussée, le caniveau et le trottoir (Figure 2-4 (b)).
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Figure 2-4 (a) Les localisations ou les campagnes de dépots secs sont effectuées ; (b) Les trois
positions de collecte des dépdts sur la localisation (1).

Trois campagnes similaires ont été faites ultérieurement sur le parking de 1’Ecole des
Ponts a Champs sur Marne les 01/12/2016, 15/12/2016 et 10/02/21017 apres 7, 2 et 1 jours de
temps sec respectivement. Une surface de 2 m? (2mx1m) a été délimitée par des rubans puis
nettoyée a la main pour enlever les macros déchets. Apres avoir frotté la surface par des
mouvements circulaires avec une brosse afin de mobiliser les particules piégées par la surface,
les sédiments ont été aspirés dans des filtres en papier en parcourant de petites bandes pour
couvrir toute la surface a une vitesse de 5 cm/s avec un aspirateur domestique « Rowenta RU
4022 ». Les échantillons ont été analysés ensuite dans le laboratoire pour déterminer leur masse
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et leur contenu en HAPs et métaux apres tamisage sur un tamis de 2mm. Les détails sur le
protocole expérimental et les méthodes appliquées pour déterminer la composition des dépots

sont présentés dans (Bechet et al., 2015).

2.1.4. Analyse granulométrique

Les distributions volumiques des dimensions des particules dans les échantillons d’eau
et les échantillons de dépot sec ont été déterminées a 1'aide d'un diffractometre laser pour la
fraction inférieure a 2 mm (Malvern® Mastersizer 3000). La distribution de volume a été
calculée en supposant que toutes les particules sont sphériques et diffusant de la méme
maniere (théorie de Mie). Les indices de réfraction utilisés pour les mesures sont 1,33 pour la

solution dispersante (eau) et 1,53 pour les particules sous forme de dispersion humide.

2.1.5. Mesures des concentrations atmosphériques

Deux stations, dénommées 1 et 2, pour mesurer les concentrations des métaux et des
HAPs dans l'air ont été installées sur le bassin versant routier (Figure 2-1). Les stations sont
équipées par des préleveurs séquentiels LECKEL a faible volume (Figure 2-5). Les mesures de
la qualité de I'air ont été effectuées par Airparif, qui est un organisme accrédité par le Ministere

de I'Environnement pour le controle de la qualité de I'air a Paris.

Figure 2-5 (a) Les préleveurs installés sur le bassin versant routier. (b) Le centre d’acquisition des
données atmosphériques

Les polluants ont été collectés a des débits de 2,3 m3/h sur des filtres a quartz, sur une
période de 10 semaines du ler avril au 9 juin 2014. Les métaux ont été échantillonnés sur une
base hebdomadaire tandis que les HAPs ont été échantillonnés quotidiennement jusqu'au 21

avril, puis tous les trois jours. Dans l'ensemble, 10 échantillons de métaux ont été prélevés a la
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station 1 et 11 a la station 2, tandis que 31 et 33 échantillons de HAPs ont été prélevés
respectivement aux stations 1 et 2. Les métaux traces ont été analysés a l'aide de la
spectrométrie de masse a plasma a couplage inductif (ICP-MS), tandis que les HAPs ont été
déterminés par chromatographie en phase liquide a haute performance (HPLC) couplée a un

test de fluorescence UV.
2.2. Méso-Echelle : le bassin versant quartier

2.2.1. Description du site

Le bassin versant étudié a la méso-échelle est le quartier du Perreux sur Marne (Figure
2-1). Ce bassin versant de 12 ha présente une pente moyenne de 2,6 %. Il s’agit d'un site
résidentiel avec quelques commerces répartis le long du boulevard d’Alsace Lorraine qui le
traverse. Les surfaces imperméables représentent pres de 70% de la surface totale du bassin
versant. Il est drainé par un réseau d’assainissement séparatif qui achemine le débit vers
l'exutoire situé a la limite nord-est du bassin versant. Le flux est collecté de la surface par les

regards, puis transporté dans les conduites principales.

2.2.2. Mesures des parametres quantitatifs et qualitatifs des eaux a I'exutoire

Le débit dans la canalisation principale et les parametres de qualité ont été mesurés par
les mémes instruments utilisés a 1'échelle locale (Figure 2-6). Le débit dans une petite
canalisation de diametre égal a 30 cm qui arrive dans la canalisation principale a été mesuré
par un débitmetre « Nivus » qui calcule la vitesse moyenne sur la colonne par effet Doppler.
Les débits ont été mesurés a un pas de temps égal a 2 minutes et les parametres de qualité ont
été mesurés a un pas de temps égal a 1 minute. Les données ont été acquises sur la période de

juin 2014 a septembre 2015.

(b)

Figure 2-6 Les instrumentations a I’exutoire : (a) les débitmeétres ; (b) 1a bouée flottante attachée a
la sonde multiparametre
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2.3. Station pluviométrique

La station pluviométrique a été installée sur la toiture de la piscine municipale a moins
de 180 m de l'avaloir du bassin versant routier (Figure 2-7). Elle est constituée d'un
pluviometre dont le volume d’auget est de 10 ml, ce qui correspond a 0.1 mm de pluie et d'un
disdrometre laser "THIES" qui a permis I'acquisition des distributions de la taille des gouttes
de pluie. Le pluviomeétre a été installé de juin 2014 a juillet 2015. Le disdrometre a été mis en

place pour la période de février 2015 a septembre 2015.

Figure 2-7 Le disdrométre

2.4.L’expérimentation de lessivage

Une expérimentation dédiée a I'étude du lessivage a été faite sur les trottoirs du bassin
versant routier « Trafipollu » présenté ci-dessus et sur le parking de I'Ecole des Ponts pour
récupérer des échantillons de lessivage sous une pluie artificielle générée par un simulateur
de pluie. Les tests ont été réalisés juste apres les campagnes de dépots secs pour toutes les
dates a I'exception du 14 Octobre 2014. Six échantillons ont été obtenus et analysés pour

déterminer la charge lessivée.

Le dispositif de lessivage a été congu et construit au LEESU (Figure 2-8). Il permet non
seulement la simulation des pluies artificielles mais aussi l’acquisition en continu des mesures
instantanées de débit et de turbidité ce qui présente un aspect tres innovant par rapport aux

simulateurs de pluie traditionnels. Le dispositif présente aussi d’autres avantages d’ordre
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économique et technique qui se résument respectivement par son cofit modeste, sa structure
légere qui favorise sa mobilité sur le terrain réel et sa manipulation par une seule personne et

la simplicité de son emploi.

Bidon contenant le

systéme de mesure
du débit et de la
turbidité

B Cadre qui
délimite la

Tétes
d’aspersion

Figure 2-8 Le dispositif de lessivage qui comprends le simulateur de pluie et le systéme de
mesure en continue du débit et de la turbidité

La fiabilité du dispositif a été évaluée par des essais préalables a son utilisation directe
sur les sites. Les résultats ont mis en ceuvre I'uniformité de 1’aspersion de la surface avec un
coefficient d’uniformité égale a 73% et qui s’élevait a 80% en excluant les extrémités.
L’étanchéité et I'humidification totale de la surface ont aussi été vérifiées en comparant le
volume d’eau initial utilisé pour l’aspersion et le volume final recueilli dans le bidon. Des tests
préalables ont montré que les pertes étaient négligeables. Nous avons aussi vérifié que la
distribution des tailles des gouttes générées par le simulateur était réaliste par rapport a celle

d’une pluie naturelle ayant lieu dans la région parisienne, et ceci a 'aide du disdrometre.

2.5. Récapitulatif

Le tableau ci-dessous (Table 2-1) représente un récapitulatif des données qui sont

acquises sur les bassins versants étudiés et qui sont exploitées dans le cadre de cette these.
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Table 2-1 Récapitulatif des données collectées et utilisées dans le cadre de cette these

Données Période Période de  Paramétres analysés Commentaire
de fin
début
Précipitation Juin Juillet 2015 ) )
2014
o Avril Septembre Pas de temps 1
Debit 2014 2015 ) minute
Parametre de qualité de Pas de temps 1
I'eau (Turbidité- Juin Septembre minute
conductivité-pH- 2014 2015 )
température)
14/10/2014 Métaux lourds - 18 échantillons
Campagne de dépot sec 07/07/2014 HAPs —ME’S -
. Granulométrie
Bassin Métaux lourds - 14 échantillons
versimt Prélévements d’eau de Aofit . HAPs - DCO - COD
routier ruissellement 2014 Juillet 2015 MES -
Granulométrie
Meétaux Pas de temps 7 jours
Concentrations ler Avril 9 Juin 2014 .Pas d,e‘ t;rlnps ?llour
atmosphériques 2014 HAPs jusqua st avi
ensuite chaque 3
jours
Expérimentation de 07/07/2014 MES - Granulométrie 9 échantillons
lessivage
Débit principal Juin Septembre Pas de temps 2
. 2014 2015 . minutes
Bassin . Iy .
versant Parametre de qualité de  Juin Septembre Pas de temps 1
. I'eau (Turbidité- 2014 2015 minute
quartier . -
conductivité-pH-
température)
01/12/2016
) Campagne de dépot sec  15/12/2016 MES - Granulométrie 3 échantillons
Parking 10/02/2017
sENP ¢ Expérimentation de 01/12/2016
lessivage 15/12/2016 MES 3 échantillons
10/02/2017
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Partie 3. Etat de l’art

3.1. Le ruissellement en milieu urbain

Historiquement, la pollution engendrée par le ruissellement de surface était considérée
comme une source de pollution relativement mineure. Cependant, a partir des années 1970,
des campagnes de mesure ont été mises en place pour caractériser la contamination des eaux
de ruissellement (Sartor and Boyd, 1972; Shaheen, 1975). De 1978 a 1983, le programme de
mesures a grande échelle NURP (Nationwide Urban Runoff Program) (US EPA, 1983) a mis
en évidence que les eaux de ruissellement véhiculent annuellement vers le milieu récepteur
des contaminants a des niveaux comparables aux rejets de stations d’épuration, et des charges
qui les excedent largement lors de certains évenements pluvieux (Desbordes et al., 1994). En
France, plusieurs études ont été menées également pour quantifier la pollution des eaux
pluviales et préciser ses caractéristiques a différentes échelles (Desbordes et al., 1980;

Gromaire-Mertz et al., 1999; Lamprea, 2009; Percot, 2012; Zgheib et al., 2012).

Etant donné que la pollution des eaux de ruissellement entraine une détérioration des
milieux récepteurs, le suivi de 1'évolution du développement urbain et I'identification des
sources de polluant se révelent d’une importance cruciale. Habituellement, les eaux de surface
sont altérées par les contaminants qui viennent de sources ponctuelles et diffuses. Celles-ci
incluent les activités de transport, les activités industrielles et commerciales, les activités de
construction et de démolition, I'érosion du sol, et les retombées atmosphériques. Pour
répondre adéquatement aux préoccupations relatives a la qualité des eaux de ruissellement, il
est important de comprendre quels sont les polluants présents et quel est leur impact potentiel
sur les environnements récepteurs. Les contaminants communs qui influent sur la qualité d'un

milieu aquatique sont les particules en suspension, les métaux lourds et les hydrocarbures.

Dans cette partie, nous présentons les effets quantitatifs et qualitatifs de 'urbanisation
sur le ruissellement en milieu urbain. Ensuite nous détaillons les sources qui sont responsables
de la génération des polluants diffus dans le milieu urbain et présentons les principaux

polluants concernés.
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3.1.1. Effets de I'urbanisation
La transition démographique des zones rurales vers les zones urbaines a débuté depuis
la moitié du XXeme siecle et ne cesse de croitre. Aujourd’hui, plus de la moitié¢ de la population

dans le monde vit dans les zones urbaines et cette proportion atteindra 7 sur 10 en 2050 (OMS,

2010).

Les conséquences de l'expansion et de la densification des zones urbaines sur
I'environnement et notamment sur I'eau sont profondes et d"une importance cruciale car c’est
I'une des ressources les plus essentielles pour l'existence de l'étre humain. Ces effets se
refletent sur le plan quantitatif notamment par 1’augmentation des risques d’inondation et sur
le plan qualitatif par la détérioration de la qualité des eaux de surface (Nelson and Booth, 2002;

Schueler, 1994; Shuster et al., 2005; Tong, 1990).

La réalité de la dégradation accrue de la qualité des eaux de surface et les menaces
qu’elle pose sur le milieu aquatique sont soulignées dans les textes réglementaires partout
dans le monde. En Europe, une partie importante de la directive cadre sur 1'eau DCE
2000/60/CEE, qui est entrée en vigueur le 22 Octobre 2000, est consacrée a lutter contre la
contamination des eaux de surface. Elle impose les stratégies a adopter pour la maitrise des
rejets de polluants prioritaires prédéfinis, vers les milieux récepteurs, afin de protéger et
d’améliorer la qualité écologique de 1'eau. Deux directives filles qui détaillent des mesures
complémentaires sont adoptées : la directive 2006/118/CE sur la protection des eaux
souterraines et la directive 2008/105/CE sur les normes de qualité environnementale dans le

domaine de l'eau.

3.1.1.1.  Effets hydrologiques
La pression exercée par l'urbanisation sur le cycle hydrologique est directement
attribuée aux changements que subit la morphologie du bassin versant et qui incluent la
diminution des surfaces vertes, I'expansion des surfaces imperméables et la modification du

systeme de drainage des eaux de ruissellement.

Le remplacement de surfaces végétalisées par des surfaces imperméabilisées dans les
villes a entrainé une forte diminution de I'évapotranspiration (Haase, 2009). Barron et al. (2013)
ont noté que le flux d’évapotranspiration originaire des nappes d’eau souterraines a faible

profondeur a été atténué de plus que 65% suite a I'augmentation des surfaces imperméables
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dans le bassin versant étudié. La diminution de l'évapotranspiration entraine une
augmentation du volume ruisselé, et elle est aussi 'une des causes de I’apparition des « ilots
de chaleur » (Bonan, 2008), puisque le refroidissement des surfaces est réduit ce qui conduit

au stockage de la chaleur et au réchauffement de I'air urbain.

Les impacts de 1'urbanisation sur le cycle hydrologique sont largement affectés par le
pourcentage des surfaces imperméables (Brabec et al., 2002; Lee and Heaney, 2003). En fait,
I'imperméabilisation des surfaces entrailne une diminution marquée de la capacité
d’infiltration du sol (Arnold and Gibbons, 1996) ce qui se traduit par une réduction de la
recharge des nappes phréatiques et une diminution des débits de base (Leopold, 1968;
Simmons and Reynolds, 1982; Smakhtin, 2001). Schueler (1994) a montré que le volume
ruisselé sur une zone imperméable peut étre 16 fois plus important que le volume ruisselé sur

la méme surface ayant une couverture végétale.

L’'imperméabilisation et 'amélioration des systemes de drainage, en remplagant le
réseau hydrographique naturel par un réseau d’assainissement, accélerent aussi la réponse
hydrologique des bassins versants (Huang et al., 2008; Kang et al., 1998; Verbeiren et al., 2013).
Une autre conséquence de cet aménagement des surfaces urbaines est I’accroissement des
vitesses d’écoulement. Cela résulte en des débits de pointe tres élevés dii a l'efficacité de
transport hydraulique du systeme de drainage qui est favorisée par l'uniformisation des
pentes (Chocat, 1997; Hall and Ellis, 1985; Hawley and Bledsoe, 2011; Schoonover et al., 2006;
Zhao et al., 2016). Cette transformation que subit I’hydrogramme est associée avec une
augmentation du risque d’inondation, comme l’eau véhiculée atteint les conditions
d’inondation plus rapidement (Guo et al., 2008). Miller et al. (2014) ont trouvé que
I'augmentation des surfaces imperméables sur un bassin versant péri-urbain a « Swindon »
(UK) et la construction du réseau d’assainissement ont été accompagnés par une réduction de
50% de la durée caractéristique d’inondation et d’'une augmentation de 400% du débit de
pointe. Rose and Peters (2001) ont aussi remarqué que les débits de pointe dans les zones
urbaines subissent une augmentation de 30 a 100% par comparaison aux zones moins

urbaines.

36



3.1.1.2.  Effets qualitatifs

L’urbanisation n’influence pas uniquement le régime hydrologique des bassins
versants mais elle a également des impacts profonds sur la qualité des eaux et I'état des milieux
récepteurs qui se manifestent par des changements physiques, chimiques et microbiologiques
(Paul and Meyer, 2001; Yufen et al., 2008). Ces changements entrainent une augmentation de
la demande en oxygene, de la conductivité, des matiéres en suspension, des nutriments, des
métaux, et des hydrocarbures (Hatt et al., 2004; Horner et al., 1997; McMahon and Harned,
1998; Novotny, 1994), ainsi que des altérations de la température des milieux récepteurs

(Miller et al., 2014).

Putro et al. (2016) ont comparé la demande en oxygene et la température pour quatre
bassins versants en Grande Bretagne avec des degrés variables d urbanisation. Les corrélations
positives qu’ils ont calculées montrent que ces deux parametres ont une tendance a augmenter
avec l'intensité du développement urbain. Pareillement, Carle et al. (2005) ont trouvé que les
concentrations en matieres en suspension, azote, phosphore et bactéries coliformes fécales ont
augmenté avec la densité de l'urbanisation en Caroline du nord aux Etats-Unis. Lind and
Karro (1995) ont trouvé que les concentrations de zinc, plomb et cuivre dans les couches
superficielles de sol qui se trouve a proximité des routes en Suede sont deux a huit fois plus
grandes que celles trouvées dans les zones rurales. Line et al. (2002) ont rapporté que la
contribution d’un bassin versant urbanisé a la charge de nutriments et de matiere en

suspension était 250% fois plus importante que celle d"un bassin versant rural.

Par ailleurs, les impacts qualitatifs de I'urbanisation sont beaucoup plus variables que
les effets hydrologiques. Ils dépendent de facteurs multiples dont 1’ancienneté et le type
d'urbanisation (Strayer et al., 2003), la présence d’ouvrages de traitement des eaux usées,
I'étendue des infrastructures de drainage des eaux pluviales (Paul and Meyer, 2001) et les

pratiques de gestion appliquées (Jones et al., 2001; Miller et al., 2014).

L’augmentation des niveaux de pollution dans les zones urbaines est attribuée a la foi
a des phénomenes de contamination ponctuelle et diffuse : rejets de stations de traitement des
eaux usées mais aussi eaux de ruissellement qui entrainent les polluants provenant de sources

diffuses (Miller et al., 2014; Paul and Meyer, 2001).

37



Malheureusement, le déversement des eaux usées non traitées dans les riviéres et les
océans demeure une pratique fréquente, ou environ 25% des résidents urbains dans les pays

moins développés n'ont pas acces a un assainissement adéquat (McGrane, 2016).

Dans les pays développés en revanche, les préoccupations primaires en termes de
controle de la contamination se focalisent sur la contamination émergente liée aux
micropolluants, en particulier les substances pharmaceutiques et a la contamination provenant
des sources diffuses. Malgré les avancées dans les techniques adoptées dans les stations
d’épuration pour réduire les charges de substances toxiques, certains polluants persistent
apres le traitement. Ceux-ci proviennent en particulier des rejets domestiques, des
médicaments et des produits d’hygiene personnels (Li, 2014). Heberer (2002)a noté que plus
de 80 substances provenant des médicaments et des produits pharmaceutiques sont détectées
dans les milieux récepteurs a 1’aval des stations d’épuration. Li (2014) a souligné la menace
représentée par la persistance des substances pharmaceutiques dans le milieu aquatique sur
les organismes vivants, comme elles sont susceptibles de subir des réactions imprévisibles

avec les composés chimiques qui se trouvent dans I'environnement.

La pollution diffuse est une source majeure de contamination des milieux récepteurs
dans les zones urbaines ou les polluants accumulés sur les surfaces et ensuite charriés par les
eaux de ruissellement peuvent dépasser ceux produits par les eaux usées domestiques apres
traitement (Bedient et al., 1978; Lee and Bang, 2000; Pitt and Field, 1977). La pollution diffuse
est caractérisée par une tres grande variabilité et une multitude de sources (Ellis and Mitchell,
2006), cependant les sources dominantes dans le milieu urbain sont les activités anthropiques
et les surfaces imperméables (Goonetilleke et al., 2005; Schueler, 1994; Tsihrintzis and Hamid,
1997). Characklis and Wiesner (1997) ont noté des concentrations tres élevées de carbone
organique, fer et zinc qui sont attribués aux activités anthropiques. Arnold and Gibbons (1996)
ont noté que l'augmentation des surfaces imperméables accélere la mobilisation des
contaminants ce qui favorise I’entrainement des pathogenes, des nutriments et des substances
toxiques (métaux et HAPs) et contribue ainsi a la pollution du ruissellement. Cependant, le
lessivage des polluants accumulés sur les surfaces imperméables n'est pas la seule
contribution des surfaces imperméables a la pollution. L’abrasion des chaussées est aussi une

source importante de pollution des eaux de ruissellement (Thorpe and Harrison, 2008).
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3.1.2. Pollution des eaux de ruissellement
3.1.2.1.  Sources de Polluants

3.1.2.1.1. Dépots atmosphériques
Les polluants qui se trouvent dans Iair peuvent rejoindre les surfaces urbaines via les
mécanismes de dépot secs qui surviennent pendant la durée de temps sec et de dépot humides
qui ont lieu pendant un événement pluvieux. Les particules se trouvent dans 1'atmosphere
sous différents états et leurs concentrations varient dans le temps et dans 1'espace (Brinkmann,
1985). Elles sont influencées largement par les conditions météorologiques qui incluent

I’"humidité, la vitesse du vent et la pression atmosphérique (Lee et al., 2011; Tian et al., 2014).

Des conclusions variables sur le role que joue I'atmosphere en tant que source de la
contamination des eaux de ruissellement sont rapportées dans la littérature. Sabin et al. (2005)
ont investigué la contribution des retombées atmosphériques a la contamination des eaux de
ruissellement en métaux sur un bassin versant urbain (5 ha) tres imperméable a Los Angeles.
Le site étudié est soumis a une faible densité de trafic (50 véhicules/jours) et se trouve dans
une zone de climat semi-aride. IIs ont calculé des contributions potentielles tres élevées de
retombées atmosphériques totales (sechesthumides) a la contamination des eaux de
ruissellement en substances métalliques qui varient entre 57 et 100%. Cette contribution est
dominée par les retombées seches qui ont compté jusqu’a 100% de la contribution totale pour
certains métaux comme le nickel et le plomb. Cependant, Percot et al. (2016) ont rapporté des
résultats totalement différents sur un bassin versant urbanisé (30 ha) situé a Nantes, France
qui est constitué de 45% de surfaces imperméables et qui se trouve dans une zone de climat
océanique. IIs ont conclu que la part atmosphérique dans la contamination métallique des eaux
de ruissellement est mineure avec des pourcentages de contribution totale inférieurs a 36%. Ils
ont aussi noté que la contribution des dépots secs n’est pas significative comme elle n’a pas
excédée le 10%. Gasperi et al. (2014) ont trouvé que 32% du nickel et 7% de 'arsenic dans les
eaux de ruissellement proviennent de retombées atmosphériques seches. Le méme ordre de
grandeur a été rapporté par (Percot et al., 2016) pour le nickel, cependant ils ont calculé une

contribution moins significative pour I'arsenic a seulement 1%.

Cette variabilité de la contribution des dépdts atmosphériques a la contamination des

eaux de ruissellement en métaux, observée dans la littérature, nécessite ainsi plus
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d’investigation. Ceci est aussi vrai pour les HAPs ou (Bressy et al., 2012) ont rapporté que
jusqu’a 30% de la charge annuelle en HAPs véhiculée par I'eau de ruissellement sur un petit
bassin versant urbain provient de I'atmosphere alors que les valeurs rapportées par (Motelay-

Massei et al., 2006) ne dépassaient pas 18%.

3.1.2.1.2. Trafic

Les pressions exercées par le trafic routier sur la qualité des milieux urbains ne cessent
d’augmenter a cause de I'expansion et du développement des infrastructures routieres, des
réseaux de transport et de I’augmentation du nombre de véhicules circulants. (Hoffman et al.,
1985) ont rapporté que 50% des HAPs, plomb et zinc qui rejoignent la riviere de Pawtuxet en
Rhode Island aux Etats-Unis provenaient du ruissellement sur 1’autoroute adjacente a cette
riviere. (Barrett Michael E. et al., 1998) ont montré que les charges de plusieurs polluants (MES,
métaux, DCO, nutriments) sont corrélées avec l'intensité du trafic routier. Cependant,
Kayhanian et al. (2003) ont montré que l'effet du volume journalier annuel de trafic sur les
concentrations de polluant dans les eaux de ruissellement des autoroutes n’est significatif que
lorsqu’il est considéré avec d’autres parametres liés aux caractéristiques de I'événement

pluvieux et a ’occupation du sol.

Les activités liées au transport affectent les niveaux des contaminants présents sur les
voiries et les parkings. Les polluants qui y sont associés sont émis soit directement par les
véhicules, soit indirectement via les processus d’abrasion des surfaces et la remise en

suspension sous l'effet de la turbulence.

Les émissions directes des polluants dues a la circulation automobile incluent les
émissions par I'échappement qui sont liées au fonctionnement du moteur, et les émissions non
échappement qui proviennent de 'usure des pneus et des plaquettes de frein, de I'embrayage
des véhicules ainsi que des fuites d’huile, de carburant et liquide de frein etc. (Fallah
Shorshani, 2014). Les émissions par I"échappement sont une source importante des composés
organiques qui incluent les HAPs, les alkanes et les acides carboxiliques, en plus de carbone
organique (El Haddad et al., 2009; Riddle et al., 2007). Murakami et al. (2005) ont rapporté que
les HAPs contenus dans le stock de sédiment collecté sur une route tres fréquentée
proviennent des émissions échappement diesel. Ils ont aussi noté que l'usure de pneus

contribue aussi a la contamination en HAPs, ce qui était aussi noté par (Kwon and Castaldi,
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2012). Cependant, les émissions non échappement ont tendance a agir comme source
principale de métaux lourds. (Wahlin et al., 2006) ont rapporté que 1'usure des plaquettes de
frein génere des concentrations élevées de Cr, Fe, Cu, Zn, Zr, Mo, Sn, Sb, Ba and Pb alors que
I'usure des pneus et I’abrasion de la chaussée sont une source importante de Al, Si, K, Ca, Ti,
Mn, Fe, Zn and Sr. (Duong and Lee, 2011) ont caractérisé le contenu en métaux lourds du stock
de particules sur plusieurs routes soumises a des conditions de trafic variables. Ils ont trouvé
que les principales sources de Ni étaient les émissions d'échappement des moteurs diesel et
l'abrasion des freins et la corrosion des véhicules, alors que le cuivre provenait principalement
de l'abrasion des freins et des gaz d'échappement de la combustion du carburant. Finalement,
cette publication mentionne que la concentration de Zn observée est influencée par les

émissions des véhicules et l'usure des pneus.

Les concentrations de polluant provenant de l'usure des pneus et des plaquettes de
frein varient en fonction des conditions de trafic. Les zones situées a proximité de la route,
comme les stationnements et les passages pour piétons, qui provoquent des freinages
fréquents sont susceptibles de présenter des concentrations plus élevées de contaminants dans
ces zones (Novotny et al., 1985). Cet effet a été observé par (Drapper et al., 2000) a coté des

voies de sortie sur une route a Brisbane, Australie.

Les émissions indirectes du trafic ont aussi un impact significatif sur I'apport des
polluants. L'usure de la surface d'une chaussée sous I'impact du trafic routier est une source
importante de particules et d’hydrocarbures. En fait, lorsque les revétements routiers en
asphalte sont abrasés par les véhicules, ils relarguent des hydrocarbures et des métaux lourds
(Thorpe and Harrison, 2008). (Murakami et al., 2005) ont signalé une grande contribution
d’une chaussée dans une zone résidentielle au contenu en HAPs du stock des particules. La
contribution des surfaces est cependant contrdlée par plusieurs facteurs et notamment le
matériel du revétement, I'age et I'état de la chaussée (Brinkmann, 1985). (Sartor and Boyd,
1972) ont trouvé que les chaussées bitumées génerent 80% des polluants de plus que les
chaussées en béton. Ils ont aussi noté que les chaussées en bon état sont des sources faibles de

contamination en comparaison avec les chaussées en mauvais état.

Les émissions indirectes incluent aussi le processus de re-suspension des particules.

(Bukowiecki et al.,, 2010) ont souligné l'importance du processus de re-suspension sur
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I"émission des particules ou les particules émis sur une rue canyon et sur une autoroute et qui
sont originaire de la re-suspension du stock constituait 38% et 56% respectivement. (Mancilla
and Mendoza, 2012) ont aussi rapporté que 20-25% des émissions des particules fines PM2s a

Monterrey en Mexique provenait de la re-suspension du stock de la surface.

3.1.2.1.3. Rejets industriels et commerciaux

Les activités liées aux deux secteurs industriel et commercial contribuent énormément
a la diffusion des polluants dans le milieu urbain (Bannerman et al., 1993). Stein et al. (2008)
ont noté que les sites industriels étaient les sources les plus importantes des métaux dans les
eaux de ruissellement surtout pour le cuivre, le zinc et le plomb. Des résultats similaires ont
été rapportés par (Park and Stenstrom, 2008). Comme les surfaces des chaussées des zones
industrielles ne sont pas nettoyées a la méme fréquence que celles des zones résidentielles et
commerciales, elles ont alors tendance a accumuler des stocks plus élevés de contaminants
(Wanielista et al., 1977). Pour réduire les effets néfastes des rejets industriels sur les eaux dans
le milieu urbain et atténuer de 75% les charges de polluants provenant des zones industrielles
(Bannerman et al., 1993) ont suggéré que les outils de gestion (BMP) doivent traiter entre 40 et
53% des effluents industriels. Par contre, il suffit juste de traiter 14% des rejets des zones

résidentielles pour avoir la méme atténuation.

Les secteurs commerciaux sont aussi des contributeurs non négligeables a la pollution
des eaux de ruissellement et ils constituent une source importante de HAPs et des métaux.
(Herngren et al., 2006) ont constaté que les charges de métaux lourds les plus élevées
coincidaient avec les charges de sédiments les plus élevées qui sont observées dans les zones
commerciales. Tiefenthaler et al. (2008) ont trouvé que plus de 70% des échantillons d’eau
ruisselée qu’ils ont collectés dans une zone commerciale contiennent des concentrations de
zinc et de cuivre qui dépassent les normes établies dans 1'état de Californie. Méme si les zones
commerciales contribuent a des concentrations de MES et de métaux plus importantes que
celles sur les chaussées et les zones résidentielles (Ackerman and Schiff, 2003; Wang et al.,
2013), elles demeurent moins émettrices de polluants que les zones fortement circulées (Wang
et al., 2013). Ainsi, les concentrations de MES véhiculées par une chaussée caractérisée par un
trafic de 1800 véhicules/heure sont 4 fois plus importantes que celles générées par les zones

commerciales et pareillement, pour les concentrations de cuivre et de zinc qui sont moins
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significatives dans la zone commerciale que sur la chaussée fortement circulée (Wang et al.,

2013).

Hall and Anderson (1988) ont étudié la toxicité des eaux de ruissellement provenant
de différents types d’utilisation de sol et leur effet sur un organisme vivant dans le milieu
récepteur ; ils rapportent que les eaux de ruissellement générées sur les sites commerciaux
présentent les plus grands dangers. Les charges élevées de polluants qui s’accumulent sur les
sites commerciaux tels que les centres commerciaux, les parkings, les stations de gaz, les
centres de maintenance des véhicules proviennent de la densité de trafic importante sur ces

sites ainsi que des activités qui y sont pratiquées (Parra et al., 2006).

3.1.2.1.4. Construction

Les activités de construction et de démolition dans les zones urbaines sont reconnues
pour avoir le potentiel de contribuer a des quantités importantes de sédiments et de détritus
sur les surfaces surtout si les mesures de controles ne sont pas mises en place (Sonzogni et al.,
1980). Les masses de sédiments provenant des sites de construction peuvent étre jusqu’a 100
fois plus grandes que les sédiments provenant des sites ruraux (Wolman, 1967). Line et al.
(2002) ont comparé les contributions de différents types d’occupation du sol a la contamination
des eaux de ruissellement en se basant sur les données expérimentales acquises sur chacun
des sites. Ils ont trouvé que les sites de construction constituent la source majeure de sédiments
puisqu’ils véhiculent une quantité de sédiments qui est dix fois plus importante que celle
générée par les autres occupations de sol. (Amato et al., 2011) ont identifié les émissions des
sites de construction comme étant une des sources des substances minérales qui s’accumulent
sur les surfaces urbaines. En plus, I'érosion des sites de construction constitue aussi une source
de différentes substances toxiques telles que les pesticides, les solvants et les acides qui
proviennent de la composition chimique des matériaux utilisés dans la construction et qui sont
adsorbées par les particules (Marsh, 1993). Les effets de 'entrainement des sédiments par les
eaux de ruissellement ne sont pas limités a I'échelle locale ou ils ont un impact direct et
concentré mais ils s’étendent a plus grande échelle pour affecter les milieux récepteurs a long

terme (Dunne and Leopold, 1978; Goldman and Jackson, 1986).
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3.1.2.1.5. Erosion du sol

L’augmentation des taux d’érosion des sols en milieu urbain est liée aux travaux de
construction et a la réduction du couvert végétal qui implique l'apparition des surfaces
ouvertes et I'exposition des sols au vent et aux précipitations (Line et al., 1999). Sous I'effet de
I’énergie cinétique des gouttes de pluie, les particules du sol vont se détacher et se décomposer
en leurs composantes qui seront entrainées par le ruissellement. Ceci augmente la
contamination en MES des eaux ruisselées qui peut dépasser les concentrations véhiculées
dans les eaux sur les sites industriels (Stein et al., 2008). Ainsi, I'érosion des sols génere une
quantité relativement importante de solides dans le ruissellement des eaux pluviales urbaines

(Novotny et al., 1985).

3.1.2.2.  Polluants primaires

3.1.2.2.1. Matiéres en suspension (MES)
Les solides retrouvés dans I'eau peuvent étre sous forme dissoute ou en suspension.
La limite entre les phases dissoute et particulaire est fixée a 0.45um. Selon leur forme et leur
gravité spécifique, les matieres en suspension peuvent sédimenter. Les particules ayant un
diametre < 100 um demeurent plus longtemps en suspension dans 'eau que les particules

ayant un diametre > 100 um qui sont facilement sédimentables (Andral et al., 1999).

Les sources de MES comprennent l'usure des chaussées, les émissions des gaz
d'échappement des véhicules, 'usure des véhicules, les chantiers de construction, le sel de
voirie, la peinture routiére, I'érosion du sol, les débris végétaux, la corrosion des matériaux et
les dépots atmosphériques (Lecoanet et al.,, 2003; Taylor and Owens, 2009; Thorpe and
Harrison, 2008).

Les dépots particulaires contribuent a de nombreux effets négatifs sur I'état biologique,
chimique et physique du milieu récepteur (EPA, 1993). Les niveaux élevés de particules dans
I'eau accroissent la turbidité, réduisent la pénétration de la lumiere en profondeur dans la
colonne d'eau et limitent la croissance des plantes aquatiques. Les solides qui sédimentent
contribuent aussi a la formation de dépdts de fond, ce qui peut altérer et éventuellement
détruire I'habitat des poissons et des organismes. Les particules solides constituent également

des éléments privilégiés pour l'accumulation et le stockage d'autres polluants toxiques, y
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compris les hydrocarbures, le nutriments et les métaux (Pitt et al., 2005; Roger et al., 1998;

Shinya et al., 2000; Sutherland, 2003).

Les métaux et les composés organiques s’attachent a la surface des particules en
suspension dans 1'eau via des processus d’adsorption, controlés par les caractéristiques de
MES qui influencent la relation entre les solides et les fractions de divers polluants (Minton,
2002). Ces caractéristiques incluent la distribution de la granulométrie des particules, le

contenu en matiére organique et la teneur en minéraux.

Différentes études ont mis en évidence le fait que certains polluants étaient davantage
adsorbés sur les particules fines. Cela est généralement attribuable a I'augmentation de la
surface spécifique de sorption avec la diminution de la taille des grains (McKenzie et al., 2008;
Sansalone et al., 1998). (Vaze and Chiew, 2004) ont rapporté que pratiquement toutes les
particules de nutriments (phosphore et azote) dans les échantillons d'eaux de ruissellement
collectés sur une surface urbaine sont adsorbées aux sédiments entre 11 et 150pum. Robertson
and Taylor (2007) ont aussi signalé que les concentrations de plomb, de cuivre et de zinc dans
le stock de sédiments sur les chaussées en Manchester en Grande Bretagne sont les plus élevées
dans les fractions fines < 63um. Pareillement, (Zhao et al., 2010) ont trouvé que les métaux sont
associés aux particules <44um. (Herngren et al., 2010) ont rapporté que les concentrations les
plus élevées en HAPs mesurées dans 1’eau de ruissellement sont associées aux particules entre

0.45 et 150um.

La présence de la matiere organique dans les eaux de ruissellement est aussi un facteur
qui joue un role important dans I’adsorption des polluants aux solides puisqu’elle favorise les
réactions de complexation des métaux ainsi que des HAPs (Bradl, 2004; McCarthy and
Jimenez, 1985). En fait, les solides et les polluants dissous ont des charges électriques qui
s’attirent lorsqu’elles sont complémentaires. (Schlautman and Morgan, 1993) ont montré que
les HAPs sont associés au composant organique des solides et en particulier a la fraction
humique qui s'y trouve. La complexation des métaux par les ligands organiques a été aussi
observée pour les métaux par (Liu and Gonzalez, 1999; Qu and Kelderman, 2001). D’autre
part, la matieére minérale argileuse qui se trouve en majorité dans la fraction fine favorise aussi

I’adsorption des métaux (Piatina and Hering, 2000; Uddin, 2017).
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3.1.2.2.2. Métaux

Les métaux lourds dans le milieu urbain se trouvent a des niveaux de concentrations
anormalement élevés par rapport au fond géochimique (Alloway and Ayres, 1997). Ils sont
libérés dans le milieu par des sources anthropiques vastes parmi lesquels nous citons les
procédés industriels, 1'usure des cables de freins et des pneus des véhicules, le gaz
d’échappement, la fuite de fluides de véhicules, les toitures métalliques. Dans une étude faite
par (Brown and Peake, 2006) sur les sources des métaux lourds et des HAPs dans les eaux de
ruissellement sur deux bassins versants ayant des pourcentages distincts d’'urbanisation,
I’activité industrielle est identifiée comme étant la source des teneurs élevées de cuivre et de
plomb qui ont été mesurés dans le bassin versant urbain. Tandis que I’abondance des teneurs
en zinc a été attribuée aux apports par le ruissellement sur les toitures de fer galvanisées au
zinc. En fait, ce type de matériau entraine des émissions importantes de quantités de zinc
pendant les précipitations (Gromaire-Mertz et al., 1999; S6rme and Lagerkvist, 2002). L'usure
des pneumatiques contribue aussi a I'émission du zinc (Davis et al., 2001) et d"autres métaux
comme l’aluminium, le cobalt et le plomb (Sadiq et al., 1989). Cependant les flux d’émission
provenant de I’abrasion des pneus peuvent étre tres variables avec des gammes de valeurs tres
étendues (Pagotto, 1999). La dégradation de la garniture des cables de freins constitue une
source non négligeable de Zn, Cu et Pb qui sont les métaux principaux présents dans la
structure de cette garniture, surtout a proximité des feux de signalisation et de passages a
niveau, ou il y des freinages fréquents (Pitt et al., 1995). Les métaux lourds liés aux émissions
a I’échappement different selon le type de carburant utilisé. Une étude par (Pulles et al., 2012)
sur les émissions des métaux lourds par les véhicules circulant en Europe, a montré que la
combustion du pétrole dans les voitures génere des charges élevées de As, Cd et de Hg tandis
que la combustion du diesel dans les camions entraine des émissions élevées de Cr, Cu, Ni, Pb

et Zn.

La présence des métaux lourds dans les eaux de ruissellement avec des concentrations
élevées augmente leur toxicité et leur bioaccumulation dans les organismes aquatiques qui ne
réussissent plus a les dégrader. Ils posent aussi beaucoup de danger sur la santé humaine
surtout le Cd, Pb, As et Hg car ils sont a I'origine de plusieurs maladies comme les maladies
cardiovasculaires, les maladies des os, le dysfonctionnement rénal et I'endommagement du

systeme nerveux (Jarup, 2003).
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La répartition des métaux entre les phases dissoute et particulaire n’est pas la méme
pour tous les métaux. (Yousef et al., 1984) ont montré que 80% du Pb, Cr et Cd se trouvent
sous forme particulaire tandis que 92,5% du Zn et 67,5% du Ni se trouvent en phase dissoute.
Le Cu est réparti entre les deux phases avec 48% dans la phase particulaire et 52% dans la
phase dissoute. Les répartitions obtenues par (Sansalone et al., 1996) étaient analogues aux
résultats précédents pour le Zn et le Ni, mais ils ont trouvé que la proportion de Cu dissoute
était plus grande et que la partition du Pb entre les deux phases était intermédiaire. (Berbee et
al., 1999) ont rapporté que 75% des métaux (Pb, Cu, Cd,Cr, Zn,Ni) sont associés aux particules,
ce qui en contradiction avec les résultats de (Dassenakis et al., 1998) qui ont trouvé que le Cu,
Pb, Ni, Cr and Zn sont plutét dans la phase dissoute. La variabilité des répartitions
obtenues d'une étude a une autre s’explique par différents éléments chimiques et
physiques qui contrdlent la biodisponibilité du meétal, tel que les parametres physico-
chimiques de milieu qui comprennent le pH et le potentiel d’oxydoréduction, 1'état
d’oxydation du métal, la nature de I’absorbant (charge dépendant du pH, type de complexes
ligands, surface spécifique) (Alloway and Ayres, 1997; Morrison et al., 1990). Cela met en
évidence le dynamisme de la séparation des métaux entre les phases dissoutes et particulaires
et le fait quun métal au cours de son transport vers le milieu récepteur peut facilement passer

d’un état a I'autre.

3.1.2.2.3. Hydrocarbures aromatiques polycycliques (HAPs)
Les hydrocarbures aromatiques polycycliques (HAPs) désignent les composés
organiques qui contiennent du carbone et de I'hydrogene ; ils sont constitués de 2 a 6 cycles
aromatiques qui différent par leurs masses moléculaires. Les émissions de ces composés sont

dues a la pyrolyse et a la combustion incompléte de matieres organiques.

Les sources d’émission des HAPs dans l'environnement sont divisées en sources
naturelles et sources anthropiques. Les éruptions volcaniques et les feux de forét sont les deux
processus de combustion naturelle qui sont a I’origine de la production des HAPs. Cependant,
ces phénomenes se passent pendant des épisodes séparés et donc ils ne contribuent pas
énormément au rejet chronique des HAPs. La pollution chronique en HAPs provient
principalement des sources anthropiques dont la circulation automobile et les procédés

industriels (Manoli and Samara, 1999). Les émissions des gaz d’échappement qui proviennent
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de la combustion incomplete des carburants et les déversements des fluides des véhicules
(huiles lubrifiantes, carburant) ainsi que les débris de 1'usure des véhicules et des pneus
constituent des sources importantes d’hydrocarbures dans le milieu urbain (Walker et al.,
1999). (Bomboi and Hernandez, 1991) ont mesuré les niveaux de HAPs dans les eaux de
ruissellement a Madrid pour des bassins versants représentant des occupations de sol
résidentielles, industrielles et commerciales. Les résultats qu’ils ont obtenus montrent que les
résidus pétroliers provenant des véhicules et la combustion incomplete de carburant
constituent une part importante de la production dhydrocarbures des zones urbaines et
industrielles contribuant a la pollution du ruissellement urbain a Madrid. En outre, I'utilisation
de systemes de chauffage et la présence importante de véhicules a I'automne et en hiver
produisent des niveaux d'hydrocarbures plus élevés que ceux émis en printemps et en été. La
hausse des niveaux de contamination en HAPs qui accompagne I’augmentation de I'utilisation
des automobiles est confirmée par plusieurs études (Krein and Schorer, 2000; Van Metre et al.,

2000; Zgheib et al., 2012).

Les HAPs ont tendance a s’adsorber sur les matrices solides. (Hoffman et al., 1984) ont
noté que le pourcentage des hydrocarbures associés aux particules dans les eaux de
ruissellement varie de 79 a 96%. Pareillement, (Datry et al., 2003) ont trouvé que la majorité
des hydrocarbures est attachée aux particules et une tres petite quantité se trouve en phase
dissoute. Les HAPs sont des composés tres peu solubles dans l'eau et leur caractere
hydrophobe s’accentue lorsque la masse molaire augmente (Wu et al., 2013). Ce sont des
polluants organiques persistants, peu dégradés dans l'environnement qui peuvent
s’accumuler dans les tissus vivants. Les hydrocarbures sont toxiques et dangereux non
seulement pour la qualité des milieux récepteurs (Kayhanian et al., 2006; Zgheib et al., 2012)
mais aussi pour la santé de '’homme parce qu’ils sont extrémement cancérogenes (Gdobel et al.,

2007; Petry et al., 1996).

3.2. Processus d’accumulation et de lessivage

Au début des années 1970, (Sartor and Boyd, 1972) et (Sartor et al., 1974) ont mis en
évidence I'accumulation et le lessivage comme étant les deux processus majeurs de production

et de mobilisation des contaminants dans le milieu urbain.
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L’accumulation résulte des interactions entre tous les processus qui ont lieu pendant le
temps sec. Elle résulte de I'équilibre qui s’établit entre les mécanismes de dépdt et de remise

en suspension des particules.

Lors d'un événement pluvieux, le stock est mobilisé sous l'effet du lessivage. Le
lessivage résulte de 1'équilibre entre le détachement des particules sous 1’action de la pluie et
sous l'action du ruissellement, et leur dép6t. Le processus d’érosion est le moteur du transfert

des polluants vers les points de rejet.

Dans cette partie, nous présentons des descriptions détaillées des processus
d’accumulation et de lessivage sur les surfaces urbaines imperméables, les facteurs qui les
influencent et les caractéristiques de la contamination qu’ils engendrent en terme de charge et

de distribution des dimensions des particules.

3.2.1. Accumulation

C’est un fait établi que pendant les périodes de temps sec, les particules solides
s'accumulent sur les surfaces des bassins versants urbains, pour former un stock de polluants
prét a étre mobilisé lors des épisodes de pluie. L’activité humaine est le premier responsable

de la formation de ce stock dans le milieu urbain.

Les facteurs qui déterminent le bilan massique des charges de polluants qui se trouvent
sur la surface a un instant donné comprennent (Ball et al., 1998; Novotny et al., 1985; Pitt et al.,

2005; Sartor et al., 1974):

> Le taux de dépdt des particules pendant le temps qui s’est écoulé entre deux
événements pluvieux ou deux nettoyages de la surface. Il est controlé par les
dépots atmosphériques et les dépots directs qui proviennent des automobiles,
des résidents, des travaux de chantier, de la végétation ainsi que de la
dégradation de la surface.

> Le taux de remise en suspension qui dépend des conditions météorologiques
(vent et la pluie) et des activités humaines incluant la turbulence induite par le

passage des véhicules, le nettoyage des chaussées et la biodégradation.
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> Le stock permanent qui résulte du piégeage des particules dans les fissures de
la surface qui ne sont mobilisées ni par le vent ni par la pluie ni par les procédés

de nettoyage. Il est controlé par la texture et 1'état du revétement.

(Sartor and Boyd, 1972) ont mené les premieres recherches sur le processus
d’accumulation des particules sur les chaussées urbaines. Leur étude a été conduite entre les
années 1969 et 1971 dans 12 villes des Etats —unis ou des échantillons de poussieres ont été
prélevés pour mesurer les charges polluantes sur les rues pour des zones résidentielles,
commerciales et industrielles. Ces auteurs indiquent que la charge de polluant accumulée sur
la surface dépend de deux facteurs principaux : I'occupation de sol, et la durée écoulée depuis
le dernier lessivage de la rue par la pluie ou le balayage. L'accumulation de la masse des solides
tend a croitre de fagon exponentielle en fonction de la période de temps sec antérieure sans
égard a 'occupation de sol, avec un taux de croissance plus rapide observé pour les zones
industrielles que pour les zones commerciales et résidentielles. En outre, (Sartor et al., 1974)
ont démontré que le taux d’accumulation augmente rapidement apres le processus de
lessivage et diminue graduellement a mesure que le temps sec augmente pour atteindre

finalement une asymptote qui représente une charge constante.

Ce comportement de I'accumulation des particules est aussi observé dans plusieurs
études postérieures (Ball et al., 1998; Wicke et al., 2012). (Egodawatta and Goonetilleke, 2007)
ont étudié I’accumulation sur trois chaussées situées dans des zones résidentielles en Australie
et ils ont détectés des taux d'accumulation entre 1 et 2 g/m?/jour au cours des deux premiers
jours. Les taux d'accumulation se sont ensuite réduits et I'accumulation totale a assez vite
atteint une asymptote. Pareillement, (Egodawatta et al., 2009) ont observé la méme tendance
pour I"accumulation sur des toitures en toles ondulées et en béton, ou au bout d’une semaine
80% du stock total des particules s’est déposé. Cependant, le taux d’accumulation pendant les
premiers jours sur les toitures est tres petit (0.4 g/m?/jour) en comparaison avec celui mesuré
sur les chaussées. Ce résultat est lié a la différence des sources et des mécanismes de dépot

auxquels sont soumises les deux surfaces.

Cependant, I'effet de la durée de temps sec sur le processus d’accumulation est critiqué
par d’autres chercheurs. (Sutherland and Jelen, 1996) ont remarqué que la corrélation entre le

stock accumulé et la période de temps sec n'est pas réaliste, car leurs observations sur le terrain
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montrent que les accumulations sont sensiblement plus élevées pendant la saison des pluies
(caractérisée par des durées de temps sec courtes) que pendant la saison seche. Les résultats
de I'étude expérimentale faite par (Deletic and Maksimovic, 1998) a Belgrade, en Yougoslavie,
et a Lund (Suede), sur des surfaces imperméables, révelent que la durée de temps secn'a qu'un
effet mineur sur l'accumulation des polluants de surface des routes. Des observations
similaires sont constatées par (Shinya et al., 2003) qui ont trouvé que la période de temps sec
et le débit du trafic ne sont pas corrélés avec la charge polluante dans le ruissellement sauf
pour l'azote. (Deletic and Orr, 2005) d’autre part ont trouvé que la période de temps sec
précédant l'événement pluvieux a une influence tres faible et négative sur le taux

d’accumulation des particules fines pres du bord du trottoir, a Aberdeen, en Ecosse.

Les résultats contradictoires obtenus dans différentes études sont dus aux différentes
conditions géographiques et météorologiques. En fait les facteurs tels que le type de surface,
la rugosité, la pente, 1'occupation des sols (Duong and Lee, 2009; Zhao et al., 2011) et les
conditions météorologiques (Ball et al, 1998; Novotny et al, 1985) ont une influence
importante sur le taux de dépot et le taux de remise en suspension et par suite sur la
redistribution des charges polluantes et, par conséquent, le taux d'accumulation. (Deletic and
Orr, 2005) ont trouvé que les charges de sédiments, ainsi que les concentrations de chlorure et
de sulfate, sont les plus élevées durant les mois d'hiver, surtout en présence de la neige a la
surface de la route a cause de l'utilisation des sels de déneigement des routes. (Egodawatta
and Goonetilleke, 2007) ont mesuré les taux d’accumulation les plus élevés sur la chaussée
située dans la zone résidentielle ot la densité de la population et le volume de trafic sont élevés
par rapport aux autres sites. De plus, le site le plus chargé est plus plat et ayant une texture de
surface plus rugueuse. (Vaze and Chiew, 2002) ont noté que I'accumulation de polluants sur
les revétements routiers varie dans le sens longitudinal en fonction de la pente et de la présence
de feux de circulation et de goulets d'étranglement. (Mahbub et al., 2011) et (Kayhanian et al.,
2003) ont aussi souligné I'influence du trafic journalier moyen sur le taux I'accumulation des

polluants.

En fait, le trafic joue un role tres important dans la redistribution des polluants a
I'intérieur d’un bassin versant en raison de la turbulence provoquée par la circulation des
véhicules (Namdeo et al., 1999; Shaheen, 1975). La répartition des sédiments dans la rue
mesurée par (Sartor and Boyd, 1972) indiquait qu'environ 90 % du stock se trouvait a environ
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30 cm du bord de trottoir a l'intérieur du caniveau. Pareillement, (Deletic and Orr, 2005) ont
mesuré la charge la plus élevée des sédiments a 0.25 m du bord du trottoir. Ces résultats font
la lumiere sur le role que joue la présence du trottoir comme barriere qui empéche le transport
des sédiments de la surface et favorise leur piégeage et I'accumulation pres des caniveaux
(Viklander Maria, 1998). Cependant, cette répartition n’est pas systématique, comme cela a été
observé a I'échelle locale du bassin versant routier étudié dans le cadre de Trafipollu (Figure

3-1).

(a) Campagne dépodt sec 14/10/2014
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Figure 3-1 la masse totale de sédiment collecté pour les trois localisations (1), (2) et (3) (Figure 2-4) ,
sur le trottoir, le caniveau et la chaussée durant la campagne de dépot sec du (a) 14/10/2014 et (b)
07/07/2015
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Lors de la campagne du 14 octobre 2014, et pour deux localisations, les charges
sédimentaires les plus élevées sont collectées dans le caniveau mais avec un écart tres léger
des charges collectées sur le trottoir. Lors de la deuxieme campagne du 07 juillet 2015, ceux
sont les trottoirs qui accumulent le plus grand stock de sédiment suivis des caniveaux, a
I'exception de la localisation 2 ot les charges les plus élevées sont collectées dans le caniveau.
Lors des deux campagnes, le stock accumulé sur les chaussées est minimal sur toutes les
localisations. Ces résultats révelent la variabilité importante de la répartition spatiale des
particules méme au sein dun petit bassin versant et indique un rdle important des trottoirs

dans la contamination des eaux de ruissellement qui mérite ainsi plus d’investigation.

La caractérisation du stock de sédiments sur la surface en termes de composition et de
distribution granulométrique est tres importante dans le cadre de la compréhension de la
qualité des eaux dans le milieu urbain. Les distributions des dimensions des particules dans
le stock de sédiment mesurées dans plusieurs études montrent une grande variabilité dans les
fractions dominantes. Ceci est attribué au caractere dynamique du processus d’accumulation
dont la redistribution est le responsable primaire (Egodawatta and Goonetilleke, 2007). Les
échantillons de sédiments collectés par (Yuen et al., 2012) sur des chaussées urbaines pour un
bassin versant résidentiel et un bassin versant industriel contiennent respectivement 25 et 24
% des particules dans la fraction de 250-500um. Cependant, (Zhao et al., 2010) ont rapporté
que pour les stocks mesurées sur trois occupations de sol distinctes, 50% des sédiments sont
dans la partie fine dans la fraction 100-200pm. (Deletic and Orr, 2005) ont trouvé que 50% des
particules a coté de la bordure du trottoir ont un diametre < 400um et 50% des particules
échantillonnées a 3 metres de la route ont un diametre <110 pum. Malgré les différences dans
la distribution des tailles des particules dans le stock de sédiment, les recherches montrent que
le focus doit étre dans tous les cas sur la fraction fine du stock car c’est la fraction sur laquelle
les polluants toxiques vont s’adsorber (Deletic and Orr, 2005; Krein and Schorer, 2000; Sartor
et al.,, 1974; Yuen et al., 2012). (Deletic and Orr, 2005) ont rapporté que les concentrations de
Zn, Cu et Cd dans la fraction sédimentaire de 2-63 um sont huit a dix fois plus élevées que
dans la fraction de 500 um alors que la concentration de Pb est environ 22 fois plus élevée.
(Sartor et al., 1974) ont montré que malgré le fait que la fraction fine ne compte que pour 5.9%
de la distribution des dimensions des particules, elle est la plus contaminée comme 50% des

métaux et entre 1/3 et 2 des nutriments y sont associés.
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I faut noter que la fraction fine du stock des chaussées est susceptible d’augmenter
sous l'effet du balayage traditionnel : (Vaze and Chiew, 2002), dans leur étude de l'effet du
balayage des chaussées sur le stock de surface, ont noté que cette technique est efficace pour
arracher les sédiments grossiers. Cependant, elle pourrait avoir un effet négatif qui se
manifeste par le fait que sous l’action de la brosse, il y a une partie des particules fines qui va
se libérer. (German and Svensson, 2002) ont montré que le balayage contribue a
I'augmentation de la fraction fine (< 125 um) a laquelle les métaux sont associ€es ce qui
augmente les risque des contaminations au cas ol un événement pluvieux aura lieu juste

apres.

3.2.2. Lessivage

Le lessivage pendant un événement pluvieux est le processus par lequel les particules
qui se sont accumulées durant le temps sec sur les surfaces urbaines sont entrainées vers les
milieux récepteurs. Les particules retrouvées dans les eaux de ruissellement proviennent de
deux sources qui sont les dépots humides, processus par lequel les polluants solubles adsorbés
sur les particules qui se trouvent en suspension dans I’atmosphere sont lessivés par les gouttes
de pluie, et I'érosion du stock disponible sur la surface sous I’action des gouttes de pluie et des
contraintes de cisaillement du ruissellement. L’érosion de surface est reconnue comme étant
la source principale de contamination des eaux de ruissellement, puisqu’elle contribue a plus

de 75% de la charge totale des polluants transportée par le ruissellement (Gromaire, 1998).

Etant donnée la complexité du processus de lessivage, les chercheurs ont mené des
nombreuses études afin d’identifier les facteurs influencant principalement les quantités de
polluants mobilisées. Ceux-ci incluent l'intensité des précipitations, la durée de I'événement

pluvieux et le volume ruisselé (Egodawatta et al., 2007).

Dans I'étude qu’ils ont menée a Austin, Texas aux Etats-Unis (Charbeneau and Barrett,
1998) ont montré que la charge des matieres en suspension entrainée par le lessivage peut
s'expliquer en grande partie par le volume de ruissellement. Cette relation a aussi été mise en
évidence par (Deletic and Maksimovic, 1998) qui ont calculé des coefficients de corrélation
supérieurs a 0.85 entre le volume ruisselé et la charge en MES sur les deux bassins versants
qu’ils ont étudié. Ils ont noté que l'intensité de la pluie influence aussi ces charges. (Wanielista

and Yousef, 1993) ont trouvé qu'un événement pluvieux ayant une intensité plus élevée sur
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une courte période est plus efficace a entrainer les particules de la surface qu'un événement
ayant une faible intensité sur une longue période. Il est cependant difficile de déceler
l'influence individuelle de chacune de ces variables explicatives parce qu’elles sont corrélées
les unes aux autres, ainsi I'importance relative de chaque variable sur le taux de lessivage n’est
pas tres clair (Herngren et al., 2005). La durée de temps sec a été aussi identifiée dans certaines
études comme un parametre affectant le lessivage des polluants. (Chui, 1997) qui ont étudié la
qualité de ruissellement sur deux bassins versants adjacents en Singapore, ont trouvé que les
concentrations de MES et de COD sont largement influencées par la durée de temps sec, alors
que les masses de ces polluants sont corrélées au volume ruisselé. (Neary et al., 2002) ont
montré que la durée de temps sec et I'intensité de la pluie ont un effet sur le lessivage des
particules sur des parkings a Cookeville, Tennessee aux Etats-Unis. Ceci a aussi été constaté
par (Yaziz et al., 1989) pour les toitures. Par contre, (Hoffman et al., 1982) n’ont pas trouvé des
effets significatifs de la durée de temps sec sur le lessivage. Cela montre que comme pour

I’accumulation, les effets de cette variable sur le lessivage n’est pas tres clair.

Les conditions météorologiques ne sont pas les seuls facteurs qui impactent
'entrainement des particules. (Berretta et al., 2007) ont trouvé que la dynamique du lessivage
est influencée non seulement par les parametres hydrologiques et notamment le temps de
réponse du bassin versant mais aussi par les caractéristiques du bassin versant et la nature des
polluants. (Chen and Adams, 2007) ont noté que les types et les conditions des chaussées, la
taille des particules, le nettoyage des chaussées et la densité de la circulation influent le taux

de transport des polluants.

L’érosion des particules pendant un événement pluvieux est gouvernée par deux

mécanismes : le détachement et le transport (Rose, 1985).

Le détachement des particules s’effectue sous l’action des gouttes de pluie et du
ruissellement. Le role que joue la pluie comme un agent érosif est bien connu (Ellison, 1945).
L’énergie cinétique dissipée lors de l'impact des gouttes de pluie est a l'origine de la
désagrégation et du détachement des particules qui sont présentes sur la surface lors d'un
événement pluvieux. Les facteurs qui influencent I’érosivité de la pluie incluent I'intensité de
la pluie, la taille des gouttes, leur vitesse et angle d’impact. Le détachement par les gouttes

dépend aussi de la hauteur de la lame d’eau qui se forme sur la surface. Au-dela d’une hauteur
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seuil, cette lame d'eau agit comme un agent protecteur qui réduit la fraction susceptible d’étre
détachée (Hairsine and Rose, 1992a; Proffitt et al., 1991). Le détachement des particules par le
ruissellement s’effectue sous l'action de la contrainte de cisaillement qu’exerce 1’écoulement
sur la surface et de son énergie (Giménez and Govers, 2002; Hairsine and Rose, 1992a, 1992b).
Il est lié a la pente et aux caractéristiques de I'écoulement qui sont la vitesse et la hauteur. La
résistance des particules au détachement dépend de leur cohésion interne, cependant dans le
contexte urbain, celle-ci est supposée nulle (Hong et al., 2016a). Les études qui ont investigué
I'érosion des sédiments dans un contexte urbain ont mis en évidence la prépondérance du
détachement par les gouttes de pluie stimulé par 1'énergie cinétique des gouttes par rapport
au détachment par ruissellement (Hong et al., 2016a; Mackay et al., 1999). Cependant, (Vaze
and Chiew, 2003) ont souligné I'importance de la force de cisaillement provoquée par le
ruissellement de surface pour détacher les particules et ils ont noté que I’effet des gouttes de
pluie, tres important au début de I'événement, se réduit progressivement au fur et a mesure

de I'événement en raison de la diminution du stock mobilisable.

Apres leur détachement, les particules sont entrainées principalement par le
ruissellement. Un transfert local des particules peut avoir lieu sous I'impact de la goutte de
pluie et qui est désigné par l'effet « splash » ou les particules s’arrachent de la surface et se
déposent immédiatement aux alentours directs du point d'impact. Cependant cet effet est
souvent négligé et pas pris en compte comme agent de transport. L’entrainement peut étre lié
a la capacité de transport de 'écoulement (Foster, 1990), ou bien a la vitesse de sédimentation
des particules qui sont détachées et mises en suspension dans la lame d’eau (Hairsine and

Rose, 1992a, 1992b).

Durant un événement pluvieux, seule une fraction du stock est éliminée par le
ruissellement (Hong et al., 2016a). L'étude expérimentale de (Vaze and Chiew, 2002) montre
qu'un événement pluvieux significatif de 39,4 mm n’est capable d’entrainer que 35 % des
polluants totaux. (H. Zhao et al., 2016) ont trouvé des résultats similaires, ou la comparaison
du stock avant et apres deux événements pluvieux montre que 30% et 40% du stock est
mobilisé par les événements ayant une hauteur précipitée égale a 2 et 23 mm respectivement.
Les coefficients de lessivage qui correspondent au ratio entre la masse accumulée et la masse
entrainée calculés par (Egodawatta et al., 2007) montrent qu'un événement pluvieux a une
capacité a mobiliser une fraction des particules disponible et que cette fraction dépend de
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l'intensité de pluie, ou les coefficients de lessivage des événements peu intenses ne dépassent

pas 40%.

L’analyse granulométrique de la fraction lessivée pour déterminer la distribution des
tailles des particules dans le ruissellement révele que la majorité des sédiments mobilisés lors
d’un événement pluvieux appartiennent a la fraction fine. Cette analyse est tres importante
puisqu’elle aide a la sélection des outils de traitement appropriés pour l'enlevement des
sédiments de différentes tailles. (Hong et al., 2016a) ont trouvé que les particules fines < 50um
représentent plus de 90 % de la charge totale de MES véhiculée dans les eaux de ruissellement
a l'avaloir d’un bassin versant routier. (H. Zhao et al., 2016) ont aussi noté la nature fine des
particules dans les eaux de ruissellement ot la contribution des particules <105um ala charge
totale lessivée était 64 a 80 %. Les distributions des dimensions des particules mesurées par
(Charters et al., 2015) dans le ruissellement de quatre surfaces urbaines distinctes sont les plus

concentrés autour des tailles entre 60 et 100 pm.

3.3. Modélisation

Les modeles développés pour étudier ’hydrologie en milieu urbain sont basés sur trois

blocs :
» Bloc production : décrit la génération du ruissellement ou la pluie est
transformée en débit ruisselé en utilisant les modeles hydrologiques.
> Bloc pollution : décrit la génération des polluants pendant le temps sec et leur
mobilisation dans I'écoulement en utilisant les modeles de qualité.
> Bloc transfert : décrit le transfert du débit et des polluants en utilisant les
modeles de transfert.
Dans cette partie nous dressons un bilan sur les modeles hydrologiques et les modeéles
de qualité.

3.3.1. Modélisation hydrologique et fonction de production
Les modeles hydrologiques sont développés dans le but d’évaluer les effets de

I'urbanisation sur le cycle de I'eau, de compenser le manque de données fiables sur les bassins
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versants non instrumentés et de faire des prévisions des crues et des scénarios de changement

climatique (Salvadore et al., 2015).

Les modeles hydrologiques classiques utilisés en milieu urbain ont une fonction de
production basée sur la représentation des pertes. Les pertes sont classées en deux catégories :
les pertes initiales et les pertes continues. Les pertes initiales comprennent ’humidification de
la surface, l'interception et le stockage dans les dépressions alors que les pertes continues
comprennent l'évapotranspiration et l'infiltration (Ramier et al.,, 2010). Le principe de ces
modeles repose sur I'idée de retirer a la pluie brute la valeur des pertes initiales en début
d'événement pluvieux. . Dans un second temps, ces modeles appliquent soit un coefficient de
ruissellement constant pour tenir compte des pertes continues, soit un coefficient de
ruissellement qui varie dans le temps. Le ruissellement, ou pluie nette est déduit de cette
approche. Ce concept de représentation des pertes est largement appliqué dans les logiciels de
simulation du ruissellement tels que CANOE (INSAVALOR, 1997), STORM (US Army Corps

of Engineers, 1977).

Cependant des modeles plus sophistiqués sont développés pour tenir compte de divers
processus du cycle hydrologique dont le degré de complexité reflete I'objet de la modélisation.
(Salvadore et al., 2015) ont classé les modeles selon I"objectif de leur application, et ils ont ainsi

distingués les catégories suivantes :

e Variation de 'occupation du sol et de pourcentage d'imperméabilité

e Bilan hydrique conceptuel intégré

e Inondation et Conception des systemes de protection contre les inondations et
de drainage

e Sols urbains et eaux souterraines

¢ Climat urbain

e Modélisation intégrée a base physique

Les modeles hydrologiques peuvent aussi étre classés selon leur discrétisation spatiale,
leur discrétisation temporelle et la nature des variables (Zoppou, 2001). Le tableau ci-dessous

résume les différents types de modeles hydrologiques (Table 3-1).
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Table 3-1 Typologie des modéles hydrologiques

Critere de classification Type de modéle Commentaire
Discrétisation spatiale Global Pas de variabilité spatiale
Semi-distribué Sous bassins versants
Distribué Maille
Elément hydrologique
Discrétisation temporelle  Continue Simulations en continue pour plusieurs événement pluvieux
événementielle Simulation pour un seul événement pluvieux
Nature des variables Déterministe valeurs uniques
Stochastique une distribution de probabilité

Méme les modeles hydrologiques les plus simples donnent des estimations
satisfaisantes des parametres quantitatifs de I'eau de ruissellement en milieu urbain en

revanche des modeles de qualité dont la performance n’est pas satisfaisante.

3.3.2. Modélisation de qualité

Les outils de modélisation de la qualité des eaux de ruissellement qui permettent
d’estimer les masses et les flux de polluants rejetés sont développés depuis une quarantaine
d’années. Les modeles proposés varient en fonction des approches adoptées, de leur
complexité, de la masse de données nécessaire pour leur calage et validation et du temps de

calcul qu’ils exigent (Merritt et al., 2003; Obropta and Kardos, 2007; Zoppou, 2001).

En termes de description des processus, les modeles de qualité sont classés en trois
catégories qui présentent un degré croissant de complexité : empiriques, conceptuels et
physiques. Les modeles empiriques n’incluent aucune notion sur les mécanismes qui
contrOlent la génération des polluants. Ils sont développés a partir des régressions établies
entre les masses et les concentrations mesurées sur un site spécifique et les caractéristiques du
site et de la pluviométrie. Leur application est alors limitée au site pour lequel ils sont dérivés.
Les modeles conceptuels sont basés sur la simulation des processus d’accumulation et de
lessivage. Ils sont dérivés a l'issue des études expérimentales et tendent a simuler le
comportement observé des polluants. Leurs formulations incluent des parametres qui n’ont
pas un sens physique et qui sont déterminés par calage. Les modeles physiques de qualité sont
notamment basés sur la reproduction des mécanismes d’érosion et de transport pour la
description de la mobilisation des sédiments, en partant du principe de la conservation de

masse et en appliquant les lois d’advection-diffusion. Ils simulent le flux de sédiment qui sera
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transporté dans la lame d’eau apres le détachement et le dépot. Le degré de complexité dans

ces modeles est souvent élevé et les approches impliquées sont tres sophistiquées.

Les modeles empiriques sont écartés dans cette étude vue la simplification excessive
des processus. Dans les parties qui suivent, nous présentons une description et une discussion
des modeles développés pour la simulation des processus d’accumulation et de mobilisation

selon les approches conceptuelles et physiques.

3.3.21. Modélisation de ’accumulation
Des nombreux chercheurs ont formulé des relations fonctionnelles pour décrire
I'accumulation des polluants qui résulte de deux processus de base : le dépdt et la disparition,
en fonction de la durée de temps sec qui sépare deux événements pluvieux. L’accumulation
des particules sur les surfaces évoluent avec le temps principalement suivant deux fonctions :

exponentielle et puissance (Kang et al., 2006).

(Sartor et al., 1974) sont les premiers a proposer le modele exponentiel qui décrit la
relation entre la masse accumulée et le temps sec précédent. Par la suite, ce concept a été
largement adopté pour la modélisation de I’accumulation des polluants dans de nombreuses
études (Chen Jieyun and Adams Barry J., 2006; Novotny et al., 1985). Le modele qu’ils ont

proposé est donné par les équations suivantes (Sartor et al., 1974):

dM,(t) €
dt - K(Mmax - Ma(t))

2
M,(DTS) = Mp,q, [1 — e KPTS] + M, e KDTS

Avec: M, (t) est la masse des particules accumulée pendant la durée t (m) ; K est le parametre
d’accumulation (T") ; M4, est la masse maximale des particules déposée sur la surface (m) ;

M, est la masse résiduelle des particules de I’événement pluvieux précédent (m).

(Shaheen, 1975) ont proposé la méme formulation exponentielle pour modéliser les dépdts
prélevés sur une chaussée pour différentes périodes de temps sec mais sans tenir compte de
la masse résiduelle. Leur formulation est basée sur '’hypothese que le stock initial au début
d'un événement pluvieux est nul, en supposant le lessivage totale des dépdts

indépendamment des caractéristiques de la pluie. (Alley and Smith, 1981) ont repris la
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formulation de (Sartor et al., 1974) et ils 'ont modifiée en ajoutant un parametre

supplémentaire. Les équations qu’ils ont proposées sont :

dM,(t)
dat = Daccusimp — DeroMg(2) ©)

Daccu

M (DTS) = —

Simp[l - e_DeroDTS] + MrSimpe_DeroDTS (4)
ero

Avec : M, (DTS) est la masse des particules accumulées pendant la durée de temps sec DTS
(Masse) ; Dgcey est le taux d’accumulation (Masse.T™) ; Dy, est le taux d’érosion (T) ; Sjy,, est
la surface imperméable (L?) ; M, est la masse résiduelle des particules de I'événement pluvieux

précédent (Masse).

(Ball et al., 1998) ont établi plusieurs régressions entre la masse des polluants
accumulée et la durée depuis le dernier événement de lessivage. Ils ont montré que les
fonctions puissance et hyperbolique sont les plus appropriées pour déterminer le stock de
sédiments. La fonction puissance décrit une tendance de la masse a augmenter avec le temps
sec mais a un taux décroissant. Par contre, la fonction hyperbolique décrit une tendance
asymptotique de la masse vers une valeur constante apres une certaine durée, ce qui est plus
en accord avec les résultats de (Sartor et al., 1974). La fonction puissance est aussi jugée la
meilleure a représenter la relation entre la masse accumulée et la durée de temps sec selon

I’étude menée par (Egodawatta et al., 2009). Elle est donnée par 1'équation suivante :

M, = aDTS? ®)
Avec : M, est la masse accumulée pendant la durée DTS (Masse); DTS est la durée de temps

sec ; a et b sont deux parametres de a caler.

Les modeles qui simulent le processus d’accumulation s’appuient sur la durée de
temps sec comme la variable explicative la plus importante, mais des chercheurs ont proposé
des formulations qui incluent d’autres variables. (James and Shivalingaiah, 1986), en se basant
sur l'approche du bilan massique pour calculer la masse accumulée sur la surface. Ainsi, ils
ont proposé une équation de flux massique dans laquelle ils ont calculé les masses déposées
et éliminées en intégrant les sources de polluants anthropiques et naturelles. Les contributions
des dépots atmosphériques, des automobiles, de la dégradation des chaussées, ainsi que des
sources naturelles ont tous été inclus dans leur modele. Dans ce cas le processus

d'accumulation est divisé en "accumulation positive" qui représente le dépodt et "accumulation
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négative" qui représente les masses éliminées. Le taux d'accumulation réel disponible pour
I'entrainement par le ruissellement est alors la différence entre les deux. Cependant,
I'application de ce modele n’est pas réaliste vu sa complexité et le fait qu’il integre un tres
grand nombre de parametres qui ne sont pas mesurés directement sur le site et qui nécessitent

donc d’étre calés.
» Discussion

Bien que des efforts soient faits pour quantifier les différentes composantes de
I'accumulation, tous les modeles développés consistent en des formulations purement
empiriques dans lesquelles I'accumulation est décrite en fonction de la période de temps sec.
Cependant, s’appuyer sur la durée de temps sec comme la seule variable explicative qui
domine les fractions de solides accumulées sur les surfaces n’est pas réaliste et son role dans
le processus de production de pollution est remis en question (Charbeneau and Barrett, 1998).
(Whipple Jr et al., 1977) ont critiqué fortement I’hypothese de la dépendance entre la durée de
temps sec et la masse accumulée des polluants, ou les simulations de qualité qu’ils ont conduit
ne concordent pas avec le postulat qui régit la relation entre les charges polluantes et le temps
sec. Pareillement, (Bedient et al., 1978) ont considéré que l'effet de la durée de temps sec

examiné sur les charges totales pour trois polluants sur deux sites différents est négligeable.

D’autre part, des larges incertitudes sont liées a l'estimation des parametres
d’accumulation dans ces modeles. (Kanso, 2004) ont trouvé que les parametres d’accumulation
Dgccu et Dero sont corrélés ce qui signifie que le modele proposé par (Alley and Smith, 1981)
est sur-paramétré. En plus des larges incertitudes sont liées a leurs valeurs estimées auxquelles
le modele n’est pas du tout sensible. (Dotto et al., 2011) sont arrivés aux mémes conclusions
pour le modele asymptotique de (Sartor et al., 1974) ou ils n’ont pas pu identifier des valeurs

optimales pour les parametres d’accumulation qui sont le stock maximal et le taux d’érosion.

Pour comprendre les raisons des lacunes des modeles usuels d’accumulation, il faut
revoir comment les formulations sont dérivées. En fait, ces formulations doivent étre calibrées
pour chaque site. Les données a partir desquelles les modeles d’accumulation sont dérivés
correspondent a des prélevements « ponctuels » sur des positions précises qui ne sont pas

soumises nécessairement aux mémes conditions de turbulence que d’autres positions sur le
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méme bassin versant. Ainsi, elles ne peuvent pas étre transposées sur une surface plus grande

sans que cela n’engendre des problemes de non-représentativite.

La variabilité du processus d’accumulation au sein du méme bassin versant est tres
forte. L’étude de (Deletic and Orr, 2005) donne un bon exemple a ce sujet en montrant des
différences significatives dans les charges accumulées en termes de quantité de stock et en
termes de distribution des tailles de particules sur une distance inférieure a 10 metres.
(Wijesiri et al., 2015a) ont montré que la variabilité de 'accumulation pour la méme occupation
de sol est controlée par le comportement des particules, dépendant de leurs tailles. Ils ont
trouvé que la fraction des particules ayant un diametre < 150um diminue pendant le temps sec
alors que la fraction des particules ayant un diametre > 150um augmente. L’application du
modele puissance proposé par (Ball et al., 1998) pour simuler ces comportements n’est vérifiée
que pour les particules > 150 um. La fraction fine a aussi une plus grande influence sur la
variabilit¢ du processus d'accumulation des polluants que la fraction grossiere. Ces
informations sont négligées dans les approches de modélisation de l’accumulation bien
qu’elles doivent étre prises en compte puisque le processus d’accumulation est un processus
dynamique. Les particules qui sont accumulées sur les surfaces peuvent subir une
redistribution en fonction de leur position, qui détermine a quel degré elles sont affectées par
le trafic (Patra et al., 2008) et le balayage des chaussées (Vaze and Chiew, 2002) et en fonction
des conditions météorologiques en temps sec et notamment du vent (Shao, 2008). Les
processus de redistribution qui incluent la remise en suspension, l'agrégation, et la
fragmentation, modifient la distribution des tailles des particules et par suite le comportement
de ces particules pendant le temps sec et pendant le temps de pluie. De plus, dans la plupart
des études de modélisation, il n'est généralement pas possible de mesurer directement
I'accumulation des constituants de la qualité de I'eau sur un bassin hydrographique urbain.
Par conséquent, I'accumulation des constituants et la charge initiale du bassin hydrographique
sont déduites de la quantité qui est emportée par les eaux de ruissellement. Ceci implique que
le stock modélisé est sous-estimé comme les particules entrainées sont en majorité des

particules fines (Hong et al., 2016a).

La variabilit¢ de l'accumulation dépend aussi de l'occupation de sol. Les

concentrations des polluants rapportées par (Gobel et al., 2007) sont plus élevées pour les
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chaussées et les parkings que pour les toitures a I'exception du cuivre et du zinc. (Egodawatta
et al.,, 2009) ont aussi trouvé que les charges de particules recueillies sur les toitures sont
significativement moindres par rapport a celles collectées sur les chaussées en plus elles ont
plus fines. Ceci montre que I'application d'une seule formulation d’accumulation sans tenir
compte de ces hétérogénéités va induire des erreurs dans l'estimation du stock et par suite

dans les sorties des modeles a I’exutoire.

Pour tenir compte de toutes ces sources d’incertitude qui résultent de la variabilité du
processus d’accumulation, (Charbeneau and Barrett, 1998) ont proposé de modéliser le stock
initial comme une variable aléatoire logarithmique normalement distribuée. Les modeles
probabilistes de la qualité des eaux de ruissellement qui sont développés tiennent compte
partiellement de cette variabilité, en transformant les distributions probabilistes des
précipitations en distributions de polluants (Chen and Adams, 2007; Osman Akan A., 1988).
Dans certains modeles, I'accumulation n’est pas prise en compte en supposant qu’il existe un

stock infini de polluant sur la surface (Escrig et al., 2011; Hong et al., 2016a).

3.3.2.2. Modélisation du lessivage

Les modeles les plus couramment utilisés pour calculer la charge transférée par le
ruissellement sur les surfaces urbaines sont dérivés de la formulation de fonction
exponentielle. Cette fonction estime la concentration décroissante de polluants accumulés
durant le temps sec en fonction du temps qui s'est écoulé depuis le début de I'événement
pluvieux. L’une des premieres formulations de lessivage a été proposée par (Sartor et al., 1974)
en se basant sur les résultats expérimentaux qu’ils ont obtenus. Leur formulation suppose que
le taux de lessivage des particules est proportionnel au produit de la masse disponible des

dépots et I'intensité de pluie. Elle est donnée par les expressions suivantes :

dMg(t) ]
T —K,,i(t)Mgy(t) (6)
Mepr(t) = Mo(l —e” Wi(t)t) @)

Avec : M,(t) est la masse de solides déposée a l'instant t (Masse); K, est le coefficient de
lessivage ;i(t) est]’intensité de pluie (mm.T-1) ; M., (t) est la masse érodée par le ruissellement

a l'instant t (Masse/m?) ; M, est la masse de dépot disponible initiale (Masse/ m?).
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Différentes études ont adopté ce méme concept mais ils ont introduit quelques
ajustements sur sa formulation. (Alley and Smith, 1981) ont modifié ce modele en supposant
que le taux de ruissellement est plus important que l'intensité de pluie comme une variable

explicative, ainsi ils ont simulé le lessivage avec la formulation suivante :

M, (t) = Mo(l - e—Kwr(t)t) (8)

Avec : r(t) est le taux de ruissellement (mm.T").

(Chen and Adams, 2006) ont considéré que les caractéristiques du ruissellement ont une plus
grande influence sur le lessivage et du coup ils ont substitué I'intensité de pluie par le volume
de ruissellement dans le modele de (Sartor et al., 1974). (Barbé et al., 1996) se sont aussi basés

sur le volume ruisselé pour calculer la masse lessivée selon une fonction puissance donnée

par:

Merr () = kyv(D)* (9)

Avec : v(t) est le volume ruisselé a I'instant t ; a est I’exposant de lessivage.

Le modele de lessivage proposé par (Sartor et al., 1974) suppose que tous les dépots sur
la surface peuvent étre lessivés sil'événement dure assez longtemps. Cependant, (Egodawatta
et al., 2007) ont trouvé que ce principe n’est pas correct comme leurs résultats expérimentaux
ont bien montré que seulement une fraction est entrainée par le ruissellement et que celle-ci
dépend de l'intensité de la pluie. Par conséquent, ils ont introduit un coefficient de capacité
dénoté Cr dont la valeur dépend de l'intensité de 1'événement pluvieux et ils ont remplacé la
masse lessivée par la « fraction lessivée » F,, qui est le rapport entre la masse lessivée et la

masse disponible initiale. Le modele qui en résulte est alors donné par :

Mg (t .
FW =%()=CF(1_3_ wl(t))
0

(10)

En addition aux formulations exponentielle et puissance, le lessivage peut étre
modélisé avec de formulation de type « rating curve » qui permet d’estimer le transport des
particules en fonction du taux de ruissellement. Ce modéle est implémenté dans SWMM

(Rossman, 2010). Il integre deux parametres C; et C,, et il est donné par 1’équation suivante :

Merr(t) = MoleCZ (11)
Avec: C; estle coefficient de lessivage ; C, est 'exposant de lessivage ; Q est le taux de ruissellement

(mm.T1).
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Bien que le modele exponentiel soit le plus utilisé pour simuler le lessivage, et qui est
incorporé dans plusieurs logiciels hydrologiques (SWMM, MUSIC, CANOE, FLUPOL,
STORM...) certains chercheurs ont tenté de mettre au point des modeles physiques fondés sur
la simulation des mécanismes d’érosion. (Akan A. Osman, 1987) ont développé un modele
d’érosion qui décrit le lessivage sous l'action de l'écoulement sur la surface ou le taux de
détachement des polluants est supposé proportionnel a la contrainte de cisaillement du
ruissellement et a la masse de polluant initial disponible sur la surface. L'impact des gouttes
de pluie dans ce modele est négligé. (Tomanovic and Maksimovic, 1996) ont proposé un
modele d’érosion qui tient compte de I'énergie cinétique des gouttes de pluie en addition a la
contrainte de cisaillement de ruissellement pour modéliser I'entrainement des dépdts, tout en
supposant qu'aucune sédimentation ne peut se produire pendant le transport des solides vers
les avaloirs. Dans une étude plus récente, (Shaw et al.,, 2006) ont développé un modele
d’érosion dans lequel les particules sont arrachées de la surface uniquement sous I'action des
gouttes de pluie et transportées latéralement par le ruissellement tout en tenant compte de
leur re-déposition. L'équation qui décrit le détachement des particules est proposée par (Lisle
et al., 1998) alors que le mécanisme de dépodt est adapté de (Hairsine and Rose, 1991). Les
équations de Hairsine-Rose sont aussi adaptées dans une étude récente par (Hong et al., 2016a)
qui ont décrit en détail le mécanisme d’érosion en modélisant les deux processus d’érosion

ainsi que le processus de dépot.
> Discussion

Les formulations de lessivage qui sont utilisées dans la plupart des modeles existants
sont des formulations conceptuelles basées sur la description exponentielle de la dynamique
de transport des polluants par le ruissellement qui contiennent au moins un parametre quin'a
pas de sens physique. Les limitations de ce modele sont bien décrites par (Duncan, 1995). En
fait, il explique que le modele exponentiel basé sur l'intensité de la pluie comme variable
explicative ne peut pas simuler les pics de concentrations qui peuvent apparaitre a n'importe
quel moment de I'événement pluvieux a part les pics qui apparaissent au début, ce qui a aussi
été noté précédemment par (Alley, 1981). Ainsi, la proportionnalité entre 1'intensité de pluie
et les concentrations simulées n’est pas conservée ; méme s’il y a une augmentation dans la
masse de polluant véhiculée, la concentration simulée conservera un taux décroissant. Cela
montre que I'effet de I'intensité de pluie n’est pas bien pris en compte dans cette formule. Pour
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surmonter cette limitation, le taux de ruissellement a été utilisé comme la variable explicative
dans une fonction puissance pour décrire le lessivage (Huber et al., 1988). Cependant, selon
(Duncan, 1995) ces variables sont corrélées, ce qui fait qu'il est tres ditficile d’évaluer I'effet de

chaque facteur.

Le lessivage dans les modeles conceptuels est souvent représenté comme étant « limité
a la source » c.a.d que I'épuisement du stock disponible sur la surface entraine la fin du
lessivage. En se basant sur ce concept, si un événement pluvieux dure suffisamment sous une
intensité convenable, il est capable a transporter la totalité du stock dont I’accumulation avant
I'événement suivant repart de zéro (Alley, 1981; Rossman, 2010). Cependant, différentes
études ont montré que seulement une fraction du stock est entrainée durant un événement
pluvieux (Vaze and Chiew, 2002; Zhao et al., 2010) ce qui suggere que la masse dans ce cas
n’est pas un facteur limitant pour le lessivage mais que c’est plutot la capacité de transport du
ruissellement. Néanmoins, (Sheng et al., 2008) ont montré que le lessivage « limité a la source »
prédomine le lessivage « limité par le transport » a I'issue de la classification de 42 événements
. IIs ont trouvé que les événements de premier flot sont « limités a la source » alors que les
événements ou la masse varie linéairement avec le volume ruisselé sont « limités par le
transport ». Cela a été confirmé par (H. Zhao et al., 2016) qui ont traité cette question en
caractérisant les stocks présents sur la surface et la masse lessivée. Ils ont trouvé notamment
que le processus de lessivage en réalité n’est qu'une combinaison entre les deux facteurs qui
dépendent de la durée et l'intensité de I'événement ainsi que la distribution de taille des
particules présentes dans le stock. Ainsi ils ont montré que le lessivage des particules fines et
pendant les longs événements est « limité a la source » alors que le lessivage des particules
grossieres et pendant les événements courts est « limité par le transport ».Ces points de vue
contradictoires soulignent le fait que le concept de lessivage est tres complexe et variable et
que cela est mal représenté dans les modeles conceptuels actuels. La mauvaise compréhension
des facteurs qui interviennent dans le processus de lessivage freine 1'objectif de développer un

modele simple qui reproduit correctement ce qui se passe pendant un évenement pluvieux.

Les lacunes des modeles conceptuels n’ont pas empéché leur diffusion, mais elles ont

incité certains chercheurs a proposer des améliorations ou des alternatives.
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Pour avoir de meilleures estimations des pollutogrammes et des charges mobilisées
pendant un événement pluvieux, plusieurs chercheurs ont eu recours aux lois physiques pour
décrire le lessivage. Ainsi le lessivage a été présenté comme étant le transport des particules
qui se retrouvent dans I"écoulement suite a I'équilibre qui a lieu entre les particules qui se
détachent sous les impacts des gouttes de pluie et la contrainte de cisaillement de 1’écoulement
et les particules qui se déposent sur la surface (Duncan, 1995). L’application de ce principe
varie d'une étude a I'autre ou certains indiquent que le détachement par I'énergie cinétique
est la force motrice d’arrachement des particules (Shaw et al., 2006) alors que d’autres ne
prennent en compte que le détachement par I'énergie de I'écoulement (Akan A. Osman, 1987).
Le mécanisme de dépot n’est pas aussi considéré dans certains modeles physiques (Deletic et
al., 1997). Cela montre qu’il n’'y a pas un accord général sur un modele global pour décrire la
physique du processus de lessivage. (Akan, 1987) ont méme conclu qu’il n'est pas possible de
parvenir a un modele opérationnel exhaustif strictement basé sur la physique. Par exemple, le
modele d’érosion proposé par (Shaw et al., 2006) et par (Hong et al., 2016a) basé sur les
équations de (Hairsine and Rose, 1991) contient un parametre qui est le coefficient de
détachement qui n’a pas de signification physique : il est déterminé soit par I'expérimentation
soit par calage. Les prédictions obtenues par les modeles physiques quand elles sont
confrontées aux mesures, elles ne sont pas tres satisfaisantes. (Shaw et al., 2006) ont trouvé que
leur modele appliqué sur un canal expérimental sous-estime la masse érodée pour les faibles
valeurs et surestime les valeurs plus élevées. La comparaison entre les pollutogrammes de
MES mesurés et simulés pour un petit bassin urbain routier en se basant sur les criteres de
Nash et de RMSE par (Hong et al., 2016a) montre une performance limitée du modele avec des
déviations importantes des valeurs simulées par rapport aux valeurs mesurées. Ces résultats
remettent en question la capacité des modeles physiques a substituer les modeles conceptuels
pour avoir une meilleure estimation de la contamination en temps de pluie. La représentation
du lessivage dans les modeles physiques est sans doute améliorée en terme de description des
processus cependant I’application de ces modeles pour des cas réels étendus se révele limitée.
Premierement, la mise en ceuvre des modeéles physiques nécessite une base de données énorme
pour estimer leurs parametres qui peuvent étre mesurés directement sur le site ou bien calés
et qui engendrent aussi des larges incertitudes (Merritt et al.,, 2003). En second temps,

I'application d’équations physiques validées pour des surfaces élémentaires sur des bassins
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versants plus larges manque de justification et a été mise en question (Merritt et al., 2003). Les
colits temporels et financiers pour utiliser les modeles physiques d’érosion présentent une

limitation majeure pour leur application en dehors de 1’objectif de recherche.

(Wijesiri et al., 2015b) ont proposé d’améliorer la modélisation conceptuelle du
lessivage et ceci en tenant compte de la variabilité de lessivage qui est liée a la taille des
particules. Ainsi, ils ont distingué la dynamique de lessivage des particules < 150um et des
particules > 150um et ceci en attribuant a chaque classe de particule des valeurs différentes
pour les parametres du modele de lessivage exponentiel. Cette méthodologie a réussi a prédire
les masses totales lessivées pour les différents événements pluvieux qui ont été simulés.
Cependant, une question se pose sur l'application de cette méthodologie a grande échelle,
pour des événements pluvieux réels. La distinction de différents seuils selon lesquels les
particules sont réparties dans les différentes classes de taille pour les événements réels n’est
pas facile (Hong et al., 2016b) et la paramétrisation pour chaque fraction de particule

entrainera une sur-paramétrisation et des incertitudes.

3.4. Conclusion

La contamination diffuse des eaux de ruissellement en milieu urbain par les substances
toxiques représente une menace qui ne cesse de croitre sur les écosystemes. L’état actuel des
connaissances sur les processus qui gouvernent la génération et le transfert de la pollution
dans le ruissellement vers les milieux récepteurs est loin d’étre suffisant. Les processus
montrent une variabilité importante a différentes échelles et cela se reflete en une mauvaise
performance des modeles de qualité des eaux urbaines qui souffrent des grosses lacunes en

termes de prédiction des flux de polluants véhiculés vers les milieux récepteurs.

Il est ainsi nécessaire de définir une stratégie qui permet de répondre aux questions
relatives a la compréhension des processus d’accumulation et de lessivage et a I’approche de
modélisation a adopter tout en tenant compte de besoins, des données disponibles et des

objectifs a atteindre.
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Partie 4. Compréhension des processus de production et de
mobilisation des contaminants a I’échelle locale : modélisation
et études expérimentales

L’échec des modeles conceptuels de qualité de I'eau a reproduire les pollutogrammes
et a donner une bonne estimation des flux a I’exutoire des bassins versants urbain est souvent

lié a deux raisons principales (Kanso, 2004) :

e La quantité et la qualité des données utilisées pour le calage et la validation

¢ Le manque des connaissances sur les processus mis en jeu

Cependant, les campagnes expérimentales menées dans le cadre du projet Trafipollu a
I’échelle locale permettent de surmonter ces limites en mettant a notre disposition des bases
de données tres riches. Ainsi, dans cette partie nous présentons la stratégie que nous avons
développée pour approfondir les connaissances sur les processus d’accumulation et de
lessivage a I’échelle locale du bassin versant routier. La stratégie s’appuie a la fois sur (1) un
travail de modélisation des dynamiques d’émissions de MES a l’exutoire de la chaussée en
exploitant les mesures en continu de la quantité et de la qualité comme données d’entrée aux
modele et de confrontation aux simulations respectivement ; (2) I'évaluation de la contribution
des dépdts secs atmosphériques a la contamination des eaux de ruissellement pour évaluer la
pertinence de coupler les modeles atmosphériques aux modeles de la qualité des eaux de
ruissellement, en exploitant les données des concentrations des HAPs et des métaux dans
I’atmosphere, les poussieres de la surface et I'eau de ruissellement ; et (3) la compréhension
du lien entre 'accumulation et le lessivage en exploitant les données de dépots secs et les
données issues des expérimentations de lessivage réalisées en conditions controlées a I'aide
d’un simulateur de pluie sur les surfaces urbaine en temps réel. La synthese de ces travaux et
les principales conclusions obtenues ainsi que le bilan des messages principaux de cette partie
sont présentés dans les sections suivantes. Les chapitres 1, 2 et 3 correspondent aux articles

suivants :

o “Evaluation of the Performance and the Predictive Capacity of Build-Up and Wash-Off
Models on Different Temporal Scales” (2016, Water,8,(8),312).
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o “Contribution of atmospheric dry deposition to stormwater loads for PAHs and trace
metals in a small and highly trafficked urban road catchment” (2017, Environmental
Science and Pollution Research, doi:10.1007/s11356-017-0238-1).

o “Investigation of the wash-off process using an innovative portable rainfall simulator
allowing continuous monitoring of flow and turbidity at the urban surface outlet”

(2017,Science of the Total Environment,609,17-26).
Le chapitre 4 correspond au bilan des messages principaux dans cette partie.
> Chapitre 1

Grace a la disponibilité d'une base de données riche de mesures en continu de débit et
de turbidité a l'exutoire du bassin versant routier, la capacité des modeles conceptuels
d’accumulation et de lessivage a simuler et a prédire correctement la variabilité temporelle des
concentrations en MES est évaluée. Les modeles sont calés avec un algorithme de type Monte
Carlo par chaine de Markov (Hasting, 1970) qui permet aussi de quantifier les incertitudes

liées aux valeurs estimées des parametres.

Un travail similaire a été fait antérieurement sur une petite chaussée urbaine (800 m?),
moyennement fréquentée (8000 véhicules/jours) située dans la commune de Sucy en Brie (94)
(Sage et al., 2015). Dans cette étude, les données de débit et de turbidité acquises en continu
sur une période de 11 mois ont été utilisées pour la mise en ceuvre des modeles
d’accumulation-lessivage qui sont calés et validés sur différentes périodes afin de simuler les
flux et la dynamique des concentrations de MES. Les résultats obtenus soulignent que sur des
longues périodes, 1'accumulation décrite en fonction de la durée de temps sec est assez
imprévisible. Si cela explique en partie le pouvoir prédictif limité du modele conceptuel
d’accumulation-lessivage a simuler la dynamique d’émission de MES, le modele de lessivage
aussi contribue a la faiblesse du pouvoir prédictif, car il ne réussit pas a reproduire
systématiquement les fluctuations des concentrations mesurées. En termes de flux, le modele
aboutit a des meilleurs résultats qui pourraient cependant étre obtenus a ’aide des modeles
simples de concentration moyenne et qui sont actionnés principalement par la bonne

estimation des volumes ruisselés.
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Ces résultats nous ont poussés a réfléchir a une méthodologie d’analyse plus
approfondie et détaillée qui nous permet d’avoir une meilleure compréhension de la
variabilité de la performance du modele d’accumulation-lessivage. Cela est aussi motivé par
la qualité des données acquises sur le bassin versant d’Alsace Lorraine. Nous avons en effet
été confrontés a plusieurs problemes techniques dans le dispositif de mesures du débit mis en
place sur le site de Sucy en Brie (systeme a augets basculants), ce qui a généré des périodes
d’absence de mesure pour des semaines entieres. En plus, la forte variabilité des mesures de

turbidité a entravé le calage du modele sur toute la période de mesure.

La méthodologie de recherche ainsi développée et appliquée sur le bassin versant
routier consiste a évaluer dans un premier temps le modele de lessivage exponentiel en
réalisant des calages a I'échelle événementielle, et les modeles d’accumulation exponentielle
et puissance en réalisant des calages en continu sur des périodes courtes de 3, 6 ou 9
événements pluvieux successifs. Dans un second temps, le pouvoir prédictif a court terme du
modele accumulation-lessivage est évalué a 1’échelle inter-événementielle et a 1'échelle intra-

événementielle avec une approche d’assimilation de données.

Les résultats montrent que la performance du modele de lessivage dépend du type
d’évenement vis a vis de la dynamique du transport polluant. Le meilleur ajustement entre les
concentrations de MES simulées et mesurées est enregistré pour les événements de type
« premier flot ». L’analyse des jeux de parametres optimaux du modele de lessivage montrent
que le calage tend parfois vers des valeurs extrémes qui n’ont aucun sens physique et qui ne
sont pas comparables entre les événements. En ce qui concerne I’accumulation, les résultats
obtenus sont en accord avec ceux obtenus sur Sucy. Les stocks estimés par les modeles
d’accumulation ne sont valides que pour des courtes périodes n’incluant pas plus que trois
événements pluvieux consécutifs. La pertinence des formulations d’accumulation basées sur
la durée de temps sec est encore une fois remise en cause, ou elles se révelent incapables de
représenter la variabilité de ce processus a long terme. Le pouvoir prédictif inter-événement a
court terme du modele d’accumulation-lessivage est tres pauvre et les dynamiques d’érosion
pour chaque événement pluvieux ne peuvent pas étre décrites par le méme jeu de parametres.
La tentative d’estimer la masse disponible au début de I'événement pluvieux a partir d'un
certain nombre de mesure est faite en se basant sur une technique d’assimilation de donnée.
Les résultats obtenus n’étaient pas acceptables que pour un nombre tres limité d’événements
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qui sont tous des événements de « premier flot ». En addition, cette approche ne peut pas étre
appliquée sur des courts événements car sa validation nécessite d’avoir des mesures au moins

pour les 20 premieres minutes.
» Chapitre 2

Dans les modeles conceptuels d’accumulation, 1'estimation du stock est faite sans
distinction des particules qui proviennent de différentes sources incluant les apports
atmosphériques. Cependant, nous pensons que sur un bassin versant soumis a une densité de
trafic tres importante et qui se trouve a proximité directe des voies de circulation (tel que le
bassin d’Alsace Lorraine), il pourrait étre approprié d’intégrer explicitement les dépots
atmosphériques comme source d’approvisionnement du stock sur la surface. Ceci est possible

en couplant les modeles de qualité de I'air avec les modeles qualité de I'eau.

Pour étudier la pertinence d"une telle approche, le role potentiel que jouent les dépots
secs atmosphériques dans la contamination des eaux de ruissellement est évalué. Les données
expérimentales sur les concentrations atmosphériques, sur les dépdts secs collectés sur la
surface de la chaussée et sur les concentrations calculées dans les échantillons d’eau de
ruissellement sont comparées en termes de granulométrie et de charges polluantes (HAPs et
métaux). Les dépots sont calculés en se basant sur la définition actuelle de la « contamination
atmosphérique », qui correspond aux concentrations de polluants mesurées a une hauteur

d’environ 2 metres par rapport a la surface du sol.

Comme les périodes des campagnes de mesures de la qualité de I'air et de la qualité de
'eau n’étaient pas coincidentes, il était nécessaire de reconstruire les données de qualité de
I'air sur la période de l'étude. Les données de qualité de I'air mesurées a partir de stations

permanentes d’observations d’Airparif ont été utilisées pour faire la reconstruction.

Les résultats obtenus suggerent que I'hypothese sur la pertinence du couplage des
modeles de qualité de 'air (au moins ceux basés sur la définition actuelle de la contamination
atmosphérique), avec les modeles de qualité de 1'eau doit étre révisée : les pourcentages de
contributions potentielles des dépdts secs atmosphériques a la contamination des eaux de
ruissellement simulés par cette approche sont tres faibles. Pour les HAPs, la contribution

potentielle moyenne des dépdts atmosphériques aux charges mesurées dans les eaux de
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ruissellement ne dépasse pas 11% alors qu’elle est bien inférieure pour les métaux et n’excede
pas 4%. Les contributions les plus élevées sont bien notées pour les événements ayant la plus
longue durée de temps sec qui est aussi responsable de la variabilité des dépdts
atmosphériques calculés. Cependant, aucune corrélation n’est calculée entre la durée de temps
sec et les charges de contaminants dans les eaux de ruissellement ce qui fait la lumiere encore
une fois sur I'inaptitude de la prise en compte de I'accumulation qui dépend uniquement de
la durée de temps sec comme donnée d’entrée aux modeles de lessivage. Les particules fines
représentent la fraction la plus susceptible d’étre mobilisée pendant 1'événement pluvieux
comme le montre la comparaison des distributions granulométriques des dépots sur la

chaussée et des échantillons d’eau.

Etablir le lien entre la contamination de 1'atmosphere et la qualité de 1’eau nécessite
alors une révision et une extension de la définition de ce qui est considéré comme pollution
atmosphérique pour inclure les émissions directes du trafic. Ainsi, les particules générées par
les sources locales provenant des émissions directes (I'abrasion des pneus, l’abrasion de la
surface et la remise en suspension sous l'effet de la turbulence) doivent étre prises en compte
lors de I'évaluation de la contamination atmosphérique. Ceci est possible en déployant des

dispositifs de mesure a la surface des voiries.
> Chapitre 3

Pour avoir une meilleure compréhension des mécanismes de lessivage et de la relation
qui existe entre le stock accumulé et le stock mobilisable, les stocks de dépdts secs présents sur
la surface sont collectés et comparés, en termes de masse et de granulométrie, a la charge
mesurée dans des échantillons d'eau. Les échantillons eau sont obtenus en lessivant deux
surfaces distinctes grace a un simulateur de pluie. Le simulateur de pluie réalisé présente deux
innovations principales : il est caractérisé par son poids léger qui facilite sa portabilité sur les
sites réels et il permet d’avoir des mesures en ligne du débit et de la turbidité pendant toute la

durée de I'événement pluvieux.

Les expérimentations de lessivage et de collecte de dépot sont ainsi effectuées sur deux
types de surface représentées par un trottoir et par un parking. Pour chaque expérimentation

de lessivage 20 litres d’eau sont utilisés pour arroser la surface pendant 10 minutes.
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Les pollutogrammes observés sur les trottoirs montrent que méme avec un débit
constant, la charge de contaminant la plus élevée est véhiculée par la premiere fraction du
volume ruisselé, signalant 1’occurrence d"un « premier flot ». Ceci n’est pas systématique pour
les pollutogrammes observés sur le parking qui montraient plutot une distribution uniforme
a l’exception d'une seule fois. Ces résultats remettent en question la capacité de la formulation
classique de lessivage, basée sur le taux de ruissellement ou l'intensité de pluie comme

variable indépendante, a reproduire ce comportement.

La comparaison des charges accumulées et mobilisées sur les deux surfaces révele le
caractere sélectif du mécanisme de lessivage. En moyenne, seulement 17% et 6% des particules
présentes sur les trottoirs et le parking respectivement ont été lessivées. L’analyse
granulométrique montre en outre que le détachement des particules fines est le plus favorable
avec 75% des particules mobilisées sur les trottoirs dont le diametre est inférieur a 100pum. Les
charges mobilisées sur les trottoirs sont aussi plus élevées que celles véhiculées sur le parking.
Ceci est en partie lié a la texture plus lisse de la surface du trottoir sur laquelle les forces de
frottement sont plus faibles. Les résultats montrent aussi qu'une partie des particules méme
les plus fines peut demeurer sur la surface a la fin de I'événement pluvieux, ce qui insiste sur

la nécessité de considérer la masse résiduelle fine lors de la modélisation en continue.
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Chapitre 1. Evaluation of the Performance and the Predictive Capacity of

Build-Up and Wash-Off Models on Different Temporal Scales

Abstract: Stormwater quality modeling has arisen as a promising tool to develop
mitigation strategies. The aim of this paper is to assess the build-up and wash-off processes
and investigate the capacity of several water quality models to accurately simulate and predict
the temporal variability of suspended solids concentrations in runoff, based on a long-term
data set. A Markov Chain Monte-Carlo (MCMC) technique is applied to calibrate the models
and analyze the parameter’s uncertainty. The short-term predictive capacity of the models is
assessed based on inter- and intra-event approaches. Results suggest that the performance of
the wash-off model is related to the dynamic of pollutant transport where the best fit is
recorded for first flush events. Assessment of SWMM (StormWater Management Model)
exponential build-up model reveals that better performance is obtained on short periods and
that build-up models relying only on the antecedent dry weather period as an explanatory
variable, cannot predict satisfactorily the accumulated mass on the surface. The predictive
inter-event capacity of SWMM exponential model proves its inability to predict the
pollutograph while the intra-event approach based on data assimilation proves its efficiency
for first flush events only. This method is very interesting for management practices because

of its simplicity and easy implementation.

Keywords: urban stormwater; concentrations; suspended solids; modeling; build-up;

wash-off; data assimilation; MCMC; water quality.

1. Introduction

Growing urbanization increases stormwater runoff on impervious surfaces and
pollutant loads leading to a tremendous ecological footprint [1]. Nonpoint source pollution
discharged during rainfall events into receiving water bodies carries a high load of
contaminants, including microorganisms, PAHs (Polycyclic aromatic hydrocarbon), metals
and other anthropogenic contaminants, mainly adsorbed onto suspended solids in runoff [2—
4]. Pollutants accumulate on urban catchments during dry weather periods and are mostly
generated by anthropogenic activities but also by atmospheric deposition and re-suspension
of the surrounding soil [5-8]. These pollutants are washed off by storm events where the
particles are eroded and detached by rainfall drops and transported by runoff into the
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drainage network [9,10]. Several dynamics of pollutant transport exist and attempt to explain
the variations in pollutant concentrations through the stages of runoff [11]. The fluctuations of
the pressure exerted thus on ecosystems must be quantified including the accurate knowledge
of the underlying processes of generation and transport of pollutants, in order to preserve the
receiving environments from deterioration as well as meeting the legislative requirements
imposed by the European Water Framework Directive [12]. Mitigation strategies include
continuous monitoring of experimental sites. However, the high expenses involved in this
approach bring to light the necessity to find a more appropriate alternative that can be
transposed on unmonitored catchments. Hence, mathematical models have arisen as a

promising tool to predict and simulate runoff quantity and quality since the 1970s [13,14].

Water quality models simulate pollutant loads based either on statistical regression
equations or on conceptual and physical ones, replicating the processes of build-up and wash-
off. Regression models rely on simple statistical methods that relate pollutant concentrations
and loads to explanatory variables such as rainfall, runoff and catchment characteristics
[15,16]. Even though regression equations are of interest for estimating total pollutant loads
on the event and annual scale, they are not very reliable when they are applied at a small time
step [16] and can hardly be transferred from a catchment to another since they are calibrated
using a data set specific to one particular catchment. Process based models consist mainly of
replicating the deposition of pollutants on surfaces between two storm events and their
removal and transport by the rain [10,14,17]. Both conceptual and physical approaches have
been developed and tested in order to achieve the best simulation of the pollutograph at the

outlet of catchments.

Physical approaches developed for modeling the wash-off process usually consider the
replication of the erosion of accumulated sediments on the surface, driven by the rainfall
impact and the overland flow, as well as their deposition [18]. Shaw et al. [9] proposed in their
study a saltation mechanistic wash-off model that describes the detachment of pollutant loads
by raindrop while Massoudieh et al. [19] simulated pollutant concentrations using a wash-off
model that includes the detachment and reattachment processes. In a recent study, Hong et al.
[20] developed a physical model that considers both rainfall impact and overland flow as the
driving mechanism of sediment erosion and suggested that raindrop is the major actor in
detaching sediments of the urban surface. Physical approaches are very useful to have an in
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depth insight into the corresponding process, however, the implementation of physically
based models is not always possible especially if they are destined for operational use because
they require the availability of large data sets that answer to the detailed description of the
system. The large number of parameters also implicated in the model structure require an
extensive calibration, thus it is time consuming. These reasons among others orient more
toward the application of conceptual approaches. Conceptual build-up models are usually
formulated as a function of antecedent dry weather period and are represented either by
linear, power, exponential or the Michaelis-Menton equations [17,21-23]. As for wash-off, it is
mathematically modeled as an exponential decrease of initial available pollutant mass on the
surface, function of rainfall intensity, runoff volume or runoff rate [22]. Recent studies shows
that these models can successfully replicate pollutant loads [24-26] but not the temporal
variability of pollutant concentrations [13,19,27]. An in depth investigation based on a reliable
and significant data set might be the answer to better understand the issue of accurate

concentration estimates: the still unconquered holy grail of this field.

Therefore, the main purpose of this research is to evaluate the build-up and wash-off
processes and investigate the capacity of commonly used water quality models to accurately
simulate total suspended solids concentrations (TSS) and reproduce their temporal variability
in runoff, based on a long-term, continuous data set. First, a wash-off model is evaluated and
its performance is discussed with respect to different dynamics of pollutant transport to
identify whether its applicability is specific to a certain type of events. Then two build-up
models are evaluated in order to test their ability of replicating the accumulation of pollutants
on urban surfaces in realistic conditions. Model calibration is performed based on the “Markov
Chain Monte Carlo” technique, which enables the assessment of uncertainty associated with
the model parameters. Finally, the short term predictive capacity of the models is investigated
first at the inter-event scale, to test the period length during which the characteristics of a
calibrated model remain valid, then at the intra-event scale where a new methodology is
developed based on data assimilation, where the observations of the ongoing event are used

for calibrating the available pollutant mass for erosion.
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2. Materials and Methods

2.1. Experimental Site and Monitoring Equipment
The studied catchment is a 2661 m? road surface with its adjacent sidewalks, pavements
and parking zones located in the residential French district “Le Perreux sur Marne”. The area
carries high traffic loads (~30,000 vehicles per day) and is drained by a separate stormwater
system. The catchment is characterized by an imperviousness equal to 70%, a runoff length of

167 m and an average slope of 2.6% (Figure 1).

ANR

Meteorogical
| station

Figure 1. The studied catchment delimited in bold black line. In the image we see the location of
the sewer inlet station and the meteorological station installed at 180 m from the sewer inlet and
15 m of the extremity of the catchment (Photo taken from Google Map@2016)

From April 2014 to September 2015, monitoring systems were installed in the studied
experimental site to monitor and sample rainfall and road runoff. In this research, data

collected from June 2014 to April 2015 is exploited.

Precipitation data are collected from a meteorological station installed at 180 m from
the road sewer inlet and at 15 m from the catchment’s extremity; 10 ml tipping bucket rain
gauge is used for rainfall measurements, which corresponds to a resolution of 0.1 mm of
precipitation height. The station was not installed directly on the road catchment to avoid its
deterioration by the pedestrians and the surrounding activities and also to reduce the risk of

technical problems that will induce significant errors in the measurements.

The monitoring devices of flow and water quality parameters for road runoff are
located in the sewer inlet into the drainage system and recorded measurements at 1 min time
step. For flow measurement, a Nivus flow meter, based on cross correlation method and
providing high accurate ultrasonic flow measurements is used. As for quality aspects,
turbidity (NTU), conductivity, pH and temperature are monitored with a DS5 OTT multi-
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parameter probe. For reasons of power and storage savings, the setting off probe was triggered
by the flow meter. Once the flow is higher than 0.15 L/s (which is considered as the limit of
measurement of the flow meter) the quality measurements are launched until the flow
becomes lower than 0.13 L/s for more than 15 min. Systematic volume of 500 mL are also
collected for further laboratory analysis of metals, PAHs, DOC (Dissolved organic carbon),
POC (Particulate organic carbon) and TSS for some rainfall events. For each event, the volume
is pumped into two bottles (one made of glass and one made of plastic) of 20 L capacity; 250
mL are pumped into each one placed in a closed box on the sidewalk by a peristaltic pump
(Watson-Marlow, Falmouth, Cornwall, UK), for each 300 L passing through the system. This
volume was determined for covering 100% of most rainfall events, being thus representative

of the total load during the rainfall event.

Linear relationship between turbidity and Total Suspended Solids is established in
order to convert turbidity measurements into TSS concentrations. The TSS-turbidity
relationship is calculated using measurements of turbidity obtained from nine samples. TSS
concentrations are quantified by filtration, using 0.45 um filters composed of glass fibers.
Distinction between the metallic and the organic content of sediments is not considered. Thus

the linear regression function adjusted over nine storm events, with a correlation factor R? =

a.98, is given by:
[TSS] = 0.9006xT (1)
Where: [TSS] = the concentration of Total Suspended Solids in mg/l; T = Turbidity in
NTU.
2.2. Data set

Overall, 246 rainfall events are recorded for the period between June 2014 and April
2015. Rainfall events are defined as uninterrupted measurement periods, during which the
maximum time between bucket tips is 30 min. The precision of the rain gauge is 0.1 mm. The
review of the collected meteorological data indicates extensive variability of rainfall

characteristics (Table 1).
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Table 1. Statistics of the 246 recorded storm events

Rainfall Duration ADWP (jj Maximum1  Maximum 5 Maximum Average

depth (mins) HH:MM:SS) minute minutes intensity intensity

(mm) intensity intensity (mm/h) (mm/h)

(mm/h) (mm/h)

Max 21.3 641.1 21 05:28:19 131 100.2 360 53.9
Min 0.2 0.8 00 00:30:14 0.2 0.2 0.2 0.4
Median 0.7 34.78 00 06:47:05 3.03 2.31 2.94 1.36
Mean 2.128 752 01 06:14:24 9.19 6.61 14.09 3.25

Most storm events are short, as 50% of the events did not last for more than 35 min.
The total rainfall depth varies from 0.2 to 21.3 mm, while maximum rainfall intensities varies
between 0.2 mm/h and 360 mm/h. It is noteworthy that the median value of the antecedent dry
weather period is 6 h indicating short time interval separating rainfall events; hence, the
occurrence of successive storms. Fifty-four storms did not generate runoff, and precipitations

in this case fulfilled initial losses.

Runoff data on the corresponding period are recorded for 187 events and were missing
for five events due to technical problems, while turbidity measurements are recorded for 106
events on which water quality characteristics (event mean concentrations and loads) are

assessed.

2.3. Data validation

2.3.1.Turbidity

A crucial point in urban stormwater modeling is the quality of the data set used, since
it is reflected in the quality of the results. Raw measurements obtained directly from site
monitoring cannot be used before undergoing a validation procedure in order to eliminate
non reliable measurements and interpolating when possible missing data points [28,29].
Automatic pre-validation is first developed to highlight wrong and doubtful data by
associating a mark that reflects the validity of each measurement of turbidity, followed by a
final manual validation. The technique is inspired by the work of Mourad and Bertrand-
Krajewski [29] and the software EVOHE [30] but modified to fit this study case since turbidity

measurements are obtained using one turbidimeter at the inlet of the drainage network.

The automatic pre-validation consists of several steps. First, initial marks are given to

all turbidity measurements based on the sensor measurement range as follows:
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e if the measurement is between the minimum and the maximum values given
by the turbidity sensors, which are 0 and 3000, respectively;

e if the measurement is equal to the saturated value 3000;

e if the measurement is negative or equal to zero or recorded during intervention

on site for maintenance operations.

Negative and zero values of turbidity are then interpolated and re-flagged 1 if they are
recorded intra-event for three consecutive minutes or less. Finally, the values that exceeded
the 99.5th percentile of global signal’s gradient are considered as abnormal and marked 4.
These measurements indicate sudden and irregular change in the signal that cannot be related
to any physical process. All data that have a valid flag (i.e., equal to 1) at the end of the process
are kept for the analysis. Others are checked for final validation manually by comparing
rainfall, flow and turbidity graphs. If the saturated values or the values due to a high gradient,
marked initially as 2 and 4, are coincident with a high rainfall intensity and high flow they are
finally re-marked as 1 and taken as valid measurements. All data whose flag are different than

1 at the end of the manual validation were reflagged 2.

The above procedure generates a validated data set and is efficient in detecting the
wrong and doubtful data that may induce errors in modeling results. In fact, these errors are
noticed when comparing the Nash-Sutcliffe coefficients when calibrating on several events
before and after the manual validation. False turbidity peaks that were kept after the automatic
validation for the events of 14 and 15 November 2014, for example, clearly affected the
calibration of the model. The Nash—Sutcliffe efficiencies obtained then were 0.03 and 0.55
respectively and they were highly improved after the removal of the mistaken turbidity
values, Nash-Sutcliffe coefficients increased to 0.47 and 0.87, proving the sensibility of the

model toward false measurements.

2.3.2.Hydrological modeling

Flow measurements are validated by calculating the global runoff coefficient as well as
the runoff coefficients for each event. Global runoff coefficient is equal to 0.73, calculated by
taking into account the initial losses that correspond to 0.5 mm. The initial losses are defined
as mean rainfall depths that never generated any runoff. Runoff coefficients for each event are

variable and the initial loss is calculated for each event apart. This variability is noticed when
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plotting the runoff depth function of rainfall depth (Appendix A, Figure Al). Precipitations
with the same rainfall depth will result in different runoff depth, due to several factors
including dry weather period, evaporation and depression storage. The events resulting in
runoff coefficients greater than one are modeled in addition to the missing runoff data due to
technical problems. A hydrological model consisting of a non-linear reservoir is calibrated and
validated over 102 events using rainfall data of the rain gauge on site to substitute the lost
records. The model replicates accurately the flow measurements with a Nash-Sutcliffe

efficiency of 0.85.

2.4. Intra-Event Dynamic of TSS Transport
In order to distinguish the different dynamics of TSS transport during a rainfall event,
dimensionless M(V) curves are plotted. Three typology of events (first flush, last flush and
uniformly distributed) delimited by three zones A, B and C (Figure2) are defined based on a
simplified classification of the M(V) curves inspired by the method proposed earlier by
Bertrand-Krajewski et al. [11]. Simplifications are made since the definition of first flush given
by these authors is very restrictive and given in the perspective of designing treatment

facilities, while in our case a less restrictive definition is needed.
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Figure 2. Definition of the M(V) curve zones

2.5. Water quality modeling
2.5.1.The models
Numerous modeling approaches for pollutant generation and transport exist and are

detailed and compared in several reviews [1,31,32]. These reviews classify stormwater quality
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models based on modeling approaches, process description, and spatial and temporal scales
(Table2). In this study, we chose conceptual models to replicate the build-up and wash-off
processes since they are easily implemented and simply applicable thus more attractive for
practical applications. In addition, the diversity of the performance of these models emerging
from past researches supports the need for further investigation of these formulations. Thus,
we benefit from the extensive data set available on this site to test different models and

contribute in the comprehension of build-up and wash-off processes.

Table 2. General classification of stormwater quality models based on different criteria

Criteria of

classification Model Type Description
.. Variables properties are well known and don’t include any randomness.
Deterministic . -
The same input will yield the same output.
Variable
. . Variables have a probability distribution and its uncertainty is built into
description Stochastic . - . :
the model. The same input will yield different possible outputs.
Empirical Relations between inputs and outputs are established from observations
P only without any intervention of physical laws
Process . S . o
... Conceptual Physical laws are applied in simple and simplified form
description .
Physically . . .
based Logical structure based on physical laws governing the process
lobal
Globa Catchment is described as a whole entity
(lumped)
Spatial scale . S?ml Catchment is divided into sub catchment
distributed
Distributed Catchment is divided into elementary unit using a grid
Event Individual events are simulated
Temporal scale . . . .
Continuous Long period of time are simulated

We investigated two pollutant build-up models: the exponential build-up model of
SWMM and a power function. The exponential build-up model describes an exponential
growth of the build-up curve until it reaches asymptotically the upper limit which corresponds
to the maximum pollutant load that can be accumulated on the surface. This limit is reached
at the equilibrium state between deposition and removal of pollutant particle [17]. The
remaining pollutant load from the previous rainfall event is also taken into account. The
amount of build-up at the beginning of the rainfall event Ms (g/m?) is thus computed using

the first order exponential equation:

Mi(i) = Daccu/Dero x [1 - eDEROx ADW )] 4 V[ges, eDERO * ADWPG) )

101



where: Mres= remaining pollutant load mass from the previous rainfall event (g/m?);
ADWP) = antecedent dry weather period preceding the event i (day); Daccu = pollutant

accumulation rate (g/m?/day); Dero= pollutant erosion rate (/day)

The other model used to describe the accumulation process is based on the power
function [21]. The pollutant load Ms (g/m?) present on the surface prior to a storm event is

computed as follows:

Ms = a. ADWPb; (3)

where: a and b = build-up coefficients

This model assumes that the build-up process starts from zero and that the previous
storm event erodes off all the pollutant present on the surface. Even though recent studies
showed that a rainfall event washes away only a fraction of the pollutants available [10,33],
this model gave the best results in replicating pollutant loads collected from experimental data

[21,34].

Pollutant wash-off is simulated using the modified exponential model of SWMM [22]
which considers the non-linear relation between the wash-off load and the runoff rate. This
relation is taken into account by introducing the wash-off exponent C2, which was initially set
to be equal to one in the original SWMM version suggesting a linear dependency of the washed
off fraction on the runoff rate. The eroded pollutant mass at time t during a storm event is

calculated thus with the following equation:

Mero (t) = Ms(t).C1.q(t)<.dt (4)

Ms(t+dt) = Ms(t)- Mero (t) (5)

where: Mero(t) = eroded pollutant mass at t during the time step dt (g/m?) ; Ms(t) = the
available pollutant mass for erosion at time t (g/m?); q(t) = runoff rate (mm/h); dt = time step;

C1 = wash-off coefficient; C2 = wash-off exponent.

2.5.2.Calibration
Application of water quality models requires estimation of build-up and wash-off

parameters, as these models have very low performance if not calibrated [35].
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The exponential build-up model integrates three parameters Daccu, Dero and the initial
pollutant load present on the surface Mres (=, whereas the power model integrates two
parameters which are the build-up coefficients a and b. The exponential wash-off model
requires the adjustment of two parameters C1 and C2. These parameters are adjusted using an
automatic calibration technique based on the Bayesian approach. This approach allows the
assessment of parameters uncertainty by estimating their posterior probability distribution

P(6/Yobs) given by Bayes’ theorem and expressed as follow:

P(0/Yobs) ¢ L(O/Yobs).P(0) (6)
where: 0 = model parameter; Yobs = the time series of observations; P(0) = prior
probability distribution of the parameters; L(0/Yobs) = the likelihood function that describes the

statistical characteristics of residuals between the observations and the model outputs.

The posterior probability is calculated based on the Metropolis-Hastings algorithm [36]

of the Monte Carlo Markov Chain sampling technique.

The assumptions made in this study for the implementation of the Bayesian approach
in the calibrations of build-up and wash-off models are the same as those made in the previous

work of Kanso et al. [27].

At the end of calibration process we obtain not only the set of parameters for which we
have the maximum likelihood, and that corresponds to the optimal set of parameters, but also
the posterior probability distribution of the parameters that provides information on the
uncertainty associated to these parameters and the likelihood probability vs. the parameters
that allows the computation of model sensibility toward the parameters and the assessment of
the uniqueness of the given optimum parameter set. The model performance is also assessed

using the Nash-Sutcliffe coefficient [37].

Calibration is performed considering the period starting from November 2014 to April
2015. First, it is performed on single event scale to evaluate the wash-off process. The available
mass at the beginning of the rainfall event in this case is considered as a parameter and is
calibrated along with the wash-off coefficient and exponent. Overall, 42 events are included
and the results are analyzed distinguishing the three typology of events in order to investigate

if the performance of the wash-off model is related to the dynamic of pollutant transport by
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runoff. Then calibration is performed on continuous periods consisting of three, six and nine
successive events in order to evaluate the build-up process and check to which extent the
build-up model can accurately predict the available mass between consecutive events. A total
of 114 rainfall events are included. The configurations evaluated, couple the modified
exponential SWMM build-up model, then the power build-up function with the SWMM wash-

off model. A summary of the calibration procedure is presented in Table3.

Table 3. Calibration methodology of build-up and wash-off models

Wash-off assessment Build-up assessment
Number of 42 16 periods of 3 successive events each
events 8 periods of 6 successive events each

4 periods of 9 successive events each

Model Mero (t) = M(t).C1.q(t)2.dt 1. Ms (i) = Daccu/Dero x [1 - e(DERO* ADWP )] + Mg, elDERO«

ADWP(i))

2. MBs(i) = a. ADWP?b;

2.5.3.Prediction on short term
The prediction capacity of the models on short term is also investigated to determine
whether they can provide accurate predictions of the TSS concentrations over short periods of

times. For that matter two approaches are investigated: inter-event and intra-event.

In the inter-event approach, 114 events are divided into periods of four events each;
calibration is performed on the first two events and the models are validated on the third, and

then on the third and fourth events simultaneously.

In the intra-event approach, observations are used along with the median value of
wash-off parameters calibrated on first flush events to determine the available pollutant mass
at the beginning of the storm. Then this mass is eroded by the storm and the Nash-Sutcliffe
coefficient between the measured and the simulated TSS concentrations is calculated. The
observations are included into the numerical model by a simple data assimilation technique.
The number of points taken into account to calculate the available mass increase starting from
two points up to considering the whole set of measurements. This allows identifying if the
model can predict the total storm variation only if the first part of a storm is monitored. This
method is applied on 38 events and a summary of the prediction methodology is presented in

the table below (Table 4).
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Table 4. Prediction approaches: inter and intra event

Inter-event approach Intra-event approach
Number of events 11 periods of 4 events each 38
Ms (i) = Daccu/DEro x [1 - g(DERO = ADWP ()]
Model Build-up + Mrgs. (DERO x ADWP() -
Ms (i) = a.ADWPY;
Wash- off MeEro (t) = Ms(t).C1.q(t)2.dt
-Calibration on the first two events of -Calculation of the available
the period mass prior to the storm event
-Validation on the third event of the using an a incremental number
Methodology . ) )
corresponding period of observations
-Validation on the third and the fourth -Simulation of the
events of the corresponding period corresponding pollutograph

3. Results and discussion

3.1. TSS concentrations and loads

Event mean concentration (EMC) is commonly used to evaluate the quality of runoff
generated during a wet event and is considered as a surrogate indicator of runoff pollution
[38,39]. From the EMC values summarized in Table 5, significant pollutant loads to receiving
outlets are noticed. Median EMC of TSS obtained for this site is relatively much higher (320.97
mg/L) than those reported earlier in the literature. Gromaire [2] reported a median EMC of 97
mg/L calculated on six urban roads in “Le Marais” catchment while Gnecco et al. [40]
calculated a median EMC equal to 119 mg/L in the experimental catchment of Villa Cambiosa

in Italy.

The high EMC from the present study is explained mainly by the site’s characteristics
related to high traffic density (~30,000 vehicles per day), since much lower concentrations

(median EMC =66 mg/L) yielded from road catchments that were less frequented [3].

Loads are expressed per unit of area and range from 0.0035 g/m? to 2.23 g/m?. The total

annual load is equal to 89.23 g/m?2.

Table 5. Characteristics of TSS EMC and Loads for the monitored events

Maximum Minimum Mean Median Standard deviation
EMC (mg/1) 2174.37 35.39 452.09 320.97 432.42
Load (g/m?) 2.23 0.0035 0.51 0.27 0.56

To better understand the variability of EMC and loads of TSS between various storms

and seasons, temporal variations are plotted (Figure3) and seasonal average EMC and total
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loads are examined (Table 6). A seasonal trend is observed for EMC where the highest values
are those recorded during the winter season. The average EMC calculated on winter (550
mg/L) is significantly higher than that on summer (228 mg/L) although the latter’s events are
heavier in terms of both precipitation depth and intensity than the former’s. This highlights a
dilution effect due to an increase in runoff volume (driven by depth) stronger than the increase
in eroded mass (driven by intensity). Indeed, negative Pearson correlation calculated between
the average seasonal EMC and the total rainfall depth collected for each season (R = - 0.6)
support the occurrence of dilution. A similar pattern is not detected for loads whose values

are at wide ranges. The seasonal trend disappears in winter and seasonal differences are not

easily detected.
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Figure 3. (a) Temporal variation of EMC (mg/L) for TSS from June 2014 to April 2015; and (b)
temporal variation of load (g/m?) for TSS from June 2014 to April 2015

Table 6. Seasonal values of average EMC (mg/L) and total yields(g/m?) and min-max values of
maximum rainfall intensity (mm/h) and rainfall depth (mm) and total rainfall depth of storm
events for each season.

Season Autumn Winter Spring Summer
Beginning date 06/10/2014 24/12/2014 01/04/2015 11/07/2014
15:30 15:30 02:53 02:16
End date 19/12/2014 02/03/2015 26/04/2015 27/08/2014
13:53 01:13 12:56 07:02
Number of events 42 29 5 30
Average EMC (mg/1) 270.35 550.82 326.43 228.37
Total load (g/m?) 18.75 18.83 2.75 13.62
Maximum intensity (mm/h) (min- 0.54-72 0.71-72 4.23-120 1.77 - 180
max)
Rainfall depth (mm) 0.2-142 03-7.8 0.3-6.8 04-213
(min-max)
Total rainfall depth (mm) 131.3 43.7 11.3 129.2
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Correlation coefficients are calculated between EMC and loads of TSS and rainfall
characteristics to identify explanatory variables that may be used to predict EMC and loads.
The rainfall characteristics are: antecedent dry weather period (ADWP), storm duration
(Duration), average intensity (Imean), maximum intensity (Imax), maximum five-minute
intensity (Imax 5) and precipitation amount (Hrain). Pearson correlation coefficients obtained

are presented in Table 7.

Table 7. Pearson correlation coefficients R between EMC and loads of TSS and rainfall

characteristics
Pearson correlation coefficient R
[TSS] TSS loads

ADWP -0.048 0.14
Duration -0.17 0.37
Imean -0.19 0.12
Imax -0.2 0.22
Imax 5 -0.18 0.28
Hrain -0.26 0.52

No correlation is found between EMC and the antecedent dry weather period, which
seems to have no effect on runoff quality (R = - 0.048). EMC is weakly negatively correlated
with the rainfall depth (R = - 0.26) and the rainfall duration (R = - 0.17) suggesting the

occurrence of dilution during long or heavy storm events.

As for loads, significant positive correlations are more common than for EMC. The
strongest correlations are with the precipitation depth (R = 0.52) and the storm duration (R =
0.37). Positive correlations are also shown with maximum 5 min rainfall intensity and
maximum intensity, but the coefficients are small, equal to 0.28 and 0.22, respectively. TSS
loads are also positively correlated with the ADWP, however the correlation is weak as

Pearson coefficient is low (R = 0.14).

3.2. Dynamic of transport of TSS
Cumulative mass of TSS plotted against the corresponding cumulative runoff volume
is presented in Figure 4. Overall, 17 events are classified as first flush while 22 events are

uniformly distributed and three events are last flush.
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Clear relationships between M(V) curves and the characteristics of rainfall events are
not obvious. Rainfall depth and intensity have no direct influence on the distribution of M(V)

curves, and neither on of the intensity peak.
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Figure 4. M (V) of TSS for 42 events from November 2014 to April 2015. The bold lines represent
the upper (line with cross) and lower (line with circles) boundaries for the First Flush and Last
Flush

3.3. Modeling

In this study we did not intend to replicate pollutant masses and our main concern was
to replicate the dynamic of concentrations because several studies have shown that pollutant
masses are easily predictable. A recent study by Sage et al. [25], who investigated the capacity
of the commonly used accumulation/wash-off models on a similar road catchment, clearly
demonstrated that load estimates are accurately replicated by the model with a Nash—Sutcliffe
coefficient of 0.79. In addition, their results also show that loads are accurately estimated even
with simple EMC models (Nash =0.77). In fact, as the runoff volume is the main driver of event
loads, respectable results are expected when the runoff volume is accurately predicted,
therefore achieving high performance for modeling loads is easier than modeling pollutant

concentrations and their dynamics which is much more complicated.

3.3.1.Wash-off assessment
Figure 5 illustrates the variation of Nash-Sutcliffe coefficients obtained from
calibrating on the whole data set. The best performance of the model is obtained when

calibrating on first flush events, where Nash-Sutcliffe efficiency is higher than 0.45 for 14 out
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of 17 events. This result suggests that SWWM wash-off model is more suitable for describing

the fluctuation of TSS concentrations for first flush events.

For last flush and uniformly distributed events, agreement between measured and
simulated TSS concentrations is poor and the model performance is unsatisfactory. Nash-
Sutcliffe coefficients recorded when calibrating over uniformly distributed storms are lower
than 0.15 for half of the events. Better results are obtained for last flush events; nevertheless,
they are only assessed over three events and Nash—Sutcliffe coefficients are between 0.42 and

0.57.
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Figure 5. Variation of the Nash-Sutcliffe coefficients obtained when calibrating on first flush,
uniformly distributed and last flush events

The pollutographs of three storm events are plotted in Figure 6. It is clearly shown that
the simulated data fit very well with the measured data for the first flush event. The dynamic
in this case is fully replicated by the model. However, for the other two events, the simulations
cannot totally cope with the fluctuations of the concentrations, thus reflecting a lower

performance of the model for uniformly distributed and last flush events.
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Figure 6. Calibration results for the rainfall events of: (a) 14 February 15 (First flush event); (b) 27
December 14 (Uniformly distributed event); and (c) 13 January 15 (Last flush event).

The best replication of TSS concentrations noticed only for first flush events could be
attributed to a weakness in the model structure that is not adequate to replicate all types of
events and require thus a re-adaptation in order to be not limited to a specific type of events.
The re-adaptation could be the coupling of runoff rate with other variables, such as the rainfall
intensity, which is proven to be an important explanatory variable of the wash-off process [16],
or adding other parameters to the formulation that takes into account the impacts of factors

such as the rainfall drop energy and the shear stress.

Since the model performance is not satisfying for all events, the assessment of the
variability of optimal parameters as well as the correlations with rainfall characteristics and
temperature are performed only on 19 events having a Nash-Sutcliffe coefficient higher than

0.45.

As we can see in Figure 7, showing the boxplots of the calibrated parameters, large
variability is observed mainly for the initial load and the wash-off coefficient C1. The
calibration on some events also tends to converge to optimum values that have no clear

physical significance and that diverge extremely from the mean. The empirical based
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formulation of SWMM wash-off model may be an explanatory factor of this result. In fact, the
variability of the initial available mass prior to a storm event is also noticed on site where dust
collection campaigns were carried over three distinct locations. The experimental protocol for
dust collection is detailed in Becher et al. [41]. Dust was collected from the gutter, sidewalk
and pavement. The highest mass was collected in the gutter with a mean value of 13.76 g/m?
compared to 4.14 g/m? and 12.03 g/m? collected, respectively, on the pavement and on the
sidewalk. Comparison of the mean observed and simulated values of available load on the
surface shows that the simulations (3.53 g/m?) vary in the lower range of observations, which
indicates the tendency of the model to underestimate pollutant loads. Moreover, this is
confirmed by a significant negative Spearman correlation calculated between the initial load
and C1 (R = - 0.85, p-value < 0.0001). This correlation [42], which is a Pearson correlation
calculated between the ranks of the corresponding variables and is not limited to a linear
relation, shows that C1 and the initial load compensate each other which may also explain the

difficulties encountered during calibration.
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Figure 7. Boxplots of optimal calibrated wash-off parameters. The central mark of each box is the
median, the edges represent the 25th and 75th percentiles, and the whiskers extend to the
maximum and minimum values that are not considered as outliers

As for the wash-off exponent, the variability in C2 values suggests different patterns of
erosion since the wash-off exponent is regarded as an indicator of the shape of the
pollutograph [4]. For one event, C2 is calibrated to zero, suggesting linear variation between
the washed pollutant mass and the available one for erosion. While for other events, calibrated
C2 values are lower than 1 indicating a reduction in the flow rate and therefore slower rate of

transport and decreasing of pollutant concentrations from initial values. A recent study by
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Wijesisri et al. [43] shows that the wash-off of particles less than 150 um is associated with
higher values of wash-off exponent and occurs faster than the wash-off of particles larger than
150 pm. Subsequently, the variation of C2 values maybe also related to the difference in size

distribution of the eroded particles.

Correlations for each parameter are summarized in Appendix A (Table Al) and

significant correlations are presented in bold.

For the initial available mass, positive linear correlations are only calculated with
maximum and average temperature (Rtmax = 0.509, p-value < 0.031; Rrmean = 0.49, p-value <
0.038). No correlation exists with the antecedent dry weather period. This could be related to
the fact that calibrated mass included other sources of supply such as the residual mass from
the previous storm. Past research has shown that a storm event washes only a fraction of the
available pollutants [10,33], therefore remaining loads are added to the ones that build-up

during dry period between two rainfalls to give the total available mass for wash-off.

As for wash-off coefficient C1 and wash-off exponent C2, significant linear correlations
are calculated with average intensity (Rimean=0.78, p-value <0.001) and maximum five-minute
intensity (Rmax = 0.84, p-value < 0.001). This finding is consistent with what we mentioned
previously on rapid erosion of pollutants related to higher values of wash-off exponent.
Accordingly, it is known that intense rainfalls generate drops with high kinetic energies;
therefore, during intense storm events, particles are easily detached, eroded and transported
by the flow. Alternatively, rainfalls characterized with low intensities generate a diluted runoff

since the runoff transport capacity is weak.

Negative Spearman correlations are calculated between C1 and the rainfall depths
(Rrank tirain = - 0.59, p-value = 0.008) and durations (RrankDuration = - 0.64, p-value = 0.004)
respectively; this is likely due to the formulation of the average rainfall intensity that includes

the ratio of rainfall depth to rainfall duration.

3.3.2.Build-up assessment

Calibration results obtained for the tested configurations are presented below.

e Modified SWMM exponential build-up
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Calibrations over periods consisting of three, six and nine continuous events resulted
in a wide range of Nash—-Sutcliffe coefficients and parameters. Figure 8 shows the boxplot for

the Nash-Sutcliffe coefficients obtained for the three periods of calibration.
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Figure 8. Boxplots of Nash—Sutcliffe coefficients obtained when calibrating over periods of
three, six and nine continuous events. The central mark of each box is the median of the Nash
coefficients; the edges represent the 25th and 75th percentiles, and the whiskers.

When calibrating over three events, Nash values vary between 0.045 and 0.93. Half of
the periods have a Nash-Sutcliffe efficiency lower than 0.35, suggesting that the fit between

the observations and the simulations of TSS concentrations is relatively poor.

Results obtained when calibrating over periods of six events are not more encouraging

where the overall variation of Nash—Sutcliffe efficiency is between 0.058 and 0.55.

Calibration over periods of nine continuous events was not possible except for four
periods due to missing data. Agreement between the measured and the simulated TSS
concentrations is roughly reasonable for one period where the Nash-Sutcliffe coefficient is

0.58, while for the other periods it ranges from 0.16 to 0.51.

The behavior of the build-up model is not very obvious because of the large variability
of the obtained Nash-Sutcliffe coefficients and the performance of the model is highly

dependent on the calibration period. The variability is also noticed in the optimal sets of
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calibrated parameters. As seen in Figure 9, the initial available load at the surface has a wide
range of variability from zero up to 213.32 g/m?2 This supports the high stochasticity
influencing the accumulation process. The build-up parameters also are at wider ranges than
the wash-off coefficients. The accumulation rate represented by the parameter Dacu varies
between 0.0075 g/m2and 27.47 g/m?, and shows that pollutant accumulation on the surface can
be significant for some events. Dero, the pollutant removal rate during dry weather, is calibrated
to zero for most of the events, which indicates that the equilibrium load represented by
Daccu/Dero tends to infinity, supporting the hypothesis of the presence of unlimited supply on
the surface. As for wash-off coefficients, C1 has broader interval of variation than C2 who
appears to be the best determined parameter since it fluctuates in the interval between 0.6 and
0.8 for the majority of the events. The uncertainty on the estimated parameters seems to be
insignificant except for some events where the high dispersion of the calibrated parameter
indicate that the model is not sensitive to the best calibrated set of parameters and that no
optimum truly exist. This uncertainty will induce errors in the modeling outputs and justifies

the low Nash-Sutcliffe efficiencies obtained is some cases.
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Figure 9. Standard deviation of the posterior probability of build-up and wash-off parameters

To evaluate the suitability of the model for simulating the TSS concentrations over long
term, we decided to calibrate the model over four successive incrementing length periods of

three events increment and then compare the obtained Nash—Sutcliffe efficiencies.

As indicated in Figure 10 the model capacity to estimate the accumulated load between
storm events has clearly declined after considering more than 3 events except for the first
calibration period that started on the 14 November. For example, Nash coefficient has

decreased from 0.93, to 0.54 and 0.58, respectively, when the calibration period starting the 16
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November is extended to include six and nine consecutive events. The model performance is
slightly different when comparing calibrations over six and nine events, with better Nash—
Sutcliffe efficiency calculated over the periods consisting of six events except for the 16
November. This finding reveals the difficulties of calibrating the build-up model and the
inefficiency of the model as it is to reproduce the inter-event variability and the complexity of

the accumulation process over a long temporal scale.

(O Calibration over three consceutive events
o > Calibration over six consecutive events
Calibration over nine consecutive events

0.8 b

0.7 B

[>x
O

0.5~

0.4- B 7

Nash Suteliffe coefficient

0.2~ A i

01~ n

0 | |
Q

N \’\/
) A
\& "

N
& D

Date of the beginning of calibration periods (day/month)

Figure 10. Nash coefficients calculated over four periods considering calibration over three, six
and nine continuous.

Further investigation consisted on comparing the results obtained under the
assumption of exponential build-up and the results obtained when the build-up model was
omitted. Nash—-Sutcliffe efficiencies are calculated in each case and the results are summarized

in Figure 11.
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Figure 11. Comparison of the Nash coefficients calculated when calibrating the build-up and
wash-off on periods of three successive events and the Nash coefficients calculated when
calibrating only the wash-off.

The comparison shows that the model performance has decreased when the build-up
model is introduced, suggesting that the initial TSS load predicted by the model is incorrect.
Acceptable results were only obtained for the calibration period starting on the 18 November
where the Nash-Sutcliffe coefficients calculated when calibrating the build-up (0.614 and
0.529) were slightly different from the Nash-Sutcliffe coefficients calculated when calibrating
only the wash-off (0.727 and 0.648). However, for the rest of calibration periods, the ability to
replicate TSS concentrations clearly decreased. This result indicates that the model
performance is not significantly affected by modeling the pollutant build-up, which can be

easily neglected without any consequences on the predictive capacity of the model.
¢ Power build-up

Calibration of the model is first performed over 16 periods of three consecutive events
each. Same as for the exponential model, the model performance and the calibrated parameters

are very distinct from one event to another as shown in Figurel2.
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Figure 12. Boxplots of Nash—Sutcliffe coefficients, power build-up parameters and wash-off
parameters obtained when calibrating over Periods of three continuous events

Nash-Sutcliffe coefficients range between 0.058 and 0.8 and the values associated with
build-up parameters a and b are extremely variable. This is related mainly to the existing
correlation between these parameters (Reearson = - 0.56, p-value = 0.023), indicating that same
results can be obtained combining different sets of a and b. The calibration of the parameter b
results in negative and low values for most of the periods which proves that the model is
completely dependent on the coefficient a to better fit the observations and that is not using
the antecedent dry weather period as a predictive variable. Parameter a have the biggest
weight in the calibration of the model and it compensates the effect of all other components.

These results indicate that the structure of the model should be reviewed.

Comparison between the performances of the exponential and the power equations
reveals that no specific model has the best performance for all periods (Figure 13). It seems
that the exponential model outperforms the power model when calibrated on periods before
30 January and after that date the two models perform similarly in terms of simulating TSS

concentrations.

118



- O calibration of the power build up model
0.9 + calibration of the exponential build up model
0.8 o
* +
o
£ 0.7 o
@
2
£ 0.6 o
2]
3 o +
o -
0.5 +
£
& 04 +
wn Ve &)
g v . o
@] o
203 o
+ 5
0.2 ®
+ ?
0.1 o o
¢
0 ! ! I ! ! I ! I I I \ I |
B b
R > * N » » n LI O R R
\\\\ \\\\ \&\\ ‘0\‘\ c’\’\ '0‘\'\ Q’\\ \,\}\ \,\}\ “N\\ Q'\\\ “\\\' Q\\’\ @’\\ Qb?) Q*\
S I A N A RS R S A S

Date {day/month/year)

Figure 13. Comparison of the Nash-Sutcliffe coefficients calculated when calibrating the
exponential build-up and the power build-up

The replication of the variability of the accumulation process under the assumption of
dry weather period as being the main explanatory variable does not seem very accurate. The
test of both SWMM and power models based on dry weather period and their unsatisfactory

performance support this assumption.

Different sources of supply independent of dry weather period and resulting from
random phenomenon such as leaf fall, and de-icing salt during fall and winter as well as
animal wastes that occur between events are not taken into consideration in the models in their
current formulation, which highly affect the stock of mass present of the surface and lead to a

failure in its accurate estimate.

3.3.3.Short term predictive capacity
To assess the short term predictive capacity of water quality model that couples the
exponential build-up and SWMM wash-off equations, two methodologies are tested and the

obtained results are presented in the sections below.
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e Inter event

The first approach consists of validating the model on the events immediately after the
calibration period, making the assumption that the parameters remain valid during a given
time after calibration. Only periods for which calibration was successful were considered. The

results show that despite the efficient calibration of the model, its prediction capacity is very

poor (Table8).

Table 8. Nash Coefficients obtained from calibration and validation over the modelling period.
Beginning of the Nash coefficient from calibration over Nash coefficient from validation
modelling period the first two events over the 3+ event

2014-11-14 0.527 -0.5714
2014-11-17 0.787 -0.5981
2014-12-07 0.781 0.1643
2015-01-13 0.616 -0.5890
2015-01-30 0.629 -0.8874

The Nash—-Sutcliffe coefficients reflect a very weak replication of the pollutograph and
show that high errors are included in the predicted TSS concentrations, which do not seem to
fit at all the observations and are very far from the ranges of variations of the measurements.
The application of such models to predict pollutants from storm water runoff is thus largely
limited and suggest that the characteristics of the calibrated parameters certainly cannot be
kept or extended even to a limited number of events following immediately calibration period,
making the assumption that calibrated parameters are not site specific rather event specific
and that no unique set of parameters can replicate accurately the pollutographs for all

considered periods.
e Intra Event

This approach consists in calculating the available pollutant mass at the beginning of
the storm using the measurements recorded on the first time steps and the wash-off
parameters calibrated from a previous knowledge of the studied site. The method is assessed
over 38 single events. Four events are excluded because their calibration efficiency is very low.
The 38 events consist of 17 first flush events, 18 with uniform distribution of pollutants and

three last flush.
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The calculated Nash-Sutcliffe Coefficients over the 38 events are presented in the
Figures 14 and 15 below. The bar plots distinguish the results in function of the number of

points considered for the calculation of the available initial load for erosion.

Validation results are mostly satisfactory when applying this method over first flush
events. Three events are accurately predicted when using only the first two observations for
calculating the available erodible load where Nash—Sutcliffe efficiencies were equal to 0.83,
0.57 and 0.46. Based on the first 30 points of observations, the model adequately predicted six
events. This is an interesting result and could be helpful for the operational in the context of
predicting the dynamic of the pollutants during a rainfall event only by knowing the dynamic

at the beginning of the storm.
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Figure 14. Bar plot of the Nash Sutcliffe coefficients calculated for first flush events.
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flush events.

As for the uniformly distributed events and the last flush events, the prediction of the
model is not satisfying except for one uniform event where the pollutant concentrations are
predicted with a Nash-Sutcliffe efficiency equal to 0.43, calculated when five points of the
observations were included in the estimation of the available mass and it increased to 0.54 if

the first 30 min of measurements were considered.

The intra-event approach based on data assimilation seems to be promising and
deserves further investigation so it can be extended to give accurate prediction not only to first

flush events.

The interest of this approach is that it may help planners and engineers to make
accurate loading estimates based only on the first measurements and on the knowledge of the
behavior of the catchment. Monitoring devices can be thus implemented to record the first
points of observations, which can be transmitted automatically to a registration system and be

integrated directly with numerical simulations.

4. Conclusions and perspectives

This study presents a framework on modeling and assessing the TSS concentration

generated during storm events on an urban road catchment. Qualitative characterization of
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the studied site as well as calibration and prediction assessment of different water quality
configurations are performed on a long-term database collected between June 2014 and April
2015. The results show that the performance of SWMM wash-off model depends on the
dynamic of transport of pollutant during the event where the best fit between the observed
and simulated TSS concentrations is recorded for first flush events. Assessment of SWMM
exponential build-up model reveals that the model performs better on short periods
suggesting the incapacity of the model to simulate the variation of the available mass for
erosion for long periods. High variability involved in modeling the production of pollutants
emerges from the large differences in the model’s performance over distinct calibration
periods. This behavior must be further investigated and stochastic approaches might hold the
answers to better understand the accumulation process [43—45]. As for the predictive capacity
of the model on the inter-event scale, the results clearly prove the inadequacy of the traditional
build-up/wash-off model to predict the pollutograph using calibrated parameters, which seem
to be event specific rather than site specific. The complexity of the accumulation and wash-off
process, which is not very explicit in the model structure, and the absence of factors that play
an important role in the generation of pollutants would have a significant fingerprint on the
model outputs. On the intra-event scale, based on data assimilation, the model predicts half of
the first flush events but is not able to predict last flush and the uniformly distributed events,
which does not seem very surprising since these events were not satisfactorily calibrated. This
method is very interesting for management practices because of its simplicity and its easy
implementation; in addition, it also resolves the problem of missing data that occurs
sometimes due to technical problems, making it possible to estimate the yield of a storm event
even if not all points are recorded. Further investigation is indeed necessary to enhance this

method and develop further the integration of data assimilation in the water quality modeling.

The complexity of the build-up and the wash-off processes and their limited
knowledge in addition to the high variability in the modeling results highlighted in this study,
rise the need for further in deep investigation of the mechanisms governing the generation
and the transport of pollutant in urban catchments. For that matter, extensive site monitoring
is recommended to better understand and assess from a physical point of view the implicated
factors in the accumulation and erosion processes and the interactions within the system to

have a precise and accurate estimation of the pollutograph generated during wet weather.
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Appendix A

Table Al. Pearson and Spearman Correlations and their corresponding p-values.

Initial available mass

R linear p-value R Spearman p-value
Hrain -0.052 0.836 0.101 0.689
Imax 0.086 0.734 -0.180 0.471
Imax 5 0.122 0.628 -0.015 0.954
Imean -0.056 0.824 0.032 0.901
Duration -0.106 0.675 0.120 0.632
ADWP -0.083 0.742 -0.358 0.144
Tmax 0.509 0.031 0.106 0.674
Tmin 0.436 0.07 0.202 0.420
Tmean 0.491 0.038 0.16 0.525

C1

R linear p-value R Spearman p-value
Hrain -0.184 0.463 -0.597 0.008
Imax -0.034 0.890 -0.275 0.267
Imax 5 0.009 0.971 -0.257 0.302
Imean 0.779 <0.001 0.153 0.541
Duration -0.283 0.256 -0.645 0.004
ADWP 0.212 0.398 0.279 0.260
Tmax 0.192 0.445 -0.240 0.336
Tmin -0.051 0.838 -0.297 0.230
Tmean 0.097 0.701 -0.244 0.327

C2

R linear p-value R Spearman p-value
Hrain 0.241 0.321 0.186 0.444
Imax 0.649 0.002 0.368 0.121
Imax 5 0.846 <0.001 0.340 0.154
Imean 0.382 0.106 0.431 0.066
Duration -0.114 0.642 -0.184 0.448
ADWP -0.035 0.886 0.098 0.688
Tmax 0.237 0.327 0.136 0.578
Tmin -0.055 0.823 -0.063 0.797
Tmean 0.067 0.785 0.053 0.827
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Chapitre 2. Contribution of atmospheric dry deposition to stormwater loads
for PAHs and trace metals in a small and highly trafficked urban road

catchment

Abstract: A deep understanding of pollutant build-up and wash-off is essential for
accurate urban stormwater quality modeling and for the development of stormwater
management practices, knowing the potential adverse impacts of runoff pollution on receiving
waters. In the context of quantifying the contribution of airborne pollutants to the
contamination of stormwater runoff, and assessing the need of developing an integrated AIR-
WATER modeling chain, loads of polycyclic aromatic hydrocarbons (PAHs) and metal trace
elements (MTEs) are calculated in atmospheric dry deposits, stormwater runoff and surface
dust stock within a small yet highly trafficked urban road catchment (~30,000 vehicles per day)
near Paris. Despite the important traffic load and according to the current definition of
“atmospheric” source, atmospheric deposition did not account for more than 10% of the PAHs
and trace metals loads in stormwater samples for the majority of the events, based on the ratio
of deposition to stormwater. This result shows that atmospheric deposition is not a major
source of pollutants in stormwater and thus linking the air and water compartment in a
modeling chain to have more accurate estimates of pollutant loads in water might not be
relevant. Comparison of road dust with water samples demonstrate that only the fine fraction
of the available stock is eroded during a rainfall event. Even if the atmosphere mostly
generates fine particles, the existence of other sources of fine particles to stormwater runoff is

highlighted.

Keywords: Atmospheric deposition, Stormwater, Urban catchment, PAHs, Trace

metal, Street dust.

1. Introduction

Significant amounts of polycyclic aromatic hydrocarbons (PAHs) and metal trace
elements (MTEs) are released daily into the atmosphere of urban settings (Sabin et al. 2005),
mainly through anthropogenic activities (Wang et al. 2011; Miji¢ et al. 2010; Bozlaker et al.

2008; Garban et al. 2002). These include road traffic, industrial activities as well as residential
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heating, whose contribution significantly increases in winter (Weinbruch et al. 2014; Motelay-

Massei et al. 2005; Terzi et Samara 2005; Rocher et al. 2004).

Pollutants accumulated on urban surfaces are generated from a wide variety of
processes including atmospheric dry and wet deposition, direct exhaust emissions of vehicles,
vehicle degradation (tire, brake...), leakage of oil and gasoline, deterioration of the road
surface and re-deposition of soil particles under the effect of wind (Fallah shorshani et al. 2012;
Gunawardena et al. 2015). After emission and deposition, pollutants are washed off from
urban surfaces during rainfall events. Given the toxicity of PAHs and MTEs, urban stormwater
pollution will have detrimental impacts on the receiving water environment (Lamprea and

Ruban 2011; Joshi and Balasubramanian 2010; Egodawatta et al. 2007; Tasdemir et al. 2006).

The largest proportion of metals and PAHSs exported to the receiving environment are
bounded to the particulate matter and distributed over the particle size distribution (Kim and
Sansalone 2008; Zhao and Li 2013). Particles originating from various sources have a
heterogeneous composition, and knowing their granulometry is essential to give insights into
their mobility and chemical retention capacity (Zhao et al. 2010). The focus has always been
on the fine particles because of their sorption capacity (Herngren, et al. 2006; Padoan et al.
2017). They also contribute to air pollution through the mechanism of re-suspension (Amato
et al. 2011; Pant and Harrison 2013). Particles < 10um in street dust originates mainly from
anthropogenic activities including brake and tire wear, motor exhaust and road wear (Amato
et al. 2011). Atmospheric deposition also contributes to the fine content of street dust where
Cao et al. (2011) reported that >70% of atmospheric deposits have an aerodynamic diameter <
30um. They also demonstrated that this fraction contained the highest fraction of toxic trace

metals.

Nowadays, urban modeling evolves more and more toward integrated modeling,
associating different research fields (Bach et al. 2014). Saagi et al. (2017) evaluated control
strategies in urban wastewater systems based on a benchmark simulation model that
simulates the dynamics of flow rates and pollutants within the catchment, the sewer network,
the wastewater treatment plant and finally the river water system. In another study, integrated
modeling have been developed to simulate the impact of traffic on both air and water quality,

where traffic, emission, atmospheric dispersion and stormwater quality models were coupled
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(Fallah Shorshani et al. 2015). This integrated modeling is now more recognized as an
important tool to account for the complexity of the investigated processes such as the urban
environmental pollution. In fact, some pollutants are present as air, water and soil pollutants.
Therefore, an accurate urban stormwater quality modeling based on the deep understanding
of pollutant build-up and wash-off, must assess the utility of incorporating the precise
knowledge of these processes at the interface between air and water. However, the integration

of air and water quality models needs to rely on solid experimental basis.

Today, commonly used water quality models are far from being reliable as the
simulated pollutographs are poorly consistent with the measurements (Al Ali et al. 2016; Sage
et al. 2015; Dotto et al. 2011). These results are supposed to be mainly due to the lack of
knowledge of the accumulation process. This is reflected in the models by the non-exhaustive
consideration of the various mechanisms of accumulation governing the build-up, as well as
the difficulty to know exactly which amount of pollutant directly settle on the ground and

which one is transported for a while trough the atmosphere.

Among the build-up processes, atmospheric deposition in urban catchments is related
to the intensity of traffic and human activities and it is particularly site-dependent (Sabin et al.
2005). It is therefore relevant to quantify the atmospheric deposition as a source of PAHs and
MTEs loads in stormwater runoff, in order to determine whether accounting for atmospheric
deposition explicitly as an entry to stormwater quality models might enhance the models
outputs. Nonetheless, the lack of experimental atmospheric measurements collected directly
on site at the same time as water data, amplify the challenges associated with the investigation
of atmospheric deposition and the link with water pollution understanding (Gasperi et al.
2014; Murphy et al. 2014; Bressy 2010; Sakata et al. 2008; Sabin et al. 2005; Motelay-Massei et
al. 2007; Fallah shorshani et al. 2012).

In the present study, we focus on assessing the link between water and air components
by quantifying the contribution of atmospheric dry deposition to stormwater runoff pollution.
Experimental data on atmospheric pollutant concentrations, road dusts and chemical loads in
water samples are obtained at local scale within a highly trafficked road catchment near Paris.
A methodology for the reconstruction of missing air quality data is developed and

atmospheric dry depositions of PAHs and MTEs (As and Ni) are calculated and compared to
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the chemical loads in stormwater and the dry stocks on the surface. The results should be

helpful in developing a multi-scale modeling chain of traffic related pollution.

2. Materials and methods

2.1. Study site
The studied catchment is located in the residential French district “Le Perreux sur
Marne” near Paris. It consists of a heavily trafficked (~30,000 vehicles per day) road surface
with its adjacent sidewalks, pavements and parking zones of total surface equal to 2,661 m2.
The area is drained by a separate stormwater sewer system and characterised by an

imperviousness equal to 95% and an average slope of 2.6% (Fig. 1).

A Air quality station 1
[> Air quality station 2
<> Road dust sampling

O Sewer inlet station

D Rain gauge

Fig. 1 The study site outlined by white bold line with the location of each measurement
equipment (@Google,2016)

2.2. Instrumentation and sample analysis

2.2.1.Air quality stations

Atmospheric experts and modelers define atmospheric particles as the particles
measured in the air at about two meters’ height of the ground. Therefore, a low volume
sequential sampler LECKEL is installed at two sampling points (Air quality stations 1 and 2)
at two meters’ height of the ground (Fig. 1) in order to determine atmospheric concentrations
of PAHs and MTEs. Atmospheric concentrations of eight PAHs (Benzo[a]anthracene
(BaANT), chrysene (CHY), benzo[b]fluoranthene (BbFLT), benzo[k]fluoranthene (BKFLT),
benzo[a]pyrene (BaPYR), benzo[gh,i]perylene (BghiPL), indeno[1,2,3-c,d]pyrene (IcdPYR)
and Benzo[e]pyrene (BePYR) ) and eight MTEs (aluminium (Al), titanium (Ti), iron (Fe), nickel
(Ni), copper (Cu), arsenic (As), cadmium (Cd) and barium (Ba)) are measured. Pollutants are
collected at flow rates of 2.3 m*h on quartz filters, over a 10 week-period starting on the 1% of
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April until the 9% of June, 2014. The sampling period was limited due to financial

considerations.

Trace metals are sampled on a weekly basis while PAHs are sampled daily until April
21 then every three days. Overall, ten samples of trace metals are collected at station 1 and
eleven at station 2, while 31 and 33 samples of PAHs are collected respectively at station 1 and
station 2. Trace metals are analyzed using inductively Coupled Plasma — Mass Spectrometry
(ICP-MS), while PAHs are determined using high performance liquid chromatography
(HPLC) coupled with UV fluorescence assay.

The air quality measurements are performed by Airparif, which is a non-profit
organization accredited by the Ministry of Environment to monitor the air quality in Paris.
These measurements are acquired within the Trafipollu project, which aims at developing
modeling tools to characterize the traffic related pollutants at different urban scales. This
project was accredited by the ANR which is the French National Agency for Research. At the
same time with these experimental observations, Airparif continuously monitored air quality
with permanent sampling stations (cf. Section 1.3), for which the pollutant analysis is identical
to the one mentioned above. At AirParif stations, from March 2014 until December 2015, PAHs

are collected every three days while MTEs are collected daily.

2.2.2.Meteorogical station

Rainfall data is collected at a meteorological station located only 5 meters away from
the catchment limit, from April 2014 until September 2015. Measurements are obtained from
a tipping bucket rain gauge, having a resolution of 0.1 mm. The rain gauge is installed at the
rooftop of a building (Fig. 1). Rainfall events are identified as uninterrupted measurement
periods during which the maximum time between bucket tips is 30 minutes. Defining a 30
minutes inter-event time was adequate in this study given both the characteristics of the local
rainfall and of the studied catchment. Since the road catchment is very small (0.26 ha) and 95%
impervious, its hydrological response to rainfall was very quick and the concentration time
was small. The 30 minutes cut-off was longer than the time elapsed between the end of the
rainfall and the end of the runoff. This was also confirmed by the absence of overlapping

between any of the measured hydrographs.
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2.2.3.Sewer inlet

Monitoring devices of flowrate and water quality parameters are located in the sewer
inlet, at the entrance of the drainage system and recorded experimental continuous data at 1
minute time step. Runoff flowrate is measured using a Nivus flow meter, while water quality
parameters are measured with a DS5 OTT multi-parameter probe. An automatic sampler is
used to collect water samples in order to determine the chemical loads of PAHs and metals.
The same metals and PAHs measured in the air were investigated in water samples.The water
is pumped into two bottles placed in a cabinet at the side of the road using a peristaltic pump
Watson-Marlow. One bottle is made of glass for PAHSs analysis and the other is made of plastic
“Polypropene (PP)” for metal analysis. For each event, 250 ml of water is pumped into each
bottle for each 300 L passing through the system. Samples were collected for ten events
between August 26" 2014 and May 4t 2015. The runoff characteristics of the monitored events
are presented in Table 1. The antecedent dry weather period (ADWP) is estimated from rain

gauge and flowmeters records.

Analysis of trace metals is carried out by Inductively Coupled Plasma — Optical
Emission Spectrometry (ICP-OES; Varian 720-ES). When the concentration is under the limit
of quantification, the sample is analyzed by Inductively Coupled Plasma — Mass Spectrometry
(ICP-MS; Varian 820-MS). Samples are analyzed for PAHs with a GC/MS (Focus DSQ, Thermo
Fisher Scientific). Particle size distribution of the collected samples is performed using a laser
diffractometer (Malvern® Mastersizer 3000) for the fraction below 2 mm, while volume
distribution is calculated with the Mie light scattering theory. The Mastersizer operates over a
particle size range from 10 nm to 3.5 mm. The refractive index used for the measurements are

1.33 for the dispersant solution (water) and 1.53 for the particles as wet dispersion.

Table 1 Characteristics of monitored runoff events; ADWP=Antecedent Dry Weather Period; Vtot =
total runoff volume; Qmax = maximum flowrate

Start of runoff event

Event number (dd/mm/yyyy hh:mm) ADWP (days) Vtot (m®) Runoff duration (h) Qmax (L/s)
1 25/08/2014 12:15 2.4 13.17 11.4 2.39
2 08/10/2014 04:48 0.5 2041 5 4.03
3 21/10/2014 12:05 4.5 5.74 6 7.60
4 16/11/2014 13:39 1.4 16.43 6.8 5.56
5 26/11/2014 00:48 73 8.83 6.7 3.03
6 02/02/2015 06:10 2.2 2.66 3.9 1.34
7 22/02/2015 21:38 1.3 34.49 10.2 6.36
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8 26/04/2015 13:13 0.7 14.61 3.2 5.97
03/05/2015 06:22 0.3 15.70 3.5 2.52
10 05/05/2015 01:17 0.3 8.16 9.1 4.42

=]

2.2.4.Road dust

Samples of road dusts are collected on two surveys on the 14t of October 2014 and the
7t of July 2015 at three locations along the experimental catchment (Fig.1). The ADWP of the
two surveys are respectively equal to 2 and 37 days. At each location, the sampling is
performed at three different positions: on the sidewalk, in the gutter and on the road. A two-
square meter surface is delimited and hand brushed before being dry-vacuumed to collect
dusts, using a “Rowenta RU 4022” vacuum cleaner. The vacuum cleaner is characterized with
a power equal to 1500 W and an air flux equal to 38 dm?/s. The details of the experiment are
described in (Bechet et al. 2015). The metal content is determined after calcination at 450°C
during 3 hours and mineralization of the samples using of a mixture of HF and HClOs acids
(NF X 31-147). As for PAHs, they were extracted using Methylene chloride/Methanol (90/10,
v/v). Loads of PAHs and trace metals, as well as the particle size distribution are determined

using the same techniques as for water samples (Bechet et al. 2015).

2.3. Air quality dataset reconstruction

Air and water quality were observed on the same territory but unfortunately, air and
water quality measurement periods did not coincide perfectly, because administrative
authorization could not be assigned at the same time. Therefore, a methodology is developed
to calculate the atmospheric pollutant concentrations over the water sampling period. For that
matter, data from three permanent stations (GEN, BPEST and PA18) of AirParif network are
used (Fig. 2). GEN station is located in the northwestern suburb of Paris, while PA18 station is
located in the 18" arrondissement of Paris and BPEST station is located on the eastern side of

the highway surrounding the city of Paris (“boulevard périphérique”).

PAHs are measured at GEN and BPEST stations while MTEs are measured at PA18
station. The methodology consists of several steps. First, the time evolution of pollutant
concentrations is compared at the experimental stations of the study site and at the permanent

stations of AirParif. Then, Pearson correlations are calculated to choose the best representative
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station of “Le Perreux” among AirParif stations. Finally, missing air quality data are

extrapolated according to the derived linear regression equations.

“

= Vo RS —
Seine-saint-enis

v

_ | -‘Study Site

Fig. 2 The locations of AirParif permanent stations with respect to the location of the study site.
The locations are represented with the white pins (@Google earth, 2016)

2.4. Pollutant loads calculation
Pollutant loads are calculated for the ten rainfall events collected, and are limited to the
PAHs and trace metals that are in common between air and water quality European
regulation. Thus, BaANT, CHY, BbFLT, BKFLT, BaPYR, BghiPL and IcdPYR among PAHs;

and among metals: Ni and As are quantified in this study.

Deposition from the atmosphere is only calculated considering the deposited flux of
pollutants during dry weather. In fact, wet and dry deposition fluxes might be equivalent, and
in some cases, wet deposition might be even higher that the dry one (Percot et al. 2016). But,
due to the occurrence of less rainfall events, dry weather periods are much longer under
Parisian climate, which results in a dominant dry atmospheric deposition in comparison with
the wet one (Gunawardena et al. 2013; Sabin et al. 2005). Therefore, wet deposition fluxes

might be neglected.

Deposition mass loads are calculated on the entire catchment based on the following

equations:
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Dry deposition load = S X ADWP X Flux,im @)

Flux,em = [Pollutant]gpm X Velocitydry deposition ()

Where: Dry deposition load = the deposited mass (mg); S = surface of the catchment
(m2); ADWP = antecedent dry weather period (days); Flux,,, = atmospheric flux (mg/m?/day);
[Pollutant] s, = pollutant concentration in the air (mg/m3); Velocityary geposition= dry

deposition velocity (m/day).

The dry deposition velocity is set to 0.001 m/s for both PAHs and trace metals,
according to commonly used settling velocity for atmospheric deposits in atmospheric models
and based on existing data of average deposition velocity (Slinn 1982; Roupsard et al., 2013).
However, deposition velocity might vary as a non-linear pattern according to particle size
(Tasdemir et al. 2006), but the consideration of a singular dry deposition velocity, as an
approximate approach, is commonly used by atmospheric experts and modelers. It is also

assumed that the deposition fluxes are homogeneous within the entire catchment.

The mass loads of PAHs and trace metals in stormwater are calculated by multiplying
the representative concentration of pollutant of the collected water sample by the total volume

of runoff during the storm (equation 3):

Water load = [Pollutant],qter X Volumerynors (3)

Where : Water load = pollutant mass (mg); [Pollutant],,q;.,= total concentration of the

pollutant (mg/l); Volume, ., ¢= total volume of runoff (1).

As for road dust, the total mass of dry stock over the entire catchment is given by the

following equation:

S .
Stock = Mass,oaq qust X [Pollutant],oaq quse X ~€Mtire catchment / 5 4)
road dust collection

Where: Stock = accumulated pollutant mass on the surface (mg); Mass;oqq quse= Mass
of the collected road dust (kg); [Pollutant],,qq qust = concentration of pollutants in the road
dust (mg/kg); Sentire catchment = surface of the entire catchment (2661 m?); Syoa4 qust cottection=

surface on which the dusts were collected (2 m?).
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Annual fluxes of PAHs and MTEs from atmospheric deposits and stormwater runoff
are also estimated by extrapolating the total mass of these pollutants measured during the
sampling periods proportionally to the duration of antecedent dry weather period and runoff

volume respectively, based on the following equations:

x (ADWPtotal/ (5)

entire catchment)

M:
Annual fluxatmospheric deposition = (Z l/z ADWPi)

Where: Annual fluxgemospheric deposition= Annual flux of pollutant from atmospheric
deposition (mg/m?/year); M; = pollutant mass from atmospheric deposition corresponding to
the event i (mg); ADWP; = antecedent dry weather period of the event i (days); ADWP;y¢q; =
antecedent dry weather period over the entire year (days/year); Sentire catchment= surface of the

entire catchment (2661 m?).

M; v
Annual fluXexported by runoff = @ l/z V) X ( total/s (6)

entire catchment)

Where: Annual fluXexported by runoff= Annual flux of pollutant exported by
stormwater runoff (mg/m?/year); M; = pollutant mass in stormwater runoff corresponding to
the event i (mg); V; = runoff volume of the event i (m?); Viyq; = total runoff volume over the

entire year (m3/year); Sentire catchment= Surface of the entire catchment (2661 m?).

3. Results
3.1. PAHs

3.1.1.Reconstruction of missing air concentrations

Air concentrations of total PAHs (37 PAHs) follow a similar temporal evolution,
regardless of the measuring station (Fig. 3). However, higher fluctuations in the measurements
are observed at the GEN and BPEST stations. The highest concentrations are measured at the
BPEST station where the daily mean total concentration of PAHs is equal to 1.35 ng/m3 with
a minimum of 0.36 and a maximum of 1.98 ng/m3. As for the GEN station, the daily mean total
concentration measured is 1.015 ng/m3, higher than those measured at the study site with
values of 0.88 and 0.74 ng/m3 calculated at stations 1 and 2 respectively. The high
concentration levels observed at BPEST station are mainly explained by its geographic location
on the “boulevard Périphérique” of Paris (ring road), which is a very busy and highly

trafficked boulevard. The other stations are located in residential districts subjected to lower
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volume of traffic. For the period starting on 17th of May until 29th of May 2014, we observed
a decline in the PAHs concentration at all stations except at BPEST. The decline is explained
by the turning-off of residential heating, very well known as an important source of emission
of PAHs in the air. While at BPEST station, PAHs concentrations remain high due to the

important traffic emissions.

= . - Total PAHs at station 2
—@— Total PAIls at GEN station
-l Total PAHs at BPES'T station
---d -+ Total PAITs at station |

Atmospheric concentration (ng/m3)

= > >
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& < S
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Date (day/month/year)

Fig. 3 Time series of total PAHs (ng/m3) measured at the study site and AirParif stations

Fig. 4 shows the time series of the monthly mean concentrations of }’6 PAHs (the CHY
is excluded, since it was not monitored in 2015) measured in the atmosphere at the GEN
station. The figure shows clear seasonal fluctuations with the highest concentration levels
recorded starting in late autumn and during winter. This finding is consisting with the
literature, where higher concentrations were detected in winter for several urban catchments
(Tasdemir and Esen 2007; Kim et al. 2013; Wang et al. 2011). Concentration peaks are usually
associated with use of residential heating during the cold months, as well as with the limited
dispersion of pollutants due to the occurrence of temperature inversions that trap the
pollutants in the air (Amarillo and Carreras 2016). The existence of significant seasonal
variability in the atmospheric concentrations, indeed explains the importance of extrapolating

missing air quality data and not considering a constant value.
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Fig. 4 Time series of monthly mean atmospheric concentrations of total PAHs (ng/m3) at AirParif
station GEN

According to statistical analysis, the strongest correlation between the measurements
of }6 PAHs (BaANT, BbFLT, BKFLT, BaPYR, BghiPL and IcdPYR) is calculated between
station 1 at the study site, and the AirParif station GEN with a correlation coefficient equal to
R =0.8382 (p-value = 0.002). Therefore, the GEN station is used to recover missing data of PAHs
from the experimental station 1 on the Trafipollu site. The correlation between the
measurements of BaPYR, IcdPYR and BghiPL at both stations was weak (R < 0.45). Therefore,
these PAHs are excluded from further analysis. As for BaANT, BbFLT and BKFLT the
correlation between the measurements at station 1 and GEN station is high (R > 0.7) which

confirms that GEN station can be accurately used as a surrogate for station 1 missing values

of these PAHs.

Thus, concentrations of BaANT, BbFLT and BKFLT at Trafipollu study site are

calculated for the missing experimental periods using the following equations:
[PAH]station 1=a+bx [PAH]GEN station (7)

The corresponding values of the models coefficients a and b as well as their associated

standard errors (SE) and the R value for each PAH are presented in Table 2:
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Table 2 Linear regression coefficients and their associated standard error (SE) for each PAH, as well
as the R value of the linear regression

PAH A b R
Value SE Value SE
BaANT 0.35 0.09 0.07 0.008 0.7
BbFLT 0.48 0.09 0.11 0.02 0.77
BKFLT 0.32 0.09 0.04 0.007 0.65

We considered the extrapolated values on a monthly basis to calculate deposition.

3.1.2.Contaminant loads
Monthly simulated mean values of atmospheric concentrations of PAH are used to
calculate the atmospheric deposited masses on the entire catchment and its corresponding

contribution to the chemical loads in stormwater.

Table 3 shows the atmospheric deposits, the stormwater loads and the percentage of
potential contribution of atmospheric deposits to stormwater contamination for ten rainfall

events for the three corresponding PAHs (BaANT, BbFLT and BKFLT).

Table 3 Percentage of potential contribution of atmospheric deposits to stormwater contamination
for ten rainfall event for BaANT, BbFLT and BKFLT.

Pollutant Event 13:1;1:;&11(1;;1; Storm:::;r load Perzzrri::ig;u(:ifol;o:;;tial
25/08/2014  12:15 0.04 1.05 3.8
08/10/2014  04:48 0.02 1.56 1.3
21/10/2014  12:05 0.14 0.38 36.8
16/11/2014  13:39 0.06 0.89 6.7

BaANT 26/11/2014  00:48 0.3 0.69 435
02/02/2015  06:10 0.06 0.89 6.7
22/02/2015  21:38 0.03 2.65 1.3
26/04/2015  13:13 0.02 0.67 2.9
03/05/2015  06:22 0.005 0.56 0.9
05/05/2015  01:17 0.005 0.43 1.16
25/08/2014  12:15 0.08 2.37 34
08/10/2014  04:48 0.03 3.61 0.8
21/10/2014  12:05 0.27 0.65 415
16/11/2014  13:39 0.11 1.52 7.2

BbFLT
26/11/2014  00:48 0.59 0.83 71.1
02/02/2015  06:10 0.11 3.23 34
22/02/2015  21:38 0.07 6.71 1.04
26/04/2015  13:13 0.03 2.87 1.04
03/05/2015  06:22 0.01 1.99 0.5
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05/05/2015  01:17 0.01 1.47 0.7

25/08/2014  12:15 0.03 0.87 3.4
08/10/2014  04:48 0.01 1.19 0.8
21/10/2014  12:05 0.08 0.23 34.8
16/11/2014  13:39 0.04 0.55 7.3
BKFLT 26/11/2014  00:48 0.18 0.49 36.7
02/02/2015  06:10 0.07 0.89 7.8
22/02/2015  21:38 0.04 2.19 1.8
26/04/2015  13:13 0.02 1.13 1.8
03/05/2015  06:22 0.004 0.72 0.5
05/05/2015  01:17 0.004 0.59 0.7

Over the studied period, deposition loads for each PAH are highly variable as they
range within factors of 0.07 and 4.5 from their mean values, while water loads are also variable
but to a lesser extent ranging within factors of 0.26 and 2.7 from their mean. PAH loads in
stormwater are significantly higher than PAH loads in atmospheric deposits for all events. It
is noteworthy that the calculated atmospheric deposits represent the “potential” deposited
load during dry weather, which is assumed to be totally available for wash off by runoff. The
assumption of total wash-off is mainly based on the characteristic of the atmospheric deposit
particles that are mostly associated to fine particles. Wash-off of fine particles tends to be
source limited (Zhao et al. 2016), suggesting a continuous decline of the sediments available
for wash-off. A recent study by (Hong et al. 2016b) showed that the stock of fine particles
rapidly decreases at the beginning of a rainfall event and that more than 90% of fine particles

(<7um) are transferred to the outlet.

The potential contribution of estimated atmospheric deposits to stormwater
contamination varies greatly (Table 3). It ranges between 0.9 and 43.5 % for BaANT; 0.5 and
71.1 % for BbFLT and 0.5 and 36.7% for BKFLT depending on the rainfall event. The mean
value of the potential atmospheric contribution for all three PAHs is relatively low at 11%. The
highest percentages of potential contribution are calculated for the third and fifth events that
occurred on the 21t of October 2014 and the 26t of November 2014, which are characterized
by the longest of dry periods; 4.5 and 7.3 days respectively. This suggests that the ADWP is an
important explanatory factor of the variation of the potential atmospheric deposit contribution

to water load. Multi-linear regression confirms this statement, where the p-value calculated for
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ADWP for the three PAHs is <0.001. However, this result could be expected as the calculation

of the potential atmospheric deposition is directly driven by the length of the ADWP.
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Fig. 5 Percentage of potential contribution of atmospheric deposit to stormwater load for (a)
BaANT, (b) BbFLT and (c) BKFLT

We notice that the potential contribution of each PAH to stormwater contamination
follows a similar pattern (Fig. 5). This result indicates a similar distribution behavior of the

three PAHSs between the air and water compartments.

Annual deposition fluxes are calculated for each PAH as well as for the }'3 PAHs
measured during the sampling periods throughout the year. Fig. 6 shows the annual fluxes of

atmospheric deposition and loads exported by the runoff.
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Fig. 6 Annual fluxes of atmospheric deposition and pollutants loads conveyed by stormwater

The calculations show that the atmospheric flux of BaANT, BbFLT and BKFLT is

evaluated at 0.004, 0.009 and 0.003 mg/m?/year respectively, while the flux conveyed by
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stormwater is 0.03, 0.07 and 0.02 mg/m?/year respectively. As for the total atmospheric flux of

2.3 PAHs, it is evaluated at 0.016 mg/m?/year, with 0.12 mg/m?/year exported by runoff.

3.2. Trace metals

3.2.1.Extrapolation of the missing air concentrations

The time variation of the monthly mean concentrations of trace metals measured at
PA18 station from March 2014 to December 2015 is plotted in Fig. 7. The nickel (Ni) shows a
higher variability than the other metals, which have relatively stable concentrations over time.
Since we supposed that metal measurements at station 1 follow the same pattern as in station
PA18, we assumed that the mean value of atmospheric trace metal concentrations calculated
over the sampling period from 01/04/2014 to 09/06/2014 at station 1 is also representative of
the metal concentration for the period of missing data. However, for the nickel, given its high
variability, atmospheric concentrations are calculated over three distinct periods (delimited
on Fig. 7 by the dashed line). For the first period, a mean atmospheric concentration calculated
over the sampling period on site is considered, and for the others, atmospheric concentrations
at station 1 are calculated from concentrations at station PA18 assuming these two values are

related by the multiplying factor calculated during the first period.
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Fig. 7 Time series of monthly median concentration of trace metals measured at AirParif station
PA18. The vertical bars represent the time limits between the three periods of different
concentrations for Nickel
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3.2.2.Contaminant loads

The calculation of atmospheric deposition and the potential contribution of
atmospheric deposits to stormwater contamination of trace metals are presented in Table 4.
The variability of atmospheric deposits for both metals is relatively lower than that of PAHs
as it ranges between 0.18 and 2.75 from its mean value. Water loads vary almost in the same

ranges within factors of 0.31 and 2.07 from their mean values for both metals.

Table 4 Percentage of the potential contribution of atmospheric deposits to stormwater
contamination for seven rainfall events for Nickel and Arsenic

Event Atmospheric Stormwater load Percentage of potential
deposit (mg) (mg) contribution (%)

25/08/2014  12:15 1.16 49.75 2.33
08/10/2014  04:48 0.43 113.93 0.38

. 21/10/2014  12:05 3.89 22.71 17.12
Ni 16/11/2014  13:39 1.21 52.8 2.29

26/11/2014  00:48 6.31 57.94 10.89
02/02/2015  06:10 1.9 64.18 2.96
22/02/2015  21:38 1.12 152.56 0.74
25/08/2014  12:15 0.17 14.22 1.2
08/10/2014  04:48 0.03 25.7 0.13
21/10/2014  12:05 0.31 5.51 5.63

As 16/11/2014  13:39 0.1 12.93 0.77
26/11/2014  00:48 0.5 14.31 3.5
02/02/2015  06:10 0.15 13.4 1.12
22/02/2015  21:38 0.09 34.21 0.26

The potential contribution of estimated atmospheric deposits to stormwater
contamination is relatively low as it varies between 0.38 and 17.12 % for nickel, and 0.13 and
5.63 % for arsenic. The highest percentages of potential contribution are calculated for the
events having the longest length of antecedent dry periods, as for the PAHs. The potential
atmospheric contribution for both metals is not very significant, as the corresponding mean
value is equal to 3.52%. In fact, emissions of Ni and As mostly originate from fossil fuel
combustion (Shi et al. 2012;Motelay-Massei et al. 2005) which is now reduced due to enhanced
and cleaner industrial processes that reduced their emissions in order to protect the
environment. An important decrease is registered for many trace metals, including Nickel

whose emissions decreased by a factor of 16 in 14 years (Motelay-Massei et al. 2005).
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Calculation of annual deposition fluxes for both metals are done as for PAHs and are
presented in Fig. 8. The atmospheric flux of Ni is evaluated at 0.11 mg/m?/year while the flux
exported by stormwater is 1.93 mg/m?/year. For As, both atmospheric flux and the flux in

stormwater are lower, equal to 0.01 and 0.45 mg/m?/year respectively.
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Fig. 8 Annual fluxes of atmospheric deposition and loads conveyed by stormwater for nickel and
arsenic

3.3. Road dust

The potential contribution of atmospheric deposits to the stock on the road surface is
presented for the two campaigns of dust collection in Table 5, as the ratio of pollutant mass
from atmospheric deposition over the pollutant mass present on the road surface. Since the
dust campaigns were performed on a non-coincident period with the sampling of atmospheric
concentrations, missing atmospheric concentrations were calculated based on the same
reconstruction methods developed in earlier sections 3.1.1 and 3.1.2.Then atmospheric
deposits were calculated for the corresponding period of dust sampling. The comparison of
atmospheric deposits and road dust will give a general idea of the quantities of pollutants
present in both compartments, and it allows the assessment of the order of magnitude between

the two variables.

Table 5 Percentage of the potential contribution of atmospheric deposit to dry stock on the surface

At heri it D tock
mospheric deposi Ty stoc Potential contribution (%)

(mg) (mg)
BaANT 0.06 10.4 0.58
14/10/2014 BbFLT 0.12 14.56 0.82
(ADWP=2
p BKFLT 0.04 6.56 0.55
ays)
Ni 1.73 502.7 0.34
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As 0.14 94.1 0.15

BaANT 1.36 8.1 16.75

07/07/2015 BbFLT 2.00 21.7 9.22
(ADWP=37 BKFLT 1.05 7.06 14.82
days) Ni 20.45 1614.2 1.27
As 2.55 273.54 0.93

The potential contribution of atmospheric deposition to the street deposits is relatively
low for both campaigns. It does not exceed 1 % and 18 % for all pollutants on the campaign of
the 14" of October and the 7 of July respectively. Higher contributions are estimated for the
second campaign since road dusts were collected after a longer period of dry weather,
resulting thus in a higher calculated load of atmospheric deposits. The contribution of PAHs
is more significant compared to that of trace metals, whose loads in stormwater samples are

very important.

The low contribution percentages calculated show that atmospheric deposition is not
a major source of PAHs and trace metals in dry stock on surfaces. Local sources such as soil
erosion, vehicle emission, tire wear and street erosion would constitute a more important
source for the build-up of pollutants on surfaces. In addition, the total mass of BaANT
accumulated on the surface after two days of dry period (10.4 mg) is higher than the one
accumulated after 37 days of dry weather (8.1 mg). Also, the collected masses of BKFLT in
dust samples for both campaigns have almost the same magnitude. This result confirms
previous findings on the need to reconsider the dry weather period as the only predictive

variable in build-up models (Al Ali et al. 2016; Sage et al. 2015).

The comparison of pollutant loads in dry stocks and water samples shows that the mass
of collected dry stocks is much higher than the mass of washed off particles calculated for

several events for all pollutants (Table 6).

Table 6 Mean values of ratios calculated between the mass of pollutant in stormwater samples
(n=10 for PAHs and n=7 for metals) and the mass of pollutants in dry stock (%)

BaANT BbFLT BKFLT Ni As
Ratio 14/10/2014 (%) 9.39 17.34 13.49 14.60 18.26
Ratio 07/07/2015 (%) 12.06 11.64 12.53 4.55 6.28
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The mean values of ratios calculated between the loads in stormwater and the loads in
street deposits do not exceed 20% for all pollutants. This result confirms that during rainfall
events only a small proportion of the available mass is washed away into the sewer inlets

(Egodawatta, et al. 2007; Vaze and Chiew 2002).

Particle size distributions in stormwater samples and road dust samples are presented
in Fig. 9. The analysis shows that 48% of particles mobilized by the runoff are fine (< 10um)
(Fig. 9 a) while only 7% of these particles are present in road dust (Fig. 9 b). This confirms that
the fine particles are highly mobile compared to the coarse particles of surface buildup (Hong
et al. 2016a). Moreover, the small proportion (7%) of particles smaller than 10 pm might
suggest that the fine particles originate mainly from the atmosphere. However, given the low
atmospheric contribution to stormwater loading, this indicates the existence of direct

significant sources of fine particles, distinct from the atmospheric pathway.

(a) Particle size distribution in stormwater samples
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Fig. 9 Particle size distribution in stormwater samples (a) and in road dust (b)

4. Discussion
The annual fluxes of atmospheric deposition for each PAH varied within the lower
ranges stated by (Motelay-Massei et al. 2006), who calculated annual fluxes imported by bulk

atmospheric deposition ranging between 0.005 and 0.009 mg/m?/year for BaANT; 0.008 and
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0.016 mg/m?/year for BbFLT and finally 0.003 and 0.007 mg/m?/year for BkKFLT. Comparison
of the annual atmospheric deposition fluxes of total PAHs with the literature was not possible

in our case, because in this study we considered only the sum of three PAHs and not total

PAHs, as defined by the EPA (Keith 2015).

The magnitude of annual deposition fluxes of metals measured in the present study
are lower than the fluxes calculated in previous papers. For example, Sabin et al. (2005)
recorded a flux of 1.3 mg/m?/year on an urban catchment in Los Angeles for nickel. Sweet et
al. (1998) calculated annual deposition fluxes ranging between 0.32 and 0.57 mg/m?/year for

nickel, and 0.066 and 0.091 mg/m?/year for the arsenic three distinct locations.

The potential atmospheric contribution of PAHSs to the contamination of stormwater is
shown to be very low in this study, where mean values calculated for BAANT, BKFLT and
BbFLT were respectively equal to 10.5, 9.5 and 13 %. Similar contributions for PAHs, based on
concentrations, were estimated by Gasperi et al. (2014) where mean values of potential
contributions were equal to 11% for both BAANT and BKFLT, and 14% for BbFLT. Bressy et
al. (2012) found that atmospheric fallout didn’t account for more than 30% of the annual load
of PAHs exported by stormwater, while Motelay-Massei et al. (2006) stated even lower values
ranging between 2 and 18 %. This result confirms previous findings on the dominance of
“local” emissions as the primary source of PAH. Here we consider that local emissions are
defined as emissions by traffic that do not reach the altitude of 2 meters above the ground and
settle before being transported by the atmosphere. The study site is therefore, subjected to
important direct emission loads that result in higher direct contribution to stormwater loads,
for which the traffic is certainly strongly responsible. The asphalt abrasion due to the passage

of cars, the tire abrasion and lubricating oil, may all contribute to the PAHs road deposit load.

Potential atmospheric contribution to metal loads in stormwater is also insignificant as
the corresponding mean percentages are 5% for nickel and 1.8% for arsenic. Higher
contributions were mentioned in previous works. For example, Gasperi et al. (2014) calculated
a contribution of atmospheric fallout to the contamination of runoff equal to 32% and 7% for
nickel and arsenic respectively, while Percot et al. (2016) attributed the same percentage for
the contribution of nickel but lower value for arsenic (1%). Sabin et al. (2005) mentioned even

higher values for the nickel ranging between 57 and 100%. The lower contributions calculated
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in this study even on highly trafficked road (30000 vehicles/day) might be attributed to several
factors such as the catchment size, the regional climate and the methodology for the estimation
of deposition fluxes. This study is conducted on a very small road catchment not exceeding
0.27 ha, while other studies were conducted on larger urban catchments from 5 to 228 ha (Sabin
et al. 2005; Gasperi et al. 2014; Percot et al. 2016) covering different types of urban surfaces
including roofs, parking, gardens, pavements and subsequently wider ranges of activities
resulting thus, in higher levels of contaminations and emissions. The meteorogical factors
including humidity, pressure and wind speed, also have an important influence on the levels
of contribution since they highly control the concentrations of particulate matter (PMuio) (Lee
etal. 2011; Tian et al. 2014). This explains the extremely high contributions mentioned by Sabin
et al. (2005), where in the semi-arid region, strong and very dry winds frequently occur.
Differences in the material and devices used to collect the atmospheric fallout, and the
subsequent analyses may induce divergence in the estimated atmospheric concentrations and

deposition fluxes.

Atmospheric concentrations in this study were measured at a height of two meters of
the ground, as in (Sabin et al. 2005), given the definition of atmospheric particles by the
atmospheric experts and modelers. Therefore, air borne substances at lower heights and
particles transported and settling near the ground, originating from vehicle emissions and the
degradation of the road surface itself, are not taken into account leading thus to an
underestimation of the atmospheric deposition, based on their current definition. To overcome
this problem, samplers should be placed very close to the urban surface so that the
measurements would cover a wider range of traffic emissions, including direct emissions not
necessarily passing through the atmosphere before settling on the urban ground. However,
this solution might not be easy due to the high risk of deterioration of the material on site. This
study challenges our capacity to invent new measuring methodologies. A more accurate
estimation of atmospheric deposition also would also include the quantification of the re-
suspension process, which is induced by meteorological conditions and road traffic. Several
researches reported its significance (Weinbruch et al. 2014) and relevance especially for road
dust emission models such as the NORTRIP model (Norman et al. 2016). Taking into account
these processes would result in a more accurate estimation of the percentage of the

atmospheric contribution, in order to underlie our initial purpose to be able to integrate traffic,
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air and water models to tackle the question of the pollution dispersion in the urban

environment.

The analysis of road dust showed that the atmospheric deposition does not contribute
significantly to the stock on the surface. This is coherent with what we mentioned previously
on the traffic being a major source of contamination. However, this stock does not represent
the mass susceptible to be mobilized by a rainfall event, which is clearly shown when
comparing the mass of pollutants in stormwater samples and the mass of pollutants in dry
stocks as well as the particle size distribution of pollutants in both stormwater samples and
road dust. Fine particles are the most susceptible to be mobilized by the runoff during a rainfall
event, which highlights the selectivity of the wash-off process. The dynamics of transport of
the particles available on the surface prior to a storm event are thus dependent on the
characteristics of the particles. Incorporating this knowledge in stormwater quality modeling
by integrating a differential erosion rate depending on the particles size should be considered,
to a better assessment of the mobilization of sediments from the surface (Hong et al. 2016b).
Results also highlight the existence of important sources of fine particles other than the

atmosphere, contributing to the high concentration of fine particles in stormwater.

5. Conclusion

The potential contribution of atmospheric dry deposits of PAHs and trace metals to
stormwater loading was assessed on a highly trafficked urban road catchment. Results
demonstrate that atmospheric deposits do not contribute significantly to pollutant loading in
stormwater runoff, as mean contribution percentages of deposits to water loads didn’t exceed
11 and 4 % for PAHs and metals respectively for the studied rainfall events. Therefore, taking
explicitly the atmospheric deposits as an entry to water quality models and developing an
integrated modeling chain between the two compartments might not be relevant. Further
research must be conducted to account of the processes of re-suspension and aggregation of
particles in the estimation of atmospheric deposition. The integration of the emission of all
traffic related particles must be also reconsidered to propose new water quality models based
not only on atmospheric accumulation processes but also on direct deposition processes

especially with the results confirming the major role of traffic in the emission of contaminants.
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The results also highlight the need of source characterization of the finest particles in

stormwater, since they represent the highest fraction conveyed during a rainfall event.
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Chapitre 3. Investigation of the wash-off process using an innovative portable
rainfall simulator allowing continuous monitoring of flow and turbidity at

the urban surface outlet

Abstract: Development of appropriate models, based on an in-depth understanding of
the wash-off process, is essential to accurately estimating pollutant loads transported by
stormwater, thereby minimizing environmental contamination. To this end, we developed an
innovative rainfall simulator, which simulated an intense rainfall (120mm/h) and permitted
the acquisition of runoff samples as well as the in situ monitoring of continuous flow and
turbidity dynamics. Relationships between deposited sediments and total suspended solids in
simulated runoff were thus investigated on two different types of surfaces within the Paris
region in terms of loads and particle size distribution. Results demonstrate the occurrence of
first flush phenomenon on the sidewalks even under constant flow. Results also show that the
highest fraction conveyed by runoff consisted of fine (<16pum) and medium-sized (<100pm)
particles, whose detachment was more favorable from smooth surfaces than from rougher
ones. In terms of stormwater quality modelling, results suggest that the integration of a wash-
off fraction based on both particle size and rainfall intensity could be an entrance for a better

prediction of stormwater pollution.

Keywords: Particle size distribution, Rainfall simulation, Sediments, Stormwater,

Wash-off process.

1. Introduction

Modification of land surface due to urban expansion has led to a significant increase in
impervious surfaces (Wilson and Weng, 2010). This has been accompanied by a rise in the
volume of urban stormwater runoff (Chen et al., 2016) and pollutant loads. Pollutant wash-off
from impervious surfaces in urban catchments, mainly roads and parking lots, is a major
contributor to stormwater runoff contamination (Motelay-Massei et al., 2006; Revitt et al.,
2014). During a rainfall event, pollutants deposited on the surface during the dry weather
period will be mobilized in different forms and migrate into the sewer system. Pollutants
transported within the particulate matter are recognized as the main source of contamination

as toxic elements such as trace metals and polycyclic aromatic hydrocarbons as well as organic
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matter are adsorbed on their surface and scattered over the particles in several size fractions
(Kim and Sansalone, 2008; Sansalone et al., 1998; Zhao and Li, 2013). The most common
indicator for particulate matter is the total suspended solids (TSS) (Rossi et al., 2013). The direct
discharge of TSS into the receiving water bodies will pose a severe environmental risk if left
untreated. The evaluation of such risk is primarily based on the understanding of build-up
and wash-off processes (Deletic and Orr, 2005; Egodawatta et al., 2013; Vaze and Chiew, 2002),
and in-depth investigation of relationships between sediment deposits and fractions
transported by wash-off (Eckley and Branfireun, 2009; Zhao and Li, 2013). Furumai et al. (2002)
showed that surface wash-off is highly dependent on the particle sizes that are present prior
to a storm event, noting that more than half of the particulate load in runoff samples are
associated with particles less than 20um. In a recent study, Hong et al. (2016b) demonstrated
that most fine particles (less than 15um) are transported at the beginning of a rainfall event,
while a number of coarser particles are transported later if the rainfall intensity is high enough,
or if there is sufficient energy in the flow. These findings confirm that fine and coarse particles
exhibit distinct transport behavior, revealing the need to not only compare particulate matter
in terms of load, but also size distribution (Kim and Sansalone, 2008; Wijesiri et al., 2015; Zhao
et al.,, 2010). Therefore, it is essential to incorporate this knowledge into stormwater quality
models in order to enhance and elucidate the current description of the complex processes
governing the generation and transport of pollutants. Obtaining new knowledge on these
processes and their controlling factors requires an in-depth investigation in order to acquire

the necessary data.

Several sampling techniques have been used to collect build-up and wash-off samples.
Build-up samples are usually obtained either by spraying water on the surface and then
collecting the effluent using a vacuum cleaner (Deletic and Orr, 2005) or by brushing the
surface and dry vacuuming (Eckley and Branfireun, 2009; Vaze and Chiew, 2002). Both
methods have high sampling efficiency and allow the collection of the fine particles that are
dislodged under the pressure of water spray or the action of the brush. However, it should be
noted that an accurate estimate of the available pollutant load on the surface alone is not
sufficient in determining the level of contamination in the runoff. In fact, several studies have
shown that the amount transported by stormwater runoff is minimal compared to the amount

of stock present on the surface (Hong et al., 2016a; Pitt et al., 2005), suggesting that wash-off
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sampling is a necessary complement to dust sampling in evaluating stormwater

contamination.

Stormwater samples obtained from natural rainfall are usually collected at the
catchment outlet, which is equipped with automatic samplers (Al Ali et al., 2016; Goonetilleke
et al., 2005; Liu et al., 2013). Using these types of samples in order to understand and elucidate
erosion and wash-off mechanisms is difficult given the high variability of rainfall
characteristics and the random nature of rainfall events. To overcome these challenges,
researchers resorted to artificial rainfall, where rainfall is generated under controlled
conditions using rainfall simulators (Egodawatta et al., 2007; Herngren et al., 2005; Zhao and
Li, 2013). Artificial rainfall conditions are favorable, since they allow for the simulation of
different rainfall scenarios. This will help identify key explanatory factors that can be
implemented in the mathematical replication of the wash-off process. By simulating rainfalls
of different intensities and durations to investigate the wash-off of pollutants from urban road
surfaces, Zhao and Li (2013) concluded that the wash-off fraction is proportional to both
factors, as intense rainfall mobilized the highest fraction of loads. Based on similar results,
Egodawatta et al. (2007) developed a new wash-off model by modifying the original
exponential wash-off equation proposed by Sartor et al. (1974) and introducing a capacity
factor that depends on rainfall intensity. These studies highlight the interest of using rainfall
simulators to study wash-off; however, the results were analyzed only in terms of loads and
their corresponding particle size distribution. Until now, no study has allowed for in situ
analysis of the instantaneous hydrographs and pollutographs generated by the simulated

runoff.

Another constraint of previous studies is the fact that rainfall simulators usually
require more than one person to install and operate, adding time to the sampling process and
making it impossible to perform several experiments on the same day at different locations. In
addition, some simulators might not be used on real sites outside of the laboratory because of
their sophisticated design. Therefore, the development of a portable field rainfall simulator
seems adequate in addressing this issue. In fact, a number of studies have investigated wash-

off using portable field rainfall simulators in natural catchments (Battany and Grismer, 2000).
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In this paper, an innovative device consisting of a lightweight mobile rainfall simulator,
equipped with a measuring system that allows for the continuous in situ monitoring of flow
and turbidity, and thus the investigation of instantaneous hydrograph and pollutograph, was
designed to study the transport dynamics of TSS from paved zones of two distinct surfaces.
Dust and water samples were collected and compared in terms of loads and particle size
distribution on both surfaces. Results are interpreted with the view of understanding the
physical process of pollutant production and enhancing the current modelling approaches of

stormwater wash-off.

2. Materials and methods

2.1. Study area
The research sites are located in two different districts situated in the eastern part of
the Paris region. They were chosen to represent different surface types. The first site consisted
of the sidewalks located at proximity of the highly trafficked (up to ~30,000 vehicles per day)
boulevard “Alsace Lorraine” in the residential district of “Le Perreux sur Marne” in the
department of “Val de Marne”. The surrounding area includes residential houses and small

commercial shops. The sidewalks are characterized by a smooth surface.

The second research site was a parking lot in the University of “Ecole des Ponts
Paristech”. The university is located in the district of “Champs sur Marne” within the
department of “Seine et Marne”. The parking surface is made of coarse asphalt and is subjected

to low traffic density.

The surfaces at both locations are presented in Fig. 1.
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(a) (b)

Fig. 1 (a) The sidewalk surface (b) The parking lot surface

2.2. Rainfall simulator, measuring system and experimental data

2.2.1.Design and conception

A specially designed portable field device consisting of a rainfall simulator and a
measuring system that allows for continuous monitoring of flow and turbidity was used in
this study. The device was designed to homogeneously spray an elementary area of 1 m?, with
a one-year return period rainfall having a raindrop size distribution similar to the natural
regional rainfall. Lightweight materials were used in the construction of the device so that it
could be easily operated by one person and to reduce implementation time to less than an

hour.

The simulator consisted of two aluminum frames: the first was a U-shape, where the
nozzle spray and hollow parallelepipedic legs were attached; the other was a square plot frame
(Imx1m) that delineated the plot boundary. The two frames were assembled by fitting the legs
of the U-shaped frame into two parallelepipedic tubes fixed between two parallel outside
borders of the plot frame, with an internal length equal to the external length of the legs of the

U- shaped frame.

The U-shaped frame was equipped with a Fulljet standard spray nozzle (reference:
1/8HH-5) from Spraying Systems Company, which was attached to the middle of the frame
and stood at 1.6 meters above the ground. At this height, the spray nozzle delivered a solid

cone spray pattern, watering the plot area.
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Water was driven to the nozzle using a peristaltic Watson Marlow pump. The motor
was supplied with a voltage of 24 volts, allowing the pumping of the water from a 30-liter
plastic tank that rested on the ground near the simulator. The tank was connected to the pump
using a PVC TYGON tube, with an interior diameter of 12.7 mm and a thickness of 3.2 mm.
Another PVC Watson Marlow tube with an interior diameter of 6.4 mm and a thickness of 2.4
mm, connected the nozzle to the pump, ensuring the flow of water. The pump was set to

deliver a flow rate of 2000ml/min at the entry of the nozzle, with pressure equal to 1.5 bars.

To ensure that no leakage of sprayed water outside of the plot frame would occur,
rubber joints were fixed using an aluminum blade screwed to all sides of the frame, and
weights were placed on the top of the plot borders. A clear plastic sheet was also used to cover

the frame to prevent the deviation of rainfall drops caused by the wind.

The water was then transported through two suction heads of 400 mm to a 100 liter
“Manuttan” tank using an industrial vacuum “jet 60 RE”, which was connected to the tank
through a hole. The water entered into a system consisting of funnels that acted as a flow
straightener to tranquilize and stabilize the flux. The tank also contained a “Bamomatic”
electromagnetic flow meter and an “Analite NEP 1610” turbidimeter that allowed the
continuous measuring of both flow and turbidity. The functioning of the flow meter required
that its electrodes maintained contact with water at all times, which is why a siphon, placed
between the end of the funnel system and the entry of the flow meter, was filled with clean
water prior to starting the simulation. A sediment catcher was also placed in the tank to trap
big particles, which risk inducing false turbidity peaks. The turbidimeter and flow meter were
connected to the acquisition unit that was placed in the control box along with the pump. A
specific program operated the simulator by sending instructions to launch the pump at the
specified flow rate. The equipments are represented in Fig. 2, and the scheme representing the

functioning of the system is provided in appendix A (Fig.A.1).
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Fig. 2 (a) The equipment of the rainfall simulator, (b) the funnels and the measuring
system

2.2.2.Sampling collection and laboratory analysis

¢ Dry deposits samples

Road deposits were collected using a domestic vacuum cleaner “Rowenta RU 4022”
(Bechet et al., 2015). The vacuum is relatively powerful and consists of a highly compact 1500w
motor. It delivers an air flux equal to 38 dm3/s. The use of domestic vacuum cleaners have
shown high efficiency in collecting dust and mainly fine particles (Egodawatta, 2007; Zhao
and Li, 2013). The samples were collected on both sites within an adhesive tape delimited
rectangular frame plot of 2m? (2mx1m). First, the surface was scrubbed in a circular motion
using a brush in order to dislodge and release the fine particles attached to the surface,
therefore enhancing their collection. Then, the vacuum was passed over the entire area in small
strips, with an aspiration velocity of approximately 5cm/s. The dust was collected in paper

filters within the vacuum.

Three samples of dry deposits were collected on the sidewalks (one at each location)
on June 7% 2015 after a dry weather period equal to 37 days. Three samples were also collected
on the parking lot on the 1t and 15% of December 2016 and on the 10* of February 2017 after a

dry weather period equal to seven, one and two days, respectively.
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Samples collected on both the sidewalks and the parking lot, were taken to the
laboratory for analysis. The dust samples were sieved into two fractions using a 2 mm sieve.
Then, the sieved fraction was weighed to estimate the load and analyzed for particle size
distribution using a laser diffractometer (Malvern® Mastersizer 3000) (Bechet et al., 2015). The
(Malvern®Mastersizer 3000) reports the volume fraction for each size class. The volume
distribution is calculated with the Mie light scattering theory, where all the particles are
assumed to be spherical and diffuse in the same way. The refractive indexes used for the
measurements are 1.33 for the dispersant solution (water) and 1.53 for the particles as wet
dispersion. We also calculated the mass of particles in each size fraction. Since we didn’t have
any measurements for particles density for each size fraction, we assumed that all particles
have the same density. Sediments usually are a mix of irregular particles with different shapes
and densities. Nevertheless, for practical reasons and simplifications, all particles are assumed
to be spherical and have the same density. These assumption are widely accepted and applied
in mathematical models of sediment transport (Deletic, 2001; Hong et al., 2016a). However,
when designing mitigation strategies for stormwater pollution, the density of the particles
must be carefully chosen because it influences the estimation of the facility’s efficiency

(Zanders, 2005).

Dust samples collected at the parking lot were left for decantation (after adding pure
water) the night preceding analysis in order to remove the high organic fraction, which
resulted mainly from vegetation fragments originating from surrounding trees and vegetable

foam on the surface.
e Wash-off samples

Wash-off samples were collected after ten minutes of simulated rainfall applied with a
120 mm/h intensity, at the same time and at the same locations as dust samples. For portability
reasons, the duration of the simulation was short. To simulate a 10 minutes rainfall with a
rainfall intensity of 120 mm/h we needed 20 liters of water. Simulating longer events will
require using larger volume of water, whose transportation on site is not easy. Continuous
measurements of flow and turbidity were recorded for the entire duration of the simulation,
at a time step of 500 ms. At the end of the simulation, the contents of the tank were

homogenized and the mean turbidity was measured. The samples were then transported to
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the laboratory for analysis, and the volume of water recovered from the tank was calculated
to check that there was no loss in the runoff volume. Then, after careful homogenization of the
contents of the tank, three subsamples were taken to quantify the washed-off loads and the
mean concentration of TSS by filtration, using 0.45um glass fibers glass. The filters were
weighed prior to the filtration to determine their initial mass. After filtration, the filters were
placed in the oven at 60°C for 24 hours to dry. Then they were weighed again and the washed-
off load was hence calculated as the difference between the initial mass and the mass after

drying.

We did not perform any analysis on the filtrate to characterize the dissolved matter
because in this study, we were mainly interested with the particulate matter. The interest in
the particulate matter is based on its being the main vector of toxic pollutants such as PAHs

and trace metals in stormwater runoff.

In addition, subsamples of two liters were taken at the end of the simulations on the
sidewalks only to analyze the particle size distribution using the same technique as for dust

samples.

The transport dynamics of TSS in the simulated runoff at both sites were also
investigated, based on the analysis of the M(V) curves (Bertrand-Krajewski et al., 1998). M(V)
curves were obtained by plotting the dimensionless cumulative TSS mass vs. the
dimensionless cumulative runoff volume. In order to determine the mass of TSS, turbidity
measurements must be converted into TSS concentrations. Therefore, TSS—turbidity linear
relationships were established, and the TSS concentrations at each site were given by the

following relationships, with a correlation factor R? > 0.97:

[TSS]sidewaik = 6-1 X Tsigewalk (1)

[TSS]parking lot = 6.38 X Tparking lot (2)
Where: [TSS]sigewaix= the concentration of Total Suspended Solids at the sidewalks in

mg/l; Tsigewair = turbidity at the sidewalks in NTU; [TSS]parking 10t = the concentration of Total

Suspended Solids at the parking lot in mg/l; Tparking 10t = turbidity at the parking lot in NTU.
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3. Results
3.1. Rainfall simulator reliability

3.1.1.Calibration

The uniformity analysis was carried out by exposing sixteen containers arranged in a
4x4 square frame within the area covered by the plot frame to a 10-minutes rainfall, with a
rainfall intensity of 120mm/h. The containers were weighed before and after the rainfall, and
the volume of water was determined by calculating the difference between both weights. The
uniformity coefficient was then calculated based on the formula proposed by (Christiansen,
1942) :

Y X

=1-
cu M x N

(©)

Where : CU = uniformity coefficient ; X = absolute value of the deviation from the mean

of individual observations; M = the mean value of observations; N = number of observations.

The calculated uniformity coefficient was equal to 73%, similar results were obtained
in previous studies (Iserloh et al., 2013; Lascelles et al., 2000). The spatial distribution of rainfall
shows that the highest rainfall amount was collected in the central containers placed directly
below the nozzle, while lower amounts reached the containers placed on the upper and lower
ends of the plot. If we calculate the uniformity coefficient by excluding the upper and lower
ends of the frame plot, the uniformity coefficient is higher and equal to 80%, which is in
agreement with the “edge effect” resulting in a non-uniform spatial distribution across the plot
(Loch et al., 2001). The spatial variability calculated for this rainfall simulator is still within the

acceptable range to perform a successful rainfall simulation.

3.1.2.Raindrop size distribution

The drop size distribution was obtained using a “THIES” laser precipitation monitor.
The device allows for the acquisition of the particle spectrum, which is the distribution of the
particles over the class bins. The precipitation monitor was placed on the ground in the center
of the frame plot, and recorded measurements under an artificial 120mm/h rainfall during five
minutes, at a pressure equal to 1.5 bars. Analysis of raindrop size distribution given by the

disdrometer for the simulated rainfall showed that the drop sizes are small (Fig.A.2). The

166



maximum number of raindrops was attained within the 0.5-0.75 mm diameter range, which
also corresponds to the central raindrop diameter measured for several natural rainfall events
that occurred in the same region. The fall velocity of 85% of the measured drops was lower
than 5m/s. The performance of the rainfall simulator is satisfying given that it accurately
replicated the raindrop distribution of natural rainfall. Bigger raindrops in the simulated
rainfall might have been expected since the simulated intensity was relatively high, however
comparison with other small and portable rainfall simulators shows similarities concerning
the obtained drop size distributions where the highest drop numbers are lower than 1 mm
even under intense rainfall (Iserloh et al., 2013). Attaining distributions of higher raindrop
diameters while maintaining high intensity range would require more sophisticated and
complicated devices that do not have any restrictions on the design, which might reduce the

simulator’s portability and feasibility for direct in situ investigations.

3.1.3.Runoff coefficient

The efficiency of the system in collecting runoff was evaluated by calculating the runoff
coefficient, which corresponds to the ratio between the collected runoff volume and the
precipitation volume, which was equal to 20 liters. Runoff coefficients calculated at both sites
were higher than 0.83 for all simulations. The high value calculated for the runoff coefficient
confirmed that the system collected most of the runoff generated during the simulation and

ensured the total humidification of the surface.

3.2. Dynamics of TSS in runoff
The TSS concentrations in simulated stormwater collected on the sidewalks, varied
between 172.26 and 267.03 mg/l with a mean value equal to 226.69 mg/l. For comparison, the
TSS concentrations calculated at the parking lot, were lower, as they varied between 88.31 and

252.4 mg/l with a mean value equal to 153.72 mg/1.

The TSS dynamics measured at both sites are presented in the Figure below (Fig. 3). It
can be noted that the pollutographs measured at the parking lot showed distinctive patterns
at each simulation. For the first and third simulations, the pollutographs presented two
distinctive peaks. As displayed in Fig. 3 (a), the TSS concentration increased to reach 560 mg/1
at the beginning of the runoff and then gradually decreased before reaching a peak value of

890 mg/l after eight minutes. For the second simulation (Fig. 3 (b)), a high peak of TSS
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concentration was observed at the initial stage of runoff, before quickly decreasing to a stable
period that lasted until the end of the event. The corresponding TSS concentration at the peak
was equal to 865.1 mg/l, which is 30 times higher than the average TSS concentration recorded
during the following stable period (91.38 + 63.8 mg/l). The third simulation at the parking lot
illustrated in Fig. 3 (c) also showed a high peak at the beginning of the runoff, with a TSS
concentration equal to 325 mg/l, followed by a systematic decrease over time that was

interrupted by a sudden increase at the seventh minute mark.

This inconsistency in TSS dynamics during the rainfall event was not observed at the
sidewalk sites, where all pollutographs showed a quick increase in TSS concentration at the
beginning of the event followed by a rapid decrease to a period of stabilization after three
minutes. The peaks of TSS concentrations reached 979.6, 1115.1 and 1726.3 mg/1 at the three
sidewalk sites 1, 2 and 3 respectively (Fig. 3 (d), (e) and (f)), while the average TSS
concentrations recorded during the corresponding stable period were respectively 198.57 +
31.2, 50.94 + 28.07 and 185.73 + 136.07 mg/l. To be noted that at sidewalk 3, near the end of the
simulation, we observed an increase in the concentration of TSS that might be explained by
the preceding increase of the flow. As we can see in Fig. 3 (c) and (f), the measured flow is not
constant all the time. This variation can be explained by an instability of the funnel system that
might have caused a loss in the volume passing through the flow meter, and resulting thus in
the appearance of fluctuations in the measured hydrograph. The fraction of the sucked water

that skipped the flow meter will drop directly to the bottom of the tank, in this case.
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Fig. 3 TSS dynamics and hydrographs measured at the (a) parking lot on 01/12/2016 (b) parking
lot on 15/12/2016 (c) parking lot on 10/02/2017 (d) sidewalk 1 (e) sidewalk 2 and (f) sidewalk 3

The M(V) curves obtained at the parking lot showed that the fraction of mass
discharged by the volume at any time of the events is constant (Fig.A.3) except for the event
recorded on December 15, 2016 where the occurrence of the first flush phenomenon is
observed (Al Ali et al., 2016). On the other hand, the M(V) curves of the events recorded at the
sidewalks, confirmed that the first volume of runoff always mobilized the highest load of

contaminants where the initial 15% of runoff transported an average 50% of the TSS load.

3.3. TSS in runoff

3.3.1.Washed-off loads

TSS loads collected in simulated wash-off samples at both the parking lot and the
sidewalk sites are presented in Table 1. The analysis of wash-off data collected at the parking
lot shows that there is very little variability in the TSS fraction mobilized for each simulation,
which suggests that the amount of pollutant transported during the rainfall event is almost
the same. The highest wash-off load accounting for 1.1 g/m? was calculated for the sample
collected on December 1,2016 , while the wash-off loads measured at the other sampling dates
were very close. As for the sidewalk sites, a higher wash-off load of TSS was measured at all
locations in comparison to the ones measured at the parking lot. The results also highlight the
existence of a spatial variability of TSS wash-off load, where maximum TSS loads equal to 5.18

g/m? are transported by the runoff at sidewalk 3, while minimum loads accounting for 2.86
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g/m?Zare transported at sidewalk 2. The loads transported at sidewalk 1 were similar to the

ones transported at sidewalk 3.

Table 1 TSS loads measured in simulated wash-off samples at the parking lot and the sidewalks

Date Sampling location Wash-off load (g/m?) Mean Standard deviation
01/12/2016 1,10
15/12/2016 Parking lot 0,83 0,89 0,19
10/02/2017 0,73
1 4,26
07/07/2015 Sidewalks 2 2,86 4,10 1,17
3 5,18

3.3.2.Particle size distribution

The mass distribution of the washed-off TSS loads at the sidewalks shows that particles
having a diameter of less than 100pm are the most abundant (Fig.A.4). Wash-off particles with
less than 100pum accounted for 83% of the total wash-off load at sidewalk 3, and for 78 and 65

% respectively at sidewalks 1 and 2.

Particle size distribution was further analyzed by categorizing particles into three
classes representing the finest (<16pum), medium-sized (16-100pum) and coarsest particles

(>100um) and the results are summarized in Table 2.

Table 2 Cumulative masses and percentages of TSS loads in simulated wash-off samples collected
at the sidewalks

Particle size <16um 16pum< - <100pum >100pum
Mass (g/m?) Percentage (%) Mass (g/m?) Percentage (%) Mass (g/m?) Percentage (%)
Sidewalk1 0,58 14 2,74 64 0,94 22
Sidewalk2 0,34 12 1,53 53 0,98 35
Sidewalk3 0,83 16 3,47 67 0,89 17

Particles transported in the finest fraction (less than 16pm) did not exceed 16% and had
an equivalent mass varying between 0.34 and 0.83 g/m2?. The majority of the particles
transported at all sidewalks were in the medium-sized fraction, representing the highest
percentage of mass, which ranged from 53 to 67%. Few coarse particles were also transported
by the runoff. Even though the highest percentage of coarse particles was conveyed at
sidewalk 2, it actually accounted for almost the same amount in terms of mass transported at

the other locations. A comparison of the particle size distribution at the three locations
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indicates similar distributions at both sidewalks 1 and 3, with slightly coarser yields from
sidewalk 1 and finer yields from sidewalk 3. Whereas a more remarkable difference was seen

at sidewalk 2, where the runoff mobilized lower loads of particles less than 100um.

3.4. Dry stock

3.4.1.Sediment load

Sediment loads calculated at the parking lot and the sidewalks are presented in Table
3. The amount of sediments collected at the parking lot varied proportionally to the antecedent
dry weather period, where the highest amount of sediments were collected after seven days
of dry weather. Comparison with the sediment load collected at the sidewalks after 37 days of
dry weather, showed that almost the same amount of pollutant was present on the surface at
sidewalks 2 and 3, while a higher amount was collected at sidewalk 1. This result is in
agreement with the findings of Deletic and Orr (2005) concerning the influence of antecedent
dry days on TSS stock. Sediments appear to gradually build-up and accumulate on the surface
during dry weather, until reaching a steady state after several days. The build-up rate will
then reduce, resulting in a low increase of stock on the surface regardless of the duration of
the dry weather period. This shows that the impact of the antecedent dry weather period on

the build-up is not negligible, but rather limited.

Table 3 Sediment loads collected at the parking lot and the sidewalks

Date ?i‘;g Sampling location =~ Sediment load (g/m?) Mean :Zi?i?:;i
01/12/2016 7 20,45
15/12/2016 1 Parking lot 11 16,6 4,96
10/02/2017 2 18,35
1 274
07/07/2015 37 Sidewalks 2 20,05 23,76 3,67
3 23,85

3.4.2.Particle size distribution
The particle size distribution of available sediments on the sidewalks showed an
important fraction of coarse particles higher than 100um, most remarkable at sidewalk 1

(Fig.A.5). Particles higher than 100um accounted for 62% of the available sediments at
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sidewalk 1, and for 40 and 34 % of the available sediments at sidewalk 2 and 3 respectively,
representing thus double the load available in this fraction at the other locations (Table 4). Fine
particles of less than 16pum were present in lower amounts, not exceeding 8% of the available
sediments at all sidewalks, while the remaining sediments were present in the medium size

fraction.

Table 4 Cumulative masses and percentages of sediment loads in dust samples collected at the
sidewalks and at the parking lot

Particle <16pm 16pm< - <100um >100pm
size
Mass Percentage Mass Percentage Mass Percentage
(g/m?) (%) (g/m?) (%) (g/m?) (%)
Sidewalks 1 1,4 5 9,15 33 17 62
07/07/2015 2 1,2 5 11 55 8 40
3 1,83 8 14 58 8 34
01/12/2016 Parking 0,6 3 2,75 14 171 83
15/12/2016 lot 0,28 2,6 0,82 7,4 9,9 90
10/02/2017 0,72 4 2,95 16 14,68 80

The mass distribution of sediments in dust samples collected at the parking lot is
shown in Fig. 4, and it clearly illustrates more remarkable dominance of the coarse fraction. In
addition, the distribution seems to be bimodal as two distinct peaks emerge for all samples.
The second peak is most likely due to the high fraction of vegetation fragments and tree leafs
collected in the samples. Particles greater than 100pum accounted for more than 80% of the
available sediments for the three sampling dates. The highest fraction of particles > 100um was
found in the sample of December 15", where 90% of the available dust had a diameter higher
than 100um (Table 4). However, in terms of mass, samples collected on the other dates,
conveyed higher loads within this coarse fraction. Fine particles of less than 16pum, were
present in very low amounts as they did not account for more than 4% of the available
sediments collected at the parking lot during the three campaigns, while the remaining
particles were present in the medium size fraction. Comparison of the particle size distribution
of the samples collected on the three dates, shows similar distributions, especially for the

samples obtained on the first and third campaign.
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4. Discussion
4.1. Rainfall simulator

4.1.1.Constraints on rainfall simulator design

When designing a rainfall simulator, one of the most substantial and critical
characteristics of natural rainfall events that researchers tend to reproduce is the kinetic energy
of the rainfall drops. Based on this, we intended to develop a rainfall simulator that simulates
a rainfall having a drop size distribution similar to the one measured at the studied site for
natural events. For this purpose, we chose a Fulljet standard spray nozzle from Spraying
Systems Company, to generate the rainfall drops. This type of nozzles is usually used for
irrigation purposes. The nozzle is easily transported and fixed, which is an important

advantage for developing a lightweight mobile simulator that can be effortlessly handled by

173



one person on the site. To have a complete coverage of the plot surface, we decided to use a
full cone nozzle having a spray angle around 60°. This type of nozzles provide a uniform spray
distribution of drops. For this spray angle, the height at which the nozzle must be placed is 1.6
meters. This spraying angle was the most adequate since smaller angles would require higher
fall heights that will reduce the mobility of the system, while higher angles will induce larger
losses on the edges of the plot. Therefore, to have the appropriate rainfall drop distribution
with the chosen nozzle at the specific height, the flow rate delivered by the pump is found to
be equal to 2000 ml/min, corresponding to a rainfall intensity equal to 120 mm/h. Thus, the
choice of this high intensity is the result of a compromise between the chosen nozzle, the
frame’s height and the pump. The high intensity will also compensate the effects of the low
fall height.

Even though the simulated rainfall was very intense and had a short duration, the
occurrence of natural rainfall events with the same characteristics in the Parisian region is not
rare or uncommon. Several rainfall events recorded on the studied site had high intensity and

lasted for a short time.

Currently a work is being conducted to enhance the simulator and extend its
capabilities to simulate rainfall under different meteorogical conditions (wider ranges of
intensities, longer durations...), even though finding the accurate nozzle for variable intensities
is not very easy. It should be also noted, that the spraying intensities should be high enough
to obtain the instantaneous measurements of the flow. Otherwise, the water volume recovered
in the tank would fail to produce continuous recording of the instantaneous flow, because the

sucked water in this case will travel as a thin film through the measuring system.

4.1.2.Flow driven detachment or raindrop detachment?

After a certain time from the beginning of a natural rainfall event, the water height on
the surface begins to rise. The energy carried by the flow will transport the particles present
on the surface. If the energy is sufficient, particles under the turbulence created by the
gravitational flow will begin to move, and will be flushed into the runoff. However, this
phenomenon will not occur in our case study. Given the short duration of the simulated
rainfall and the limitations at the boundaries, there will be no sufficient conditions for the flow

sheet to be formed on the surface. The detachment of the particles is thus mainly driven by the
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raindrop impact which was advanced as the main driving force for sediment transport from
an urban surface in a recent study by Hong et al. (2016a). Achieving higher wash-off fractions
using this rainfall simulator is rather controlled by the duration of the simulated rainfall than
the potential shear stress of the flow. Recent study by (Zhao et al., 2016) showed that long
rainfall events tend to be source limited while short events are transport limited, suggesting

that during long rainfall events more significant loads will be transported.

4.1.3.Vacuumed flow

The use of the vacuum cleaner to collect the flow from the plot frame will result in the
disturbance of the gravitational flow. The flow is sucked up at an accelerated speed from the
surface into a pipe via two suction heads before reaching the tank. This will result in changing
the characteristics of the overland flow and the creation of turbulence, which is very limited
at proximity of the suction heads. The boundary conditions at the suction heads of the
simulator resembles to the boundary conditions at the entry of a stormwater drain on the
street, where at both edges the water height will drop to zero. The hole of the drain as well as
the suction heads both function as a dam, preventing the gravitational flow from going any
further. The manipulation of the impinging water when using the vacuum however might be
higher. To minimize the effects of the vacuuming on the flow, we put the funnel system at the
entry of the measuring system. The funnel system worked as a tranquilizer to help regain a
steady state. The efficiency of the system was tested, by verifying that the total runoff volume
and the total mass of TSS calculated from the recorded hydrographs and pollutographs
respectively, were in accordance with the measurements undertaken in the laboratory. This

shows that the effects of the turbulence on the flow and the mass were totally controlled.

4.2. Comparison of sediments in dry stock and TSS loads in simulated wash-off

Loads of sediments in dry stocks, whether on the parking lot or the sidewalks, were
very high compared to the load transported by the runoff. Global wash-off factors at both sites,
calculated as the ratio between the total wash-off load and the total accumulated load, are very
low as their mean values at the sidewalks and at the parking lot were 17 and 6% respectively.
However when assessing the wash-off fraction of particles in each size range (which is
calculated as the ratio between the wash-off load and the dust load in the corresponding size
fraction) we observe that for some of the particles in a specific size range, wash-off fractions
can be higher than 50% (Fig. 5). This indicates that the wash-off is a selective process where
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only a small fraction of the available particles on the surface is transported within the runoff,
even under highly intense rainfall. Further investigation shows that this selectivity is related
to the size of the particles, where more fine sediments reached the outlet than did the coarser.
Half of the particles less than 100um are washed-off by the rainfall while less than 10% of the
coarser particles (>100um) were conveyed by the runoff. This was observed at all the sidewalks
except for the sidewalk 2 for the coarser fraction, where wash-off factors increased gradually
from 0.1 to 0.57 as the size of the particles increased from 250um to 1000um. This is explained
by the removal of small gravels from the stock. Fine particles are easily removed from the
surface since their detachment is quickly initiated at the beginning of the rainfall under the
impact of the raindrop, becoming thus readily available for transport. While coarse particles,
given that they have higher weight, are harder to be mobilized and if they are they will not
travel far before they settle. It should be also noted that the short duration of the rainfall may
have also been a reason for having such a small wash-off fraction (Zhao et al., 2016). For several
events (Fig. ), the final stage of the recorded pollutographs shows that the runoff continues the
mobilization of the particles. Therefore, if the duration of the event was longer, higher loads
would have been washed-off and the calculated wash-off factors would have been higher.
Wash-off factors reported by Zhao and Li (2013) for different particle sizes varied in the same

ranges as the one calculated in this study.
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The content of fine particles in TSS stock on the surface having the highest impact on
stormwater contamination has also been demonstrated in other studies (Vaze and Chiew,
2003). Zhao and Li (2013) reported that 60-75 % of TSS in runoff were associated with particles
of grain size less than 105um, while sediments associated with the same size fraction in road
deposits, did not account for more than 44% of the total mass. Similarly, Kim and Sansalone
(2008) found that 25-80% of the particulate matter in runoff consisted of particles with a grain

size of less than 75 pum.

4.3. Comparison of the loading from different surface type

The smaller concentrations obtained at the parking lot suggest the mobilization of
smaller loads from the parking lot compared to the sidewalk, and consequently, the existence
of a higher stock of sediments on the sidewalks than on the parking lot. This was confirmed
by comparing the loads of sediments in dry stocks on both surfaces. Comparison of wash-off
loads clearly showed that the same rainfall event would transport higher loads of
contaminants from the sidewalks than from the parking lot. Even if this is partially due to the
availability of higher sediments on the sidewalks, it could also be explained by the difference
of texture between both surfaces. The sidewalks usually have a smooth texture that prevents
the trapping of particles and facilitates their mobilization by runoff, whereas the parking lot
has a rougher texture, which increases the friction between the particles and the parking
surface, eventually slowing down the motion of particles and reducing their ability to be
carried by the flow. Therefore, under an intense rainfall, particles were more easily detached
from the sidewalk than from the parking lot. In terms of particle size distribution, the analysis
shows that the particles on the parking lot were much coarser than the one collected on the
sidewalks. This was likely caused by the presence of a high fraction of vegetation debris in the
samples collected on the parking lot. On the other hand, particles on the sidewalks were highly
subjected to turbulence due to the movement of pedestrians, thereby causing the
defragmentation of coarser particles into medium-sized particles. Whereas on the parking lot,
the level of disturbance is lower, favoring thus the maintenance of the coarse structure of the

particles.

4.4. Perspectives on conceptual stormwater quality modeling
This study highlights the important role of fine particles in the contamination of
stormwater runoff and suggests that the focus should move towards the removal of fine
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particles and consequently their accurate assessment. Until now, stormwater quality modeling
has always relied on conceptual models that do not precisely represent the physical
mechanisms governing the process of build-up and wash-off (Al Ali et al., 2016; Fletcher et al.,
2013; Sage et al., 2015). Recent study by Al Ali et al. (2016) showed that the performance of
conceptual SWMM stormwater quality models is related to the type of the event, where the

best replication of the pollutant’s dynamics was obtained when simulating first flush events.

Application of these formulations on the data set obtained in this study showed that
the model failed at replicating all of the observations except for one event. The calculated
Nash-Sutcliffe coefficient at sidewalk 2 was equal to 0.7 while for the rest of the simulations it
did not exceed 0.4. This shows that even for a first flush event, under certain conditions, the
ability of commonly used conceptual models is limited, and that their formulations based only

on the flow or the intensity as entry variables, must be reconsidered.

Recent attempts to incorporate more knowledge into the conceptual modelling of
wash-off have been made. For example, a recent study by Wijesiri et al. (2015) studied the
influence of the particle size distribution of the build-up on the wash-off behavior using
SWMM wash-off model, concluding that particles with grain size of >150um and <150um are
mobilized differently, with a preference of mobilization of the finer fraction. In addition, more
studies have investigated the wash-off mechanism based on size-selective erosion models

using a physical approach (Deletic et al. 1997; Hong et al. 2016b).

Another important factor to consider when assessing the wash-off mechanism seems
to be the rainfall intensity. High rainfall intensity is assigned with high kinetic energy. Studies
have shown that kinetic energy transferred from raindrops to the impacted area can be derived
from the rainfall intensity measurements (Brodie and Rosewell, 2007). Therefore, the
simulated rainfall in this study have an important kinetic energy that will favorite the
detachment and the entrainment of the sediments. This was also confirmed by comparing the
simulated wash-off loads and the wash-off loads yielded from natural events on the same site
that were presented in previous work (Hong et al., 2016a). The monitored rainfall events were
characterized by low intensities, as maximum intensities for the corresponding events ranged
between 2 and 32.72 mm/h. The transported loads of TSS in wash-off from natural events

varied between 0.096 and 1.65 g/m? which is very low compared to the loads conveyed under
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simulated rainfall on the sidewalks. Comparison with the parking lot showed that only 40%
of the natural events transported almost equivalent loads as the ones transported from the
parking lot under simulated rainfall. In terms of particle size distribution, samples collected
under simulated rainfall contained higher fractions of coarse particles. Particles (>100um)
accounted on average for 11% of the particles collected from natural samples, compared to 25
% for simulated samples. This comparison clearly shows the impact of the rainfall intensity on
the wash-off of sediments and demonstrate that the mobilization of coarser particles is fostered

by high intensity rainfall.

Results also show the importance of considering the residual mass in continuous
modelling, since the rainfall does not wash off the entire fine fraction in the stock. Vaze and
Chiew (2002) showed that under the effect of low rainfall intensity, finer particles are not
completely transported by the runoff. Instead, the remaining particles will attach to the surface
where they will be readily available for wash-off by the next storm event. The results of this
study also confirm this finding for intense rainfalls. As seen in Fig. 5, wash-off factors show
that even under an intense rainfall, a non-negligible part of sediments in all size fractions will
remain on the surface, even though it consists mainly of the coarser fraction. This result

confirms that in this case, the wash-off is transport limited rather than source limited.

Based on the findings of this study, stormwater quality modelling might be enhanced
by incorporating the control factors of sediment’s transport identified as the particle size and
the rainfall intensity as well as the texture of the surface in the mathematical formulation of
wash-off models. A differential erosion rate based on the particle size and the rainfall intensity
together can be added, along with a transfer time calculated, as a function of the distance from
the source to the outlet and the velocity of the particle, might be blended to derive more

appropriate conceptual stormwater quality models.

This approach might include a physical aspect translated by the distinction of the
behavior of the sediments with respect to the flow, based on their size distribution, and on the

other hand, a transfer time function that is relatively simple to implement.

5. Conclusion
In this study, an innovative device consisting of a rainfall simulator and a monitoring

system that allows the continuous monitoring of flow and turbidity was used to generate a
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simulated rainfall and therefore investigate the wash-off process. The device is innovative as
it measures the instantaneous flow and turbidity and permits the analysis of continuous
hydrographs and pollutographs in situ. The device also permits the acquisition of a big data
setin a short time since it can be easily manipulated and handled by one individual. The device
as it is designed permits the simulation of a rainfall with an intensity equal to 120 mm/h, it
might benefits from further improvements to simulate different rainfall intensities, either by
changing the nozzles or the flow with the pump. In this study, Wash-off samples from
simulated rainfall, as well as dry dust samples were collected on three sidewalks near a highly
trafficked boulevard and on a parking lot within the Paris region. The samples were analyzed
for TSS loads and particle size distribution. Results show that efficient control strategies of
stormwater contamination should focus on the removal of the fine fraction of available
particles on the surface as they are the most likely to be mobilized and transported during a
rainfall event. The detachment of the particles was mainly dependent on their size, the rainfall
intensity as well as on the texture of the surface, where particles were easily transported from
smoother surfaces compared to rougher surfaces. Even after an intense rainfall event, a
fraction of fine particles will remain on the surface, which indicates the necessity to account

for their residual mass in continuous modelling.

The results mainly showed that particles exhibit distinct wash-off behaviors based on
their size range. Whether if the particle is fine or coarse, will have an important role in
determining its mobility and probability to reach the outlet. This information is not currently
integrated in conceptual stormwater quality models, where conceptual formulations do not
account for the particles characteristics and transfer all the sediments on the surface in the
same way without any differentiation. At the end, the comparison of the modelling results
with the measurements at the outlet will not be accurate because what is being washed-off in
reality is only a part of the available sediments and it consists mainly of fine particles. On the
other hand, the wash-off fractions calculated reveal that even for the fine particles, an amount
will remain on the surface, therefore adding a transfer time will also enhance quantifying what

is finally the fraction that will reach the outlet.

These findings enhance the understanding of the main processes responsible for the

transfer of contamination on urban catchment surfaces, and encourages the integration of a
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new hypothesis in conceptual stormwater quality modelling, by integrating a wash-off

fraction based on the particle size distribution and rainfall intensity.

Appendix A. Supplementary material

Control / Water tank Sprinkle & Flow & Turbidity Aspiration
acquisition aspiration measurement

Fig.A.1 Representative scheme of the operational system of the rainfall simulator and the
measuring unit
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Chapitre 4. Bilan des messages principaux dans cette partie

Les modeles conceptuels d’accumulation-lessivage basés sur des formulations assez
simplifiées des processus, qui n’integrent que la durée de temps sec et le taux de ruissellement
comme variables hydrologiques explicatives, ne fonctionnent pas correctement pour décrire
les dynamiques d’émission de MES. Les modeles ne sont valides que pour des courtes durées
au-dela desquelles ils ne sont plus capables de représenter les facteurs qui contrdlent la
variabilité des mécanismes de contamination. Si le calage sur certaines périodes est une
réussite, les jeux de parametres optimaux changent d"une période a une autre ce qui met en
évidence la difficulté de paramétrisation de ces modeles et le quasi impossibilité de définir un
jeu de parametre unique pour simuler les événements susceptibles de se reproduire en réalité.
Une grande faille dans ces modeles parait liée a 'accumulation qui est mal expliquée et qui
entraine des grosses erreurs pour les simulations en continu. La variabilité des parametres liés
a l'accumulation se révele plus importante que celle des parametres de lessivage. Cependant,
le lessivage n’est pas facilement prédictible, car il dépend du stock mobilisable présent sur la
surface (pour lequel I’atmosphere a une contribution mineure), de la taille des particules, du

type de la surface...

Ainsi, méme si nous avons réussi a élucider certains aspects des processus
d’accumulation-lessivage, nous nous retrouvons face a une variabilité et une complexité
importantes des facteurs qui contrdlent ’accumulation et le lessivage dont certains sont
difficilement quantifiables et prévisibles tels que les apports parasites et les dépots directs.
Etant donnée l'insuffisance des approches traditionnelles a faire face a cette variabilité, une
modélisation stochastique qui prend compte du caractere aléatoire de la génération des
polluants en milieu urbain parait inévitable et plus favorable quune modélisation

déterministe.
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Partie 5. Modélisation de la production et du transfert de la
contamination dans les eaux de ruissellement a 1’échelle du
quartier

Un modele de qualité stochastique est intégré au modele hydrologique spatialement
distribué « URBS » (Urban Runoff Branching Structure) (Rodriguez et al., 2008) et appliqué
pour simuler le transfert du débit et des MES a I'exutoire du bassin versant d'un quartier du
« Perreux sur Marne ». L’approche stochastique permet de mieux représenter la variabilité

spatiale et temporelle de la contamination au sein du bassin versant.

Le modele hydrologique URBS a été choisi parce qu’il simule les processus par des lois
physiques simples et il représente 1'espace avec une discrétisation spatiale détaillée de haut
niveau qui permet de considérer la contamination provenant de différentes sources (voirie,

bati).

D’autres approches de modélisation ont été aussi appliquées sur ce bassin versant pour
simuler les parametres quantitatifs et qualitatifs a 'exutoire. Ainsi, dans le cadre de la these
de Yi Hong une approche tres détaillée basée sur un modele distribué a base physique a été
développée et testée (Hong, 2016). Deux approches plus simples, qui utilisent le logiciel
SWMM,, l'une basée sur une description globale du bassin versant et l'autre sur une
discrétisation en sous bassins versants ont été évaluées dans le cadre du stage de Master
d’Edric Clayton (Clayton, 2017). Face a l'opportunité présentée par la disponibilité des
résultats de différentes approches de modélisation sur le méme bassin versant, nous avons
comparé les différentes approches de modélisation en collaboration avec Yi Hong dans le

cadre de son Post-doc au LEESU.

Les études a I’échelle du quartier sont présentées respectivement dans les chapitres 5

et 6 qui correspondent aux articles suivants :

o “Accounting for the spatial-temporal variability of Pollutant processes in stormwater
quality modelling based on stochastic approaches”
e “Benchmarking urban stormwater quality models of varying spatial discretization:

lumped, sub-catchments based, urban hydrological element based and grid-based”
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Le bilan des principaux messages de cette partie est dressé dans le chapitre 7.
» Chapitre 5

Dans ce chapitre, le travail mené contribue a I'intégration d’'un module qualité basé sur
une approche stochastique au sein du modele hydrologique distribué URBS, développé au

laboratoire Eau et Environnement de I'IFSTTAR a Nantes (Rodriguez et al., 2008).

La représentation de l'espace urbain dans URBS est basée sur une description
bidimensionnelle qui décrit le bassin versant comme un ensemble d'éléments hydrologiques
urbains (EHUs) connectés au réseau hydrographique et qui est dérivée des données SIG.
L’EHU comprend la parcelle cadastrale et la partie de la voirie adjacente. Dans chaque EHU,
les surfaces sont découpées en trois occupations de sol : les batiments, les voiries (qui incluent
aussi les allées et les parkings) et la surface naturelle. Une couverture végétale peut exister au-
dessus des voiries et de la surface naturelle. Les caractéristiques d'un EHU sont : les superficies
de chaque occupation de sol et de la couverture végétale, la pente, l'altitude, les coordonnées

du centre de gravité et du point de connexion au réseau hydrographique.

Les processus hydrologiques sont simulés a 1'échelle de I'EHU pour chacune des
occupations de sol qui sont représentées par un méme profil vertical décomposé en quatre
réservoirs : les arbres, la surface du sol, la zone non saturée et la zone saturée du sol. Le méme
principe de modélisation est appliqué pour chacun des profils verticaux qui sont distingués
par les valeurs affectées aux parametres. Le débit produit par un profil vertical est calculé a
partir des équations de bilan hydrologique qui s'appuient sur la représentation des processus
d’infiltration, d’évaporation, du stockage en surface, d’évapotranspiration par les arbres, du
ruissellement en surface, des échanges entre les zones non saturée et saturée, et d’infiltration

de l'eau souterraine vers le réseau.

Le transfert de 'eau de chaque EHU vers I'exutoire est représenté au sein du réseau
hydrographique premierement par un temps de parcours. Cette fonction permet de
déterminer le chemin de 1’eau en surface qui relie le point de connexion de 'EHU au plus
proche regard. Deuxiémement, I'eau est transférée dans les réseaux enterrés jusqu'a I'exutoire
sous 'hypothese d'un écoulement 1D et en appliquant I'équation de « Muskingum-Cunge »

qui représente une approximation simple de 1'équation de continuité.
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Le module de modélisation conceptuelle de la qualité intégré au modele hydrologique
est basé sur une approche stochastique. Cette approche consiste de tirer au sort les
concentrations moyennes de MES et les parametres des équations de lessivage (qui sont
utilisés pour dériver la dynamique de MES) au début de chaque événement pluvieux et pour
chaque type d’occupation de sol. Les résultats obtenus a l’exutoire du bassin versant consistent
en un faisceau de pollutogrammes qui permet la représentation des fluctuations des niveaux
de contamination. Trois formulations de lessivage ont été testées pour dériver les
concentrations instantanées de MES. La premiere est I'équation exponentielle de SWMM, la
deuxieme correspond a une relation d’homothétie entre le débit et la concentration et la

troisieme est I’équation des courbes masse/volume.

Les résultats montrent que la mise en ceuvre du modele SWMM dans un contexte
stochastique permet de simuler des niveaux de concentrations acceptables a 1'exutoire du
bassin versant, ainsi que la tendance des fluctuations des concentrations de MES a l'intérieur
d’un événement pluvieux. Ceci sans calage et avec peu de connaissance sur les parametres. La
prise en compte de la variabilité des processus a 'échelle de 1’élément hydrologique et la
distinction des émissions provenant de différents types de surface permet d’avoir une bonne
représentation de la variabilité a I'exutoire. Cependant, 'approche développée montre des
failles pour certains événements avec des simulations tres éloignées des observations. Elle
accorde aussi un degré de liberté trés important au modélisateur. Ainsi, des recherches plus
poussées devraient étre menées pour améliorer cette approche, qui est d'un grand intérét aux
gestionnaires, et pour la positionner par rapport aux autres approches classiques de

modélisation de la qualité.
> Chapitre 6

Dans ce chapitre, quatre approches de modélisation de la qualité, appliquées sur le
bassin versant quartier pour six événements pluvieux, sont comparées selon différents criteres
en se basant sur des digrammes en radar. Cette comparaison permet de proposer une ligne
directrice pour faciliter le choix de 'approche de modélisation optimale selon les données
disponibles, les ressources humaines et informatiques, et les objectifs définis. Elle permet aussi
de positionner 1'approche de modélisation stochastique basée sur les EHUs par rapport a

d’autres approches de modélisation.
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Le bassin versant quartier a été spatialement discrétisé comme (a) une entité globale,
(b) des sous bassins versants en distinguant les occupations de sol (végétale, toiture, chaussée),
(c) des éléments hydrologiques urbains (EHUs) et (d) une maille. Les concentrations de MES
a I'exutoire pour les discrétisations globales et sous bassins versants ont été simulées en se
basant sur les équations usuelles d’accumulation-lessivage (SWMM). A 1’échelle de 'EHU, le
modele SWMM stochastique développé dans le chapitre 5 a été utilisé. Finalement, le modele
LISEM-SWMM basé sur les équations d’érosion a été utilisé pour les simulations de qualité a

I'échelle de la cellule de la maille.

Chaque approche a été évaluée en fonction des six criteres suivants : (i) la performance
en calage, (ii) le pourvoir prédictif, (iii) la fiabilité de la simulation par rapport au changement
du jeu de parametre, (iv) la facilité de collecte des données d’entrées, (v) la vitesse des calculs

et (vi) la complexité de la mise en ceuvre.

Les résultats de comparaison montrent que les modeles globales et semi-distribué,
basés sur les approches conceptuelles classiques de modélisation de la qualité, sont les plus
faciles a mettre en ceuvre et les plus rapides a implémenter. IIs donnent aussi les meilleurs
ajustements entre les observations et les simulations avec des méthodes de calage
automatique. Cependant, grosses incertitudes sont liées aux valeurs des parametres de ces
modeles et leur pouvoir prédictif est médiocre. D’autre part, les modeles basés sur I’approche
stochastique appliquée sur les EHUs, et sur 'approche physique appliquée au niveau de
chaque cellule de la maille, sont les plus puissants en termes de pouvoir prédictif et de fiabilité
de la performance. Par contre, ils sont difficiles a implémenter et a optimiser et ils nécessitent
l’acquisition des bases de données importantes pour leur mise en ceuvre surtout 1'approche

physique distribuée.

Grace a la méthodologie de comparaison développée, qui permet de visualiser
clairement les points forts et les points faibles de chacun des modeles, les domaines
d’application et les pistes d’amélioration possibles pour chaque type d’approche sont

proposeés.
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Chapitre 5. Accounting for the spatio-temporal variability of pollutant

processes in stormwater quality modelling based on stochastic approaches

Abstract: Stormwater quality modelling remains until these days one of the most
challenging issues in urban hydrology. The implicated processes in contaminant generation
and transport are very complex and are associated with many uncertainties including the
uncertainty arising from the processes variability. In this study, the spatio-temporal variability
of the build-up/ wash-off processes on a heterogeneous urban catchment within the Parisian
region is assessed based on three stochastic modelling approaches integrated in the physically
based distributed hydrological model URBS. The results demonstrate that accounting for the
processes variability at the elemental scale of a hydrological element is important to analyze
the contamination recorded at the catchment outlet. The best simulations of the intra-event
dynamics of TSS was obtained for the stochastic exponential SWMM model, as the model
succeeded not only in simulating the general trend of TSS concentrations fluctuations but also
in replicating multiple peaks observed in the pollutographs. The proposed approach is very
interesting because it does not require extensive calibration and can be implemented with
minimal prior knowledge. It may benefits from further enhancement to become a trustful tool

for decision making.

Keywords : Stochastic approach, Process variability, Stormwater runoff, Modelling,

Pollutant wash-off, TSS.

1. Introduction

Stormwater runoff is an important source of contamination in urban environments
(Gobel et al., 2007, Kim and Sansalone, 2008; Lee and Bang, 2000). The design and
implementation of management tools for stormwater quality control require the knowledge
of stormwater quality loads and dynamics, which are commonly derived using mathematical

models (Elliott and Trowsdale, 2007).

Multiple types of urban stormwater quality models exist in the literature with various
degrees of complexity, ranging from generic empirical formulations to conceptual and
physically-based models (Tsihrintzis and Hamid, 1997; Zoppou, 2001). The performance of

these models have been questioned for a long time, as up to date no reliable model for
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stormwater quality exists despite the extensive researches that have been conducted (Dotto et
al,, 2011). Conceptual models remain quite common for stormwater quality modeling as they
are integrated in several softwares such as SWMM and Flupol (Bujon, 1988; Rossman, 2010),
despite their limitations (Al Ali et al., 2016; Sage et al., 2015)

A key source of the poor performance of conceptual quality models are the
uncertainties. The uncertainties arise from the input data, the aggregation of the contamination
processes and from the considerable variability of the implicated mechanisms affecting
stormwater quality (Chen et al., 2016; Dotto et al., 2011; Kanso et al., 2005; Wijesiri et al., 2016).
Uncertainty analysis in stormwater quality modeling usually focuses on the uncertainty in
relation with the model structure, parameters and input data, which are usually accounted for
using Bayesian approaches such as Metropolis-Hastings algorithm and Generalized
Likelihood Uncertainty Estimation (GLUE) (Dotto et al., 2011; Kanso et al., 2005; Lindblom et
al., 2011). These approaches are subjected to several critics regarding the subjectivity granted
to make the assumptions on the prior distributions of parameters and residuals (Freni and
Mannina, 2010; Sage et al., 2017). They also do not account for all sources of uncertainties such

as process variability.

The intrinsic variability of build-up and wash-off is dependent on many factors among
which are the human activities, the land-use practices and the meteorological conditions,
namely the rainfall intensity (Egodawatta et al., 2007; Liu et al., 2013; McCarthy et al., 2012).
Human activities include unusual sediment inputs from construction works and the cleaning
of the impervious surfaces (courtyards, roads...). Comparison of pollutant loads generated by
different land use shows that the contaminants from roofs are different than those transported
from roads and paved surfaces (Gromaire-Mertz et al., 1999; Lamprea, 2009). Even for the same
land use the variability is extremely high. (Hong et al., 2016) found that within a small road
catchment, the accumulated load varies with the position with respect to the road where the
highest loads are collected in the gutter. This variability was also noted by (Deletic and Orr,
2005). Dynamic changes in pollutant behavior before and during the rainfall are continuously

occurring, due to re-suspension, deposition and aggregation mechanisms.

In order to account for the randomness of the factors affecting the contaminant

production processes, researches have used probabilistic and stochastic approaches.
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For instance, (Akan, 1988) and (Chen and Adams, 2007) developed a probabilistic
stormwater quality model that accounts for the impact of the variability of rainfall on
stormwater loads. They integrated the probability distribution of rainfall depth and inter-
event period into build-up and wash-off equations in order to derive the probability
distribution of stormwater loads for each rainfall event. (Daly et al., 2014) also focused on the
variability related to rainfall as they proposed a stochastic exponential decay model based on
the assumption that the decay coefficient is subjected to random fluctuations dependent on
the runoff depth and driven by a Gaussian noise. These approaches addressed mainly the
temporal variability of the runoff pollution processes, whereas the spatial variability related
to the catchment features was neglected. As such, the relationships between the pollutant
loads, the models parameters and the land use were not identified. In addition, in the
probabilistic approaches, the parameters of build-up and wash-off models were treated as
constant values, ignoring thus any uncertainties related to them. An interesting stochastic
approach for pollutant generation have been implemented in the software MUSIC (Wong et
al., 2002). The approach consists of generating at each time step a pollutant concentration from
a predefined lognormal distribution for each land use. Such approach will allow having a more

realistic interpretation of the pollutant generated from each source.

The research undertaken in this study aims at integrating the spatial and temporal
build-up/wash-off variability related to land use and rainfall characteristics into conceptual
stormwater quality modeling to improve modeling results and to enhance the design of
effective management practices. Accordingly, three simple and completely random stochastic
approaches for stormwater quality modeling are developed and implemented within a
hydrological model. To address the variability observed in the concentrations and loads of
total suspended solids (TSS), we chose a spatially distributed model URBS (Urban Runoff
Branching Structure model) (Rodriguez et al. 2008). This model, based on urban data banks,
represents a detailed description of the morphology and the heterogeneity of the urban
environment by splitting up a catchment into urban hydrological elements and distinguishing
the different land uses within each element. A small urban catchment located in the east of
Paris (France) and exposed to a high road traffic has been selected as a study case. Simulated

pollutographs and total eroded mass for several rainfall events are confronted to the
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measurements at the catchment outlet. The outcomes of each approach are compared and the

spatial variability of TSS loads within the catchment is studied.

2. Materials and methods

2.1. Hydrological model URBS

Urban Runoff Branching Structure model (URBS) developed by the French institute of
science and technology for transport, development and networks (IFSTTAR) in Nantes-France
(Rodriguez et al. 2008) is selected for hydrologic modeling. This model provides a distributed
representation of the catchment space and a physically based description of the hydrological
dynamics in the surface and subsurface compartments. The choice of process-based
distributed hydrological model is essential with respect to the investigation of contaminant
transport, as the model incorporates the detailed description of the spatial variations of land

use properties on the elemental scale of the cadastral parcel.

The catchment morphology is represented as a set of urban hydrological elements
(UHE) connected to a hydrological network routing the flow toward the catchment outlet. The
UHE include a cadastral parcel and its corresponding adjacent street segments (Fig. 1). The
characteristics of the UHE are determined from common urban databanks and they consist of
surface area, impervious fraction, vegetation fraction, slope, length, location of the connection
point to the hydrological network, and the depth of the drainage network at this point. The
hydrological network is composed of a series of street gutters and sewer conduits
characterized by their length, slope and diameter (Rodriguez et al., 2008), connected to each

other.

To account for the heterogeneity of land surface properties three vertical profiles are
defined based on the distinction of land uses for each UHE including roofs, roads and natural
soils. The hydrologic processes at the UHE scale are modeled for each vertical profile in four
reservoirs representing the interception over the surface, the surface area, the vadose and the
saturated zone. The entailed processes are the following : interception by trees over the surface
area, water infiltration into the soil, surface runoff, evaporation of water intercepted at the
ground surface, plant transpiration and drainage of soil water. Detailed description of the

processes and their representative equations can be found in (Rodriguez et al., 2008).
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The runoff generated by each UHE is drained first on the surface through a flow path
relating the connection point to the first manhole of the sewer network, using a travel time
function. Then the flow is transported in the sewer to the catchment outlet using the
Muskingum-Cunge scheme. The processes representation in this model allows simulating

separately, if necessary, the runoff deduced from each land use type.
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Fig. 1 Example of a cadastral map of an urban catchment in Nantes area (France). In the figure, an
urban hydrological element (UHE) is delimited in dashed bold line, which is composed of a
cadastral parcel and its adjacent street surface. The connection point to the hydrological network
is also presented (Pc). This figure is adapted from (Rodriguez et al., 2008).

2.2, Stormwater quality modeling

2.2.1.Stochastic approach

While stormwater quantity runoff is well understood and often accurately replicated
by hydrological models, feasible stormwater quality models are almost inexistent (Dotto et al.,
2011). The variability of pollutant yielding in response to a storm event is not adequately
represented in the common quality models. In this context, we developed a new methodology
for quality modeling that incorporates the temporal and the spatial variability of pollutant

generation and transport. The prediction of catchment stormwater quality is undertaken
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under three stochastic approaches that account for the inter-event variability of pollutant load
and the variability of pollutant load with respect to the land use. The stochastic approach
assumes that the model inputs are purely random. Even though, the cause and effect of
pollutant generation and transport, which are resumed by the build-up/wash-off processes,
have been widely investigated, seldom however, the available information is sufficient to treat

these processes in a rigorous deterministic way.

The concept of the proposed methods relies on spatio-temporal conceptualization of
both the event mean concentration (EMC) of the corresponding pollutant and the parameters
of the quality models destined to simulate the instantaneous variation of pollutant
concentration. The EMC and the models parameters are described following the generic form
d(psev;i;Q). ¢ represents the tempo-spatial variable quantity whose possible values are
included in the sampling interval Q) and that depends on the parcel p, the rainfall event ev and
the land use i .¢ is a random variable chosen for each land use within every parcel at the
beginning of a new rainfall event from the sampling interval with a uniform probability
distribution. p is the indice of the UHE , while ev represents the rainfall events sample. The
indice i comprises two components: the roof and the road. The sampling interval () comprises

the realizations of ¢ within its lower and upper boundaries.

2.2.2.The models

Three quality models have been implemented. The first model is the commonly used
exponential SWMM wash-off model (Rossman, 2010). For this model, ¢ represents three
variables which are the EMC and the model parameters Ci1 and Cz. After the selection of the
values of EMC and the parameters, the initial available mass at the beginning of the rainfall

event is calculated using equation (1):

EMC X Viotar
c N C n-1 NC M
Cy X Q(t)2 xdt + Xy, C; X Q)2 x dt X [[727(1 — €, X Q)2 x dt)

Mpuita—up =
(initial)

Where : Myyi14—yp (initial) is the available mass at the beginning of the rainfall event
(mg); EMC is the event mean concentration (mg/l); Vioeq; is the total runoff volume for the

corresponding rainfall event (liter); C; and C, are the wash-off parameters; Q(t,) is the runoff
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rate at the first time step of the rainfall event (mm/h); dt is the time step (minutes); N is the

total time step of the rainfall event.

Then the eroded mass is calculated using equations (2) and (3):

Mgy, @) = ¢y % Q(t)cz X Mbuild—up(t) X dt (2)
Mbuild—up (t+dt) = Mbuild—up () — My (t) 3)
Where: M,,,(t) is the eroded mass at time t (g/m?) during the time step dt; Q(t) is the
runoff rate at time t expressed as water depth per time step (mm/h); Mpyi1q—yp(t) is the

available mass for erosion (g/m?) at time t; C; and C, are the wash-off parameters.

The second model uses a homothetic relationship of ratio K between the concentrations
of TSS and the runoff. For this model, ¢ represents one variable: EMC. The EMC is first drawn
from Q and the ratio K is then calculated as a function of the EMC and the instantaneous flow

using equation (4):

Viotal (4)
LiQ@) xat

K =EMC x
Where: K is the homothety ratio (mg.s/1?); EMC is the event mean concentration
(mg/l); Viotq is the total runoff volume for the corresponding rainfall event (I); Q(i) is the

instantaneous flow at time i (1/s); dtis the time step; N is the total time step of the rainfall event.
The pollutograph is then obtained following equation (5):

C(t) =K xQ(t) )

The third model is based on the equations of M(V) curves. M(V) curves indicate the
distribution of pollutant mass vs runoff volume (Bertrand-Krajewski et al., 1998). For this
model, ¢ integrates two variables : EMC and the model parameter b which is the exponent of

the M(V) curve. Equations (6) is applied to simulate the pollutograph for this model:

Cumulative eroded mass (t) <Cumulative runof f volume (t))b

EMC X Vypras (6)

Vtotal
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Where Cumulative eroded mass (t) is the cumulative eroded mass at time t (mg); EMC
is the event mean concentration (mg/1); Vioeq, is the total runoff volume for the corresponding
rainfall event (1); Cumulative runof f volume (t) is the cumulative runoff volume at time t

(liter) ; b is the M(V) curve coefficient.

The instantaneous eroded mass Mg oqeq(t) is then calculated by subtracting the

cumulative eroded mass at time step t and the cumulative eroded mass at time t-1.

It is noteworthy that for all modelling approaches, the accumulated mass is supposed
to be equal to the eroded mass and it is calculated by the means of the EMC. This assumption
is very important as it accounts partially for the variability of the processes related to the
particle size distribution, where all the fraction of build-up susceptible for entrainment and

related to the fine particles is being transported by the runoff.

2.2.3.Boundaries of the sampling intervals

Determining the boundaries of the sampling intervals for the EMC and for the models
parameters is based on strong hypothesis. The values of the EMC are strongly related to the
type of the land use while the wash-off parameters ranges are very wide and they are highly
dependent on the calibration period; SWMM wash-off parameters have merely any physical
meaning related to the characteristics of the studied catchment (Bonhomme and Petrucci,
2017). Even when the parameters are optimized, a large uncertainty is associated with their
calibrated values (Kanso et al. 2005). This reveals important challenges in defining the
sampling intervals for water quality parameters. The sampling intervals of the EMC for the
roads are defined from the measurements collected at the inlet of the main boulevard within
the catchment (Al Ali et al. 2016), and the one for roof surfaces are determined from data
available in the literature (Gobel et al. 2007). The boundaries of the sampling intervals for
SWMM wash-off parameters Ci and Cz correspond to the lowest and highest values obtained
for the best cases investigated in an earlier study within the catchment (Al Ali et al. 2016). As
for the M(V) curve coefficient b, the boundaries are selected as to replicate first flush and
uniformly distributed events, since the occurrence of last flush events within the region was
rare during the monitored period. The sampling intervals for the wash-off parameters are
identical for all land uses while the EMC is distinguished for each land use. Except for the

EMC for roofs, the sampling intervals for the wash-off parameters and the EMC for roads are
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determined with respect to prior knowledge acquired on the site. This method encounters the

difficulties for setting appropriate values for the sampling intervals.

The summary of modeling approaches and the corresponding inputs and parameters

is shown in Table 2.

Table 2 Summary of stormwater quality modeling approaches and the corresponding parameters

Stormwater quality

approach Water quality model () land use Q
Roof [13 - 60]
EMC (mg/1)
First approach Road [82 —200]
Exponential SWMM
(App-D Cl [0.01 - 1.5]
Roof/Road
2 [0.8-1.9]
Second approach Homothetic Roof [13 - 60]
(App-2) hvd h EMC (mg/l)
pp ydrograp Road 82 200]
Roof [13 - 60]
i EMC (mg/l)
Th h
(Alzr;:)ppmac M(V) curve Road [82 — 200]
b Roof/Road [0.5-1.2]

2.3. Catchment and data description

The studied catchment is located in the residential district of “Le Perreux sur Marne”

in the eastern Paris suburb in the department of “Val de Marne” (Fig. 2). The catchment area

is ~12 ha and has an average slope of 2.6%. The site consists mainly of residential houses and

commercial shops distributed on both sides of the highly trafficked (> 30000 vehicles/day)

boulevard “Alsace Lorraine” that crosses the catchment. Impervious surfaces account almost

for 70% of the total catchment area. The catchment is drained via a separate sewer network

that routes the flow to the outlet located at the North-Eastern edge of the catchment. The flow

is collected from the surface via the manholes and then is transported into the main pipes.
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Legend

# — Runoff Branching Network
B Outlet
[ Catchment

Fig. 2 The studied catchment and the runoff branching network (including both street and sewer
segments). The red point represents the outlet of the catchment.

Water quantity and quality data were collected at the catchment outlet. The outlet is
equipped with a Nivus flowmeter that records the flow measurements at a 2-min time step.
The water quality data including the measurements of turbidity is obtained using a multi-
parameter probe DS5 OTT at a 1-min time step. The relationship between the turbidity and
the concentration of TSS is established based on laboratory analysis conducted on several
rainfall samples. The turbidity measurements are transformed into TSS concentrations using

the following linear equation with a correlation factor R? >0.98:
[TSS] = 0.9 x Turbidity 7)

Where: [TSS] is the Total suspended solids concentration (mg/l); Turbidity is the

turbidity measurement in NTU.

The precipitation data was collected at a meteorological station installed on the rooftop
of a building near the studied catchment. The station consisted of a tipping bucket rain gauge,

which has a 0.1 mm resolution.
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GIS data required for this study were obtained in collaboration with the “National
Institute of Geographic and Forest Information” (IGN) France. An important dataset
providing a detailed description of the parcels, buildings, vegetation and roads is available
everywhere in France. The sewer network database was obtained from the local authority
represented by the general council of the Val de Marne department. The GIS data were used
to estimate the different morphological characteristics needed to describe the urban

hydrological elements and to build the runoff branching network.

2.4. Evaluation criterion of the model performance

The performance of both the hydrological and the water quality models was evaluated
based on visual and statistical comparisons of the simulations and the measurements. A
general overview of the models behavior in terms of dynamic replication of the hydrographs
and pollutographs is first assessed by inspecting the graphical plots of flows and TSS
concentrations. The goodness of fit is then assessed using multiple statistical criteria that
estimate a normalized error between the simulated and observed variables (Table 3). The
chosen mathematical efficiency criteria for models evaluations are the Nash Sutcliffe

coefficient (Cyqsp), the determination factor (Cgz), and the Root mean square error (Crpysg)-

Table 3 Evaluation criteria of the performance of hydrological and water quality models. With:
Sim, is the simulated value at time t; Obs, is the observed value at time t; Sum is the average of the
simulated values; Obs is the average of the observed values; t, is the beginning of the simulated
event; t,, is the end of the simulated event; n is the total duration of the simulated event.

Applied for the
- evaluation of
Statistical .
e . Equation . Water
criterion Hydrological .
quality
model
model
Nash Sutcliffe ZZL(Slmt _ ObSt)z
coefficient Cvash = 1— —- o == v _
(CNash) Ztl( St S)
Determination _ (ZZ’(Simt — Sim)(Obs; — Obs))? v v
factor (Cg2) " Zi(Sim, — Stm)? Sin(Obs, — Obs)?
Root mean tnr s >
square error CRMSE _ \/Ztl (Slmt - ObSt) _ v
(CrwmsE) n

Choosing the appropriate criteria for the evaluation of the goodness of fit is very critical
and depends on the objectives of the modeler (Green and Stephenson, 1986). The purpose of

the hydrological model is to give accurate estimates of the instantaneous flow rate and of the
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total runoff volume, therefore the Cy,s, and Crz were chosen for its evaluation. The Nash
coefficient is widely used as an indicator of the overall fit of the hydrographs (Moriasi et al.,
2007). On the other hand, the water quality modeling approach in this study aims at evaluating
the variability of the processes on the pollutographs and not at fitting the measurements to the
simulations. Therefore, the evaluation of the modeling performance in terms of Nash will not
be appropriate. In this case, the use of the determination coefficient is important to assess if
the variability follows the same trend as the measurements. Therefore the Cg: is chosen to
evaluate the water quality model. It was also coupled with the Crysg to have a general

overview of the residuals between the measurements and the simulations.

2.5. Model application

Calibration of the hydrological model was carried out on 30 rainfall events that
occurred between October 8" 2014 and January 1st 2015 (Table A.1). The events represented
typical rainfalls occurring within this area with short duration and low intensities. The
maximum rainfall intensities varied between 1.1 and 42.3 mm/h while the precipitation depth
ranged between 2 and 22.1 mm. The duration of the events varied from 52 minutes to 12 hours
while the average antecedent dry weather period was equal to 2.5 days. Validation of the
hydrological model was carried on four rainfall events throughout the period from March 31
2015 to April 27 2015. The rainfall events had precipitation depths ranging between 2 and 6.7
mm. Their maximum rainfall intensities varied between 2.3 and 43.3 mm/h. The hydrological
simulations were compared to the measurements in terms of runoff volume and instantaneous

flow.

As for water quality modeling, nine rainfall events from the period between the 8" of
October 2014 and January first 2015 were simulated for each approach and their characteristics
are summarized in Table A.2. For each rainfall event, ten stochastic simulations were
performed. The total washed-off load and the TSS dynamics were determined for each
simulation, and the evaluation criteria were calculated. A statistical analysis to determine the

minimum, maximum and mean values of the evaluation criteria was then carried.
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3. Results and discussion
3.1. Hydrological modeling

3.1.1.Model implementation

The set-up of the input files was accomplished through the processing of the
topographic and land uses data from the urban databanks using two free GIS softwares: QGIS
and OrbisGIS. The data analysis shows that the catchment encompasses 274 cadastral parcels,
which represent as many individual UHEs (Fig. 3). Among the 274 UHEs, 56 are not directly

connected to an adjacent street as they represent an isolated parcel inside a block.

Legend

w4 Internal parcel

1 Parcel

== Runoff Branching Network
8 Catchment outlet

==

=

2 \\\.‘\\“\\\
.—\“\\“\

* ‘

Fig. 3 Cadastral parcels of "Le Perreux" catchment. White parcels represents the UHEs including a
fraction of the adjacent street. Red dashed parcels represent isolated UHEs. The blue lines and
the red circle represent respectively the segments of the hydrological network and the catchment
outlet.

The roads account for 31% of the total area of the catchment, while roofs account for
26%. Half of the impervious surface consists of roads, 40% are roofs and the remaining fraction

is the parking lots and the walkpaths. The hydrological network consists of 102 segments. 55

205



segments represent the street gutters and 47 represent the sewer pipes. The gutters are
considered as small sized pipes having a 250 mm diameter. The major sewer pipes have a total
length equal to 1165 m. They have an ellipsoidal form with a height of 2.3 m and a width equal
to 1.3 m. Minor pipes have a total length of 446 m and they have a circular section of 0.3 m

diameter.

The second step for model implementation is the estimation of the model parameters,
which include 15 parameters for the water budget and two parameters for the transfer (Table
A.3). Determining the parameters of physical models is not a straightforward task because the
perfect physical model doesn’t exist and some parameters need to be calibrated for the specific
catchment (Bardossy, 2007; Refsgaard, 1997). We distinguished the parameters that can be
determined from field measurements and the ones that should be calibrated. The values of the
parameters estimated from literature and used in (Rodriguez et al. 2008) for a similar urban
catchment located in Nantes suburb (France) were kept the same. These included the values
of tree interception parameters, the maximum reservoir capacities for impervious land uses,
the groundwater drainage coefficient, the root depth and the representative position of the
vadose zone. The hydraulic conductivity of the street and the natural soil were estimated
based on field measurements for “Le Perreux” catchment. The other parameters

corresponding to the hydrodynamic characteristics of the soil were calibrated.

Since UHE based models are not widely studied in the literature, the commonly
applied strategy for their calibration is the simple artificial trial and error method. The
parameters were continuously adjusted and the effects of parameter adjustments for each
simulation were assessed quickly from simple graphical analyses and the value of the Nash

Sutcliffe coefficient.

3.1.2.Water flow simulations
The evaluation criteria for water flow simulations are summarized in (Table 4). The
calibration results demonstrate a strong level of agreement between simulated runoff volumes

and the observations with Cnash and Cr: = 0.9.
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Table 4 Evaluation criteria for simulations of event runoff volumes (V) and instantaneous flow
(Q) for the calibration (n=30 events) and validation (n=4 events) periods

Cre I CnNash
Calibration (8 October 2014 / January first 2015; n=30)
\Y% 0,93 0,9
Q 0,77 0,71
Validation (31 March 2015/ 27 April 2015 ; n=4)
\% 0.99 0.56
Q 0.91 0.58

The model had a satisfactory performance in calibration where it succeeded at
replicating the instantaneous flow wherein the Cnash and Cr: were higher than 0.7. Visual
inspection of the simulated and observed hydrographs showed that the model provided a
good replication of the overall trend in runoff generation (Fig. 4). A minor time offset is noticed
for the second event on the 8t of October and the event on the 13* of December. The measured
peak flows are slightly ahead of the simulated peaks. This could be due to the simple routing
scheme used to describe the transfer function. Using more robust numerical schemes based on
Barre de St Venant equations might give better performance. However, this effect is in all cases

small and doesn’t appear for all events.
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Fig. 4 Water flow simulations for four events from the period from October 8 2014 to December
31 2014. The simulated flow at the outlet is represented by red circles. The measured flow is
represented by grey squares. The rainfall intensity is plotted on the upper part of the figures.
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The model was also validated on four events throughout the period from March 31
2015 to April 27 2015. The results show that the dispersion of the observed runoff volumes and
flow are accurately explained by the simulations. However, the Cnash for both runoff volumes
and instantaneous flow are slightly lower than the ones calculated for the calibration period
with values equal to 0.57 and 0.58 respectively. This is attributed to the parameters which

might be not very suitable to represent the hydrological processes for this period.

3.2. Water Quality modeling

3.2.1.TSS loads

The simulated eroded masses for each event varied in the same ranges for all modeling
approaches (Fig. 5) whose performances in terms of predicting the washed-off loads were the
same. This was expected since the EMC for each simulated event for all models were generated
from the same intervals. The result shows important deviations of the estimates of the TSS
loads from the measurements for most of the events. The inter-event variability of the
measured loads fluctuates in narrow ranges, whereas it varies in larger ranges for the
simulations. The measurements demonstrate that the yield of TSS loads on the outlet of this
catchment is limited and tends towards a stable value. However, the simulations show higher
variability from an event to another where no systematic trend in the model estimates is
observed. The models underestimated the measurements for 3 events and overestimated them
for others. The highest deviation is observed for the event of the 15" of November 2014 where
the modeling results suggested the probability of mobilizing higher loads of TSS. This is likely
due to the high rainfall depth of this event, which suggests the shift of the sediments loading
towards high values. The simulated washed-off loads are driven by the runoff volume,
however in real cases the mobilized fraction of sediments during a rainfall event is mainly
controlled by its particle size and the kinetic energy of the rainfall drop, which is represented
by the rainfall intensity. Fine particles are the most susceptible for entrainment and intense
rainfalls generate higher contaminant yields and enhance the mobilization of coarser particles
(Al Ali et al., 2017; Hong et al., 2016). Introducing more explicitly the particle size into the
model and accounting for the impact of the rainfall intensity in the sampling procedure, can
improve the estimated TSS loads. Rainfall profiles can be dressed to classify the low and high
intensity rainfalls and then higher EMC will be affected to the more intense events. Then,

different classes of particle size can be introduced into the model, with new modeling
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assumptions, such as: (i) total mobilization of fine particles could be assumed and (ii) a
percentage representing the fraction susceptible of mobilization for coarser particles could be

defined based on the rainfall intensity.
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Fig. 5 Boxplots of simulated wash-off load obtained with the three modelling approaches. The

central red mark is the median, the edges are the 25t and the 75" percentiles and the whiskers

extend to the extreme values that are not considered as outliers. The measured wash-off load is
presented in blue circles.

The evaluation criteria obtained by comparing the simulated and the observed TSS
loads are similar for the three models. The determination coefficients varied around 0.5
demonstrating a direct yet not very strong proportionality between the observed and the
simulated TSS loads. The values of the RMSE coefficients showed that the discrepancy
between the observations and the simulations for all models were low as they fluctuated

around 0.3. The 3 approach slightly performs better than both others.

3.2.2.TSS dynamics

The replicated dynamics of TSS by the models showed some promising results for
several events. However, the modeling performance was not systematic for all rainfalls neither
for all models as the results were dependent on both factors (Table 5). For some events, high

values of determination coefficient are obtained while for others the variability of the
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simulations and the observations may be very different. The RMSE coefficients were in
acceptable ranges for the majority of the events, which means that the divergence of the
simulations from the observations can be regarded as low. It should be also noted that the
variability of the simulated pollutographs is generally low since the interval of variations of

the RMSE coefficients is narrow.

Table 5 Mean [Min-Max] Correlation and RMSE coefficients calculated between the observed

and simulated TSS concentrations for three modeling approaches for each of the nine events.

The grey cells represent the simulations for which the CR? is higher than 0.5 or the CRMSE is
lower than 50

Cr: CrMsE

App-1 App-2 App-3 App-1 App-2 App-3
08/10/2014 0.22 0.01 0.47 46 41 42
04:48 [0.18 0.3] [0.002 0.018] [0.41 0.55] [37 — 42] [39 42] [41 43]
08/10/2014 0.8 0.59 0.2 34 33 37
17:10 [0.73 0.77] [0.57 0.6] [0.11 0.32] [28 -30] [31 35] [34 39]
09/10/2014 0.1 0.17 0.06 86 45 43
20:18 [4.53E-3 0.45] [0.12 0.21] [0.003 0.14] [39 321] [44 46] [42 — 45]
12/10/2014 0.1 0.52 0.02 235 232 236
13:26 [0.06 0.16] [0.49 0.54] [8.2E-5 0.08] [234 236] [231 234] [234 238]
07/11/2014 0.24 0.06 0.18 57 47 47
05:52 [0.22 0.26] [0.05 0.07] [0.150.2] [56 59] [46 50] [44 48]
14/11/2014 0.003 0.07 0.13 69 76 63
09:20 [0.11 0.013] [0.06 0.09] [0.10.17] [68 72] [7577] [61 65]
15/11/2014 0.84 0.09 0.5 99 45 36
00:18 [0.83 0.85] [0.08 0.1] [0.43 0.62] [89 108] [43 47] [34 38]
26/11/2014 0.04 0.33 9.4k-4 92 84 92
00:44 [0.03 0.07] [0.29 0.39] [8.8E-6 0.003] [90 93] [83 86] [91 93]
19/12/2014 0.03 0.003 0.017 816,8 821 818,9
13:54 [0.0012 0.005]  [0.0012 0.0047] [0.011 0.022] [816,4 817] [820 822] [818,8 819,1]

The pollutographs of the events for which the models had their best performance with
respect to the Cr: are shown in Fig. 6. The visual assessment of the model outputs reveals an
important strength of the applied approaches that is the replication of multiple peaks of TSS
concentrations. This was a forgone result for the homothetic model, but not for the others. The
observation of the pollutographs shows that the simulated beam does not frame the entire
observations with a varying level of coverage depending on the model and on the rainfall.
However, the width of the beam is narrow revealing small uncertainties associated with the
simulated TSS concentrations. Accounting for the variability of pollutant generation and
transport mechanisms at the elemental scale of the UHE lead to small uncertainties regarding

the estimate at the outlet of the TSS concentrations dynamics. The stochastic representation of
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the processes succeeded thus in assessing the spatial propagation of uncertainty throughout

the catchment space that led to have acceptable prediction of the TSS wash-off.
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Fig. 6 Best performance events based on TSS concentrations using Cr? and the Crwusk criteria for two rainfall events on

curve . The rainfall intensity is plotted on the upper part of the graphs

The stochastic SWMM approach had the best performance among the developed water
quality models while the homothety and the M(V) curve approaches didn’t perform accurately
All three approaches gave the same results with respect to the RMSE evaluation criteria where

the calculated Cruvse were all in the same ranges. However, the determination coefficients show
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the incapability of the model to cope with the intra-event variability of TSS concentrations
especially for App 2 and 3. Visual observation of the pollutographs shows that the simulated
dynamics with the stochastic SWMM were in accordance with the general decreasing tendency
of the TSS concentrations. However, the coverage of the pollutographs with respect to the
simulations was variable. For the first event, the model failed at replicating the initial rise of
the concentrations but it succeeded in replicating the second peak and the small rise at the end
of the event. While for the two other events, the simulations replicated the occurrence of the
highest peak at the beginning of the rainfall but the concentrations were overestimated since
the beam was higher than the measurement. The decrease of the concentrations was accurately
replicated then for the second event while it was underestimated for the steady phase recorded
for the third event. The pollutographs simulated with the homothetic model did not succeed
at replicating the initial peaks, but they copped better with the steady phase fluctuations with
an underestimation for the first event and an overestimation recorded for the second and third.
The M(V) curve model failed completely with respect to simulating the dynamics of TSS. The
obtained pollutographs were constant during the majority of the event with the appearance of
a small peak at the end of two of the events. The most acceptable simulation is for the event of
November 15" as a small peak of TSS appears at the beginning of the pollutographs then it

rapidly decreases into the constant phase.

The difference in the model behavior from an event to another is dependent on the
EMC values and the wash-off parameters. The values of these variables are controlled by the
probability distribution and the boundaries of the sampling space. The first implementation
of this approach assumed that the water quality controlling variables are generated following
a uniform probability distribution. Even though there is no straightforward justification to
choose the appropriate probability distribution to fit the EMC, the lognormal distribution have
been always privileged by researchers to describe the randomness of the EMC (Van Buren et
al. 1997; Charbeneau and Barrett 1998). Assuming the log-normality of the EMC sample in the
proposed stochastic approach incorporates more knowledge into the wash-off process, which
will enhance the selection of the EMC. As for the boundaries of the sampling intervals, they
were defined based on both the literature and the prior knowledge of the basin. The latter
information however is not available for ungauged catchments, which let the modeler quite

free in setting the interval limits. In this case, the sampling intervals must be enlarged to
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encounter most possibilities. This would require the generation of an important set of
parameters which is not possible without the implementation of an automatic sampling
technique. In this term, using a Monte Carlo for EMC and parameters iterations can be

explored.

3.3. Spatial variability of TSS loads
The spatial variability of the simulated eroded TSS loads (mean value) using the first
approach (App-1) for the UHE, the roads and the alleys, and the roofs is presented in Fig. 7 for

the rainfall event on November 15* which had the best performance.
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Fig. 7 Spatial variability of mean TSS washed-off loads (g/m?) from the (a) UHE, (b) roads and
alleys and (c) roofs for the rainfall event of November 15t

The spatial patterns show distinct yielding of TSS loads for each UHE and for each land
use within the UHE confirming the capacity of the stochastic approach in accounting for the
variability within every element. The standard deviation of the loads calculated for the UHE
is 35 g/m? while it is at 20 g/m? and 6 g/m? respectively for the roads and the roofs. At the UHE
scale, higher loads yielded from the parcels connected to the boulevard. The loads generated
by the roads ranged mostly between 1.5 and 3 g/m? regardless of the road fraction. However,

assuming that all roads are subjected to the same traffic density, larger areas must have larger
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contaminants yield and the areas closer to the traffic are also subjected to higher contamination
than the isolated areas (Saeedi et al., 2009). As such, the distance of the cadastral parcel from
the adjacent road and also the fraction of the adjacent road connected to the parcel should be
incorporated in the sampling of the EMC in order to account more explicitly for the effect of
traffic on pollutant generation. The relationship between these parameters and the EMC could
be represented by accounting for an exponential decreasing function with the distance to the

street.

4. Conclusion

In this research, a stochastic approach for stormwater quality modeling is developed.
The approach is integrated in the physically based distributed hydrological model (URBS),
and accounts for the spatial and temporal variability of the governing processes of pollutant
production and transport on an urban catchment and. The methodology adopted consisted of
generating the EMC and the corresponding wash-off parameters at the beginning of each
rainfall event and for each land use, using a uniform probability distribution. Three wash-off
models were proposed based on SWMM exponential equations, a homothetic relation between
the concentration of TSS and the flow and finally the M(V) relationship. The results
demonstrate that incorporating the inherent variability of the build-up/wash-off processes
when assessing the contamination of stormwater runoff is essential for better analysis of the
outcomes of stormwater quality modeling. The stochastic approaches without any calibration
and with little knowledge on the parameters gave fair estimates of the trend of the intra-event
fluctuations of TSS concentrations and performed well for several events. The SWMM model
had the best performance regarding the replication of the intra-event fluctuation of TSS

dynamics.

The integration of stochastic components into stormwater quality modeling is
important with respect to the inclusion of processes uncertainties; however, it is accompanied
with a high degree of freedom granted to the modeler to make the choices of the boundaries
conditions and to characterize the randomness of the parameters. Accordingly, the proposed
approach requires deeper research to enhance its potentials as prediction tools for designing
efficient mitigation tools which have low cost of implementation compared to other

sophisticated approaches. Comparison of this approach with other stormwater quality models
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including lumped, sub-catchment based and physically based models is currently being

conducted.
Appendix A

Table A.1 Characteristics of the simulated rainfall events for the calibration period from October
2014 until January 2015. (ADWP is the antecedent dry weather period)

Duration (min) ADWP (hours) Rainfall depth (mm) Maximum intensity (mm/h)
Min 52 0,8 2 1,1
Max 720 2744 22,1 42,3
Mean 185,4 61,7 5,7 8,3
Median 124 37,2 3,8 5,3
d10 57,6 17 2,3 1,1
doo 347 175,1 11,9 15,2

Table A.2 Characteristics of the nine rainfall events for which water quality modeling results were

exploited

Begining End Date Duration ADWP Precipitation height = Maximum intensity
Date (min) (hours) (mm) (mm/h)
. S o 659
R : 747 101
R T T ;
(1);1:/;(1)/2014 1;/;;/2014 230 170 0 105
was o m2om 54 459
R A . 5% 122

Table A.3 Values of physical and transfer parameters for hydrological modeling of “Le Perreux”

catchment
Parameter unit Description Value
Stree,min mm Minimum value of the tree interception 1
a min-! Drainage law coefficient for tree interception 0.04
Maximum capacity of the surface reservoir for the
Smax,soil Mm . p y 5
natural soil
Smax,roof Mm Maximum capacity of the surface reservoir for the roof 0.5
Maximum capacity of the surface reservoir for the
Smax,street Mm p y 35
street
Hydraulic conductivity at natural saturation for the
Ks,soil m/ S y ty 1 0'5

natural soil
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Hydraulic conductivity at natural saturation for the

K street m/s 108
street

M - Scaling parameter of the hydraulic conductivity 5
0, - Water content at natural saturation 0.43
P, - Suction head at air entry 0.05
Zroot M Root depth 1.5

A - Ground water drainage coefficient 4

1l - Ground water drainage exponent 4
av - Representative position of the vadose zone 0.5

- Retention curve exponent 5
X Routing parameter of Muskingum 0.2
Opipe Pipe filling rate 251
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Chapitre 6. Benchmarking urban stormwater quality models of varying spatial
discretization: A case study with lumped, sub-catchments based, urban

hydrological element based and grid-based models

Abstract: In recent years, urban stormwater models have been increasingly used as a
management tool by various researchers and practitioners. Various approaches for
stormwater modelling exist, making it difficult to choose the appropriate approach to be
applied. In order to make optimal use of the available data, human and computational
resources, we proposed a radar chart method for quantitatively benchmarking urban
stormwater quality models of varying spatial discretizations, including lumped, sub-
catchments based, urban hydrological element (UHE) based and grid-based models. The
models are applied to an urban catchment near Paris (Le Perreux sur Marne). Models are
evaluated according to various characteristics, such as (i) optimized modelling performance,
(ii) predictive power, (iii) simulation reliability, (iv) ease of data collection, (v) computational
speed, and (vi) ease of implementation. The results have demonstrated that lumped and sub-
catchment based models are generally easier and faster than the other approaches, and can
achieve good simulation performance with limited calibration efforts; however, these types of
model suffer significant uncertainty and low predictive ability. On the contrary, UHE and grid
based models performs satisfactorily in the predictive power and simulation reliability;
nevertheless, these models are not easy to execute, and difficult to achieve optimized
parameters. Considering the advantages and drawbacks of different types of model, this paper
tries to identify the suitable model for different application fields, as well as the future

directions for practice issues.

Keywords: Urban stormwater quality modelling, Spatial discretization, SWMM,
URBS, LISEM-SWMM, Radar chart.

1. Introduction

The expansion of urbanization has been accompanied by a big conversion towards
impervious surfaces causing important changes in both the quantity and the quality of
stormwater runoff that led mainly to increased flood risk and contaminants loads carried by

the runoff (Fletcher et al., 2013; Nelson and Booth, 2002; Schueler, 1994). These negative
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impacts have placed great emphasis on finding the adequate stormwater management tools
to conserve the environment and the quality of life in the cities. In this context, the practitioners
have been increasingly using urban stormwater models. Despite this rapid development in the
field of urban stormwater modelling, the simulation of urban water quality is still challenging.
So far, no ideal methodology exists for simulating stormwater quality at the urban catchment

scale (Bonhomme and Petrucci, 2017; Rauch et al., 2005; Salvadore et al., 2015).

Depending on data availability, research/management objectives and study cases, urban

hydrological models are commonly classified according to the following criteria.

¢ Relying on the relations between input and output variables, models can be identified as
(i) determinist, (ii) stochastic and (iii) hybrid (Obropta and Kardos, 2007);

¢ Depending on the mathematical representation of physical processes, models are
classified as (i) empirical (also known as black box), (ii) conceptual and (iii) physically-based
(Refsgaard, 1990);

¢ Based on the simulation period, models are recognized as (i) event-based or (ii) continuous
(Fletcher et al., 2013);

¢ According to the spatial discretization, models can be categorized as (i) lumped, (ii) semi-
distributed using sub-catchments (sub-catchment based), (iii) urban hydrological element

(UHE) based and (iv) grid based two-dimensional (Salvadore et al., 2015).

Among the above criteria, the implementation of water quantity/quality formulations is
connected to the model spatial discretization and structuration. For instance, stochastic and
empirical equations are often used within the lumped models, while determinist and
physically-based equations are commonly applied within the grid based models. Therefore, it
is essential to provide a benchmark of the different water quality models based on different
spatial discretizations, in order to help researchers and practitioners to choose the appropriate
type of model prior to operational applications, making optimal use of the available data and

computational resources according to their objectives.

The reviews of (Fletcher et al., 2013; Salvadore et al., 2015; Zoppou, 2001) presented the
general characteristics of urban hydrological models. Generally, lumped models, e.g. BASINS
(Brun and Band, 2000), KAREN (Dotto et al., 2011), use spatially averaged information to

represent the overall behavior of an urban catchment. Sub-catchment based models, e.g.

221



SWMM (Storm Water Management Model)(Rossman, 2010), InfoWORKS (Innovyze Ltd,
2011), consider sub-regions in the urban catchment as uniform with respect to the hydrological
processes and landuse considerations. Grid-based models, e.g. MIKE-Flood (DHI, 2008),
FullSWOF (Hong et al., 2016a, 2016b), perform calculation for each grid cell. While UHE based
models, e.g. URBS (Rodriguez et al., 2008), CWB (Mackay and Last, 2010), are based on the
identification of an object or a unit of calculation small enough to represent the urban

heterogeneity regarding the urban hydrological processes.

Existing literature mainly focused on the water flow simulations by using models based
on different spatial discretizations. For example, Petrucci and Bonhomme (2014) investigated
the trade-off among complexity, calibration and input data using a sub-catchment based
model. Leandro et al. (2016) assessed the trade-off between model performance and proper
resolution scales using a grid-based model. However, the urban stormwater quality modelling
is supported with far less case studies. To our knowledge, no study has been conducted yet
aiming to present a complete comparison of the available urban stormwater quality models

based on different spatial discretizations on the same studied catchment.

In order to propose a benchmark of using (a) lumped, (b) sub-catchment based, (c) UHE
based and (d) grid based models for urban stormwater quality modelling, this paper compares
four types of modelling approaches integrated within these types of discretization over an
urban catchment near Paris (Le Perreux sur Marne). Models are evaluated according to various
characteristics including (i) optimized modelling performance, (ii) predictive power, (iii)
simulation reliability, (iv) ease of data collection, (v) computational speed, and (vi) ease of
implementation. Although four specific models are used in this study over only a particular
urban catchment, the tested modelling approaches and assumptions follow the common
agreements in the field of urban stormwater quality modelling. Therefore, the suggested
benchmark aims to serve as a preliminary guideline for researchers and practitioners to choose

appropriate models in future studies.

2. Study site and data availability

2.1. Study site description and monitoring at the catchment outlet
The study site is a residential area located in the eastern suburb of Paris (Le Perreux

sur Marne, Val de Marne, France). The area is mainly residential with small commercial shops.
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It is crossed by the highly trafficked boulevard “Alsace Lorraine” (more than 30,000 vehicles
per day). The total area of this catchment is 12 ha and the impervious surfaces account for 70%.
The Western section has a higher slope than the Eastern side, with an average slope of less

than 2% (Fig. 1).

The catchment is drained with a separated sewer network. The sewage outlet is located
at the North-Eastern edge of the catchment, 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) at 1 minute time step. The turbidity measurements
are transformed into total suspended solids (TSS) concentrations following the linear
regression TSS (mg/l) = 0.8533 x Turbidity (NTU) (R? = 0.97) derived based on laboratory

analysis conducted on samplings from 16 studied rainfall events.

HAUTSOESER

Drainage
B Outlet [}
- Y ""; w

VALOEMARE

Fig. 1 Study site at Eastern Paris (12 ha, Le Perreux sur Marne, France). The location of the rain
gauge and the drainage outlet equipped with the flow and quality parameters monitoring
devices are presented.

2.2. Rainfall events description
A tipping-bucket rain gauge is installed on the roof of a building close to the urban
catchment (see Fig 1). The rain gauge has a resolution of 0.1 mm. Since the study area is quite
small, rainfall is considered as homogeneous within the basin. The monitoring is performed
between September 20, 2014 and April 27, 2015. In the work of (Hong et al., 2016a), 56 rainfall
events were identified during this study period. More than 88% of the events have a rainfall
depth less than 8 mm, nearly 89% of the events have a mean intensity smaller than 3 mm/h,

and 87% of the events have a duration shorter than 7 h. These caracteristics are typical of the
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meteorological conditions of this Parisian metropolitan area, which is subjected to oceanic

climate.

For calculation time convenience, only 6 typical rainfall events were selected for
models assessment. These rainfall events can be considered as representative of some various
hydrological situations on the catchment. The characteristics of the selected rainfall events are

summarized in Table S1.

2.3. Spatialy distributed information
In collaboration with the National Institute of Geography of France (IGN), the
department council (Conseil Départemental de Val-de-Marne) and the municipality of “Le
Perreux sur Marne”, the studied urban catchment has been well monitored and investigated

to acquire the necessary detailed spatial information for models implementation.

2.3.1.Sewer networks and inlet locations

Simulations using sub-catchment, UHE and grid based models require having the data
on sewer networks and inlet locations. This precise information is derived from the
combination of departmental networks (provided by Conseil Départemental de Val-de-
Marne) and municipal sewer networks (provided by “Le Perreux”). The stormwater sewer
system consists of 1156 metres departmental pipes (vertical ellipse, 2.3m x 1.3m) along the
main street, and nearly 1000 metres municipal pipes (circular, 0.3m x 0.3m) used to connect

manbholes to the major pipes. In total, there are 35 manholes in the studied catchment (Fig. 2).

Sewer networks

Legend

— Sewer networks
0 100 200 300 m * Sewer inlets

T — Urban catchment
Sewer outlet

Fig. 2 Separate stormwater sewer networks in the studied urban catchment.
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2.3.2.Topography

In France, the National Institute of Geographic and Forestry Information (IGN)
provides the large-scale reference database (RGES®, http://professionnels.ign.fr/rge) that
contains DEM (Digital Elevation Model) data of 25 m resolution for the whole country. Fig. 3a
shows a part of this data on the study site. In collaboration with the IGN, a mobile mapping
system (MMS) called Stereopolis (Paparoditis et al., 2012) has been applied over the study area
in order to produce a 20 cm resolution topographic data of road and sidewalks (Fig. 3b). This

data is used to generate the input data for UHE based and grid based models.

(a) DEM data
(25m resolution)

(b) Roads LiDAR data

(20cm resolution)

: Legend (m)
Sl 3888 0 4372 W 8341
4856 W 57.28 -

Legend (m)

100 200 300 m =390 45.5 52.1 =57.0
423 488 =553

=)

Fig. 3 Different sources of the topographic data. (a) DEM of 25 m resolution; (b) LIDAR data of
20cm resolution for roads and sidewalks.

2.3.3.Urban landuse

Landuse data is also necessary for the implementation of both UHE and grid based
models. The detailed landuse data (Fig. 4) is identified by combining multiple data sources,
such as aerial ortho-photos, LIDAR data and public accessible database. It includes the
description of the impervious surfaces (roads, sidewalks, and parking lots) and the vegetation

cover.
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Detailed Landuse data

Legend
7 Road, Sidewalk and Parking;
0 100 200 300 m B Different types of roofs;

B Different types of green lands;
Il Sewer inlets;

Fig. 4 Detailed landuse information derived by combining multiple data sources.

2.3.4.Cadastral parcels

The cadastral map of the studied site is available in urban data banks provided by the
IGN (Fig 5). It defines and delimits the locations and the boundaries of cadastral parcels for
“Le Perreux” catchment. This information is essential for the implementation of the UHE

based model.

Cadastral map
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Fig 5. The cadastral map of “Le Perreux” catchment.
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3. Modelling approaches

Four distinct modelling approaches are investigated in this study and detailed in the
sections below. One of the major obstacle for comparing multiple modelling approaches at the
urban catchment scale is the difficulty of ensuring consistency between different types of
models. In this study, this is encountered with respect to the modelling of the sewer network.
To overcome this issue, the processes in sewer network such as deposition, erosion and
reaction are neglected, since these mechanisms are not included in the lumped and UHE based
models. Therefore, the sewer network compartment of the used models only calculates the
transport of water flow and total suspended solids (TSS). Moreover, the same sewer network
compartment is used in both the sub-catchment based and grid based models confirming thus
the validity of the comparisons between these models based on different spatial

discretizations.

3.1. Lumped modelling
In this approach, the surface compartment of SWMM model (Rossman, 2010) is
applied without considering any spatial variability within the catchment (Fig. S1). The entire
catchment is thus conceptualized as a rectangular surface with a uniform slope and a pre-
defined width that drains into a single outlet. The water flow is generated by modelling the

catchment as a nonlinear reservoir.

The quality module in this approach is represented by the commonly used exponential
build-up/wash-off models. The available mass for erosion at the beginning of the rainfall is
computed using the following equation (Eq. 1), in which the build-up rate is represented as a

decreasing order increasing rate:

Maccu @ = (1 X (1 - e_CZXADWP(i)) + Mres (i-1) (1)

Where Mgy, (i) is the accumulated mass available for wash-off at the beginning of the
rainfall event (i); C; and C, are the build-up parameters; ADWP; is the antecedent dry weather
period of the rainfall (i) ; Myes i—1) is the remaining mass on the surface after the preceding

rainfall event (i-1).
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The washoff process is simulated using an exponential equation, where the eroded
mass is proportional to the water flow and the remaining particles on the urban surface (Eq. 2

and 3.).

w(t) = c3q(t)*mp(t)dt )

mp(t +dt) = Mgcey () — w(t) 3)

Where w is the eroded mass at a time-step; c3, ¢, are the washoff coefficients; q is the
flow discharge at the catchment outlet; mp is the remaining particles on the urban surface and

dt is the times step.

In this approach, the hydrological and the water quality parameters are homogeneous
over the entire urban catchment. One set of parameters is calibrated for the entire surface

where no distinction between the processes over different land use is made.

3.2. Sub-catchment based modelling

In this approach, the spatial variability of the processes is accounted for through the
discretization of the urban surface into sub-catchments (Fig. S1). The basin is divided into three
parts that represents the downstream, upstream and center areas. Each part is also divided
into three sub-catchments that represent three types of landuses (road, roof and vegetation).
As a total, the whole catchment is represented by nine sub-catchments. . The water flow and
quality processes are simulated at the scale of each sub-catchment based on the same
principles as the lumped model, where a different set of parameters is calibrated for every sub-

catchment.

The surface runoff and suspended solids generated from the sub-catchments flow into
the sewer networks via junction nodes. Flow routing in pipes from one junction node to
another is computed by the one-dimensional (1D) kinematic wave approximation of the
Shallow Water (SW) equations. Water quality routing considers that the sewer pipes are
represented as completely mixed reactors connected together at junction nodes. The
concentration of TSS for a completely mixed reactor is calculated by the mass conservation
equation (Eq. 4).

d(V c)
dt

= CinQin — cQout 4)
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Where V is the volume within the reactor, c is the concentration within the reactor, C,
is the concentration of any inflow to the reactor, Q;;, is the volumetric flow rate leaving the

reactor.

3.3. UHE based modelling

The spatially distributed model Urban Runoff Branching Structure (URBS) is used in
this study to represent the UHE based modelling approach (Rodriguez et al., 2008). The surface
is divided into Urban Hydrological Elements (UHE), which encompass both cadastral parcels
and their adjacent street. Each UHE includes three land use type: street, roof and uncovered
soil. For each UHE, the areas of the entire parcel, the buildings, the adjacent street, the alleys,
the parking lots and the vegetation are calculated. The coordinates of the center of gravity of
the UHE and of the ends of the hydrological network segments are used to determine the
connection point of the UHE to the sewer. In total, the studied urban catchment encompasses

274 UHEs, including 56 isolated parcels, which are not connected to the street (Fig. S2).

Water flow at each UHE outlet is simulated by modelling the hydrological processes
such as interception, infiltration, surface runoff, evapotranspiration, and soil water drainage.
The detailed description of the hydrological modelling principles applied in this approach can
be found in (Rodriguez et al., 2008). One set of hydrological parameters is defined for the entire
catchment. Water quality simulations are based on a stochastic implementation of the
exponential washoff equation (Eq. 2) at the UHE scale, where the parameters are randomly

selected for each UHE; the details of this selection are presented in the section (4.1.2).

Water flow and SS are first drained from the surface into the closest manhole of the
sewer through a flow path using a travel time function. Then they are routed in the sewer

networks to the outlet using the Muskingum-Cunge scheme.

3.4. Grid based two-dimensional (2D) modelling
In this paper, LISEM-SWMM model (Hong et al., 2017) is used for the grid based 2D
modelling. Within LISEM-SWMV, the catchment surface is divided into 224 x 85 rectangular
meshes. Grids are then categorized into several classes according to the landuse information.
Different parameters are attributed to each grid point in accordance with the landuse type.
Interception, infiltration, water runoff and pollutant transfer processes are calculated at the

grid scale. Diffusive wave approximation of SW equations is applied for simulating the surface
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runoff, which is able to represent the spatial and temporal variations of the water flow at the

grid level.

As for the sediment transport on the urban surface, the detachment and deposition
processes are simulated at steady state. Eq. 5 represents the calculations of the final
concentration of the i-th class of particles in a grid-cell at the end of a time-step. Within each
time-step, particles eroded by the rainfall splash detachment are firstly added to the
concentration of suspended solids; the updated concentration is then compared with the
transport capacity of the water flow, which is calculated by the (Hairsine and Rose, 1992) (H-
R) equations. The flow-driven detachment takes place when the updated concentration falls
below the transport capacity, while the deposition occurs when the transport capacity is

exceeded.

dt , dt
Ei=C + ﬂ(detsplash,i + detflow,i); if G+ Ah detspiasni < Ti
dt _ dt ®)
Ei=C+-7 (detspiasn,i — depy); if G+ Th detspiasni > Ti

Where Ei 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); A is the surface area of a grid-cell (m?);
h is the water depth (m); detsishi is the rainfall splash detachment rate of the i-th class of
particles (kg/s); detfow, 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).

In this approach, the simulation of flow routing and SS transport in sewer networks
relies on the sewer network compartment of the SWMM model. Building roofs are represented
as virtual sub-catchments connecting to their nearest sewer nodes. Interactions between the
2D surface component and the 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 gully-holes. The water flow in sewer
networks is computed by the 1D kinematic wave approximation of the SW 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).
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4. Benchmarking different modelling approaches

The comparison of the above four modelling approaches is conducted with respect to
different characteristics: (i) simulation performance, including (a) optimized simulation
performance, (b) predictive power, and (c) simulation reliability; (ii) data requirement; (iii)
demanded computational efforts; and (iv) complexity of model implementation. The
simulation performance of each type of model are firstly compared for each rainfall event, and
then they are averaged and associated with the rest of the aspects for the overall modelling
performance comparisons. The radar chart graphical method is used to display the evaluation
criteria for each modelling approach. This method is chosen to compare the models because it
allows a simple and clear representation of the performance indicators, whereas the weakness
and the strength of each approach are easily and directly spotted. Each characteristic of the
simulation performance is compared using reversed scale two-dimensional radar charts of
RSR (the standardized version of the Root Mean Square Error) and R? obtained with each
modelling approach for each rainfall event. The overall performance is assessed using also a
two-dimensional radar chart of the performance score calculated for the comparison

characteristics stated above for each model.

4.1. Model performance evaluations

4.1.1.RSR and R? objective functions

Following (Legates and McCabe, 1999; Moriasi et al., 2007), the standardized version
of the RMSE (Root-Mean-Square-Error) (Eq. 6), calculated as the ratio of RMSE to the standard
deviation of the observations (RSR), is used to calculate the bias between the simulated and
observed TSS concentrations. In addition, since the RMSE-based coefficients underestimate
the variability and the relative correlation between the measured and simulated signals (Hong
et al., 2016a; Krause et al., 2005), the coefficient of determination R? (square of the Pearson's
product-moment correlation coefficient) (Eq. 7) is applied as a complement to evaluate the

colinearity between simulated and measured data.

_ RMSE /3 (Sim; — Obs;)?
STDEV, s \[Z

RSR

—_ (6)
©_.(obs, — Obs)2
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Z?’:l(simt - W)(Obst - %)

R* =
\/Z?=1(Simt — Sum)® JZ?:l(ObSt — Obs)?

Where STDEV,,;, is the standard deviation of the observed data, 7 is the total duration
of the simulated rainfall duration, Sim; and Obs; are the simulated and observed TSS
concentration at #* minute, Sum and Obs are the averaged simulated and observed TSS

concentration.

RSR incorporates the benefits of error index statistics and includes a
scaling/normalization factor, so that the resulting values can be applied to various rainfall
events. RSR varies from the optimal value of 0, which indicates zero RMSE and hence perfect
model simulation, to large positive values. The lower RSR, the better is the model simulation
performance. R? can also be expressed as the squared ratio between the covariance and the
multiplied standard deviations of the observed and simulated values. Therefore, it estimates
the combined dispersion against the single dispersion of the observed and simulated series.
The range of R? lies between 0 and 1. A value of zero means no correlation at all whereas a

value of 1 means that the dispersion of the simulation is equal to that of the observation.

4.1.2.Model optimization methods and performance assessment
The optimized performance assessment for each rainfall event is evaluated by
comparing the “best fitted” simulations determined based on the lowest RSR values or highest

R? results.
¢ Optimization method for lumped and sub-catchment based models

The lumped and sub-catchment based models are calibrated using the genetic
algorithm for both water quantity and quality. The optimized parameters are obtained
following a procedure that mimics the processes observed in the natural evolution. First, an
initial random population is generated from the predefined samples which were adapted from
(Bonhomme and Petrucci, 2017). The best members of the population survive to the next
generation based on their goodness of fit estimated by the objective function, which is the Nash

Sutcliffe. A crossover and a mutation are performed to create a new generation from the
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chosen members. These processes are repeated for a certain number of iterations and the best
parameter set is determined at the end. For water quantity calibration, 100 generations of 30
parameter sets are adapted while for water quality calibration, 200 generations of 20 parameter

sets are adapted.
e Optimization method for UHE based model

A part of water quantity parameters is determined by direct field measurements, while
the rest is calibrated using a trial and error method. The water quality model implemented in
this approach was not calibrated to account for the random nature of the variables and the
parameters. The variability of the wash-off is accounted for through the tempo-spatial
conceptualization of the event mean concentration (EMC) of SS and the wash-off parameters
C3 and C4, which are represented as random uniformly distributed variables. The values of
these variables are sampled for each UHE, at the beginning of the rainfall and for each land
use from predefined intervals. The interval for the EMC values for the roads is defined from
the analysis of samples collected at the inlet of the main boulevard in the catchment, while the
interval for the roof in defined based on the literature (Al Ali et al., 2016; Gobel et al., 2007).
Then the initial deposited particles can be calculated by using the chosen EMC and two

washoff parameters with the following equation (Eq. 8):

Mo o EMCXVtotal 8
build-—wp initial = €50 (0)0 x de + B, G X Q% X dt X [[oA(L — G x Q)& xdpy )

Where: Myyi1d—up inita is the available mass of particles at the beginning of a rainfall
event; EMC is the event mean concentration (mg/l); Vytq; is the total runoff volume for the
corresponding rainfall event (I); C; and C, are the wash-off parameters; Q(t;) is the runoff rate
at the first time step of the rainfall event; dt is the time step; N is the total time step of the

rainfall event.

The intervals of the wash-off parameters C3 and C4 are defined based on previous
work within the catchment and they encompass the values corresponding for the best fit (Al

Ali et al., 2016). The intervals are summarized in Table S2.

233



In summary, for one rainfall event at the scale of the entire urban catchment, 274x6
water quality parameters are sampled and the sampling process is then repeated for ten

iterations.
e Optimization method for grid based model

Hydrological parameters for this approach are estimated based on a trial and error
method. Water quality simulations using grid based model rely on the estimated initial dry
deposits derived from the in-situ measurements (Hong et al., 2017). Only the cohesion
coefficient (coh) can vary from one rainfall event to another. According to (Geotechdata.info,
2014), the typical values of coh for the non-cohesive solid vary from 9 - 16. Simulations are
hence operated for each event with the coh equals to 9, 10, 11, ..., 16. In total, 8 simulations are

performed for each rainfall event.

4.1.3.Predictive power

The predictive power of different modelling approaches is evaluated for each rainfall
event. For the lumped and sub-catchment based modelling approaches, the predictive power
for one rainfall event is calculated by averaging the obtained RSR and r? values, using the
calibrated parameters on other events. While for the UHE and grid based modelling
approaches, since 10 and 8 simulations were performed respectively for every rainfall event,
the predictive power of these models can be considered as the mean RSR and the mean 12 of

these simulated results.

4.1.4.Simulation reliability

According to the section 4.1.2, several simulations have been computed for the UHE
based and the grid based models. The simulation diversity of these two types of model can be
evaluated by calculating the difference between the highest and smallest RSR and R?,
respectively. As for the lumped and sub-catchment based models, the simulation diversity are
estimated as the variations of RSR and R? calculated by modelling one rainfall event using the

optimized parameters of different rainfalls.

4.2. Ease of data collection
The better ease of data collection implies the less data requirements to obtain a

simulation. Therefore, the required input data and parameters are estimated for the four types
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of studied modelling approaches. In order to quantitatively analyze the data requirements, we
propose to count the necessary data for implementing the water quantity/quality modelling
approaches. An outline of the total data requirements for each type of models is illustrated in
Table. 1. In summary, the required data for general configurations mainly relies on the spatial
discretizations, while required input water quantity/quality parameters mostly depend on the

related conceptual or physical equations.

4.3. Computational speed
The computational speed of the models is assessed by considering the demanded
computational time for simulating a rainfall event of a duration of 4 hours. Simulations are
performed with a computer of 2.7 GHz Intel Core i7 processor and 16G RAM. The needed time
for model optimizations (see section 4.1.2) is also taken into account. At the end, the estimated
computational time for lumped model is 3 minutes, for sub-catchment based model it is 15

minutes, for UHE based model it is 30 min, and finally for grid based model it is 200 min.

4.4. Ease of implementation
For estimating the complexity of model implementation, we assessed the working time
needed by an undergraduate student (master degree candidate) to apply the different
modelling approaches for the studied urban catchment. Approximately, the student takes 1
week for setting up the lumped model, 2 weeks for the sub-catchment based model, 10 weeks

for the UHE based model, and 8 weeks for the grid based model.

4.5. Standardization for overall modelling performance
In order to compare the overall performance of the different modelling approaches, a
logarithmic function is proposed to grade the modelling performance with a score between 0
and 5 (Eq. 9). For each characteristic, the higher score indicates that the model performs better.
Score(Chari,Mod]-) =

5 MAX({LOG[coef (Char;, Mod;)|:j = 1,2,3,4}) — LOG|coef (Char;, Mod)]
MAX({LOG[coef (Chari, Mod;)]:j = 1,2,3,4}) — MIN({LOG[coef (Char;, Mod,)]:j = 1,2,3,4}) ©)

Where Score(Char;, Mod;) is the score in iyycharacteristic of the jij, type of model(j =

1,2,3,4); coef (Char;, Mod;) is the overall coefficient in iy, characteristic of the j, type of model.
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In this study, Coef (characteristic, model) for the characteristics such as optimized
modelling performance, predictive power and simulation reliability are evaluated by
averaging the calculated event-scale RSR of different rainfall events, respectively. While
Coef (characteristic ,model) for the other characteristics including ease of data collection,
computational speed, and ease of implementation are described by the total data
requirements, computational time, and working time for model configurations, respectively.
For all these characteristics, the lower Coef(characteristic,model) implies the better

modelling performance.
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Table 1. Data requirements for urban stormwater quality modelling based on different spatial discretizations

Required input data for general configurations

Required input parameters for water quantity/quality simulations

Surface configurations

Sewer network
configurations

Parameters for water flow simulations

Parameters for water
quality simulations

Total data

Spatial Input Input reguirements
discretization Input d_ata Sub-total Sew_er Inpu_t data per Sub- [Landuse |Input parameters per parameters Sub-total parameters Sub-total
units per unit sections  |section total |groups landuse group for sewer per landuse
transport group
Area: Impermeability (1);
. ) ) Lumped Manning's (Imp & Perm); } Build-up &
Lumped |1 Catchment SI(_)pez 8 0 catchment; |Rugosity (Imp & Perm); 1x8 Washoff (4) 1x4 15
Width; .
Green & Ampt (3);
Begin node
elevation;
End node
Area; elevatlc?n; . Impermeability (1);
f:tl():hment 9 Sub- Slope; ox4 23 sewer Iézn?;hﬁode 238 Egggss’_ Manning's (Imp & Perm); |Manning's 3x8+1 Build-up & 3x4 257
based catchment  |Width; sections cogrdinates xy): Ve ete;tion' Rugosity (Imp & Perm); |(1) Washoff (4) =
Outlet node; Shape: Y 9 "|Green & Ampt (3);
ape;
Geometry
(horizontal &
vertical);
Outlet
coordinates
x,y); Begin node
Topography; elevation; . .
Gravity End node Roofs; Interception (2); . Event
274 Urban ’ o . Surface storage(1); .
UHE . Coordinates 103 sewer |elevation; Roads; e . [Muskingum- MeanConcen
Hydrological ) 274x12 ; X 103x6 . |Evapotranspiration (3); 3x14+2 ; 77 3x5 3965
based (xg, y9); sections  |Length; Vegetation SR : Cunge (2) tration (1); _
Elements Total area: Begin node s Darcy's infiltration (6); Washoff (4);
’ gin . ’ Travel time function (2); ’
Area of coordinates (X, y);
different Diameter
surface
_ types (6);
Grid Begin node
based elevation; -
Initial
End node deposits (2
224 x 85 Low-left side elevation; Roofs; Interception (1); i, |
- dinates Length; Roads; Surface storage (1); . particle
rid cells coor 61 sewer o " : ’ Manning's classes);
g x.y); 224x85%4 : Begin node 61x8 |Vegetation;|Manning's (1); 4x6+1 ; j 4x4 76689
(5m T hy: sections di . I A 1) Rain splash —_—
resolution) opography; coordinates (X, y); Gully Green & Ampt :
Landuse; Shape; holes; 3); Fl ’ .
ow erosion
Geometry )
(horizontal & '
vertical);
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5. Results and discussion

5.1. Calibration/validation of the water flow modelling
Accurate water quantity simulations are required for reliable water quality modelling.
The simulations of the flow, regardless of the modelling approach, match well with the in-situ
measurements at the catchment outlet, with Nash Sutcliffe coefficients higher than 0.7

(Bonhomme and Petrucci, 2017; Hong et al., 2017).

5.2. Water quality modelling performance
Since the TSS measurements are quite variable for different rainfall events, the
optimized simulation performance, predictive power and simulation reliability of the studied

modelling approaches are firstly assessed at the rainfall event scale.

5.2.1.0ptimized simulation performance
The RSR and R? of the optimized simulations for the six studied rainfall events using
different modelling approaches are presented by the radar charts (Fig. 6). The RSR and R?

values are presented in Table S3.

Optimized simulation performance (RSR) Optimized simulation performance (r?)
Lumped -=-Sub-catchment based Lumped -&-Sub-catchment based
-+UHE based -=Grid based -#+UHE based =Grid based
08/10/2014 -
08/10/2014 - AM AM
0 1
26/11/2014 08/10/2014 - PM 26/11/2014 08’1?,{\:014 i
15/11}'2014 09/10/2014 15/11/2014 05/10/2014
12/10/2014 12/10/2014

Fig. 6 Radar chart with reverse scale of (a) RSR and (b) R? for the optimized simulations of six
studied rainfall events using different modelling approaches.

According to Fig. 6, the sub-catchment based model has the best performance of TSS
simulation in calibration for all the studied rainfall events, along with the lumped model. The
UHE based and grid based models has lower performance. The lumped and sub-catchment
based models are calibrated with the genetic algorithm which optimizes the parameters after

4000 simulations for one rainfall event. However, the parameters for UHE are not optimized;
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they are randomly chosen for 10 simulations while the parameters of the grid-based model are
optimized using simple trial and error method after only 8 simulations. Since the UHE based
and grid based models are relatively less studied in the existing literature, simple artificial trial
and error methods are commonly applied by researchers and practitioners for calibrating such
modelling approaches. Performing a large number of simulation runs based on this calibration
method is not feasible due to computational time issues. Therefore, the optimized simulation
performance of different modelling approaches in this study could represent the calibration

results in general operational applications.

5.2.2.Predictive power
The predictive power of each approach is presented in Fig. 7 using a radar chart with

reverse scale of RSR and a radar chart of R2. RSR and R? values are also presented in Table S4.

Predictive power (RSR) Predictive power (r?)
Lumped #Sub-catchment based Lumped & Sub-catchment based
-+UHE based =Grid based -»UHE based -=Grid based
08/10/2014 -
08/10/2014 - AM AM
0 1
26/11/2014 08/10/2014 - PM 26/11/2014 05 08/1213014 -
/‘—-——{'
y /"“."’/
15/11/2014 09/10/2014 15/11/2014 09/10/2014
12/10/2014 12/10/2014

Fig. 7 Radar charts with reverse scale of (a) RSR and (b) R? for the predictive power of six studied
rainfall events using different modelling approaches. For two events, the RSR values for the
lumped approach are not presented in the figure for clarity reasons, the corresponding values
can be found in Table S4.

The grid based model has the best performance for predicting TSS concentrations for
various rainfall events, and it especially succeeds in simulating the TSS dynamic trends (R?).
The UHE based model also shows good predictive power when evaluated in terms of RSR.
However, it fails in predicting the trends of TSS fluctuations except for two rainfall events. The
sub-catchment based model has the least predictive power comparing with other modelling

approaches, while the lumped model showed different results based on the rainfall event.
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Moreover, the modelling performance of the lumped and sub-catchment based models
declines significantly for both RSR and R? when comparing the results of the predictions (Fig.
7) with the optimized simulations (Fig. 6); while the performance coefficient, especially the R?,
remains at a similar level for the UHE based and grid based models. This indicates that when
using UHE and grid based models the TSS dynamic trends can be well reproduced, benefiting

from the spatially distributed representation of physical processes in these approaches.

5.2.3.Reliability of model outputs
Simulations with the least diversity of RSR and R? indicate the best reliability
performance for the applied modelling approaches. A radar chart with reverse scale of RSR

and R? changes are presented in Fig. 8. RSR and R? values are listed in Table S5.

Simulation reliability (RSR) Simulation reliability (r?)
Lumped -#Sub-catchment based Lumped & Sub-catchment based
->UHE based -#Grid based -+UHE based -=Grid based
08/10/2014 - AM 08/10/2014 - AM
0 0

26/11/2014 \ 08/10/2014 - PM 26/11/2014

15/11/2014 09/10/2014 15/11/2014

N, 08/10/2014 - PM

09/10/2014

12/10/2014 12/10/2014

Fig. 8 Radar charts with reverse scale of (a) RSR and (b) R? for the simulation reliability of six
studied rainfall events using different modelling approaches.

It is shown in Fig. 8 that the UHE and grid based models perform better concerning
simulation reliability, particularly for the modelling of TSS dynamics (R?). In general, the very
limited variations of RSR and R? imply that the UHE and grid based models are quite reliable
for urban stormwater quality simulations of different rainfall events. The modelling results do
not vary significantly when using different parameter values. In the contrary, parameter
values for the lumped and sub-catchment based models should be carefully considered, in
order to achieve acceptable simulation results. Although thesimulations of the TSS dynamic
trends with the grid based model are trustworthy for all the studied rainfall events, the
deviations between simulations and measurements are still remarkable for certain rainfall

events (for example, the event of 09/10/2014). This is mainly related to the incomplete
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understanding of the physical mechanisms for urban stormwater quality processes, especially

the urban pollutant build-up formulations.

5.3. Benchmarking the overall modelling performance
The overall comparison of the investigated modelling approaches is done based on the
radar chart of the scores of the characteristics for each modelling approach shown in Fig. 9.
Values of the metrics used to calculate the overall score are presented in Table 2.
Table 2. Values of the performance Indicators for assessing the optimized simulation deviation,

prediction deviation, simulation variability, data requirement, computational time, and setup time,
of different modelling approaches.

Optimized Prediction = Simulation Data Computational  Setup
simulation deviation  variability requirement time (min) time
deviation (Mean (Mean RSR)  (Data point) (week)

(Mean RSR) RSR)

Lumped 0.50 2.16 3.43 15 3 1
Sub-

catchment 0.44 9.76 23.21 257 15 2
based

UHE based 1.07 1.34 1.34 3965 30 8
Grid based 0.92 1.36 0.95 76689 200 6

Overall modelling performance

Lumped #-Sub-catchment based
-+UHE based -=-Grid based
Optimized
simulation
performance
5
Ease of 3 Predictive
implementation 2 power
1
Computational imulation
speed reliability

Ease of data
collection

Fig. 9 Radar chart of the logarithmic standardized scores of the optimized modelling
performance, predictive power, simulation reliability, ease of data collection, computational
speed, and ease of implementation for lumped, sub-catchment based, UHE based and grid based
modelling approaches.
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As can be seen from Table 2 and Fig. 9, the lumped model has the best performance
regarding the ease of implementation, the computational speed, and the ease of data collection.

The sub-catchment based model is featured with its optimized simulation performance.

Furthermore, it is surprising to observe that the predictive power and the simulation
reliability of the lumped model are not as poor as expected, but rather better than that of the
sub-catchment based model. This result can be explained by the linearity of the urban
catchment studied in this paper, where the added sub-catchments in the modelling
configuration improves slightly the optimized simulation performance, but introduce huge
uncertainties to the simulation reliability and diminish the prediction performance. This

finding can be also referred to (Bonhomme and Petrucci, 2017; Orth et al., 2015).

Generally, the results of Fig. 9 show that the ideal modelling approach which can have
all expected qualities, does not exist. However, according to the available data, computational
and human resources, different modelling approaches can be adapted in accordance with the
modelling objectives. Since the lumped model does not account for the spatial variability of
the flow and water quality processes inside an urban catchment, it is easy to execute and is
particularly suitable for total control problems. The sub-catchment model can achieve the best
optimized simulation performance with straightforward calibration efforts, it is applicable for
the common uses of practitioners, however, the incertitude and prediction performance of this
type of model should be carefully considered. Besides, the UHE and grid based models realize
good performances in predictive power and simulation reliability. Nevertheless, these models
require large amount of data and are relatively difficult to apply which limits their current use

to research purposes.

6. Future outlook for urban stormwater quality modelling practice

Taking knowledge from the radar charts that clearly displayed the strengths and
weaknesses for each modelling approach, suggestions to identify the suitable model for
different modelling objectives, as well as the future directions for overcoming the current

drawbacks are presented.

Lumped models are generally simpler and faster than other approaches, which is
particularly useful when limited data is available. They can provide a first assessment of the

urban water system at the catchment outlet without any spatially distributed information,
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hence they can be used for global control management of urban stormwater quality.
Furthermore, lumped models can be easily adapted for Real Time Control (RTC) modelling
since they have high computational speed. However, when applied in the context of real time
data assimilation, they should be calibrated using advanced optimization methods such as the
auto-calibration system (Schou Vorndran Lund et al., 2014).Sub-catchment based models are
attractive tools widely used by the practitioners due to their good performance with respect
to several characteristics including simplicity, fast implementation and good calibration.
However, their results can be accompanied with important uncertainties, especially when the
number of sub-catchments is exaggerating. The added complexity of the same type of model
does not necessarily lead to improved performance of urban stormwater quality models,
which can vary greatly from one rainfall event to another (Bonhomme and Petrucci, 2017; Orth
et al., 2015). The application of this approach should be thus accompanied with an uncertainty

analysis (Dotto et al., 2009; Vezzaro and Mikkelsen, 2012), to better evaluate its outcomes.

The UHE based models include highly detailed spatial information to describe the
morphology of the urban catchments based on urban databanks. This approach have strong
potentials regarding stormwater quality estimations based on its relatively good performance
with respect to several characteristics. Future studies should focus on the improvement of its
optimized modelling performance and ease of setup. User-friendly tools for streamlining
model setup and training courses could help the practitioners to better understand and handle
the modelling calculations. The optimized modelling performance can be enhanced by
implementing calibration methods such as the standardised regression coefficients (SRCs)
method (Saltelli et al., 2008) since the computational speed of the model is relatively fast.
Integrating these enhancements might lead to the replacement of the sub-catchment based
models by the UHE based models, to support practitioners for designing conceptual
operations and strategic plans. Additionnally, urban databanks will be more and more

available in many cities, which should favor this kind of vector-based modelling approach.

The spatial variability provided by GIS maps and remote sensing can be best exploited
by the grid based model, which performs calculations for each grid cell. The level of
complexity varies with respect to the spatial resolution of the input data and with the internal
description of the process. In this study, the selected 5-metre resolution is a widely accepted
resolution for urban modelling applications (Dehotin and Braud, 2008; Leandro et al., 2016).
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Excluding the predictive power and the simulation reliability, the grid based model performs
poorly in all the other characteristics. However, this type of model is the unique approach,
which can be used specifically for the assessment of risks and extreme event impacts, such as
finding hidden pollutants flow pathways and simulating water depth of urban flooding.
Moreover, since this type of model is relatively complicated, when it is operated
inappropriately by unprepared users, it will leads to untrustworthy results. To avoid this
issue, the model should be accompanied by a user-friendly modelling interface, for
streamlining the model setup, visualizing the configurations and simulated processes, and
analyzing the simulation results. Moreover, trainings are recommended for the potential
adopters of this type of model. As for the data requirement issues, wider use of the grid based
models must hinge on a more systematic approach for mining existing data repositories from
governmental and/or commercial sectors. Similar as for the UHE based model, advanced
calibration method is also necessary. Since the computational time is mostly quite important,
variance based (e.g. Sobol’, 1967) or regression based (e.g. SRCs, Saltelli et al., 2008) methods
are not suitable for optimizing this type of model. However, the meta-modelling method(Liao
et al, 2017; Xiu and Karniadakis, 2003), could be adapted with more considerations on
convergence problems. More generally, code parallelization is an essential requirement to

reduce computational times for large scale problems.

The suited application fields and the outlook of the lumped, sub-catchment based,

UHE based and grid based models are listed in Table 3.

Table 3. Suggested application fields and future development for lumped, sub-catchment based,
UHE based and grid based models.

Model type Reference models Suggested application fields Future development
Lumped BASINS (Brun and Band, Preliminary assessment; Total Auto-calibration system;
2000); control; Real-time data assimilation;
KAREN (Dotto et al., 2011) RTC;
Sub- SWMM (Rossman, 2010);  Regular operations; Conceptual =~ Advanced model uncertainty
catchment InfoWORKS (Innovyze design; analysis;
based Ltd, 2011)
UHE based URBS (Rodriguez et al., Conceptual design; Model setup tools;
2008); CWB (Mackay and Strategic planning; Regression based calibration
Last, 2010) methods;
Trainings;
Grid based MIKE-Flood (DHI, 2008); Risk & impact assessment; Modelling interface;
LISEM-SWMM (Hong et Strategic planning; Meta-modelling calibration
al., 2017) methods;
Open data;
Code parallelization;
Trainings;
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7. Conclusion

In this study, we proposed a radar chart method for quantitatively benchmarking
urban stormwater quality models of varying spatial discretizations, including lumped, sub-
catchments based, UHE based and grid-based models, that were applied to an urban
catchment near Paris. Comprehensive comparisons of the modelling approaches were
conducted with respect to different characteristics: (i) simulation performance, including (a)
optimized simulation performance, (b) predictive power, and (c) simulation reliability; (ii)

data requirement; (iii) demanded computational speed; and (iv) ease of implementation.

The results show that lumped and sub-catchment based models are generally easier
and faster than the other approaches, and can achieve good simulation performance with
limited calibration efforts. However, these models suffer significant uncertainty and low
predictive ability. On the contrary, UHE and grid based models performs satisfactorily for
predictive power and simulation reliability; nevertheless, they are not easy to execute, and

difficult to achieve optimized parameters.

Based on the strength and weakness of each modelling approach, application fields
and improvements for each model are suggested. The ideal approach for water quality
modelling that covers all the characteristics does not exist yet. The appropriate model must be
chosen mainly with respect to the modelling objectives and the available data. Complementary

improvements to minimize the weaknesses of the model should be also developed.
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Appendix

Table S1. Summary of the studied rainfall events.

Rainfall Mean Maximum Durati Antecedent
uration
Rainfall date; begin time depth intensity intensity h ()) dry days
our
(mm) (mm/hr) (mm/h) (day)
10/08/2014; 04:53 9.4 1.67 6.89 5.64 0.4
10/08/2014; 17:30 7.5 2.06 10.1 3.63 0.3
10/09/2014; 20:17 45 3.64 42 0.58 1.23
10/12/2014; 13:24 3.60 1.68 6.9 2.14 1.8
11/15/2014; 00:16 9.27 21 5.54 441 0.5
11/26/2014; 00:42 2.86 1.1 4.99 2.6 9
D10 1.55 0.5 2.57 0.70 0.24
Summary of the
) D50 3.35 2.27 7.15 3.29 1.82
56 rainfall events
D90 8.65 16.36 56 7.51 10.18

\
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/_""? Legend
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Fig. S1 Spatial discretization of the lumped (a) and sub-catchment (b) models.
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Spatial distribution of the basin based on UHE
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Fig. S2 The spatial discretization of the basin in terms of UHE. The white parcels represents the
UHEs including a fraction of the adjacent street. Red dashed parcels represent internal UHE.

Table S2. The corresponding intervals for the EMC and the wash-off parameters for the road and

the roof.
Parameter Road Roof
EMC (mg/1) [82 —200] [13 - 60]
C3 [0.01 -1.5]
C4 [0.8 -1.9]

Table S3. RSR and R? of the optimized simulations using different modelling approaches for the
six studied rainfall events.

RSR R2
rainfall Lumped Sub- UHE Grid Lumped Sub- UHE Grid
catchment based based catchment based based
based based
08/10/2014- AM 0.27 0.27 0.83 1.31 0.85 0.84 0.27 0.34
08/10/2014- PM 0.33 0.30 0.90 0.48 0.87 0.89 0.81 0.85
09/10/2014 0.83 0.65 1.00 1.32 0.15 0.53 0.46 0.31
12/10/2014 0.60 0.60 1.05 0.79 0.56 0.58 0.16 0.44
15/11/2014 0.44 0.31 1.73 0.73 0.69 0.86 0.87 0.60
26/11/2014 0.53 0.49 0.91 0.86 0.63 0.66 0.07 0.56
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Table S4. Averaged RSR and R? by applying the optimized parameters of other rainfall events to
each event for lumped and sub-catchment based models; mean RSR and R? of the tested

simulations for UHE and grid based models.

RSR R2
. Sub- UHE  Grid Sub- UHE  Grid
rainfall Lumped catchment Lumped catchment
based based based based
based based

08/10/2014 - AM 2.12 1.97 0.95 1.44 0.63 0.44 0.22 0.33
08/10/2014 - PM 494 45.88 0.97 1.31 0.65 0.25 0.77 0.77
09/10/2014 3.32 7.26 2.21 2.50 0.2 0.11 0.11 0.2
12/10/2014 0.90 1.11 1.06 0.88 0.18 0.23 0.1 0.32
15/11/2014 1.02 1.36 1.93 0.97 0.59 0.31 0.85 0.57
26/11/2014 0.65 0.96 0.93 1.07 0.35 0.34 0.04 0.45

Table S5. Variations of RSR and R? by applying the optimized parameters of other rainfall events
to each event for lumped and sub-catchment based models; mean RSR and R? of the tested

simulations for UHE and grid based models.

RSR R2
. Sub- UHE Grid Sub- UHE Grid
rainfall Lumped catchment Lumped catchment
based based based based
based based

08/10/2014 - AM 3.58 3.76 0.20 0.25 0.5 0.83 0.09 0.02
08/10/2014 - PM 9.59 108.62 0.19 1.11 0.53 0.89 0.07 0.13
09/10/2014 5.66 23.19 7.24 2.95 0.38 0.49 0.46 0.23
12/10/2014 0.39 1.12 0.01 0.21 0.53 0.57 0.1 0.27
15/11/2014 0.77 1.68 0.37 0.70 0.52 0.86 0.04 0.07
26/11/2014 0.59 0.92 0.03 0.45 0.52 0.66 0.04 0.28
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Chapitre 7. Bilan des messages principaux dans cette partie

L’application d'une approche stochastique, qui tient compte de la variabilité
temporelle et spatiale des processus de production et de transfert des contaminants a 1’échelle
du bassin versant quartier, est promettant pour l'estimation des niveaux de pollution a
I'exutoire. La performance de cette approche intégrée dans le modele distribué basé sur les
éléments hydrologiques URBS, en termes de pouvoir prédictif et de fiabilité des simulations,
est comparable a celle d'un modele physique maillé qui nécessite des bases de données et des
temps d’implémentation et de calcul tres importants. L’amélioration de cette approche pourra
se faire en y associant des méthodes avancées de tirage qui permettent d’avoir un nombre plus

grand de simulations.

Si cette approche avec I’approche physique distribuée sont les meilleures a utiliser pour
faire des prédictions, elles ne sont pas souvent utilisées par les gestionnaires qui préferent les
modeles simples conceptuels. Les modeles globaux et les modeles semi-distribués, malgré les
simplifications qu’engendrent leurs structurations (surtout les modeles globaux), leurs
performances dépassent les modeles distribués en calage, en temps d'implémentation et de
calcul, ainsi qu'en nombre de points nécessaires pour la mise en ceuvre. Cependant ces
modeles ne doivent pas étre appliqués pour des fins de développement des outils de control

sans tenir compte explicitement des incertitudes qui y sont associés.

Ainsi, il n’existe pas une approche idéale qui couvre tous les criteres pour avoir la
meilleure simulation de la qualité des eaux de ruissellement en milieu urbain. La complexité
n’est pas forcément la solution pour avoir des meilleurs résultats. Le choix du modele doit se
faire en fonction des objectifs, des données et des ressources tout en tenant compte des points

faibles qui doivent étre adressés proprement.
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Partie 6. Conclusions et Perspectives

6.1. Rappel des objectifs

Cette these s’inscrit dans le cadre de la quatrieme phase du projet de recherche OPUR
et bénéficie des bases de données collectées sur le site du « Perreux sur Marne » dans le cadre
du projet ANR Trafipollu. Elle a pour objectifs principaux d’améliorer les connaissances sur
les processus de production et de transfert des contaminants particulaires dans le milieu
urbain notamment 1’accumulation et le lessivage en se basant sur des bases de données en
continu, et de contribuer au développement de nouvelles approches de modélisation

conceptuelle de la qualité des eaux de ruissellement.
6.2. Principaux résultats

6.2.1. Synthese sur les connaissances acquises sur les processus d’accumulation

et de lessivage
Les bases de données riches acquises dans le cadre du projet Trafipollu a 1’échelle du
bassin versant locale routier ont permis de mener des études exhaustives sur les processus

d’accumulation et de lessivage.

L’étude des dynamiques d’émissions de MES sur le boulevard d’Alsace Lorraine en
utilisant les modeles conceptuels usuels d’accumulation-lessivage a montré que ces modeles
sont incapables de reproduire les variations temporelles des concentrations de MES pour des
longues périodes. La complexité et la variabilité du phénomeéne d’ “accumulation, qui n’est
représenté qu’avec une formulation simplifiée en fonction de la durée de temps sec, sont
vraisemblablement responsables des faibles performances du modele. Les jeux de parametres
optimaux obtenus sur les périodes ot le calage est performant varient largement d’une période
a l'autre indiquant I'impossibilité d’avoir un jeu de parametre unique qui pourrait reproduire
les comportements observés en réalité. Ces résultats remettent largement en cause les capacités

des approches déterministes de modélisation de la qualité.

Le couplage des modeles de qualité air-eau dans le cas des bassins versants tres

fréquentés et situés a proximité immeédiate des voies de circulation est mis a I'épreuve des
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données expérimentales en évaluant la contribution des retombées atmosphériques seches a
la contamination des eaux de ruissellement. Les résultats suggerent que le role que joue
I’atmosphere en tant que source de contamination des eaux de ruissellement n’est pas
significatif ni pour les HAPs, ni pour les métaux avec des pourcentages de contributions
potentielles moyennes ne dépassant pas 11% et 4% respectivement. Pour que l'intégration des
sorties des modeles de qualité atmosphérique comme données d’entrées dans les modeles de
qualité de l'eau soit plus pertinente, il est recommandé de modifier la définition de
la« contamination atmosphérique », pour tenir compte des dépots directs émis du trafic. Ce
qui permet de quantifier la contamination qui se dépose a proximité immédiate du lieu

d’émission.

Les mécanismes de mobilisation des particules et la relation qui existe entre le stock
accumulé et le stock mobilisé sont investigués a la micro échelle pour deux types de surfaces
(un trottoir et un parking). L’eau de ruissellement est obtenue a partir d'une pluie artificielle
simulée par un simulateur de pluie innovant qui présente non seulement l’avantage de
pouvoir étre utilisé sur des sites réels car il est mobile mais aussi la possibilité d’avoir des
mesures en ligne du débit et de turbidité. Les résultats montrent le rdle crucial des particules
fines dans la contamination des eaux de ruissellement. La sélectivité du lessivage n’est pas
basée uniquement sur les tailles des particules mais elle varie aussi en fonction du type de la
surface et de l'intensité de pluie. Les dynamiques de transport mesurées qui montrent
I'occurrence d’un premier flot méme sous débit constant fait la lumiere sur la capacité des

modeles conceptuels de lessivage a reproduire ce comportement.

6.2.2. Synthese sur la modélisation a I'échelle du quartier

6.2.2.1. Modélisation conceptuelle stochastique couplée au modele
hydrologique URBS

La variabilité et la complexité des processus observés a travers l'investigation de

I'accumulation et du lessivage a 1’échelle locale, ont orienté les efforts vers le développement

d’un modele de qualité basé sur une approche stochastique pour simuler les dynamiques des

polluants a I’exutoire qui est couplée au modele hydrologique distribué URBS.

L’intégration de la variabilité des processus a I’échelle de 1'élément hydrologique et la

distinction des émissions provenant des différentes occupations du sol en tirant au sort les
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concentrations moyennes de MES et les parametres de lessivage, constitue une approche
prometteuse pour simuler des niveaux de concentration a l’exutoire ainsi que la tendance
générale des fluctuations intra-événement des polluants. Si cette approche est intéressante car
elle est appliquée sans calage a partir de peu d’informations et prédit I'état de contamination
a l'exutoire, elle nécessite des approfondissements pour optimiser ses résultats. Ainsi,
I'intégration plus explicite de 'effet de la granulométrie des particules et de l'intensité des
précipitations sur la fraction mobilisée, dans la procédure de tirage des parametres de qualité
peut étre envisagée. L’application d'une méthode de tirage automatique est aussi intéressante
comme elle permet d’explorer un nombre plus important de possibilité, surtout dans le cas ou
peu d’information a priori sur les niveaux de concentrations de polluants sont disponibles.
Cela permet aussi de minimiser la liberté donnée au modélisateur dans le choix des intervalles

de tirage des parametres.

6.2.2.2. Comparaison des différentes approches de modélisation de qualité

La comparaison de quatre approches de modélisation de la qualité des eaux de
ruissellement, qui différent dans la description des processus et la discrétisation spatiale du
bassin versant urbain, a ’échelle du quartier montre que le modele idéale qui couvre toutes
les caractéristiques de la modélisation de la qualité n’existe pas. C’est par rapport a I’objectif
du modélisateur, aux données et aux ressources humaines et informatiques disponibles, que
I'approche de modélisation appropriée doit étre choisie. Des améliorations complémentaires
doivent étre également développées pour renforcer les points faibles de 'approche qui sera

retenue.

Les résultats ont montré que les modeles globale et semi-distribué (sous bassins
versants) sont les plus simples et rapides a implémenter et ils nécessitent peu de données
d’entré pour leur mise en ceuvre. Ils donnent aussi les meilleurs ajustements des
pollutogrammes quand ils sont calés avec des algorithmes de calage puissants. Cependant,
I'application de ces modeles, dans lesquels les processus sont tres simplifiés, doit étre
accompagnée d’analyse des incertitudes pour une meilleure interprétation de leurs résultats.
Si les modeles basés sur les éléments hydrologiques et sur un maillage fin de I'espace sont les
plus difficiles a mettre en ceuvre et nécessitent un temps d’implémentation et de calcul
important, ils restent les plus puissants en termes de fiabilité et de prédiction. L’intégration
des méthodes d’optimisation automatique dans ces modeles permettra d’améliorer leurs
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résultats en calage. L’entrainement des personnels et la mise en ligne des guides d’utilisation

de ces modeles permettront aussi de réduire les difficultés liées a leurs implémentations.

6.3. Perspectives

Le travail de recherche mené pendant ces trois années a combiné le travail expérimental
avec I'aspect modélisation et a fait surgir plusieurs réflexions qui orientent vers des nouvelles
perspectives dans le domaine de la gestion de la qualité des eaux de ruissellement dans le

milieu urbain.

6.3.1. Pour une meilleure compréhension des processus

L'utilité du travail expérimental et de I’acquisition des bases de données a petite échelle
sont soulignées dans cette recherche. L’investigation des processus a l'échelle élémentaire
permet de réduire le grand nombre de variables qui sont associés a la recherche sur la qualité
de I'eau et permet aussi d’assurer ’homogénéité spatiale ce qui essentiel au développement
des concepts de modélisation et des relations fondamentales qui gouvernent les processus
responsables de la génération de la contamination. Ce type d’expérimentation présente aussi
une solution au probleme de transférabilité des résultats obtenus dans le cas des études a
grande échelle. L’expérimentation menée dans le cadre de cette thése en utilisant le simulateur
de pluie et en collectant les dépdts directs sur la surface présente une premiere étape dans ce
chemin. L’avantage de la portabilit¢é du simulateur est de permettre de répéter cette
expérimentation en différents points du bassin versant et pour différents types de surfaces
urbaines ce qui permet d’acquérir une base de donnée importante en peu de temps ; ceci
pourrait étre exploité pour élaborer des cartographies dynamiques de la contamination et pour

visualiser la répartition spatiale des contaminants.

L’étude des processus responsables de la contamination dans le milieu urbain s’est
focalisée sur les processus physiques de dépdts et de mobilisation qui décrivent le
comportement de la contamination liée aux particules. Cependant les processus chimiques et
biologiques ont aussi une forte influence sur la qualité des eaux de ruissellement. Les
caractéristiques physico-chimiques des eaux précipitées et des eaux de ruissellement
influencent les processus d’adsorption et de solubilité ce qui entraine des changements dans

la biodisponibilité des polluants et dans la cinétique de lessivage. Cela met en évidence le fait
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que certains polluants au cours de leur transport peuvent facilement passer d’un état a ’autre.
Par conséquent, I’extension des concepts et des processus communément adoptés pour I'étude
de la qualité des eaux de ruissellement afin d’inclure les corrélations entre les charges
polluantes et les caractéristiques chimiques des eaux semble essentielle pour une meilleure

compréhension des niveaux de contamination et une meilleure représentation des processus.

6.3.2. Modélisation de la qualité : ou va t'on ?
Un probleme central qui se présente par rapport a la modélisation de la qualité de I'eau
est le manque d’une vision claire des objectifs attendus des modeles ce qui conduit a avoir des

jugements falsifiés par des choix du modele et des criteres d’évaluation inappropriés.

Dans un cadre opérationnel, les efforts doivent s’orienter vers les modeles les plus
simples, les modeéles statistiques, qui nécessitent le moins d’effort en termes de temps de calcul
et d'implémentation. Le développement de tels modeles nécessite la mise en place des stations
de mesure en continu ce qui est favorisé par le développement de capteurs intelligents ayant
des capacités de stockages énormes et dont les données peuvent étre analysées a I'aide des
algorithmes d’apprentissage automatique. Ces modeles cependant ne peuvent pas étre
appliqués dans le contexte d’avoir des prévisions a long terme, car ils sont incapables de tenir
compte des scénarios de changement climatique ou de transformation de I'occupation du sol
qui entrainent des changements dans la morphologie des bassins versants et qui auront un

impact sur les niveaux de contamination.

Pour ce qui concerne la compréhension des processus, deux choix de modélisation se
présentent : les modeles physiques et les modeles conceptuels. Les modeles physiques
permettent certainement d’avoir la meilleure description des processus d’érosion, cependant
les données nécessaires a leur implémentation doivent étre disponibles avec une résolution
tres fine, ce qui engendre des cofits d’acquisition et des cofits informatiques tres élevés. Une
solution intelligente serait d’intégrer les connaissances acquises sur les processus a partir des
modeles physiques dans des modeles conceptuels, étant donné que les modeles conceptuels
mis en ceuvre méme dans un contexte stochastique ne donnent pas toujours des résultats
satisfaisants. Le rOle crucial des particules fines dans la contamination des eaux de
ruissellement peut étre éventuellement intégré plus explicitement dans le modele de qualité

stochastique développé a l’échelle du quartier. Le développement plus poussé de cette
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approche est promettant non seulement dans un cadre de recherche mais aussi dans un cadre

opérationnel.

Face aux enjeux environnementaux qui menacent la qualité de I'eau, il faut agrandir
I'espace de rencontre et d’échange entre les chercheurs et les gestionnaires de différents
domaines pour orienter les recherches permettant d’aboutir a des outils de gestion fiables qui
répondent aux attentes de la société et qui limitent éventuellement les niveaux de

contamination des eaux.
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