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Premiére partie

Curriculum Vitae détaillé



Chapitre 1

Parcours professionnel

Pascal Finaud-Guyot

Né le 13 janvier 1982 & Rosny-Sous-Bois (93), France
Maitre de conférences (CNUG60) en mécanique des fluides environnementale et modélisation numérique

Université de Montpellier
pascal.finaud-guyotQumontpellier.fr
Tel : +33 (0)4 67 14 42 75

1.1 Parcours académique et professionnel

1.1.1 Activités professionnelles

Depuis 2019 Maitre de conférences (CNU 60) de I’Université de Montpellier, Montpellier France

Enseignement Polytech Montpellier, départements STE (Sciences et Technologies de ’Eau) et
EGC (Eau et Génie Civil)

Recherche Laboratoire HydroSciences Montpellier (UMR 5569), équipe H2U (Hydrologie et Hydraulique
Urbaines)
INRIA Sophia Antipolis - Méditerranée, équipe-projet Lemon (INRIA, Laboratoire
HydroSciences Montpellier, Institut Montpellierain Alexandre Grothendieck)

2010 2019 Maitre de conférences du ministére de I’agriculture (CNECA 32)

Enseignement Ecole Nationale du Génie de I’Eau et de ’Environnement de Strasbourg, Strasbourg
France

Recherche Laboratoire Icube (UMR 7357), équipe MécaFlu, Strasbourg France

2009-2010 Attaché Temporaire d’Enseignement et de Recherche (CNU 36)
Université Montpellier 2, Montpellier France

2006-2009 Ingénieur chargé d’études en hydraulique
Bureau d’études Ginger Environnement & Infrastructures, Montpellier France

2006-2008 Vacataire d’enseignement & Polytech Montpellier, Montpellier France
2008 Vacataire d’enseignement au Conservatoire National des Arts et Métiers, Montpellier France

Juillet 2003 Chargé de Valorisation du Patrimoine Fluvial, Les Pavillons-Sous-Bois France

2. Commission Nationale des Enseignants-Chercheurs relevant du ministére chargé de I’Agriculture : Mathématiques —
Physique — Mécanisation — Génie rural et industriel



1.1.2 Formation académique

2009 Dipléme de doctorat de I’Université Montpellier 2. Modélisation macroscopique des inondations
fluviales et urbaines : prise en compte des écoulements directionnels et des échanges lit majeur-lit
mineur
Encadrement : V. Guinot et C. Delenne, laboratoire HydroSciences Montpellier, UMR HSM 5569
Jury : N. Riviére (président), S. Soares-Frazao (examinatrice), R. Mosé (rapporteur), P. Fraunié
(rapporteur), C. Llovel (invitée)

Financement : Ginger Environnement & Infrastructures (Bourse CIFRE n°2006/838)

2008 Certification TOEIC (Score : 935)
2005 Dipléme d’ingénieur en Sciences et Technologies de I'Eau de Polytech Montpellier
2005 Master of Sciences in Water Management, Cranfield University at Silsoe (United-Kingdom)

Septembre-Décembre 2005 Ingénieur stagiaire au sein du Bureau d’études Ginger Environnement & Infrastructures,
Montpellier France. Elaboration du schéma directeur d’irrigation sur le bassin versant du Llech
et de la Lentilla (66)

Mai-Septembre 2005 Stage de Master 2 au Cemagref de Montpellier. Développement d’un cadre d’évaluation
des méthodes de gestion participative.

Juillet-Aott 2004 Ingénieur stagiaire au Syndicat Intercommunal & Vocation Multiple de 'Etang de I’Or,
Mauguio France. Rédaction du Cahier des Charges préalable a I’établissement du Schéma Directeur
d’Alimentation en Fau Potable

2002 DEUG Sciences de la Vie de "Université Paris VI, Paris France
2000-2002 Classe Préparatoire aux Grandes Ecoles (BCPST), lycée A. Schweitzer, Le Raincy France

1.2 Responsabilités administratives et collectives

1.2.1 Responsabilités administratives

2020-... Membre du groupe de travail Développement Durable du laboratoire HydroSciences Montpellier
2019-... Membre du groupe de travail Développement Durable et Responsabilité Sociétale de Polytech
Montpellier

2018-2019 Membre du groupe de travail Mise en place du télétravail de 'TENGEES

2018-2019 Représentant élu au CHSCT de 'ENGEES

2017-2019 Représentant élu au Comité Technique de TENGEES

2015-2016 Représentant élu au Comité Scientifique de 'TENGEES

2015 Membre du jury de recrutement de maitre de conférences ENGEES

2012-2014 Représentant élu au Conseil des Enseignements et au Conseil des Etudes et de la Vie Etudiante

1.2.2 Responsabilités d’enseignement

Depuis le début de ma carriére, je suis responsable de plusieurs unités d’enseignement (voir tableau
1.1). Mon role consiste a articuler chaque UE avec les UE précédentes et suivantes (tant par le contenu
enseigné que dans l'emploi du temps), & choisir les intervenants, & définir les évolutions de contenu et
des méthodes pédagogiques employées ainsi que de vérifier les moyens techniques pour les enseignements
(notamment la compatibilité des versions logicielles) mais également & organiser le controle des connaissances.
Ces responsabilités ont cessées sur année 2019-2020 du fait de mon détachement au sein de 'université de
Montpellier. Suite & mon intégration définitive au ler septembre 2020, j’ai pris en charge 'organisation de 2
UE au sein de Polytech Montpellier.



TABLE 1.1 — Liste détaillée des unités d’enseignement dont j’ai été responsable.

Période Unité d’Enseignement Intitulé de la formation | Etablissement
2020- Informatique appliquée EGC3 Polytech
2020- Hydraulique & surface libre EGC3 Polytech

2015-2019 Hydraulique & surface libre Mastére EPA ENGEES
2015-2019 Hydraulique générale et en charge Mastére EPA ENGEES
2014-2019 Projet aménagement de rivieres FI 1A ENGEES
2012-2019 Modélisation avancée des inondations FI et FIPA 3A ENGEES
2015-2016 Projet Pluridisciplinaire FI et FIPA 2A ENGEES
2014-2017 | Hydraulique générale, en charge et & surface libre FOAD ENGEES
2012-2016 Water supply networks Master WEO USTH
2010-2015 Modélisation des cours d’eau FIPA 2A ENGEES
2010-2015 Partial Differential Equations & modeling Master MNI UdS
2010-2014 Project M1S1 Master MNI UdS

EGC : Formation par apprentissage Eau et Génie Civil

FI : Formation initiale

FIPA : Formation par apprentissage

FOAD : Formation ouverte a distance

Masteére EPA : Mastére spécialisé Eau Potable et Assainissement (formation niveau bac +6)
Master MNI : Master Modélisation Numérique en Ingénierie

Master WEO : Master Water Environment Oceanography

UdS : Université de Strasbourg

USTH : University of Sciences and Technologies of Hanoi

1.2.3 Responsabilités de recherche

Au sein du laboratoire Icube, j’ai été le responsable scientifique de ’axe de recherche sur les inondations
urbaines qui regroupe 3 maitres de conférences. Cette responsabilité a inclut la gestion du pilote Icube d’étude
des inondations urbaines (voir section 6.1). J’ai également initié, au sein du laboratoire Icube, la thématique
de recherche sur le transport solide en cours d’eau dans le cadre d’une collaboration avec le laboratoire Live
(UMR 7362).

Par ailleurs, j’ai été responsable de 5 projets de recherche (en tant que porteur ou coordinateur de
WorkPackage).

Enfin, je suis réguliérement rapporteur pour des revues scientifiques (2 & 3 par an) : Journal of Hydroinformatics,
Advances in Water Resources, Environmental Modelling and Software, Journal of Hydrology.



Chapitre 2

Synthése de mes activités d’enseignement

Résumé

— Volume annuel moyen : 315h eq. TD (18% CM, 29% TD et 53% TP /Projet) auprés de formations
variées (48% niveau L3, 19% M1, 9% M2, 17% Mastére et 7% formations continues)
— Rédaction de 82 supports de cours (polycopiés, supports multimédia et présentations orales) - voir
annexe A
— Responsable de 12 unités d’enseignement depuis 2010 (voir tableau 1.1)
— Encadrement de 7 apprentis-ingénieurs pendant leur cursus & 'ENGEES ou a Polytech et tutorat
de 40 éléves-ingénieurs pendant leurs stages en entreprise
— Champs thématique : le cycle de ’eau (naturel et anthropique) et la modélisation
Depuis ma theése, j’exerce des activités d’enseignements en paralléle de mes recherches. J’ai réalisé mes
enseignements au sein de plusieurs établissements : 'université de Montpellier (Vacations de thése, ATER et
MCcF depuis 2019) et 'TENGEES (entre 2010 et 2019). La liste de mes enseignements, répartis par établissement
et par champs disciplinaire, est disponible en annexe B.

2.1 Description de mes activités d’enseignement

Mes enseignements portent sur :

le cycle de l'eau (naturel et anthropique) en allant de la mécanique des fluides aux connaissances générales
en sciences de I’eau (hydraulique en charge et a surface libre, hydrogéologie, hydrologie) jusqu’aux
enseignements pratiques pour l'ingénieur (transport solide et dynamique fluviale, aménagement
de cours d’eau et conception d’ouvrages de lutte contre les inondations, réalisation de Plan
de Prévention du Risque Inondation, diagnostic et dimensionnement de réseaux d’eau potable,
détermination de pluies et de débits de projet).

la modélisation avec les bases théoriques (analyse de fonctions, résolution d’équations différentielles : méthodes
aux différences finies, aux volumes finis, aux éléments finis et spectrales, ...), leur application a
la résolution de problémes d’hydrologie et d’hydraulique (écrétement d’hydrogramme, résolution
de lignes d’eau en canal a surface libre, calcul des écoulements dans un réseau de conduite en
charge) et l'utilisation de logiciels d’ingénierie pour la modélisation des cours d’eau en 1D et 2D
(HECRas 1D et 2D), des aquiféres (ASM Win, HPP Win), des réseaux d’eau potable (Porteau)
et le calcul de débit a 'exutoire de bassin versant (GR4J).

Enseignements présentiels

Mes enseignements sont répartis de la Licence 1 au Mastére, incluant également des formations ouvertes a
distance et des formations continues. Mes activités pédagogiques incluent des cours magistraux, des travaux



dirigés et pratiques ainsi que ’encadrement de projet (voir figure 2.1). Depuis 2010, le volume total de mes
enseignements se porte en moyenne a 315h eq. TD avec une diminution & 200-250h sur les derniéres années.
Par ailleurs, mes enseignements ont fortement évolué; en effet, je suis en charge d’une dizaine de cours
actuellement et j’enseigne un cours pendant 3 & 4 ans en moyenne.
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(b)

heure eq.TD

(¢) L’absence de CM pour I’année 2019-2020 est liée & mon détachement au sein de 'université
de Montpellier en septembre 2019.

FIGURE 2.1 — Répartition de mes enseignements depuis 2010. (a) Répartition entre CM, TD et TP /Projet

(moyenne depuis 2010); (b) Répartition en fonction du niveau académique (moyenne depuis 2010); (c)
Evolution de mon volume d’enseignement.
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Autres activités pédagogiques

J’ai également en charge du suivi d’étudiants en stage (environ 40 tutorats depuis 2010) et de sept
apprentis-ingénieurs (en moyenne 1 nouvel apprenti tous les deux ans). Ce suivi se fait sur ’ensemble de la
scolarité a 1’école (3 ans d’encadrement par apprenti). Il consiste en un accompagnement pour faire le lien
entre ’école et I’entreprise et pour aider a la définition des sujets pour les projets et stages de 'apprenti.

2.2 Démarche pédagogique

Aujourd’hui, toutes mes activités d’enseignement sont réalisées au sein de Polytech Montpellier (départements
Sciences et Technologies de I’Eau et Eau et Génie Civil ainsi que dans la formation de prépa intégrée Peip).
Avant 2019, mes principales activités d’enseignement étaient réalisées au sein des formations de 'TENGEES
mais j’intervenais également dans des formations d’autres établissements (Université de Strasbourg, Ecole
Nationale Supérieure d’Architecture de Strasbourg, INSA de Strasbourg, Université des Sciences et des
Technologies de Hanoi, ...) pour me confronter & une diversité d’approches, d’objectifs et de parcours de
formation. Cette expérience m’a été particuliérement utile pour me construire une démarche pédagogique
propre.

L’ensemble des enseignements que je dispense est dans des formations & caractére professionnalisant.
L’accent est donc mis sur les besoins du monde professionnel, soit par le choix d’exemples réels, soit par
une mise en situation lors de projet, soit avec l'intervention de professionnels. Mon expérience de 4 ans au
sein du bureau d’études Ginger Environnement & Infrastructures, les interactions que j’entretiens avec le
monde professionnel (VNF, Ubertone, Saint-Gobain, Conseil Départemental 68, Artelia, Berest, ...) ainsi que
les formations continues que je dispense (dont le public est principalement composé de professionnels en
exercice) me permettent d’identifier clairement les situations auxquelles pourront étre confrontés les futurs
ingénieurs.

Autant que possible, j'essaye que mes enseignements forment un continuum entre bases théoriques,
connaissances techniques et mise en situation professionnelle comme par exemple avec mes enseignements a
ENGEES portant sur ’hydraulique, la modélisation et I’aménagement des cours d’eau et sur les réseaux
d’eau potable. Cela me permet ainsi de garantir la cohérence entre tous les enseignements tout en introduisant
une diversité d’approches pédagogiques a travers les différents intervenants en TD et/ou en projet.

Avec le temps, j’ai convergé vers un unique polycopié d’hydraulique pour toutes mes formations'. Pour
cela, un effort de conceptualisation a du étre mené afin qu’il soit accessible a tous les étudiants (du niveau L2
au Mastére et en formation continue). Dans chaque cursus, les objectifs de formation sont clairement présentés
pour éviter toute ambiguité sur les connaissances attendues et sur le niveau de précision requis. L’unicité
du document me permet d’étre plus efficace dans sa mise & jour et laisse 'opportunité aux apprenants de
compléter leur formation en paralléle du cours ou méme lors de leur vie professionnelle.

Ma participation active aux formations ouvertes a distance (Formation en hydraulique générale et Diplome
d’établissement "GEomatique et Métier de I'Eau") m’a permis de découvrir ce type de formation et de
prendre conscience des différences essentielles dans la construction des activités pédagogiques par rapport aux
approches d’enseignement en présentiel. En effet, le découpage de ’enseignement en grains élémentaires et la
proposition d’activités de natures variées (présentation enregistrée, vidéo d’illustration, QCM d’autoévaluation,
TD et corrections détaillées, ...) sont particuliérement nécessaires. Par ailleurs, ce type d’approche enrichit
les enseignements en présentiel car cela permet de fournir des ressources d’autoformation pour compléter le
cours.

2.3 Supports pédagogiques

En appui de mes enseignements, j’ai produit différents supports sous forme de polycopiés, d’activités
multimédia (vidéo, QCM ou exercice) et de présentations orales (voir annexe A et synthése dans le tableau
2.1). Ces supports sont congus comme des éléments que les ingénieurs pourront conserver au long de leur

1. https://team.inria.fr/lemon/files/2019/11/Poly_Hydraulique_20192020_light.pdf
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carriére afin de revoir ou d’approfondir certaines notions ou méthodologies. Certains éléments sont ainsi
publiés en ligne 2.

TABLE 2.1 — Synthése de mes publications d’enseignement

Total
Polycopié 22
Activité multimédia 60

2. https://team.inria.fr/lemon/pfg_enseignement/
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Chapitre 3

Synthése de mes activités de recherche

Résumé

Valorisation scientifique (voir section 3.1) :

— 14 publications de rang A, 23 conférences avec actes et 7 articles de presse ou reportages publiés
— 1 publication de rang A et 7 conférences avec actes soumises

— 4 publications en cours de rédaction, dont 2 en premier auteur

Principal concepteur et développeur de Flood1D2D (https://sourcesup.renater.fr/projects/
flood1d2d/) ; co-développeur du code SW2D (https://sw2d.inria.fr/)

Responsable scientifique de I’axe de recherche sur les inondations urbaines au laboratoire Icube
Responsable de 5 projets de recherche (porteur ou coordinateur de WorkPackage), participation &
11 projets de recherche (voir section 3.2)

Encadrement de 2 ingénieurs de recherche contractuels (voir section 3.3.3), 4 doctorants (voir section
3.3.1) et 13 stagiaires de Master (voir section 3.3.4)

Participation & 3 jurys de doctorat (voir section 3.3.2)

Membre du GIS Hydraulique pour ’Environnement et le Développement Durable (https://www.shi-
hydro.org/8-presentation _du_gis hed-100.html)

Reviewer (2 & 3 par an) : Journal of Hydroinformatics, Advances in Water Resources, Environmental
Modelling and Software, Journal of Hydrology.

8 collaborations (attestées par des communications scientifiques) : équipes du laboratoire Icube,
monde industriel, collectivités territoriales et laboratoires locaux, nationaux et internationaux.

J’ai réalisé mes activités de recherche au sein de plusieurs établissements : le laboratoire HydroSciences
Montpellier (UMR 5569, IRD UM CNRS) pour la préparation de mon doctorat et mon poste d’ATER ainsi
que depuis 2019 et le laboratoire Icube (UMR 7357, CNRS ENGEES INSA UdS) entre 2010 et 2019. J’ai
également intégré depuis octobre 2019 ’équipe-projet Lemon de 'INRIA Sophia Antipolis - Méditerranée

(https:/

/team.inria.fr /lemon/).

Ce chapitre présente mes activités de recherche de maniére factuelle :

section 3.1 I’ensemble de mes publications,

section 3.2 les projets de recherche avec financement auxquels j’ai contribué,

section 3.3 l’encadrement de stagiaires et de doctorants

section 3.4 les collaborations productives

3.1

Communications scientifiques

Les résultats de mes recherches sont présentés dans 14 publications de rang A, 23 conférences avec actes
et 7 articles de presse ou reportages (voir tableau 3.1). Actuellement, 11 autres communications a comité de
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lecture sont en préparation : 1 ACL et 7 C-ACT soumis, ainsi que 4 publications en cours de rédaction (dont
2 que je porte en premier auteur).

TABLE 3.1 — Synthése des communications scientifiques

Type de publication Nombre
ACL - Articles avec comité de lecture (publiés ou acceptées) 14
C-ACT - Communications avec actes dans un congres 23
Communications avec comité de lecture (soumis ou en préparation) 12
PV - Article de presse / reportage 7

3.1.1 Articles publiés ou acceptés dans des revues a comité de lecture (rang A)

Entre parenthése sont indiqués les facteurs d’impact a 5ans des différents journaux.

ACL1. P. Finaud-Guyot, P.-A. Garambois, G. Dellinger, F. Lawniczak and P. Francois. Ezxperimental characterization
of various scale hydraulic signatures in a flooded branched street network. Urban Water Journal, 16(9) :
609-624, 2020. https://dx.doi.org/10.1080/1573062X.2020.1713173 (IF = 2.17)

ACL2. L. Pujol, P.-A. Garambois, P. Finaud-Guyot, J. Monnier, K. Larnier, R. Mosé, S. Biancamaria, H.
Yesou, D. Moreira, A. Paris and S. Calmant. Estimation of Multiple Inflows and Effective Channel
by Assimilation of Multi-satellite Hydraulic Signatures : The Ungauged Anabranching Negro River.
Journal of Hydrology, 2020. https://doi.org/10.1016/j.jhydrol.2020.125331 (IF = 3.83)

ACL3. P.-A. Garambois, K. Larnier, J. Monnier, P. Finaud-Guyot, J. Verley, A.-S. Montazem and S. Calmant.
Variational estimation of effective channel and ungauged anabranching river discharge from multi-
satellite water heights of different spatial sparsity. Journal of Hydrology 581 : 124409, 2020. https:
//dx.doi.org/10.1016/j.jhydrol.2019.124409 (IF = 3.83)

ACL4. X. Li, S. Erpicum, M. Bruwier, E. Mignot, P. Finaud-Guyot, P. Archambeau, M. Pirotton, et B.
Dewals. Laboratory Modelling of Urban Flooding : Strengths and Challenges of Distorted Scale Models.
Hydrology and Earth System Sciences, 23 : 1567-1580, 2019. https://dx.doi.org/10.5194/hess-23-1567-2019
(IF = 5.46)

ACL5. A.-S. Montazem, P.-A. Garambois, S. Calmant, P. Finaud-Guyot, J. Monnier, D. M. Moreira, J.
Minear and S. Biancamaria. Wavelet-Based River Segmentation Using Hydraulic Control-Preserving
Water Surface Elevation Profile Properties. Geophysical Research Letters, 46(12) : 6534-6543, 2019.
https://dx.doi.org/10.1029/2019GL082986 (IF = 5.10)

ACL6. P. Finaud-Guyot, P.-A. Garambois, Q. Araud, F. Lawniczak, P. Francois, J. Vazquez, and R. Mosé.
Experimental insight for flood flow repartition in urban areas. Urban Water Journal, 15(3) :242-250,
March 2018. https://dx.doi.org/10.1080/1573062X.2018.1433861 (IF = 2.17)

ACL7. Chen, P.-A. Garambois, P. Finaud-Guyot, G. Dellinger, R. Mosé, A. Terfous, and A. Ghenaim.
Variance based sensitivity analysis of 1D and 2D hydraulic models : An experimental urban flood
case. Environmental Modelling & Software, 109 :167-181, November 2018. https://dx.doi.org/10.
1016/j.envsoft.2018.08.008 (IF = 5.32)

ACLS8. P.-A. Garambois, S. Calmant, H. Roux, A. Paris, J. Monnier, P. Finaud-Guyot, A. S. Montazem,
and J. Santos da Silva. Hydraulic visibility : Using satellite altimetry to parameterize a hydraulic
model of an ungauged reach of a braided river. Hydrological Processes, 31(4) :756-767, February 2017.
https://dx.doi.org/10.1002/hyp.11033 (IF = 3.08)

ACL9. A. Arrault, P. Finaud-Guyot, P. Archambeau, M. Bruwier, S. Erpicum, M. Pirotton, and B. Dewals.
Hydrodynamics of long-duration urban floods : experiments and numerical modelling. Natural Hazards
and Earth System Sciences Discussions, 16(6) :1-29, February 2016. https://dx.doi.org/10.5194/
nhess-16-1413-2016 (IF — 3.28)

15


https://dx.doi.org/10.1080/1573062X.2020.1713173
https://doi.org/10.1016/j.jhydrol.2020.125331
https://dx.doi.org/10.1016/j.jhydrol.2019.124409
https://dx.doi.org/10.1016/j.jhydrol.2019.124409
https://dx.doi.org/10.5194/hess-23-1567-2019
https://dx.doi.org/10.1029/2019GL082986
https://dx.doi.org/10.1080/1573062X.2018.1433861
https://dx.doi.org/10.1016/j.envsoft.2018.08.008
https://dx.doi.org/10.1016/j.envsoft.2018.08.008
https://dx.doi.org/10.1002/hyp.11033
https://dx.doi.org/10.5194/nhess-16-1413-2016
https://dx.doi.org/10.5194/nhess-16-1413-2016

ACL10. Q. Araud, P. Finaud-Guyot, V. Guinot, R. Mosé, and J. Vazquez. An eigenvector-based linear reconstruction
approach for time stepping in discontinuous Galerkin scheme used to solve shallow water equations.
International Journal for Numerical Methods in Fluids, 70(12) :1590-1604, December 2012. https:
//dx.doi.org/10.1002/£1d.3645 (IF = 1.64)

ACL11. P. Finaud-Guyot, C. Delenne, V. Guinot, and C. Llovel. 1d-2d coupling for river flow modeling.
Comptes Rendus Mécanique, 339(4) :226-234, 2011. https://dx.doi.org/10.1016/j.crme.2011.
02.00 (IF = 1.44)

ACL12. P. Finaud-Guyot, C. Delenne, and V. Guinot. Coupling of 1d and 2d models for river flow modelling.
La Houille Blanche, (3) :23-28, 2011. https://dx.doi.org/10.1051/1hb/2011028 (IF = 0.21)

ACL13. C. Delenne, P. Finaud-Guyot, V. Guinot, and B. Cappelaere. Sensitivity of the 1d shallow water
equations with source terms : Solution method for discontinuous flows. International Journal for
Numerical Methods in Fluids, 67(8) :981-1003, 2010. https://dx.doi.org/10.1002/£1d.2398 (IF
— 1.64)

ACL14. P. Finaud-Guyot, C. Delenne, J. Lhomme, V. Guinot, and C. Llovel. An approxzimate-state Riemann

solver for the two-dimensional shallow water equations with porosity. International Journal for Numerical
Methods in Fluids, 62(12) :1299-1331, 2010. https://dx.doi.org/10.1002/£1d.2066 (IF = 1.64)

3.1.2 Conférences internationales et nationales avec actes

C-ACT1. M. Koehl, G. Piasny, V. Thomine, P.-A. Garambois, P. Finaud-Guyot, S. Guillemin and L. Schmitt. 4D
GIS for monitoring river bank erosion at meander bend scale : case of Moselle River. In International
Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences - ISPRS Archives,
Vol 44, pages 63—70, 2020. https://doi.org/10.5194/isprs-archives-XLIV-4-W1-2020-63-2020

C-ACT2. V. Ayoub, C. Delenne, P. Matgen, P. Finaud-Guyot and R. Hostache. Towards fast large-scale flood
simulations using 2D Shallow water modelling with depth-dependant porosity. RiverFlow 2020, Delft,
Netherlands, 2020.

C-ACT3. X. Li, S. Erpicum, E. Mignot, M. Bruwier, P. Finaud-Guyot, P. Archambeau, M. Pirotton and B.
Dewals. Uncertainties in laboratory modelling of urban flooding. EGU general assembly, april 2019,
Austria.

C-ACT4. P-A. Garambois, K. Larnier, L. Pujol, P. Finaud-Guyot, A. S. Montazem, J. Monnier, S. Biancamaria
and S. Calmant. Inference of complex and spatially distributed braided river channels parameters and
inflows discharges by assimilation of historical altimetric time series and forthcoming SWOT data.
EGU general assembly, april 2019, Austria.

C-ACT5. A. Ghenaim, P. Finaud-Guyot, P.-A. Garambois, A. Terfous, J. Vazquez and R. Mosé. Ezperimental
characterization of hydraulic signature of an urban geometry during floods. 4th International Conference
on Water Resources (ICWR-2018), November 2018, Malaisie.

C-ACT6. P. Finaud-Guyot, P.-A. Garambois, S. Chen, G. Dellinger, A. Ghenaim, and A. Terfous. 1d/2d porosity
model for urban flood modeling : case of a dense street networks. In A. Paquier and N. Riviére, editors,
E3S Web of Conferences, volume 40, page 06010, Lyon, France, 2018. https://doi.org/10.1051/
e3sconf /20184006010

C-ACT7. A.S. Montazem, P.-A. Garambois, P. Finaud-Guyot, K. Larnier, J. Monnier, and S. Calmant. Hydraulic
visibility and decomposition of river flow state variables from remote sensing in various hydro-geomorphological
contexrts. Remote Sensing and Hydrology Symposium (ICRS-TAHS), May 2018, Cordoba, Spain.

C-ACTS8. P.-A. Garambois, K. Larnier, L. Pujol, J. Verley, P. Finaud-Guyot, A. Montazem, J. Monnier, S.
Biancamaria and S. Calmant. Inference of complex river channels parameters and distributed discharges
from historical altimetric time series and forthcoming SWOT data. AGU fall meeting, 2018, Washington
DC.

C-ACT9. F. Saleh, S. Biancamaria, P.-A. Garambois, V. Ramaswamy, and P. Finaud-Guyot. Combining satellite
measurements and numerical flood prediction models to save life and properties from flooding. AGU
fall meeting, New-Orleans, 2017.
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C-ACT10

C-ACT11.

C-ACT12.

C-ACT13.

C-ACT14.

C-ACT15.

C-ACT16.

C-ACT17.

C-ACT18.

C-ACT19.

C-ACT20.

C-ACT21.

C-ACT22.

C-ACT23.

. S. Chen, P.-A. Garambois, P. Finaud-Guyot, G. Dellinger, A. Terfous, and A. Ghenaim. Sensitivity
analysis of urban flood flows to hydraulic controls. In EGU General Assembly Conference Abstracts,
volume 19, page 1711, 2017.

P. Archambeau, M. Bruwier, P. Finaud-Guyot, S. Erpicum, M. Pirotton, and B. Dewals. Lessons
learned from combined experimental and numerical modelling of urban floods. In EGU General Assembly
Conference Abstracts, volume 19, page 8664, 2017.

D. Eschbach, F. Longchampt, L. Schmitt, M. Tremolieres, J.-N. Beisel, P. Finaud-Guyot, S. Payraudeau,
S. Weill, G. Imfeld, P. Grussenmeyer, M. Koehl, and S. Guillemin. Restauration fonctionnelle de
Uhydrosystéme de la Réserve Naturelle de ’ile du Rohrschollen (Rhin supérieur, Bas-Rhin — LIFE08
NAT/F/00471). Strasbourg, France, March 2015.

D. Eschbach, L. Schmitt, M. Tremolieres, C. Grac, P. Finaud-Guyot, J.-N. Beisel, S. Weill, S. Payraudeau,
G. Imfeld, and P. Grussenmeyer. Functional restoration of a Rhine anastomosing channel : temporal
trajectory, initial state, post-restoration monitoring, modelling (Upper Rhine, France, Rohrschollen
island). Lyon, France, 2015. GRAIE.

D. Eschbach, L. Schmitt, M. Tremolieres, J.-N. Beisel, C. Grac, P. Finaud-Guyot, S. Payraudeau,
S. Weill, G. Imfeld, and P. Grussenmeyer. Functional hydromorphological restoration of a Rhine
anastomosing channel (Upper Rhine, France) : implications of the temporal trajectory and inter-
disciplinary monitoring for evaluating pre-restoration state. Paris - La défense, France, December
2014.

D. Eschbach, F. Longchampt, L. Schmitt, M. Tremolieres, C. Grac, J.-N. Beisel, and P. Finaud-Guyot.
Restauration fonctionnelle d’une annezxe hydraulique rhénane : le Bauerngrundwasser sur l’ile du
Rohrschollen (LIFE08 NAT/F/000471). 2014.

Q. Araud, P. Finaud-Guyot, F. Lawniczak, P. Francois, J. Vazquez, and R. Mosé. Modeling flood in an
wrban area : Validation of numerical tools against experimental data. In Advances in Hydroinformatics,
pages 207—220. Springer, 2014.

J. Laurent, P. Finaud-Guyot, A. Wanko Ngnien, and R. Mosé. Hydrodynamic of artificial wetlands
at the outlet of urban catchment : complementarity of the systemic approach and computational fluid
dynamics tools. Lyon, France, October 2013. SFGP.

D. Eschbach, L. Schmitt, A. Zimmermann, Q. Lejeune, and P. Finaud-Guyot. Evaluating a functional
hydromorphological restoration of a lateral channel of the Upper Rhine (France) : first results and
implications of the temporal trajectory to restoration sustainability. In 8th ITAG-International Conference
on Geomorphology" Geomorphology and sustainability", 2013.

J. Laurent, N. Duclos, P. Finaud-Guyot, A. Wanko Ngnien, and R. Mosé. Multi-tra¢age pour I’évaluation
du fonctionnement hydrodynamique de zones humides artificielles a exutoire d’un bassin versant
wrbain. Aix en Provence, France, October 2012.

Q. Araud, P. Finaud-Guyot, V. Guinot, R. Mosé, and J. Vazquez. Exploration of different methods
to calculate the fluz at the interface of a discontinuous galerkin scheme to solve the shallow water
equations. Hamburg, Germany, June 2012.

Q. Araud, P. Finaud-Guyot, R. Mose, J. Vazquez, S. Isel, and V. Guinot. Simplified Discontinuous
Galerkin Schemes for Shallow Water Simulations. In Proceedings of the 34th World Congress of the
International Association for Hydro-Environment Research and Engineering : 33rd Hydrology and
Water Resources Symposium and 10th Conference on Hydraulics in Water Engineering, page 4008.
Engineers Australia, 2011.

P. Finaud-Guyot, C. Delenne, and V. Guinot. Coupling of 1d and 2d models for river flow modeling.
In Proceedings of simHydro 2010 - hydraulic modeling and uncertainties, 2010.

C. Delenne, P. Finaud-Guyot, V. Guinot, and B. Cappelaere. Empirical versus Direct sensitivity
computations : application to the shallow water equations. In Proceedings of simHydro 2010 - hydraulic
modeling and uncertainties, 2010.
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3.1.3 Articles soumis / en préparation

ACLprepl. L. Mimeau, Y. Tramblay, L. Brocca, C. Massari, S. Camici and P. Finaud-Guyot. Sensitivity analysis
of soil moisture to precipitation and temperature variability in the Mediterranean region. Hydrology
and Earth System Sciences, in review, 2020. https://doi.org/10.5194/hess-2020-302

ACLprep2. V. Guinot and P. Finaud-Guyot. Local downscaling of shallow water simulations. Submitted to Simhydro
2021 - 6th International Conference, Sophia Antipolis, France.

ACLprep3. C. Choley, P. Finaud-Guyot, G. Dellinger and R.Mosé. Towards a discharge law to characterize street-
building exchanges during urban floods. Submitted to Simhydro 2021 - 6th International Conference,
Sophia Antipolis, France.

ACLprep4. C. Choley, P. Finaud-Guyot, P.-A. Garambois and R.Mosé. An effective urban flood model accounting
for street-building exchanges. Submitted to Simhydro 2021 - 6th International Conference, Sophia
Antipolis, France.

ACLpreps. V. Montoya, C. Delenne, P. Finaud-Guyot, R. Hostache. How to optimally represent riverbed geometry
with a simplified cross-section shape in shallow water models 2 Submitted to Simhydro 2021 - 6th
International Conference, Sophia Antipolis, France.

ACLprep6. V. Ayoub, C. Delenne, R. Hostache and P. Finaud-Guyot. Contribution of a depth-dependent porosity
model for the rapid simulation of flood inundations. Submitted to Simhydro 2021 - 6th International
Conference, Sophia Antipolis, France.

ACLprep7. J. G. Caldas Steinstraesser, C. Delenne, P. Finaud-Guyot, V. Guinot, J. L. Kahn Casapia, A. Rousseau.
SW2D-LEMON : a new software for upscaled shallow water modeling. Submitted to Simhydro 2021 -
6th International Conference, Sophia Antipolis, France.

ACLprep8. L. Pujol, P.-A. Garambois, J. Monnier, P. Finaud-Guyot, K. Larnier and R. Mosé. Integrated hydraulic-
hydrological assimilation chain : towards multisource data fusion from river network to headwaters.
Submitted to Simhydro 2021 - 6th International Conference, Sophia Antipolis, France.

ACLprep9. P. Finaud-Guyot, Garambois P.-A. and Chen S. 1D/2D porosity-like model for urban flood modeling.
In preparation.

ACLprep10. P. Finaud-Guyot and V. Guinot. Local downscaling of shallow water simulations. In preparation.

ACLprepll. V. Ayoub, C. Delenne, R. Hostache and P. Finaud-Guyot. Potential of porosity-based model for 2D
large scale flood modeling. In preparation.

ACLprep12. C. Choley, P. Finaud-Guyot, P.-A. Garambois and R.Mosé. Characterization of the various scale effect
of the street-building exchange on urban flood. In preparation.

3.1.4 Vulgarisation scientifique

PV1. Les inondations en milieu urbain - Interview de R. Mosé. Emission Télématin Sciences sur France
2 - 05/06/2018. https://www.france.tv/france-2/telematin /528895-sciences-les-inondations-en-milieu-
urbain.html

PV2. Demey, J. Le logiciel qui aide & prévenir les inondations - Interview de P. Finaud-Guyot. Le Journal du
Dimanche - 28/01/2018. https://www.lejdd.fr/societe/le-logiciel-qui-aide-a-prevenir-les-inondations-
3558503

PV3. Interview télévisée de G. Piasny et L. Schmitt. Journal du soir sur France 3 Lorraine 23/01/2018.
https://france3-regions.francetvinfo.fr /grand-est /emissions/jt-1920-lorraine

PV4. Inondations en Lorraine : quand la science se sert des crues - Interview de G. Piasny et L. Schmitt.
Emission télévisée de Mirabelle TV - 23/01/2018 https://www.mirabelle.tv/inondations-en-moselle-
quand-la-science-se-sert-des-crues/

PV5. Les innovations anti-inondations - Interview de R. Mosé. Emission FuturMag sur Arté - 01/05/2016.
https://davidpaturel.wordpress.com/2016,/05/01/arte-futuremag-les-innovations-anti-innondations-realisation /
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PV6. Diguet, A. 2015. Une maquette géante pour comprendre les inondations. Le Journal du CNRS -
24/11/2015. https:/ /lejournal.cnrs.fr/diaporamas/une-maquette-geante-pour-comprendre-les-inondations

PV7. L’étude des crues en milieu urbain - Interview télévisée de R. Mosé et P. Finaud-Guyot. Emission
Lab20 sur Alsace20 - 06/12/2013.

3.2 Liste des projets de recherche financés

3.2.1 Projets que je porte

2019-2022

2017-2021

2017-2018

2015

2014-2015

Projet ANR DEUFI - Etude numérique et expérimentale des inondations urbaines : influence des
échanges avec le bati (ANR-18-CE01-0020)

porteur : A. Paquier, IRSTEA Lyon

financement Icube : 178k€

partenaires : IRSTEA Lyon, laboratoire Icube, LMFA, GRED, Cerema, Artelia, G-Eau, Université
de Liége HECE, Korea Institute of Civil Engineering and Building Technology

Projet Moselle sauvage - Etude hydromorphologique de la Moselle sauvage, modélisation de tendances
évolutives futures et proposition de scénarios de gestion

Porteurs : L. Schmitt (laboratoire LIVE), P. Finaud-Guyot (laboratoire Icube), P.-A. Garambois
(laboratoire Icube)
financement Agence de ’eau Rhin Meuse (315k€) et 1/2 bourse doctorale région Grand Est (50k€)

Projet Interne Icube - Développement d’un outil de Simulation des Inondations Réelles : apport

de la parallélisation et des techniques de maillage adaptatif

porteur : P. Finaud-Guyot (laboratoire Icube)

financement : 8k€

Projet du Conseil Scientifique de 'TENGEES - Investigation expérimentale des inondations urbaines
porteur : P. Finaud-Guyot (laboratoire Icube)

financement : 5k€

Projet IDEX CNRS - MODELROH - MODELisation interdisciplinaire d’une restauration fonctionnelle
d’un hydrosystéme fluvial ; bénéfices et risques (I’ile du ROHrschollen, Strasbourg)

porteur : L. Schmitt (laboratoire LIVE)
financement Icube : Tk€
partenaires : Laboratoires LIVE, LHYGES et Icube

3.2.2 Autres projets auxquels je participe

2021-2022

2018-2021

2018-2019

2017-2019

Projet KimWaters Phase 2 - ActNAO - Les normes hydrologiques face auz non-stationnarités en
Afrique de I’Ouest

porteur : V. Borrell, A. Ogilvie et J.E. Paturel

Projet Luxembourg FNR CASCADE - Combining earth observation with a large scale model
cascade for assessing flood hazard at high spatial resolution

porteur : R. Hostache (LIST)

Projet TOSCA du CNES - Estimation des débits de cours d’eau avec le satellite SWOT (Surface
water and Ocean topography, CNES/NASA)

porteur : J.F. Crétaux (LEGOS)
financement Icube : 20k€
partenaires : IMFT, Laboratoire Icube, IMT, LEGOS LNHE, IRSTEA

Projet Thomas Jefferson Fund - Combining Satellite Measurements and Numerical Flood Prediction
Models to Save Lives and Property from Flooding : The New York Metropolitan Area Test Bed
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2017-2018

2011-2012

porteurs : F. Saleh (Stevens Institute NYC) et P.-A. Garambois (laboratoire Icube)
financement Icube : 10k€
partenaires : laboratoire Icube, Stevens Institute NYC

Projet Interne Icube - Caractérisation Expérimentale et Numérique des Inondations Urbaines en
régime stationnaire et transitoire

porteur : G. Dellinger (laboratoire Icube)

financement Icube : 8k€

Projet EC2CO - Risque associé au transfert de polluants lors d’une inondation urbaine : une
approche expérimentale et numérique

porteur : E. Mignot (LMFA)

financement Icube : 41k€

partenaires : LMFA (UMR 5509), LGCIE (Equipe d’accueil 4126), IMFS (UMR 7507)

3.3 Encadrement de la recherche

3.3.1 Encadrement de théses - 3 soutenues

2019-...

2019-...

2018-...

2017-2019

2014-2018

C. Choley. Etude expérimentale et numérique des échanges rue-bati lors d’inondations urbaines.
Université de Strasbourg.

Directeur : R. Mosé (PR, ENGEES - Icube) & 10%

Encadrant : P. Finaud-Guyot (90%)

Financement ANR DEUFI

Communications scientifiques associées (voir section 3.1) : ACLprepl12, ACLprep4, ACLprep3.

L. Pujol. Synergie optimale de données télédétectées et multicapteurs et pour la modélisation
cartographique d’hydrosystémes complexes. Université de Strasbourg.

Directeurs : J. Monnier (PR, INSA - IMT) (20%) et R. Mosé (PR, ENGEES - Icube) (10%)
Encadrants : P.-A. Garambois (Mcf, INSA - Icube) (70%)

Participation & ’encadrement

Financement CNES - Icube

Communications scientifiques associées (voir section 3.1) : C-ACT4, C-ACTS8, ACL2, ACLpreps8.

G. Piasny. Etude hydromorphologique de la Moselle sauvage, modélisation de tendances évolutives
futures et proposition de scénarios de gestion Université de Strasbourg.

Directeur : L. Schmitt (PR, Université de Strasbourg - LIVE) (33%)

Encadrants : P.-A. Garambois (Mcf, INSA - Icube) (33%) et P. Finaud-Guyot (33%)
Financement : Agence de ’eau Rhin Meuse et région Grand Est

Communications scientifiques associées (voir section 3.1) : PV3, PV4, C-ACT1.

A. Montazem. Représentation et segmentation hydraulique effective de riviéres a I’échelle globale
pour le calcul de débit par altimétrie SWOT. Université Paul Sabatier (Toulouse).

Directeur : S. Calmant (DR, IRD - LEGOS)

Encadrant : P.-A. Garambois (Mcf, INSA - Icube)

Participation & 'encadrement

Financement : bourse CNES-Université Paul Sabatier (Toulouse)

Devenir post-thése : Post-doc au Laboratoire d’Etudes en Géophysique et Océanographie Spatiales
(UMR 5566)

Communications scientifiques associées (voir section 3.1) : ACL5, ACL8, C-ACT4, C-ACT7, C-
ACTS.

S. Chen. Effective shallow water models for complex flood flow patterns in urban areas - Modéle
effectif par une approche de Saint-Venant pour les écoulements complexes lors d’inondations
urbaines. Université de Strasbourg.
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2010-2012

Directeurs : A. Ghenaim (PR, INSA - Icube) (10%), A. Terfous (MCf INSA - Icube) (10%)
Encadrants : P.-A. Garambois (Mcf, INSA - Icube) (40%) et P. Finaud-Guyot (40%)
Financement : Chinese Scholarship Council

Devenir post-thése : Post-doc au College of Civil Engineering and Architecture, Zhejiang University
(China)

Communications scientifiques associées (voir section 3.1) : ACL7, C-ACT6, C-ACT10, ACLprep?9.
Q. Araud. Simulations des écoulements en miliew urbain lors d’un événement pluvieuz extréme.
Université de Strasbourg.

Directeurs : R. Mosé (PR, ENGEES - Icube) (33%), J. Vazquez (PR, ENGEES - Icube) (33%)
Encadrant : P. Finaud-Guyot (33%)

Devenir post-thése : Ingénieur chargé d’étude & Hydratec Strasbourg

Communications scientifiques associées (voir section 3.1) : ACL6, ACL10, C-ACT16, C-ACT20,
C-ACT21.

3.3.2 Participation a des jurys de théses

2018

2017

2012

S. Chen. Effective shallow water models for complex flood flow patterns in urban areas - Modéle
effectif par une approche de Saint-Venant pour les écoulements complexes lors d’inondations
urbaines. Université de Strasbourg.

Encadrant de thése

M. Xiao. Experimental and Numerical Study of Open Channel Intersections. Ecole centrale de
Lyon.

Examinateur

Q. Araud. Simulations des écoulements en milieu urbain lors d’un événement pluvieux extréme.
Université de Strasbourg.

Encadrant de thése

3.3.3 Encadrement de contractuels de recherche

2017-2018

2017-2018

L. Pujol - ingénieur de recherche au laboratoire Icube
Financement : Tosca CNES
Travaux de tests d’algorithmes d’inversions de débits & partir de données satellitaires sur le bassin

de ’Amazone; analyse des jeux de données hydrauliques
Co-encadrement (50%) avec P.-A. Garambois (Mcf, INSA - Icube)

G. Piasny - ingénieur de recherche aux laboratoires Icube et LIVE

Financement : Région Agence de I’Eau Rhin Meuse

Modélisation (1D, 2D) du transport solide et de ’évolution morphologique du Rohrschollen (Rhin
Strasbourg), acquisition de données géomorphologiques sur la Moselle sauvage (Bayon).
Co-encadrement (33%) avec P.-A. Garambois (Mcf, INSA - Icube) et L. Schmitt (PR, UdS -
LIVE)

3.3.4 Liste des stages encadrés

3.3.4.1

Stage de M2

1. Montoya V., 2020. Apport des approches a porosité pour la modélisation rapide de grandes zones
d’inondation. Travail de Fin d’Etudes. Polytech Montpellier. Co-encadrement 4 50%. Communication
scientifique associée (voir section 3.1) : ACLprep5.

2. Dahik C.; 2018. Procédure de remaillage adaptatif pour la simulation d’écoulements. Master 2 Calcul
scientifique et mathématiques de I'information. Université de Strasbourg. Co-encadrement & 50%.
Actuellement en thése de doctorat au sein de l'institut FEMTO-ST (UMR 6174).
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Payet T., 2018. Etude numérique et expérimentale des inondations urbaines en régime permanent et
transitoire. Travail de Fin d’Etudes. ENGEES. Co-encadrement & 33%. Actuellement Ingénieur

Velten J. 2018. Etude expérimentale du transport solide au droit d’ouvrages dans des écoulements
a forte pente. Travail de Fin d’Etudes. ENGEES. Participation a4 I’encadrement. Stage réalisé en
collaboration avec ’ONF - Restauration des Terrains de Montagne. Actuellement Ingénieur de projet
a Safege Consulting

Piasny G. 2016. Modélisation hydrosédimentaire de ’hydrosystéme fluvial de l’ile du Rohrschollen.
Master 2 Sciences de 'Eau et de ’Environnement. Université Francois Rabelais de Tours. Co-encadrement
a 50%. Actuellement en thése de doctorat au laboratoire Live de Strabourg.

Bessard T., 2014. Suivi scientifique d’un projet de restauration d’un bras du Rhin par la ville de
Strasbourg - Modélisation hydrosédimentaire du BauernGrund Wasser. Travail de Fin d’Etudes. ENGEES.
Encadrement & 100%. Actuellement Ingénieur programmeur chez Sopra Steria.

Hemmerlé N., 2011. Comparaison des logiciels Mike 11 et SW2D pour la modélisation du pilote
inondation de UIMFS. Master 2 Ingénierie et Sciences pour ’Environnement. Université de Strasbourg.
Co-encadrement & 70%.

. Jest J., 2011. Comparaison des logiciels HECRas et Telemac pour la modélisation du pilote inondation

de 'IMFS. Master 2 Mécanique Numériques en Ingénierie. Université de Strasbourg. Co-encadrement
a 70%. Actuellement Ingenieur chez Gaggenau Industrie.

Poglio J., 2011. Protection du pont-rail "Millepattes” & Mulhouse (68) sur le canal de décharge de

Il contre d’accumulation des embdcles. Travail de Fin d’Etudes. ENGEES. Co-encadrement a 50%.
Actuellement Responsable MOE chez SNCF Réseau.

3.3.4.2 Stage de M1

1.

Bloch H., 2017. Développement d’une procédure de remaillage pour la modélisation des inondations.
Master 1 en Calcul Haute Performance. Université de Lille. Co-encadrement & 50%.

Jimenez Huidobro C., 2016. Développement d’une méthodologie de calibration pour la simulation
d’inondations urbaines. Stage Pratique de 'Ingénierie. ENGEES. Encadrement & 100%.

Suzuki R., 2015. Implémentation d’un modéle de turbulence pour la simulations d’inondations urbaines.
Master 1. Hokkaido University (Japon). Encadrement a 100%.

Granzotto R., 2009. Développement d’une interface graphique pour une chaine logicielle de calcul.
Stage d’ingénieur IG. Polytech Montpellier. Co-encadrement & 50%.

3.3.4.3 Autre

1.

Bastide Y., 2019. Modéles a porosité pour la simulation du ruissellement en milieu agricole. Projet de
Fin d’Etude STE. Polytech Montpellier. Encadrement & 50%.

Dominguez R., 2016. Changement d’échelle pour la modélisation des inondations urbaines. Projet de
Fin d’Etude STE. Polytech Montpellier. Encadrement & 50%.

Poletti C., 2019. Analyse de sensibilité d’un modéle 2D a porosité variable pour la modélisation des
inondations a large échelle. Projet Industriel de Fin d’Etude STE. Polytech Montpellier. Encadrement
a 50%.

. Camus V., 2016. Conception d’un algorithme de reconstitution de la géométrie du pilote Icube. Stage

de L2. TUT Louis Paster - Strasbourg. Co-encadrement a 50%.

Macler L., 2012. Conception d’un algorithme de déplacement optimisé pour le pilote inondation Icube.
Stage de L3. IUT Louis Pasteur - Strasbourg. Co-encadrement a 50%.

Benoist S. et Miquel F., 2010. Réalisation d’une interface graphique pour le logiciel de modélisation
hydrodynamique SW2D. Projet de Fin d’Etude IG. Polytech Montpellier. Co-encadrement a 50%.
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7. Bernard E., 2009. Modélisation hydraulique a surface libre

: calage et wvalidation du code de calcul

SW12D. Projet de Fin d’Etude STE. Polytech Montpellier. Encadrement & 100%.

Les projets de fin d’étude sont des projets de longues durées (2 mois) effectués en derniére année d’école

d’ingénieur (équivalent M2). Les étudiants ménent un projet industriel ou de recherche.

3.4 Collaborations

Mes activités de recherche ont permis de renforcer ou de créer plusieurs collaborations locales & internationales
mais également avec le monde industriel. Par soucis de concision, seules les collaborations attestées par une

communication scientifique sont présentées ici (voir tableau 3.2).

TABLE 3.2 — Syntheése des collaborations productives

Collaboration

Projet associé
(voir section 3.2)

Communications

Icube, LIVE

Moselle Sauvage

C-ACT1

Icube, LIVE et LHYGES

IDEX CNRS - MODELROH

C-ACT12, C-ACT13, C-ACT14,
C-ACT15, C-ACT18

Tcube, IMFT, IMT, LEGOS
LNHE, IRSTEA

Tosca CNES

ACL2,ACL3, ACL5,
ACLS,C-ACT4, C-ACT7

Icube, Stevens Institute of
technology (USA)

Thomas Jefferson Fund

C-ACT9

HydroSciences Montpellier,
Luxembourg Institute of Science
and Technology (Luxembourg)

Cascade

C-ACT2,ACLprepl1

HydroSciences Montpellier,
Research institute for
geo-hydrological protection
(Ttaly)

ACLprepl

Icube, Hydraulics in
environmental and civil
engineering - University of Liege

ANR DEUFI

ACL4, ACL9, C-ACT3, C-ACT11.

(Belgium)
Icube, HydroSciences ACL10, C-ACT20, C-ACT21,
Montpellier ACLprep12, ACLprep4, ACLprep3
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Chapitre 4
Activités d’expertise

Depuis ma thése financée par une bourse CIFRE, j’ai réalisé différentes études d’ingénierie en tant
que salarié du bureau d’études Ginger Environnement & Infrastructures. En paralléle de mes activités
d’enseignement et de recherche, j’ai maintenu mes relations avec le monde industriel & travers des activités
d’expertise. Les fonds dégagés par ces études ont permis de financer des actions de recherche : maintenance du
pilote Icube d’étude des inondations, achat de matériel expérimental, recrutement de stagiaires et participation
& des colloques.

2018 Expertise auprés du tribunal administratif de Chalons en Champagne

2016-2017 Contrat d’expertise R&D Ubertone (2.2k€)
— Etalonnage de sondes Doppler en veine hydraulique

2011-2013 Contrat d’expertise R&D Saint-Gobain, Pont-A-Mousson (25k€)
— Développement d’un logiciel de modélisation d’organes de coulée pour la réalisation de tuyaux
en fonte

Pendant le doctorat (2007-2009) Etudes d’ingénierie réalisée pour la société Ginger Environnement & Infrastructures

— FEtude d’impact de la modification d’une digue sur la commune de Thuir (66) : Modélisation
bidimensionnelle (SW2D) des écoulements de I’Adou en période de crue; Etude d’impact de
la reprise d’une digue

— Modélisation de I'impact de la construction d’un remblai en lit majeur du Rhone & Port-Saint-
Louis-du-Rhone (06) : Modélisation bidimensionnelle (SW2D) des écoulements du Rhone pour
une crue centennale au niveau de Uembouchure; Etude d’impact de la mise en place d’un
remblai dans le champ d’expansion de crue

— Modélisation de la zone inondable du secteur aval du ruisseau des Aygalades de Marseille,
propositions d’aménagements complémentaires et étude du ruissellement urbain : Modélisation
bidimensionnelle (SW2D) des inondations pour la crue centennale du ruisseau des Aygalades
et du ruisseau de Plombiéres dans un contexte urbain ; Analyse de l'impact de plusieurs projets
d’aménagement ; Modélisation bidimensionnelle (SW2D) du ruissellement urbain ; Proposition
d’aménagements complémentaires en vue de la réduction du risque inondation et pluvial
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Deuxiéme partie

Activités de recherche : étude
expérimentale et numérique des
inondations urbaines
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Chapitre 5

Introduction

La croissance démographique mondiale induit une urbanisation toujours plus importante, notamment a
proximité des cours d’eau [50]. La vulnérabilité des populations et des biens aux inondations est ainsi accrue.
Par ailleurs, 'urbanisation modifie les paysages et les sols et impacte ainsi le cycle hydrologique et 1’aléa
inondation. La connaissance des inondations et de leurs impacts est aujourd’hui un élément prépondérant
d’aide & la décision vis & vis des politiques d’aménagement du territoire. Les cartes d’aléas sont ainsi
fréquemment produite & travers la modélisation numérique des écoulements.

Les modéles mathématiques permettant de décrire les principaux processus intervenant lors d’inondations
sont connus depuis le XIXe siécle avec les équations de Navier-Stokes. Dans des configurations simples et/ou
idéalisées, les différents termes de ce modéle sont relativement bien connus et les équations peuvent étre
résolues simplement. Pour reproduire des inondations urbaines réelles, la paramétrisation de la variabilité des
phénomeénes nécessiterait d’appréhender les lois physiques (description de la turbulence, représentation de la
vitesse en proche paroi, ...) avec un nombre déraisonnable de paramétres et /ou d’accéder a des données in-situ
a forte résolution spatio-temporelle. A I'aide d’hypothéses simplificatrices, un nombre important de modéles
mathématiques ont été proposés & partir du modéle de Navier-Stokes en vue d’applications spécifiques ou
pour étre en cohérence avec les moyens de I’époque (disponibilité des données et puissances de calcul). Ce
nombre est encore accru lorsque 'on confond le modéle mathématique décrivant la physique du probléme
considéré et la méthode numérique (voire I’outil numeérique) employée.

La démocratisation de I'accés & des puissances de calcul grandissantes, l'importance du nombre d’outils de
modélisation (combinaison d’un/de modéle(s) mathématique(s) et de I'approche numérique de résolution) et
la demande grandissante pour une description précise des aléas conduisent & ignorer les limitations spécifiques
a chaque outil (par méconnaissance des hypothéses mathématiques et numeériques et/ou de la complexité
physique du probléme modélisé). L’hydrologie urbaine n’échappe pas a cette constatation. En effet, les
outils de modélisation disponibles n’ont généralement pas été développés pour de telles configurations et les
données nécessaires, ne serait-ce que pour représenter précisément la topographie, sont souvent inaccessibles
ou inexistantes.

Ainsi, la modélisation des inondations urbaines est souvent une tautologie dans le sens ot on présuppose
que les phénomeénes physiques modélisés sont correctement décrits par un modéle mathématique (sans que
cela ai toutefois pu étre démontré) et le fait que les résultats de cette modélisation correspondent au modéle
mathématique employé suffit pour le valider comme étant un bon descripteur de la réalité physique. On oublie
ainsi que plusieurs modeéles mathématiques (a fortiori numérique) sont parfois capable de produire les mémes
résultats sans que l'on ne puisse déterminer lequel est le plus réaliste en particulier avec peu de données
in-situ de validation. Une meilleure caractérisation de I’hydrodynamique des inondations urbaines apparait
donc comme essentielle pour déterminer plus précisément les configurations d’écoulement rencontrées. Ces
données doivent permettre de déterminer 1’ordre d’importance des phénoménes physiques (stationnarité des
phénomeénes, turbulence, caractére hydrostatique du profil de pression, uniformité du profil de vitesse, ...).
C’est & cette condition que ’on peut envisager produire des outils de modélisation plus fiable.

Mes activités de recherche se sont concentrées principalement sur ’étude des inondations urbaines. Une

26



approche expérimentale a été employée pour caractériser les phénomeénes physiques en jeu lors d’inondations
urbaines. Je me suis également intéressé a la modélisation numeérique de ces inondations & différentes échelles.
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Chapitre 6

Etudes expérimentales

La bibliographie montre qu’il existe peu de jeu de données physiques décrivant finement les inondations,
notamment en milieu urbain. La richesse des données recueillies par les collectivités territoriales lors d’événements
passés, telles que les repéres Plus Hautes Eaux Connues ', est souvent illusoire. En effet, ces données correspondent
a des niveaux d’eau instantanés et sont souvent considérées comme caractérisant le débit maximal de la crue
ignorant les phénomeénes d’hystérésis décorrélant les instants pour lesquels les maximums de hauteur d’eau
et de débit apparaissent [17]. L’acquisition de données lors d’inondations urbaines avec une grande résolution
spatio-temporelle est particuliérement complexe voire impossible (notamment pour des périodes de retour
importantes) [31, 38]. Face a ces difficultés, des travaux proposent d’exploiter les réseaux de caméras pour
mesurer des hauteurs d’eau [36] et/ou des données issues des réseaux sociaux [5].

La modélisation physique, & travers des expériences de laboratoire, est une approche permettant d’étudier
les caractéristiques des écoulements dans des géométries complexes et également de produire des données
permettant la validation de modéles numériques. Les expériences d’étude des inondations urbaines ont
principalement considéré deux échelles différentes : locale (correspondant & ’échelle du carrefour) et globale
(correspondant & I’échelle de la ville entiére ou du quartier) [39].

Les travaux a échelle locale étudient principalement ’hydrodynamique a proximité d’un endroit d’intérét :

Pécoulement & proximité d’une digue rompue [56, 29, 62], les écoulements vers le réseau de métro [28] ou
d’assainissement [12, 37, 52] ou la répartition des débits dans les jonctions et bifurcations [60, 4, 26, 25, 33, 8]
(parmi d’autres) ou dans les carrefours [38, 33, 41, 43, 51]. Les hypothéses employées pour les expériences (par

exemple : déconnexion des écoulements dans les intersections matérialisée par un champ de vitesses injecté
uniforme) ne sont pas nécessairement valides et la sensibilité des résultats & ces hypothéses est rarement
vérifiée. Par ailleurs, les gammes de parameétres testés (largeur de canal, pente, ...) sont souvent partielles.
La multiplicité des expériences ne permet pas toujours de palier ce probléme car les configurations testées
difféerent souvent trop pour pouvoir agréger les données. En pratique, il est compliqué de proposer une
formulation exploitable sur une large gamme de paramétres pour un usage dans des outils numériques.

Les expériences & échelle globale s’intéresse principalement a leffet d’un quartier ou d’une ville (souvent
idéalisée) sur une inondation [30, 58, 61, 59, 64, 23]. Peu de mesures sont réalisées sur les écoulements a
Iintérieur du quartier et les mécanismes de répartition de I’eau dans le réseau de rues ne sont pas étudiés.
Ainsi, ces expériences permettent d’obtenir des données de comparaison pour des modélisations numériques
mais ne permettent pas de déterminer la physique des écoulements et les mécanismes de répartition de 1’eau.

Ma contribution & ’étude expérimentale des inondations urbaines s’est donc consacrée au développement
d’un pilote visant a produire des données pour valider des codes de calculs (voir section 7.1), mieux comprendre
la physique des inondations urbaines. La premiére section est consacrée a la présentation de ce pilote, de ses
équipements de mesure et a son analyse dimensionnelle. La seconde section compare les distributions de débit
amont et aval. Les sections trois et quatre s’intéressent 4 la répartition de I’écoulement dans le réseau de rues
en terme de hauteurs d’eau (voir section 6.3) et de distributions des débits (voir section 6.4).

1. dont la mise en place est imposée par ’article L563-3 du code de ’environnement
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Les travaux que j’ai mené sur I’étude expérimentale des inondations urbaines ont été conduits dans le cadre
des théses de doctorat de Quentin Araud et Cécile Choley (voir section 3.3.1). Ces travaux ont notamment
été publiés dans ACL9, ACL6, ACL4 et ACLI.

6.1 Le pilote Icube d’étude des inondations urbaines

Cet axe de recherche a été initié par José Vazquez et Robert Mosé avant mon arrivée au laboratoire Icube,
notamment avec la recherche de financement et la conception du pilote expérimental. J’ai rapidement été en
charge de cette thématique, notamment pour la définition des campagnes expérimentales mais également pour
Iexploitation et la valorisation des données. Fabrice Lawniczak et Pierre Francois ont activement contribué
a la conception de la métrologie du pilote, & la réalisation des expériences et & leur analyse.

Le pilote Icube d’étude des inondations urbaines vise a répondre & deux principaux objectifs : la production
de jeu de validation pour les codes de modélisation des inondations urbaines et 1’é¢tude de phénoménes de
propagation des inondations dans un réseau de rue.

6.1.1 Présentation du dispositif expérimental

Le dimensionnement de ce pilote a été réalisé sur la base d’un réseau de rues proposé dans le cadre
du projet ANR Rives [40] afin de reproduire les rues d’un quartier européen moyen (au sens statistique)
mesurant 1km x 1km [35]. Ce quartier est composé de 7 rues orientées globalement dans la direction Nord-
Sud intersectant 7 rues orientées Quest-Est (cf figure 6.1). Ces rues, séparées par 64 blocs considérés comme
imperméables, produisent des carrefours & 3 et 4 branches avec différents angles d’intersection et différentes
largeurs de rues (12, 5cm pour les rues les plus larges - 4, C et F et 4, 5¢cm pour les plus étroites). La pente
globale du pilote peut étre réglée entre 0 et 2% dans chaque direction (Nord-Sud et Ouest-Est).
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FIGURE 6.1 — Description du pilote Icube d’étude des inondations urbaines. (a) photographie du dispositif;
(b) Plan du réseau de rues.

L’eau est injectée a ’amont de chaque rue (face Nord ou Ouest) avec une pompe volumétrique controlant
un débit amont avec une précision (constructeur) de 1%. Les pompes ont une capacité d’injection entre 0,5
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et 15m3 /h (respectivement 1 et 30m3/h) pour les petites (respectivement grandes) rues. Le débit total injecté
par I’ensemble des pompes est toutefois limité & 100m®/h en raison des dimensions du réseau de rues et des
dimensions du réservoir d’alimentation. A P’aval de chaque rue (face Sud ou Est), un seuil rectangulaire peut
étre installé pour créer un controle aval dans le réseau de rue. Le débit a ’aval de chaque rue est déterminé
a partir d’'une mesure de niveau d’eau sur un seuil calibré avec une précision inférieure a 3% [2].

En complément des mesures de débits en entrée et sortie de chaque rue, les hauteurs d’eau peuvent étre
mesurées sur ’ensemble du pilote. Deux dispositifs successifs ont été employés : une sonde optique détectant le
changement de phase air/eau couplée & un robot de déplacement vertical puis une caméra filmant ’eau par le
coté des rues permettant une mesure du niveau d’eau par traitement d’image (voir figure 6.2). Pour ces deux
dispositifs, la précision de I’appareil de mesure est de I’ordre de 1mm en vertical tandis que les fluctuations
temporelles observées en un point (avec expériences conduites en régime permanent) sont comprises entre
2mm et 12mm (en fonction de I'endroit et de la configuration testée). Par ailleurs, les deux dispositifs mesurent
des hauteurs d’eau supérieures a 3cm.

Enfin, un capteur ultrason permet de mesurer le profil instantané de vitesse sur la verticale. Chaque profil
est ensuite moyenné sur la durée de mesure afin de produire un profil moyen non affecté par la turbulence. En
réalisant plusieurs profils sur une section transversale de ’écoulement, le débit dans chaque troncon (entre
deux carrefours successifs) est calculé par intégration numérique. L’intégration est réalisée en supposant un
profil polynomial sur la verticale pour déterminer le débit unitaire sur chaque transect vertical de mesure
puis en supposant un profil horizontal de débit unitaire décrit également par une fonction polynomiale. La
vitesse & la paroi (murs et fond) est supposée non-nulle correspondant & une sous-couche laminaire d’épaisseur
négligeable. La comparaison des débits ainsi mesuré dans les trongons amont et aval de chaque rue montre
que les méthodes d’estimation des débits different de moins de 2%.

(a) Caméra de mesure sur (b) Profil instantanté de hauteur d’eau extrait
le coté d’une rue automatiquement des images prise par caméra

FI1GURE 6.2 — Illustration du dispositif de mesure de hauteur d’eau par caméra

6.1.2 Analyse dimensionnelle

Le réseau de rues du pilote Icube d’étude des inondations urbaines a été cong¢u sur une plateforme de
5m x 5m avec une échelle horizontale A;, = Legp/Lyeer = 1/200; ou L fait référence a la dimension horizontale
(longueur et largeur des rues) et les indices ¢gp €t reer font respectivement référence aux variables dans le
pilote et en configuration réelle. Reproduire une inondation urbaine sans distorsion des échelles horizontale
et verticale impliquerai qu’une hauteur d’eau réelle de 1m (déja conséquente dans un réseau de rues) soit
reproduite expérimentalement avec une hauteur de seulement 5mm. Dans une telle configuration, une mesure
de hauteur d’eau avec une précision de 1mm produirait donc une erreur relative de 20%. En choisissant
un facteur de distorsion de 10, définit comme le ratio entre 1’échelle verticale et 1’échelle horizontale, I’erreur
relative pour une hauteur d’eau réelle de 1m est réduite & 2%. L’échelle verticale vaut donc Ay, = hegp/hreer =
1/20. Une étude sur les effets de cette distorsion a été présentée dans [34] a partir des données expérimentales
de ce pilote. Elle a notamment montré que dans les configurations testées, I'influence de la distorsion sur la
répartition des débits et sur les hauteurs d’eau était d’environ 10%.
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Les écoulements observés, lors d’inondations urbaines réelles mais également dans les configurations
expérimentales sont caractérisés par des nombres de Froude proche de 'unité : Fre,, = vesr/\/ghes, =~ 1
et Fryee; = Ureet/\/ghreer == 1. On peut ainsi estimer le facteur d’échelle sur les vitesses A\, = Vewp/v.ces = /Aj =
2,2.107! et sur les débits A\g = ApA\p A, = 5,6.107°. L’analyse de la crue historique de Nimes en 1988 montre
des débits estimés & 20m3 /s dans les rues étroites et 50m3/s dans les grandes rues [40] pour une période
de retour estimée comprise entre 150 et 250 ans [11]. Une crue équivalente reproduite expérimentalement
(donc avec 11 petites rues et 3 larges) aurait un débit de 75m?/h = Aq (11 x 20m®/s + 3 x 50m?/s), compris
dans la gamme des débits possibles expérimentalement [10; 100m?3/ h] qui correspond donc & des périodes de
retour importante & extréme.

Le nombre de Froude est un paramétre adimensionnel essentiel pour la caractérisation des écoulements &
surface libre. Le facteur d’échelle pour ce paramétre est définit comme Ap, = Freyp/Free. En introduisant
la définition du nombre de Froude pour un canal rectangulaire, on trouve : A\g, = *+/\/x, ~ 1. Les nombres
de Froude observés expérimentalement sont donc trés similaires a ceux apparaissant lors de crues réelles.

Le nombre de Reynolds (Re = vL¢/v avec v la viscosité cinématique du fluide), caractérise la turbulence
et les phénoménes de dissipation d’énergie d’un écoulement. Le facteur d’échelle pour le nombre de Reynolds
vaut Are = Ay Az, (on suppose les fluides sont identiques dans le pilote et dans la réalité). Pour un écoulement
a surface libre, Abbaspour et Kia proposent de définir la longueur caractéristique L. comme 4 fois le rayon
hydraulique [1]. En intégrant la définition du rayon hydraulique en canal rectangulaire, on a :

)\L _ Lea:phezp Lreel + 2hreel Lreel + 2h7‘eel

= =ALA 6.1
‘ Lexp + 2hexp Lreelhreel Lan )‘LLreel + 2>\hhreel ( )

En considérant des gammes plausibles de la hauteur d’eau h,..; et de la largeur L,..; lors d’inondation
urbaines : 0,1m < hyee; < 10m et 0,5m < Lyee; < 50m, on obtient 5.1073 < AL, < 4,8.1072 et donc
1,1.1072 < Age < 1,1.1072. Il y a ainsi clairement une distorsion en terme de nombre de Reynolds.

La crue historique de Nimes en 1988 est caractérisée par des hauteurs d’eau et des vitesses d’environ 1m
et 1m/s pour des largeurs de rue d’environ 10m; le nombre de Reynolds est donc d’environ Re = 3.105. En
considérant cette crue comme représentative, une turbulence pleinement établie caractérise les inondations
urbaines. En prenant en compte la distorsion en terme de nombre de Reynolds, ’écoulement expérimental
correspondant est faiblement turbulent voire dans la zone de transition entre régimes laminaire et turbulent.
L’influence liée a cet écart de nombre de Reynolds sur ’écoulement est difficilement caractérisable. En effet,
la rugosité des matériaux réels (béton, bitume et brique) différe de celle du plexiglas employé pour le pilote
Icube. Par ailleurs, on peut s’interroger sur la grandeur essentielle a reproduire dans ’expérience entre nombre
de Reynolds réel et coefficient linéaire de perte de charge (éventuellement en prenant en compte la distorsion
entre échelle horizontale et verticale).

6.2 Distribution des débits a travers un réseau de rues

6.2.1 Présentation des expériences réalisées

La distribution d’un débit a travers un réseau de rue a été étudiée expérimentalement, en régime permanent
et avec une pente du fond horizontale. L’influence de plusieurs paramétres a été étudiée : le débit total injecté
Qot, la distribution du débit entre les différentes rues amont et la distribution des seuils.

6.2.2 Influence du débit total injecté

L’analyse de l'influence du débit total Qi a été conduite en régime permanent, avec un écoulement
torrentiel & ’aval des rues permettant ainsi que les résultats ne soient pas influencés par la condition limite
aval. Les observations sur les hauteurs d’eau montrent que la transition entre les régimes fluvial et torrentiel
apparait & l'aval du dernier carrefour de chaque rue. Le débit total injecté est équiréparti entre les faces Nord
et Ouest et le débit dans une face est réparti entre les rues proportionnellement & leur largeur.

Le tableau 6.1 présente le débit total injecté pour chaque configuration ainsi que la proportion du débit
total sortant par la face Est (Qgr/Qiot). Quel que soit le débit total injecté, environ 40% est évacué par la
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face Est. La multiplication du débit injecté par 10 ne produit qu’une variation de 1% de la répartition du
débit entre les faces aval. La géométrie du réseau de rues est un facteur explicatif important. En effet, la face
Sud, qui draine la plus grosse part du débit, représente 54% de la largeur cumulée des rues aval.

TABLE 6.1 — Influence du débit total injecté sur la répartition des débits & ’aval

Config | Qtot (mg/h) QEe/Qiut (%)
Q010 10 41,1
Q020 20 40,7
Q060 60 40,3
Q070 70 40,4
Q080 80 40,3
Q100 100 40,5

La figure 6.3 représente 'évolution des ratios Qupx/Qiot €t Qdown,k/Qor Pour chaque configuration
expérimentale. Qup et Qdown représentent respectivement les débits injectés et sortant de chaque rue; I'indice
k représente le nom de la rue. Pour une gamme importante de débits totaux injectés (entre 10 et 100m3/h),
on observe que la variation de la proportion du débit total sortant par chaque rue reste inférieure & 2%. Pour
chaque rue, le débit sortant normalisé en fonction du débit total injecté semble tendre vers un comportement
asymptotique quand le débit total augmente. La répartition du débit entre les différentes rues dépend a priori
de la largeur de la rue et de sa débitance mais également des caractéristiques géométriques des carrefours
rencontrés et de ’hydrodynamique au long de I’écoulement. Il est intéressant de constater que les 3 grandes
rues (F, 4 et C) drainent respectivement 10, 15 et 20% du débit total malgré le fait qu’elles ont la méme
largeur. Malgré des débits injectés identiques dans les rues 4 et C et une largeur cumulée des rues intersectées
plus grande pour la rue 4 que pour la rue C, le débit sortant de la rue C est 5% plus grand que celui de la rue
4. Une analyse similaire est valide en comparant les rue C et F ou 4 et F. Chaque petite rue draine entre 3 et
10% du débit total injecté malgré des variations de largeur faible. Ces observations suggérent des dynamiques
complexes d’échange de masse au niveau des carrefours. Le comportement asymptotique de I’évolution du
débit sortant normalisé en fonction du débit total injecté promeut que le role de chaque rue n’évolue pas avec
le débit total et que les mécanismes de répartition de débit & travers le réseau de rues restent constants.
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FIGURE 6.3 — Evolution des ratios Qup,ie/Qtot €t Qaown k/Qror entre Pamont et 1’aval de chaque rue. Les
barres d’erreur représentant 'incertitude de mesure.

6.2.3 Influence de la distribution des débits amont

L’influence de la distribution du débit total & I’amont a été évaluée. Trois répartitions ont été employées :

Config 1 Le débit dans une face est réparti au prorata de la largeur des rues et le débit d’une face amont
est définit comme une proportion du débit total Qouest = Pouest@Qtot aAVEC Pouest € [0,1] et

Qnm“d = Qtot - Qouest-
Config 2 Le débit total Q. est réparti équitablement entre les rues larges (4, C et F).

Config 3  Le débit total Qi est réparti entre les rues larges (4, C et F) tel que Q4 = 50% Q10 €t Q¢ =
Qr = 25%Q;0t. Cette configuration revient & une équirépartition du débit total entre les faces
Nord et Ouest.

6.2.3.1 Influence de ¢,yecst

Cette analyse se base uniquement sur la configuration 1 pour des débits totaux Qy; € {60, 70,80} m3/h
et Pouest allant de 0 & 1 par pas de 0, 1. Ici encore, la pente du fond est nulle et aucun seuil n’est installé &
I’aval des rues pour éviter toute influence de la condition limite aval.

La figure 6.4 montre I'évolution de ¢est = Qest/Qtor (1a proportion du débit total sortant par la face
Est) en fonction du paramétre ¢ouese- On constate que les courbes sont quasi confondues ce qui indique que
la modification du débit total injecté n’influence pas significativement la répartition du débit entre les faces
aval. Les courbes augmentent avec I’augmentation de ¢gqest, traduisant que 'augmentation du débit injecté
par la face Ouest se traduit logiquement par une augmentation du débit sortant par la face Est. On observe
également Deffet filtrant du réseau de rues qui tend & uniformiser la répartition des débits. En effet, une
variation de @yuest entre 0 et 1 se traduit uniquement par une variation de ¢.s de 0,1 (entre 0,37 et 0,47).
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FIGURE 6.4 — Influence du parameétre ¢oyes¢ sur la répartition du débit entre les face aval (Est et Sud).

La figure 6.5 présente, pour chaque rue, I’évolution du ratio 050Qrue (Pouest) définit comme :

rue ouest) — rue ouest — 0,5
S () = = ((bQ t)(aﬁQ tfo ) )

Ce ratio représente la variation entre le débit sortant par une rue dans une configuration donnée (une valeur
de @ouest) et le débit sortant de cette méme rue pour @ouest = 0,5 normalisée par le débit sortant de cette
méme rue pour ¢,yuest = 0,5. En cohérence avec ’analyse de la figure 6.4, on observe que 'augmentation de
Douest se traduit par une augmentation de d50Q) e pour les rues 1 & 7 (face Est) et une diminution pour les
rues A & G (face Sud). On observe également que le débit sortant par une rue peut étre modifié de maniére
significative (jusqu’a environ 40% ~ 30% — (—10%) pour la rue 1). Cette gamme de variation ne semble pas
étre corrélée a la largeur des rues puisque les variations les plus grandes sont observées pour la rue étroite 1
et les rues larges 4 et C mais pas pour la rue large F. L’évolution de d50Qye avec @oyest €St monotone pour
les rues 2 4 4, C, et E et F. La non-monotonicité de cette variation pour les autres rues illustre la complexité
des mécanismes de répartition des débits dans le réseau de rues.
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FIGURE 6.5 — Evolution de la variation du débit sortant par chaque rue normalisée en fonction de la répartition
du débit total entre les faces amont (Ouest et Nord).

6.2.3.2 Etude de la répartition des débits

Cette analyse compare 'effet de plusieurs distributions du débit total Q.+ entre les rues amont :

Config 1  Le débit total est équiréparti entre les faces Nord et Ouest et le débit dans une face distribué
proportionnellement a la largeur des rues.

Config 2  Le débit total est réparti équitablement entre les rues larges (4, C et F).

Config 3 Le débit total est réparti entre les rues larges (4, C et F) tel que Q4 = 50%Q:0t €t Qc = QF =
25%Q¢0t- Cette configuration revient & une équirépartition du débit total entre les faces Nord et
Ouest.

La figure 6.6 montre I’évolution des ratios Qup k/Qtot €t Qdown,k/Qrot POUr chaque configuration expérimentale.
Pour chaque rue, la diminution de la variabilité entre les débits entrants et sortants illustre l’effet filtrant du
réseau de rues sur la distribution des débits. Par ailleurs, le débit de sortie de chaque rue semble converger
vers le comportement asymptotique mis en évidence précédemment (voir section 6.2.2). C’est particuliérement
notable pour les rues larges qui drainent environ 20%, 15% et 10% du débit total pour les rues C, 4 et F.
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FIGURE 6.6 — Evolution de la répartition des débits & ’aval du réseau de rues pour différentes répartitions
a amont. Config 1 : Le débit total est équiréparti entre les faces Nord et Ouest et le débit dans une face
distribué proportionnellement a la largeur des rues; Config 2 : Le débit total est réparti équitablement entre
les rues larges (4, C et F); Config 3 : Le débit total est réparti entre les rues larges (4, C et F) tel que

Q4 = 50%Q10t €t Qo = Qr = 25% Q101

6.2.4 Influence de la condition limite aval

L’influence des conditions limite aval sur la répartition des débits a été évaluée en installant des seuils
de différentes hauteurs a I’aval des rues. La figure 6.7 compare les débits & 'amont et & I’aval des rues
pour différentes distributions des seuils sur les faces aval. Les courbes verte (Est=0cm - Sud=3c¢m) et jaune
(Est=3cm - Sud=0cm) montrent la répartition des débits quand les seuil sont installés sur une unique face.
Lorsque les seuils sont uniquement sur la face sud (courbe verte), on observe pour les rues A & G (de la face
Sud), un débit qui diminue par rapport aux configurations sans seuil (Est=0cm - Sud=0cm et Est=8cm -
Sud=0cm). De la méme maniére, les seuils sur la face Est (courbe jaune) produisent une diminution du débit

pour les rues de cette face (14 7).
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FIGURE 6.7 — Evolution de la répartition des débits a ’aval du réseau de rues pour différentes répartitions a
I’amont.

La figure 6.8 compare le débit & ’aval de chaque rue du fait de l'installation des seuils par rapport & la
configuration sans seuil. La mise en place de seuils modifie significativement la répartition des débits de sortie
avec les débits multipliés par un facteur 0,7 & 2, 3. Pour les configurations avec des seuils uniquement sur une
face (Est=0cm - Sud=38cm et Est=3cm - Sud=0cm), la modification du débit (par rapport a la configuration
sans seuil est plus marquée pour les rues les plus éloignées de amont (principalement F, G et 5, 6, 7). Pour
la configuration avec des seuils sur toutes les rues, on observe une modification du débit de chaque rue plus
marquée pour la face Est que pour la face Sud. Ces variations différentes pour chaque rue suggérent que
les mécanismes de répartition des débits sont modifiées & 'intérieur du réseau de rues. Le théoréme d’Euler
appliqué sur un carrefour relie sa géométrie et I’hydrodynamique dans les rues (faisant intervenir un terme
inertiel et un terme de pression). La répartition du débit entre les rues est donc, au moins en partie, liée
a importance relative des termes inertiels et de pression. L’ajout des seuils remonte le niveau d’eau dans
I’ensemble du réseau et diminue donc les vitesses d’écoulement. On peut donc supposer que cette réduction de
la vitesse modifie I'importance relative des termes inertiels et de pression et peut donc modifier la répartition
des débits.
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FIGURE 6.8 — Effet des seuils sur le débit sortant de chaque rue. Pour chaque rue, le débit de référence
Qrue,ref est le débit sortant de cette rue dans la configuration sans seuil.

6.3 Analyse de la distribution des hauteurs d’eau
Malgré 'automatisation de la mesure de hauteur d’eau, cette mesure sur ’ensemble du pilote demande
plusieurs jours pour chaque configuration. Les mesures ont donc été réalisées pour différents débits totaux

injectés et pour une équirépartition de @, entre les faces amont (Ouest et Nord). Pour un débit Qo =
80m3 /h, les hauteurs d’eau ont été cartographiées avec et sans seuil & I’aval (voir figures 6.9a et 6.9b).
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FIGURE 6.9 — Cartographie des hauteurs d’eau pour Q,; = 80m?®/h équiréparti entre les faces d’injection
(Nord et Ouest)
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Dans les deux cas (mais également pour les autres configurations mesurées - non présentées ici), on observe
que le gradient de hauteur d’eau est orienté depuis le coin Nord-Ouest vers le coin Sud-Est. L’ajout des seuils
a l'aval des rues augmente les niveaux d’eau sur l’ensemble du quartier. Cette augmentation est toutefois
réduite & quelques millimétres & ’amont du réseau de rues.

Afin de comparer les hauteurs d’eau mesurées pour différents débits totaux, des profils adimensionnels
ont été produits. Pour chaque rue, la hauteur d’eau est normalisée par la différence entre la hauteur d’eau a
Pamont et a laval de la rue : h* = (h — havat) / (Ramont — Pavar)- La figure 6.10 présente les profils en long
de hauteur normalisée pour deux rues et pour différents débits totaux. On constante que pour les deux rues
(mais également pour les autres - non présentées ici), les profils de hauteur normalisée se superposent. Le
débit total injecté semble n’influencer que I’amplitude de variation des hauteurs d’eau et pas la distribution
a l'intérieur du réseau de rues. Par ailleurs, le profil de hauteur d’eau (normalisée) montre une diminution
rapide au niveau de chaque carrefour. Entre les carrefours, la diminution du niveau d’eau est plus lente avec
toutefois un “creux” immédiatement & ’aval du carrefour. Ce creux correspond aux zones de recirculations
apparaissant & ’aval d’un carrefour qui réduisent la largeur effective de I’écoulement et provoque un effet
Venturi avec une accélération et une chute localisée de la ligne d’eau.
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FIGURE 6.10 — Evolution de la hauteur d’eau normalisée pour Qy; = {20,100} m3/h équiréparti entre les
faces d’injection (Nord et Ouest). Les barres verticales pointillées matérialisent la position des carrefours.
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6.4 Caractérisation de I’écoulement dans le réseau de rues

Afin de mieux comprendre les mécanismes de répartition des débits a ’échelle du quartier, une cartographie
des flux dans les rues a été réalisée a partir des mesures de vitesses dans les rues (voir section 6.1.1). Un débit
total de 80m?/h est équiréparti entre les faces amont (Nord et Ouest) et le débit de chaque face est distribué
proportionnellement & la largeur des rues. L’écoulement se fait sur fond plat et avec des seuils de 3cm & ’aval
des rues pour permettre une mesure des vitesses dans les rues.

6.4.1 Analyse des mesures de vitesse

Des profils verticaux de vitesse sont mesurés (voir section 6.1.1) 7cm & ’amont de chaque carrefour avec 3
(respectivement 5) mesures sur la largeur des rues étroites (respectivement larges). Les niveaux de couleur de
la figure 6.11 cartographient la vitesse moyenne sur chaque trongon et les fléeches montrent la vitesse moyenne
sur la verticale. Dans tous les trongons, ’écoulement est orienté de I’Ouest vers I’Est ou du Nord vers le Sud,
dans le sens du gradient de hauteur d’eau (voir section 6.3).
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FIGURE 6.11 — Carte des vitesses mesurées dans le réseau de rues

Les profils transversaux de vitesses sont quasi-uniformes pour les rues étroites et dissymétriques pour les
rues larges. Cette différence de comportement peut-étre corrélée au ratio L/B de la longueur du trongon sur
sa largeur. En effet, la distance nécessaire pour qu’un écoulement a surface libre retrouve un profil de vitesse
non perturbé est estimée par L = kB avec « € [10;50]. Considérant les grandeurs géométriques des rues, les
rues étroites ont un ratio moyen L/B de l'ordre de 10 contre 5 pour les rues larges. L’échelle horizontale du
pilote expérimentale étant la méme pour L et B, cette constatation a priori est transposable aux inondations
réelles. Ainsi, ’hypothése courante (tant sur les approches expérimentales que de modélisation) consistant &
considérer que les carrefours sont hydrodynamiquement déconnectés semble erronée. Cette observation devra
étre confirmée ou infirmée dans d’autres configurations expérimentales.

6.4.2 Analyse de la distribution des débits

L’intégration des profils de vitesse permet, moyennant des hypothéses pour extrapoler la forme du profil
de vitesse, d’accéder au débit dans chaque trongon (voir section 6.1.1). La comparaison de ces débits avec
ceux imposés par les pompes ou mesurés dans les troncons aval permet de valider les hypothéses d’intégration.
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La figure 6.12 présente la carte des débits dans chaque trongon. Les débits les plus importants sont
véhiculés par les rues larges qui drainent 42% du débit total. La largeur cumulée des rues larges sur la largeur
totale représente environ 38%. Cela suggére que la répartition du débit entre les rues larges et étroites est
controlée par la largeur des rues. A échelle plus fine, cette constatation n’est plus vraie avec des rues de
largeurs comparables ayant des débits aval relativement différents (par exemple, les rues larges 4, C et F ou

les rues étroites A, B, D et E).
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FIGURE 6.12 — Carte des débits calculés dans le réseau de rues

La figure 6.13 présente le débit unitaire ¢ = /B dans chaque trongon. La comparaison des débits
unitaires dans les rues étroites et larges ne permet pas de mettre en évidence des différences significatives
(les différences entre rues sont inférieures a la variabilité longitudinale observée dans certaines rues). Ainsi
il semble erroné de vouloir négliger le role des rues étroites dans la répartition des débits devant celui des
rues larges, notamment lorsque la largeur cumulée des rues étroites n’est pas négligeable devant celle des
rues larges. La forte variabilité spatiale des débits (et des débits unitaires) le long de chaque rue suggére des
mécanismes complexes de répartition des débits & petite échelle.
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FIGURE 6.13 — Carte des débits unitaires calculés dans le réseau de rues

6.4.3 Répartition des débits a échelle fine

La connaissance des débits dans chaque trongon permet de caractériser la répartition des flux a ’échelle
des sous-quartiers. Un sous-quartier est définit comme un réseau de petites rues encadré par des grandes rues.

Le tableau 6.2 présente la répartition des débits a 1’échelle des sous-quartiers. Sur ’ensemble des sous-
quartiers, le parameétre ¢.s; varie dans la gamme ¢.¢; € [0,43; 0, 72] et est supérieur a 0,42, la valeur obtenue
a Péchelle du quartier. Cette différence est liée aux grandes rues qui véhiculent environ 40% du débit total
et dont 2 sur 3 débouchent sur la face Sud.

Par ailleurs, on constate que les valeurs de ¢5; pour les trois sous-quartiers Nord (AB123, DE123 et G123)
sont trés proches du ratio du nombre de rue de la face Est sur le nombre de rues total pour les faces Est et
Sud ; par exemple pour AB123, ¢.st = 0,63 et 3 rues / 5 rues= 0,60. Cela suggére que la largeur des rues
controle au premier ordre la répartition des débits dans ces sous-quartiers. Le paramétre 1., pour les sous-
quartiers AB123, DE123 et G123, est proche de 1. Cela confirme que le débit entrant dans ces sous-quartiers
est distribué a l’aval proportionnellement & la largeur des rues de sorties. Par comparaison, les sous-quartiers
AB567, DE567 et G567 (plus proche de la sortie Sud du réseau de rues) ont une valeurs de 1) inférieure a
1 ce qui indique que le débit est dévié vers le Sud et drainé par les sorties Sud.

Afin d’étudier la corrélation entre les répartitions amont et aval des débits & I’échelle du sous-quartier, le
tableau 6.2 présente I’évolution du ratio @oyest/@est €n fonction du sous-quartier. Un ratio ¢oyest/dest = 1
indique un sous-quartier "transparent" qui ne modifie pas la répartition des débits entre les faces amont et
aval; @ouest/dest < 1 correspond & un sous-quartier déviant le débit vers la face Est. Il apparait ainsi que les
sous-quartiers AB123, DE123, G123 sont transparents. De maniére remarquable, le sous-quartier DE567 est
transparent (@oyest/dest = 0,93) bien que la répartition des débits aval ne correspondent pas a la distribution
des largeurs de rues (¢.s; = 0,81). Cette observation et la forte variabilité des vitesses et des débits unitaires
dans ce sous-quartier suggérent que les effets inertiels ont un réle non négligeable sur la répartition du débit
dans ces carrefours.
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TABLE 6.2 — Comparaison de la répartition aval des débits par rapport & 'amont & 1’échelle des sous-quartiers.
Qest (respectivement ¢oyest) représente le débit sortant par les rues de la face Est (respectivement Ouest) du
sous-quartier dimensionnalité par le débit total entrant dans le sous-quartier (par les rues Nord et Quest).
Yest st définit comme et = GestBiot/Best et représente le ratio de gest = Qest/Best Sur qiot = Qtot/ Biot-
Yest = 1 indique que la répartition des débits & l'aval du sous-quartier correspond & la distribution des
largeurs.

Sous—quartier (bouest ¢est /(/)est (bouest/qsest
AB123 0,66 | 0,63 | 1,05 0,97
DE123 0,58 | 0,56 | 1,00 0,98

G123 0,79 | 0,72 | 1,03 0,91
AB567 0,64 | 0,46 | 0,77 0,72
DE567 0,51 | 0,48 | 0,81 0,93

G567 0,66 | 0,43 | 0,59 0,66
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Chapitre 7

Modélisation numérique des inondations

Les travaux que j’ai mené sur la modélisation numérique des inondations ont été conduit dans le cadre ma
propre thése de doctorat et celles de Q. Araud et S. Chen (voir section 3.3.1). Ces travaux ont notamment
été publiés dans ACL14, ACL13, ACL10 et ACL7.

Les équations d’état décrivant un systéme modélisé, les méthodes numeériques employées pour les résoudre
et la disponibilité des données pour les paramétriser sont autant de facteurs qui conditionnent la qualité des
résultats produits, notamment lorsque le modéle est employé pour extrapoler des configurations (plus grande
période de retour, état projet, ...). L’amélioration de la modélisation des inondations peut ainsi étre envisagée
A travers trois approches : améliorer I’adéquation modéle numérique - données disponibles pour faciliter le
calage, employer des équations d’état décrivant au mieux l’hydrodynamique des phénomeénes considérés,
ameéliorer /employer les schémas numeériques les plus pertinent. L’intérét de ces améliorations peut étre
significativement mis en défaut par les contraintes opérationnelles qui incluent les cotts de modélisation (pré
et post processing de la modélisation mais également le cott numérique en terme de temps de calcul /machine
de calcul).

Ma recherche, consacrée aux approches numériques pour la modélisation des inondations, est structurée
en deux axes :

— la caractérisation de modéles existants,

— le développement de nouvelles approches de modélisation.

7.1 Caractérisation de modéles existants pour la modélisation des
inondations urbaines

7.1.1 Comparaison d’approches 2D et 3D

La modélisation des inondations emploie généralement des approches de complexité variée allant d’une
représentation 1D des écoulements couplée & un modéle d’échange de masse (et parfois de quantité de
mouvement) aux carrefours a une modélisation 3D basée sur les équations de Navier-Stokes.

L’approche 1D suppose une uniformité des vitesses sur la section d’écoulement ce qui est remis en cause
par de nombreuses données expérimentales [4, 24, 43, 42]. Les effets de la non-uniformité de la vitesse peuvent
étre numériquement pris en compte (notamment & travers une paramétrisation supplémentaire des équations
de Saint-Venant 1D avec un coefficient de Boussinesq) mais ce coefficient est fortement variable dans ’espace
et dans le temps ce qui complexifie fortement ’emploi d’une telle approche pour de la modélisation prédictive.

L’approche 3D n’impose généralement pas (ou peu) d’hypothése sur ’hydrodynamique de 1’écoulement
modélisée. En revanche, elle demande une paramétrisation complexe, notamment pour des configurations
réelles avec une variabilité spatiale de 'intensité des phénomeénes physiques (on peut par exemple penser a
la variabilité des lois de paroi du fait de la variabilité des matériaux et phénoménes rencontrés), et des cotts
importants en termes de pré et post-processing mais également en termes de calcul. Cette approche est donc
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trop cotiteuse pour des applications opérationnelles. Par ailleurs, le monde opérationnel s’intéressant aux
inondations (ingénieurs chargés d’étude et maitres d’ouvrage) est dans ’ensemble peu formé sur l'usage, les
potentialités et les limites de ce type d’approche.

L’approche 2D constitue un intermédiaire entre les approches 1D et 3D car elle est basée sur des hypothéses
moins contraignantes que ’approche 1D et elle est moins cotiteuse en termes de calcul, de pré et de post-
processing. Les données expérimentales acquises sur le pilote Icube d’étude des inondations urbaines (voir
section 6.1) ont donc été confrontées aux codes :

Neptune2D développé dans le cadre de la thése de Q. Araud (voir section 3.3.1), qui résout les équations de
Saint-Venant 2D par une approche aux éléments finis avec un schéma de Galerkin discontinu;

Ansys-Fluent qui résout les équations RANS (Reynolds Averaged Navier-Stokes) sur un maillage tridimensionnel.
Pour les graphiques présentés par la suite, un modéle k — € est utilisé.

Seule la comparaison des résultats est présentée ci-aprés, la construction du modéle et I’analyse de sensibilité
au maillage et aux différents paramétres (modéle de turbulence, coefficient de Strickler, ...) sont décrites par
2.

La figure 7.1 compare la répartition des débits expérimentaux et modélisés pour différentes configurations.
La premiére colonne compare les débits expérimentaux et modélisés sortant de chaque rue. Pour ’ensemble
des configurations, la distribution expérimentale des débits & 'aval du réseau de rue est reproduite par les
modélisations 2D et 3D. La seconde (respectivement troisiéme) colonne de la figure 7.1 représente, pour chaque
rue, ’écart entre les débits simulés et mesurés adimensionnalisé par le débit total injecté (respectivement par
le débit de la rue). La modélisation 3D reproduit généralement les débits expérimentaux avec moins d’erreurs
que la modélisation 2D. On observe toutefois que les erreurs maximales n’apparaissent pas pour les mémes
rues et configuration quand on compare approches 2D et 3D (I'erreur maximale est observée pour la rue 5
de la configuration Qo = 20m?/h pour Iapproche 3D et la rue G de la configuration Q;,y = 80m?3/h pour
Papproche 2D). Le tableau 7.1 fait la synthése les écarts maximum et moyen obtenus pour les différentes
configurations entre les débits expérimentaux et simulés. L’erreur de la modélisation sur le débit a ’aval
de chaque rue représente moins de 1% du débit total en moyenne (avec un maximum a 2,3%). Des erreurs
significatives (10% en moyenne allant jusqu’a 35%) sur le débit d’une rue peuvent toutefois étre observées.
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FIGURE 7.1 — Comparaison des débits mesurés et simulés & ’aval des rues. Pour chaque rue, Q;,,, représente
le débit sortant simulé (par une approche 2D ou 3D), Qs le débit expérimental sortant et Qo le débit total
sortant du réseau de rues.
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TABLE 7.1 — Caractérisation des erreurs moyennes et maximales obtenues en comparant les débits simulés
et mesurés

2D 3D
Qtot Erreur max 2,3% 1,7%
Erreur moyenne | 0,7% | 0,5%
Erreur max 36,2% | 35,1%
Qrue

Erreur moyenne | 12,2% | 8,2%

La figure 7.2 compare les hauteurs d’eau mesurées et simulées pour la configuration avec un débit total
Qior = 100m3 /h équiréparti entre les faces d’injection Nord et Ouest (¢ouest = 50%). Les résultats issus des
deux modéles montrent, en accord avec les mesures expérimentales, un gradient de hauteur d’eau orienté
depuis le coin Nord-Ouest vers le coin Sud-Est. La modélisation 2D tend toutefois & surestimer la hauteur
d’eau pour les points les plus éloignés des conditions limites aval (coin Nord-Ouest du réseau de rues)
(voir figure 7.2 bas gauche). La carte des écarts relatifs sur les hauteurs d’eau modélisées montrent que
la précision des modéles 2D et 3D est environ de 10% avec toutefois des écarts significatifs en termes de
hauteurs avec des écarts pouvant atteindre 50% localement. Dans le cas du modéle 2D, les écarts sont plus
marqués immédiatement & ’aval des carrefours. Ces zones correspondent aux endroits ou les résultats 3D
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montrent que I’hypothése d’un profil de pression hydrostatique (employée par la modélisation 2D) n’est pas
vérifiée.
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FI1GURE 7.2 — Comparaison des hauteurs d’eau mesurées expérimentalement et simulées. Haut : cartes des
hauteurs d’eau modélisées; Bas : carte des écarts relatifs ; Gauche : avec Neptune2D ; Droite : avec Ansys-
Fluent.

L’importance des phénoménes tridimensionnels dans le pilote expérimental peut a priori expliquer les
difficultés rencontrées par I'approche 2D pour reproduire les données expérimentales. Actuellement, aucune
donnée sur les champs de vitesses verticaux dans le pilote ne permet de confirmer ou d’infirmer cette
hypothése. Toutefois, des vitesses verticales significatives impliquent que le profil de pression n’est hydrostatique.
La figure 7.3 présente les écarts entre la pression modélisée au fond du pilote par 'approche 3D et la pression
hydrostatique normalisés par la pression hydrostatique. Au niveau de nombreux carrefours, ’écart entre
la pression réelle et la pression hydrostatique est significatif (environ 10%). Ces écarts peuvent induire un
mauvais bilan des forces s’exercant sur le fluide au niveau des carrefours et ainsi modifier la répartition des
débits. Il est ainsi probable que les écarts de répartition de débits entre les deux modélisations soient expliqués
par l'incapacité de I’approche 2D & prendre en compte l’effet des pressions non-hydrostatique.
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FI1GURE 7.3 — Ecart relatif entre la pression modélisée au fond du pilote par Papproche 3D et la pression
hydrostatique

La confrontation de modéles numériques 2D et 3D aux données expérimentales montre que la modélisation
3D permet de reproduire plus finement la physique observée. Cette légére amélioration peut toutefois étre
contrebalancée par les cotits du 3D (a la fois en préparation du modéle et en simulation). L’intercomparaison
des résultats issus des deux modéles montrent que les écarts peuvent s’expliquer en partie par 'invalidité de
I’hypothése d’un profil de pression hydrostatique employée dans les approches 2D. Cette observation devrait
étre investiguée plus avant expérimentalement et in-situ pour étre confirmée ou infirmée. Le cas échéant, les
approches de modélisation nouvelle génération devraient ainsi s’affranchir de cette hypothése.

7.1.2 Analyse de sensibilité dans un réseau de rues

La modélisation d’inondations dans un réseau de rues implique un nombre conséquent de conditions
limites par rapport & une modélisation en cours d’eau ; par exemple : 28 conditions limites (1 par rue) pour
le pilote Icube contre seulement 2 (Amont et Aval) pour un cours d’eau. L’augmentation du nombre de
parameétres et la difficulté opérationnelle pour estimer chaque condition & la limite dans un réseau de rues
peut se traduire par une incertitude de modélisation conséquente. Dans le cadre opérationnel, ’estimation de
cette incertitude passe souvent par ’emploi d’une méthode OAT (One At a Time). Cette approche consiste
& étudier la variation de résultats d’une simulation en perturbant chaque paramétre indépendamment des
autres. La limite d’une telle approche réside essentiellement dans I'impossibilité de détecter les interactions
entre paramétres d’entrée (qui peuvent étre importante pour des systémes d’équations non-linéaires comme
les équations de Saint-Venant). Une méthode globale de décomposition de la variance est ainsi privilégiée
[19, 54, 53] pour caractériser la sensibilité des résultats du modéle & ses paramétres. L’inconvénient d’une
telle méthode reste le nombre important de simulations & réaliser pour décrire correctement l’espace des
parametres.

Une modélisation de la configuration expérimentale avec un débit total injecté Qo = 80m?/h équiréparti
entre les faces amont a été réalisée avec Telemac2D. Une analyse de convergence au maillage et une calibration
du coefficient de Strickler K ont été réalisées. La sensibilité des résultats & quatre paramétres est évaluée :
Qouest €t Qnorq les débits d’entrée sur les faces Ouest et Nord, la hauteur d’eau en sortie h,,: et un
coefficient de frottement uniforme K. Les gammes de variations des paramétres sont déterminées & partir
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des incertitudes expérimentales (Q% ., + 5%, Q. +5%; h¢®, +10% et K +£50%). Ny = 2000 jeux de

west out
parameétres permettent une bonne estimation a des indices de Sobol d’ordre 1 dans cette configuration avec

la méthode de [49].

50



Sobol index of Q-West

Sobol index of Q-North

018 T T T
a5 45f [r— 016
016
o ——
ar 4r | 014
0.4
351 T—— 351 B
012
0.2
3k 3t i
— o
04
Eosp Easf 1
008
et | e
2 2f 1
008 008
150 150 J
004 0.04
s s B
0.02
05 0.02 05 4
0 . . . \ . ) o . . \ A
0 05 1 15 2 25 3 35 45 0 05 1 15 2 25 3 35 4 5 5
x(m) x(m)
i Sobol index of Hout
s Sobol index of Friction 5 — T T T T 1
0.55 I /
asf =S
455 05
09
ak 0.5 4 J
— 08
04 r— 1
a5l 35
035
3t ° 07
03 =
Eosf 4
Eost Z25
025 08
oL e 2F 1
02
L | 05
150 5
e 0.5
1+ T b
04 04
L 05 1
05 005
\ 03
. . . . . \ o . . . . . L
0 05 1 15 2 25 3 35 45 0 05 1 15 2 25 3 35 4 45 5
x(m) X (m)
The sum of all Sobol indices 5 Location of selected points
T 1T B VY\N\N = * :
4
45t
3
05 .
3
M =
2
3sf
09 !
— T
L 0
3 o 1 2 5 |-Qwes( [ L l:IK‘
x(m)
_ 1 S —
Eas 0.5 ==
0.8
As
x
S
° EUG
151 2
5
@
04 [
T 075
05 0.2
07
0 - —J 0
0 05 1 15 2 25 3 35 45 1 3 4 5 6 7 8 9 10 11 12 13 14

x(m)

Point
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La figure 7.4 présente les cartes des indices de Sobol d’ordre 1 pour la hauteur d’eau. Ces indices
correspondent au pourcentage de la variance de la hauteur d’eau locale expliquée par chaque paramétre.
La somme de ces indices (figure 7.4, bas gauche) est partout inférieure ou égale & 1 indiquant que le nombre
de simulations (N = 2000) est suffisant au vue de ’espace des parameétres testés. Il est intéressant de noter que
cette somme diminue significativement & I’aval de la rue 1, endroit dans lequel I’écoulement est torrentiel juste
a l'aval du carrefour G1 et présente un ressaut hydraulique avant I'exutoire aval de cette rue. La présence
de cette structure induit une forte variabilité des hauteurs d’eau et une potentielle équifinalité entre les
parametres (coefficient de Strickler, débit dans la rue et hauteur d’eau) qui peut expliquer 'importance des
coefficients de Sobol d’ordre supérieur & 1. Il faudrait également vérifier la validité de la méthode d’estimation
des indices de Sobol dans de telles configurations hydrauliques.

La hauteur d’eau & la condition limite aval h,,: et le coefficient de Strickler K sont les parameétres
expliquant principalement la variance de la hauteur d’eau (entre 30 et 100% pour k., et jusqu’a 55% pour le
coefficient de Strickler contre au plus 18% pour les débits Qouest €t Qnorg. La sensibilité & K et g, évolue
globalement dans la direction Nord-Ouest vers Sud-Est avec une décroissance (respectivement croissance)
suivant cette direction de la sensibilité & K (respectivement h,,:). Le gradient de sensibilité aux débits
amonts (Qouyest €t QNorq) suivent cette méme direction et leffet de conditions limites amont diminue pour
étre quasiment nulle a l’aval. Cette analyse montre ainsi I'importance des conditions limites (en particulier
aval) sur la détermination du champs de hauteur d’eau dans le réseau de rues. La définition de I’étendue des
modéles opérationnels est donc particuliérement critique pour garantir la meilleure fiabilité des résultats.

7.2 Développement de nouvelles approches pour la modélisation des
inondations

Une partie conséquente de ma recherche est consacrée au développement de nouvelles approches pour la
modélisation des inondations, en particulier en milieu urbain. Ces travaux ont été réalisés dans le cadre de
plusieurs théses de doctorat (voir section 3.3.1) et ont été publiés dans plusieurs articles et actes de conférences
(voir section 3.1). J’ai également développé (ou contribué a développer) quatre logiciels de modélisation des
inondations. Le tableau 7.2 organise ces travaux selon ’objectif visé : le développement de nouveaux modéles
ou la mise au point de méthodes numériques. Par soucis de concision, seule une partie de ces travaux sont
présentés ici afin d’illustrer mes différentes actions de développement et notamment celles que je souhaite
poursuivre prochainement.

TABLE 7.2 — Tableau de synthése

Développement de modéles Thése Publication Code
Modéle 1D /2D pour les inondations en riviére | P. Finaud-Guyot [13] ACL12, ACL11 SW12D
Modéle Discontinuous Galerkin Q. Araud [2] Neptune2D
Modele d’échange rue-bati C. Choley ACLprep4, ACLprepl2 | SW2D Lemon
Modele 1D /2D pour les inondations urbaines S. Chen [(] C-ACT6 Flood1D2D
Mise au point de méthodes numériques Theése Publication
Solveur de Riemann PorAS P. Finaud-Guyot [13] ACL14
Schéma EVR-DG Q. Araud [2] ACL10
Calcul de la sensibilité directe - ACL13

7.2.1 Solveur de Riemann PorAS pour la résolution des équations a porosité

La modélisation macroscopique des inondations urbaines considére la zone urbaine comme un milieu
poreux. L’effet du bati sur ’écoulement n’est plus pris en compte en représentant les murs dans la simulation
mais plutdt en représentant leurs effets a travers une porosité définissant I’espace disponible pour ’écoulement.
Il existe aujourd’hui plusieurs systémes, basés sur les équations shallow water et paramétrisés par une ou
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plusieurs porosités. Les équations shallow water 1D ! & porosité uniforme s’écrivent de maniére générique :
ou OF
=S

=T 7.1
ot oz ™)
ou U est le vecteur des variables conservées, F est le vecteur flux et S le vecteur des termes sources :
U:[¢h] F - q2¢q1 S = ’ B (7.2)
¢q ¢Z + §9h2 goh (So — S¢) + gh2%

ou g représente 'accélération de la pesanteur, ¢ est la porosité i.e. le ratio entre la surface de la maille
disponible pour I’écoulement et la surface totale de la maille, h est la hauteur d’eau et ¢ le débit unitaire.
So = —02,/0z est la pente du fond (avec 2, la cote du fond) et Sy = [u/ (Kh2/3)]2 la pente de la ligne des
frottements. Dans la suite, on considére Sy = 0 pour ne pas prendre en compte l'effet des frottements pour
le calcul des flux & travers l'interface entre deux mailles. Numériquement, ce terme est pris en compte de
maniére séparée avec un algorithme de type time-splitting.

La résolution de ces équations par une approche aux volumes finis permet d’estimer la valeur du vecteur
U?H dans la maille ¢ au temps t"1! & partir des valeurs au temps t" et des flux traversant les interfaces de
la maille i :

At
8

ou At représente le pas de temps de calcul, N (i) la liste des interfaces délimitant la maille ¢, L, la longueur
de l'interface j, n; le vecteur unitaire normal & l'interface j et orienté vers l'extérieur de la maille 7. Pour
garantir la stabilité du schéma numérique, At doit vérifier la condition CFL : At < Axz/max; ();) avec Az
la distance entre deux mailles et A; la célérité d’onde & travers 'interface j. F; représente le vecteur des flux
traversant l'interface j entre les dates t” et t"*!. Ce flux peut étre déterminé en résolvant un probléme de
Riemann & travers l'interface j avec Uy, et Upg les états gauche et droit du probléme de Riemann.

Le systéme d’équations shallow water & porosité (7.1) est un systéme hyperbolique caractérisé par 2
équations. Il a donc existence de la matrice Jacobienne A = 9F/0U qui admet deux valeurs propres :
Al =u—cet Adg = u+ c avec ¢c = y/gh la célérité des ondes de pression. En multipliant (7.1) & gauche par
A, il vient :

urtt =ur - Z L;F; -n; +S(UY) (7.3)

JEN (i)

ou OF

OF 0oU OF

au ot TG —AS
OF OF
or o _ A4
o +A8x AS (7.4)

Ce systéme d’équations est lui aussi hyperbolique et en introduisant K, K~! et A les matrices des vecteurs
propres de A et son inverse ainsi que la matrice des valeurs propres de A, on obtient :

OF  OF
5 TAG, —AS
OF OF
-1Y5 —1AYY -1
Ko +K A =K 'AS
F F
K—l%t - K‘lAKK‘lg— =K 'AKK™'S
X
OF OF
-1 -19% _ -1
Ko+ AK ™ o = AK™'S
oW OW ,

1. Dans les configurations 2D, il est possible de se ramener & un probléme 1D en projetant les équations dans le référentiel
associé a 'interface entre deux mailles de calcul.
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avec AW =K !dF et S’ = K~!S :

9¢
1 - 1 | —9%hSo —gh®—— 1 -
o[ i ] ot AR
' “| gohSo+gh® - ¢
ox
L’équation (7.5) est équivalente au systéme d’équations :
dW . dz
- - A5}, suivant i e, k={1,2} (7.7)

ou Wy, est 'invariant de Riemann suivant la caractéristique k et ou dWj, = 212:1 K fkl dF; avec K fkl la valeur
de la ligne k et de la colonne ! de la matrice K~'. Sous I’hypothése que \j est constante sur le pas de temps
de calcul (ce qui est justifié au vue de la finesse de la discrétisation temporelle imposée par la condition CFL),
(7.7) peut étre intégrée entre Ay (zy,t") le pied de la caractéristique A, au temps t" et M (2,41 /2,t"+/?)
linterface au temps t"+1/2 :

M(m1+1/2,t"+1/2) pnt1/2 o
/ dWwy, = / AeSpdt, k= {1,2}
Ak(wk,t") tm
M(zi+1/2,t"+1/2) 2 tn+1/2 L
/ > KR = / ASpdt,  k={1,2} (7.8)
Ag(@g,tm) t

ol ST; est la moyenne de S,; le long du chemin d’intégration et ou :

N K} (Up) sidg <0
K= Kljg . (7.9)
Lk (UR) sidp >0
Sur le chemin d’intégration, Ay et K fkl sont constants et (7.8) peut donc s’écrire :
( i+1/2’tn+l/2) gnt1/2 o
ZK / dF, :/ ApSpdt, k= {1,2}
A(ap,tm) tn
2 tn+1/2
S K (Fiu —Fia,) = / \eSpdt,  k={1,2} (7.10)
tn

=1

avec Ay a gauche de linterface pour Ay > 0, & droite sinon. En supposant que les deux ondes A; et A
caractérisent deux ondes de raréfaction, on a A\ <0 et Ao >0 :

2 1 tn+1/2 =7
21:1 Kl,R (FZM - Fl,R) = Jin A1 Spde
gnt1/2

212:1 K17L1 (Fim — FiL) = [ Ao Shdt

Ao (Fiv — Fir) — (Fon — Fop) = 8P\ ? =-M\51 (7.11)
M (P —Fin)+(Fom—Fop) = At)\ = X252
En supposant S; = Sa, la résolution du systéme (7.11) permet d’estimer les flux a 'interface :
Fl,M:AM [Fo.. — For + AoFir — M Py + SW)] (7.12)
Fynr = 5750 [MeFor — MFar+ dehi (Fir — Fio) + (Ao + A1) S
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S et S?) sont les termes source "topographiques" correspondant aux effets des variations de topographie
et de porosité a l'interface :

W = %9 (h(Lll)«‘i>2 (¢r — o) — (h) 14 (2.1 — 2.1

5% = 29 (K2 (6n — 61) — (602 (200 — 21) (7.13)

2 2
Ces expressions font intervenir les termes ((bh)(Ll])%, ((bh)(LQ])%, (h(Lll)%) et (h(LQI)%) qui doivent &tre estimés 3
Iinterface. La réalisation de bilans de masse et de quantité de mouvement permettent de déterminer des
valeurs de ces termes afin de préserver les conditions d’équilibre statique (voir [14]) :

(¢h)(Ll])z = min (¢r; dr) (ZLR B ZMQ)

2
(h(1)>2 _Jho sigL > 9r
LR hr si¢r < ¢r

Zr SiZb,L > 2yR
ZLR = . (714)
Zr S12y,L < 2R

(6h)Fy =0
2
2
(r2) =0

Ce nouveau solveur de Riemann PorAS a été validé sur plusieurs cas tests. La figure 7.5 présente une
comparaison des résultats simulés avec les solveurs PorAS et HLLC avec la solution semi-analytique pour
un écoulement permanent au-dessus d’une surélévation du fond. Les deux solveurs reproduisent fidélement la
hauteur d’eau sur la bosse. En revanche, seul le solveur PorAS arrive & produire un profil de débit unitaire
correct. L’incapacité du solveur HLLC a produire un profil de débit unitaire constant est lié au fait que
le solveur HLLC n’est plus well-balanced pour des équations a porosité [22, 32]. La figure 7.6 compare la
solution semi-analytique avec celles des solveurs PorAS et HLLC pour un écoulement permanent dans un
rétrécissement. Les deux solveurs reproduisent fidélement la hauteur d’eau dans le rétrécissement, méme en
configuration transcritique. Le solveur PorAS est également validé sur des cas tests transitoires avec et sans
porosité [14]. Il permet ainsi de résoudre les équations shallow water a porosité isotrope.

1.2 1.55 7
1.0 —Reference —_
o HLLC 1541 Reference
+ Poras ’ ° HLLC
0.8 1 — Bottom +
— > Poras
S &
N 0.6 R ——R
o Ooo
o P
04 seonao ™
1.52
02
0.0 w \ w ‘ 1.51 : ‘
5 10 15 5 10 15
x (m) X (m)
(a) profil de hauteur d’eau (b) débit unitaire

FIGURE 7.5 — Ecoulement permanent sur une surélévation du fond.
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Reference
° HLLC
+ Poras

P
(pm

a, 0.1
X 0.0 : : ; : \ \ ; ‘ ‘ ‘
X 0 10 20 30 40 5 60 70 80 90 100
X (m)
(a) distribution de la porosité : X,, = 50m, Lo = 25m, ¢p = 1 et (b) profil de hauteur d’eau

¢m =0,5

FIGURE 7.6 — Ecoulement permanent dans un rétrécissement.

7.2.2 Modéle 1D /2D opérationnel pour la modélisation des inondations urbaines

Les écoulements dans les intersections de rues décrits dans la littérature et observés dans le pilote
Icube d’é¢tude des inondations urbaines montrent la présence de zone de recirculation dans les rues aval
des carrefours. Ces contractions d’écoulement, induisent localement des accélérations, pouvant produire un
changement de régime avec un passage de fluvial & "amont du carrefour a torrentiel a I’aval (comportement
observé qualitativement dans tous les derniers trongons de rue des expériences sans seuil ; voir section 6).

D’un point de vue opérationnel, la connaissance des champs de hauteur et de vitesse 1D dans chaque rue
est généralement suffisante. La modélisation 1D des rues semblent donc suffisante toutefois, la physique des
écoulements dans les carrefours impose une approche 2D dans la mesure ou les modéles de répartition de débit
au carrefour restent trop spécifiques a certaines configurations (3 branches, permanent, sections identiques,
absence de changement de régime, ...).

Ces deux constations suggérent la mise au point d’'un modéle pour la reproduire des inondations urbaines,
2D dans les carrefours et 1D dans les rues sans direction supposée pour ’écoulement. Le couplage 1D-2D
est réalisé a ’aide d’une approche cut-cell. Afin de faciliter les calculs numériques au droit du couplage mais
également pour permettre aux zones 1D de reproduire les pertes de charge liées aux changement de direction
(ce que ne peut faire un modéle 1D classique), I’hydrodynamique de toutes les mailles est représentée par un
modeéle shallow water 2D :

q T
0
d o | ¢ 1 d ar
sl vt w +7§gh2 i B = | gh(Sox—Sfa) (7.15)
r % % + %ghQ gh (So.y = St.y)

avec t (respectivement z et y) la coordonnée de temps (respectivement les coordonnées d’espace), g ’accélération
gravitationnelle, h représente la hauteur d’eau, ¢ (respectivement r) le débit unitaire dans la direction z
(respectivement y). Sp . (respectivement Sy, ) est la pente du fond dans la direction = (respectivement y)
et Sy, (respectivement Sy,) la pente de la ligne des frottements dans la direction = (respectivement y)
exprimée & partir de la formule de Strickler :
0z 0z u? + v?)1/2 u? 4 v2)1/?

’ Oz Y dy ’ K2p4/3 Y K2p4/3
ol z, est la cote du fond, K le coefficient de Strickler et u = ¢/h (respectivement v = r/h) la vitesse dans la
direction z (respectivement y).
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Dans les rues modélisées avec une unique maille sur la largeur (approche 1D), ce modéle est incapable de
prendre en compte l'effet des zones de recirculations présentes a I'aval des carrefours. Une approche effective
est donc employée considérant que les mailles 1D représentent la totalité de la largeur de la rue et peuvent
contenir deux domaines différents (voir figure 7.7) :

Qu la zone d’écoulement ineffectif du fait de la recirculation et pour laquelle le vecteur vitesse modélisé
est supposé nul ;

Q, la zone d’écoulement contracté par la recirculation.

La contraction est représentée par ¢ = L,/L avec L = L, + L, ou L représente la largeur totale de la
maille 1D (et donc de la rue) et L, (respectivement L,) est la largeur de la recirculation (respectivement
de I’écoulement contracté). Cette définition de ¢, correspondant & une largeur effective d’écoulement, est
analogue & une porosité telle que définie par [31].

Iop

N

1D cells 2D cells

x = |Mpervious BC

FIGURE 7.7 — Schéma d’une configuration classique avec un couplage 1D/2D "frontal" & proximité d’un
carrefour

Les équations shallow water 2D sont discrétisées avec une approche aux volumes finis :

1
U?+1 = U? — At X Z Pi,ijF? + S(U?) (717)
' JEN()

onU; =hgq r]T est le vecteur des variables modélisées, F/ représente les flux de Riemann a travers l'interface
J, S(U7) est le vecteur des termes source qui s’appliquent sur la maille 7, L; est la longueur de I'interface j
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et P; ; est la matrice de passage entre le systéme de coordonnées global et celui attaché a 'interface j de la
maille ¢ et N (¢) représente ’ensemble des interfaces entourant la maille i.

Du fait de la topologie du maille considéré, ’ensemble des interfaces entourant la maille i, N (¢) peut étre
décomposé N (Z) = NlD,w U NlD,BC U NlDlD U N2D,BC U NQDQD U N1D2D en différents ensembles d’interfaces
en fonction de la nature des éléments & gauche et & droite de l'interface :

Nip,w est ’ensemble des interfaces d’'une maille 1D correspondant & un mur
Nip,pc  est 'ensemble des interfaces d’'une maille 1D correspondant & une condition limite du modéle

Nop e est 'ensemble des interfaces d’'une maille 2D correspondant & une condition limite du modéle

Nipip est I’ensemble des interfaces entre deux mailles 1D
Napap est I’ensemble des interfaces entre deux mailles 2D
Nipap est I’ensemble des interfaces entre une maille 1D et une maille 2D

Les ensembles Nip ., Nipip et Nip2p regroupent des interfaces pouvant étre en contact avec les deux
domaines d’écoulement (2, et €, définis & I’échelle sous-maille. Ces ensembles sont donc redivisés : Nip w U

Nipip U Nipap = (N1ip,wu U Nip,we) U (N1p1pw U N1pipw) U (Nip2p.w U N1p2p.w)-
L’équation (7.17) devient ainsi :

n+1 __ n
urtt =y

- > P;;L;F}

" jeNip,BcUN2p e

At n
-5 2 PuLF

" j€Napap
At
n
A > PijLuiF,;
’ JE€EN1D,WwuUN1D1D,uUN1D2D u
At

n
_ P ;L. ¥y ;
’ J€EN1D,vwUN1D1D,wUN1D2D o

— AtS(UT) (7.18)

ot lalongueur L, ; (respectivement L, ;) représente la largeur de la recirculation (respectivement de ’écoulement
contracté) le long de linterface j. L, ; est estimée comme la moyenne des largeurs de recirculation de part
et d’autre : Ly, j = (Ly,z + L, r)/2 ou lindice 1, (respectivement g) fait référence a la maille du coté gauche
(respectivement droit) de l'interface. En prenant en compte la définition de ¢, il vient L, = (1 — ¢) x L; et
donc :

L, L,
Lu»j = ( L ;771%) = |:1 — LL ; ¢R:| X Lj
oL + or
L= 1, (7.19)

Les flux (F?, F ; et By j), a travers chaque type d’interface, sont calculés a I'aide du solveur de Riemann
PorAS (voir section 7.2.1) paramétrisé en fonction des états gauche et droit de chaque interface. Le tableau
7.3 explicite comme le solveur de Riemann est paramétrisé pour prendre en compte les spécificité des états
gauche et droit de chaque interface.
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TABLE 7.3 — Description du calcul des flux de Riemann. F; est le flux de masse & travers l'interface,
F, (respectivement F3) est le flux de quantité de mouvement dans la direction normale (respectivement
tangentielle) a interface. L’exposant " indique les flux calculés par le solveur de Riemann PorAS (voir
section 7.2.1).

Domaine Flux
Ensemble | Gauche | Droite U, Ugr Ok -
ou 1D | ou 2D 1 2 3
+
Nipipw | @pu | Qpu || [R 0 0] [h 0 0] w 0 | Fy | F}
- g T q T il
Nipipw | $apw | ibw h s 9 { h 5 9 } w F{ | F; | F}
NlD,Wu QlD7u Mur [ h 0 0 ] BC 1 0 Fg Fg
) o
Nip.ww Mpw Mur h % P BC 1 0 | Fy | F}
Nipepw | QD Qap [ h qO 94] [h q 7] ?1D 0 | Fy | Fj
Nip2p,w Mpw Qap h iy hoq 7| 91D F, | F, | F}

Ce nouveau modéle a été implanté dans le code de calcul Flood1D2D 2. L’intérét de cette nouvelle
parameétrisation des équations shallow water pour modéliser les inondations urbaines est montré sur deux cas
tests. Le premier cas test vise & modéliser I’écoulement dans un carrefour (voir section 7.2.2.1) et le second
dans un réseau de rues (voir section 7.2.2.2).

7.2.2.1 Modélisation d’un carrefour isolé

Le nouveau modéle est validé pour la modélisation d’un carrefour isolé sur la configuration expérimentale
étudiée par [13]. Les rues sont modélisées avec une maille sur toute la largeur et 'intersection est maillée
finement (environ 15 mailles sur la largeur d’une rue) (voir figure 7.8a). Des conditions limites symétriques
sont, employées afin de garantir une équirépartition des débits dans les branches aval : Qnorda = Qouest =
0,075m? /s et des courbes de tarage identiques & ’aval des rues Est et Sud. La simulation est menée en régime
permanent et confrontée & une simulation avec le logiciel Telemac 2D qui sert de référence.

La porosité dans les rues aval est paramétrisée avec la relation : ¢ (s) = as? + bs + ¢ ol ¢ est le ratio
B/Bs avec By la largeur totale de la rue et B la largeur de la recirculation, s est I’abscisse le long de la rue
aval (s = 0 est positionné arbitrairement & I’amont de la rue et orienté dans le sens de ’écoulement). a, b et ¢
sont trois coefficients calculés tels que ¢ (0) = ¢ (Ls) =1 et ¢ (Ls/2) = 0,3 avec Ly = 3,3m la longueur de la
recirculation (déterminée a partir de la simulation de référence). Les modélisations réalisées avec Flood1D2D
utilisent un coefficient de Strickler uniforme K = 100m'/3.s~*.

La figure 7.8b compare les lignes d’eau modélisées avec Telemac2D (Courbe Référence), avec Flood1D2D
parameétrisé sans porosité (Courbe 1D2D - K) et avec Flood1D2D paramétrisé avec porosité (Courbe 1D2D
- ¢). Les profils de hauteur d’eau a amont du carrefour sont comparables avec la référence (avec une
différence d’environ 5mm pour une hauteur d’eau moyenne de 0,11m. A D'aval du carrefour, du fait de la
zone de recirculation, 1’écoulement est accéléré et la surface libre de la solution de référence présente une
inflexion pour z € [3,5;8, 5] m. Cette forme est reproduite par Flood1D2D lorsqu’il est paramétrisé par une
porosité mais pas lorsqu’il est paramétrisé seulement par un coefficient de Strickler. Méme avec un coefficient
de Strickler variant spatialement, ce type de profil contracté ne peut étre reproduit par une approche 1D
classique car le coefficient de frottement intervient seulement dans le terme source Sy de I’équation de Saint-
Venant (voir (7.16)). En effet, ce terme est de signe strictement opposé a celui de la vitesse et donc de signe
constant dans chaque rue aval. Le profil de hauteur d’eau modélisé par une telle approche ne peut donc varier
que de maniére monotone.

Le nouveau modéle propose donc une approche 1D effective capable de prendre en compte 'effet des
recirculations sur les niveaux d’eau. Une calibration du profil de porosité et du coefficient de frottement doit

2. https://sourcesup.renater.fr/projects/flood1ld2d/
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permettre de mieux reproduire la référence. La problématique de 1’équifinalité entre les termes K et ¢ doit
toutefois étre investiguée.

Water height along the channel (line A-B)

Water height (m)

—Reference
0.125 —1D2D - ¢
—1D2D - K

o
-
N

m
©
=
-
o

0.11

Water height (

0.105

0.1

0.095

x (m)

(b)

FIGURE 7.8 — Modélisation d’un carrefour & 4 branches. (a) Carte des hauteurs d’eau produite par Flood1D2D
paramétrisé avec K et ¢, pour un débit amont Q = 0,15m?/s équiréparti entre les branches Nord et Ouest
et avec une courbe de tarage a I'aval des branches Sud et Est; (b) profils de hauteur d’eau obtenus avec les
différentes approches.

7.2.2.2 Modélisation d’un réseau de carrefours

Cette section montre les effets d’une distribution de porosité sur I’écoulement modélisé & I’échelle de
plusieurs carrefours. La réponse du nouveau modéle est étudiée sur une sous partie du pilote Icube d’étude
des inondations urbaines afin d’utiliser toute la complexité d’un jeu de données expérimental tout en limitant
les cotits de calcul et le nombre de paramétres. La sous partie choisie comprend 4 carrefours connectés par des
rues de largeurs et orientations variables, au centre du dispositif expérimental (voir figure 7.9a). La largeur
des rues larges (F et 4) est de 12.5cm et 5cm pour les plus petites. Un carrefour est identifié par le nom des
deux rues le formant (ex. 'E3’). Une sous partie d’une rue est nommée en utilisant les noms des carrefours
amont et aval (ex. 'E3E4’).

Les données expérimentales en régime permanent ([2, 15, 16]) permettent de connaitre le débit et les
hauteurs d’eau dans chaque rue, ces derniéres étant mesurées de chaque coté de la rue. Le réseau est modélisé
en utilisant un modeéle 1D2D sur un maillage non structuré avec un pas d’espace Az = 0.025m (voir figure
7.9b). Les rues sont modélisées avec des mailles 1D et les carrefours en 2D. Les conditions aux limites
consistent en des débits amonts pour les rues E, F, 3 et 4 (correspondant aux valeurs expérimentales) et
des courbes de tarage expérimentales pour chaque condition limite aval. Le solveur de Riemann PorAS est
utilisé pour le calcul des flux (voir section 7.2.1). Dans chaque configuration, une simulation de 1000s permet
d’atteindre un régime permanent sur tout le domaine. Cette configuration est utilisée pour tester la réponse
du nouveau modéle avec deux paramétrisations différentes :

Config 1  Pas de porosité (¢ = 1 partout) et des valeurs du coefficient de Strickler différentes dans les rues
Kireer €t les carrefours Keposs ;

Config 2 Un coefficient de Strickler uniforme sur tout le domaine et une distribution de porosité dans
chaque rue.
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Config 1 : Surface de réponse a Koot €t Kiross Le modéle est paramétrisé avec deux coefficients de
Strickler uniformes : Kgireer dans les rues et K...ss dans les carrefours. Chaque parameétre est pris parmi les
valeurs {25, 50, 75, 100, 125, 150} m'/3.s~! et toutes les combinaisons sont testées.

La figure 7.9c compare les débits simulés dans les rues de sorties avec les valeurs expérimentales; pour
chaque rue, la premiére barre correspond a la mesure expérimentale. Pour tous les jeux de paramétres testés,
les débits simulés pour les rues E et F (respectivement 3 et 4) sous- (respectivement sur-)estime les valeurs
mesurées. Le parameétre Kyt semble controler le valeur du débit moyen dans la rue (voir par exemple
la variation de débit pour la rue 4 quand Kgppeer varie de 25 & 50). K.ppss a un impact plus limité sur la
répartition des débits avec une influence toujours similaires autour de la valeur imposée par Kgireet-

Il apparait donc que le modéle 1D2D paramétrisé uniquement avec un coefficient de Strickler (méme
variable en espace) soit incapable de reproduire la répartition expérimentale des débits.

Config 2 : Surface de réponse a K,,;r, ¢ et ¢y Dans la mesure ol la sensibilité du modéle aux
paramétres K eet et Keross est faible, un coefficient uniforme K,,;; = 75m'/3.s~! est employé. Dans chaque
rue a ’aval d’un carrefour, la porosité est définie comme avec une fonction parabolique de la position :

6(s) = as® +bs+c pour 0 < s <0.5 a?fec #(0) =0 (1/2) =1 et ¢(1/4) = ¢, (7.20)
1 ailleurs

ou s est l'abscisse curviligne adimensionnalisée (0 (respectivement 1) & I'amont (respectivement aval) de
chaque rue. Le modéle est paramétrisé en ajustant les valeurs de a, b et ¢, avec ¢, dans les rues larges (F
et 4) et ¢ dans les rues étroites (E et 3). La surface de réponse du modéle est déterminée pour toutes les
combinaisons de ¢, et ¢ dans {0.25, 0.50, 0.75, 1.00}.

La figure 7.9d compare les débits simulés avec les valeurs expérimentales ; pour chaque rue, la premiére
barre correspond & la mesure expérimentale. Pour toutes les rues, la gamme de paramétres permet d’obtenir
des simulations sous- et sur-estimant la valeur expérimentale (contrairement aux résultats de la configuration
1). En raison du cott de chaque simulation, I’échantillonnage de ’espace des parameétres est grossier. Toutefois,
la surface de réponse est pratiquement centrée autour de la valeur expérimentale ce qui suggére ’existence
d’au moins un jeu de paramétres ¢y, et ¢ permettant de retrouver les valeurs expérimentales.
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FIGURE 7.9 — Analyse de sensibilité dans un réseau de carrefours. (a) pilote Icube et zone modélisée; (b)
maillage 1D2D employé; (c) sensibilité du débit de sortie & une paramétrisation avec Kgipreet €6 Keross 3 (d)
sensibilité du débit de sortie et dans les rues & une paramétrisation avec ¢, et ¢n.
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Chapitre 8

Conclusion

Le changement climatique accroit les préoccupations liées aux inondations. En effet, la population concernée
par ce risque naturel majeur est importante & échelle francaise et planétaire et devrait augmenter dans les
années & venir. La modélisation reste aujourd’hui ’outil principal pour produire des cartes d’aléas aidant le
décideur pour I’aménagement durable du territoire.

Ma recherche contribue donc, depuis le début de mon doctorat, & la mise au point d’outils numériques
opérationnels pour la modélisation des inondations. Deux approches complémentaires ont été employées : des
campagnes expérimentales visant & mieux comprendre la dynamique des inondations urbaines et une étude
numérique proposant de nouveaux modéles ou schémas numériques pour la modélisation des inondations,
notamment en zone urbaine.

J’ai développé le programme expérimental du pilote Icube d’étude des inondations urbaines. Sur ce
pilote, la distorsion géométrique (échelle horizontale A, = 1/200 et échelle verticale A, = 1/20), nécessaire
pour permettre de mesurer la distribution des hauteurs et des vitesses, autorise probablement des effets
tridimensionnels expérimentaux exagérés par rapport aux effets présents dans la réalité (qui restent inconnus
par manque de données in-situ). Plusieurs campagnes expérimentales ont toutefois été réalisées en régime
permanent afin de caractériser les écoulements a différentes échelles.

A Téchelle du quartier, la répartition des débits entre les différentes rues aval a été caractérisée pour
différentes répartitions des débits amont et distribution de seuils a I’aval. Un effet de filtrage de la géométrie
sur la répartition des débits aval a été mis en évidence. Au cours des expériences menées, il n’a pas été possible
de perturber significativement cette répartition. La réalisation de mesures en régime torrentiel (obtenu en
imposant une pente dans les rues) ou la réalisation d’expériences transitoires pourraient permettre de modifier
plus significativement cette répartition et ainsi comprendre les paramétres déterminant dans la répartition
des masses d’eau entre quartiers inondés.

La caractérisation des hauteurs et vitesses dans le réseau de rues a permit d’explorer la répartition des
débits a échelle plus fine. La distribution des hauteurs d’eau adimensionnalisées par la différence amont-aval
est indépendante des débits totaux injectés dans le pilote, suggérant ainsi que I’hydrodynamique n’est pas
modifiées significativement entre les différentes expériences. L’analyse des profils de vitesse sur la largeur des
rues montrent que ’hypothése courante que les carrefours n’exercent pas d’influence les uns sur les autres n’est
pas vérifiée dans toutes les configurations. Par ailleurs, I’étude de la déviation du débit par les sous-quartiers
montrent des comportements trés différents rendant le downscaling des grandeurs moyennes & 1’échelle du
quartier non trivial.

Enfin, les expériences fournissent des jeux de données conséquents et inédits pour la validation de codes
de calculs des inondations urbaines. En effet, la modélisation des configurations expérimentales a permis de
montrer que les apports de la modélisation 3D par rapport a la modélisation 2D restent modérés (notamment
en prenant en compte les coups de calcul dans I’évaluation) hormis & 1’échelle locale notamment dans les
zones ol les profils de pression ne sont pas hydrostatiques. La comparaison de différents schémas numériques
a montré que les méthodes aux éléments finis testées (schéma RKDG, EVRDG) apportent, par rapport aux
méthodes aux volumes finis (schéma de Godunov), une précision (a finesse de discrétisation équivalente) trés
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inférieure a la sensibilité du modéle aux incertitudes sur les paramétres et pour des temps de calcul supérieurs.

Un modéle couplé 1D /2D pour la modélisation des inondations urbaines est implanté dans le code de
calcul Flood1D2D. Ce modéle propose de modéliser les carrefours avec une approche 2D classique et les rues
avec une approche effective pseudo-1D. Les équations de Saint-Venant employées sont paramétrisées dans les
rues avec une porosité pour prendre en compte 'effet des recirculations qui jouent un role déterminant dans
la répartition de débit dans un réseau de rues. Ce nouveau modéle est validé sur un cas test de rupture de
barrage dans un canal coudé et sur un écoulement en carrefour en régime permanent. L’ajout du terme de
porosité permet de reproduire les déformations de la surface libre calculée par un modéle 2D fin classique 1a
ou un modeéle 1D /2D sans porosité échoue. Par ailleurs, ce nouveau modéle permet de reproduire de maniére
réaliste la distribution des débits observés expérimentalement sur le pilote Icube d’étude des inondations. La
potentielle équifinalité entre les paramétres porosité ¢ et Strickler K doit encore étre investiguée de méme
que la question du profil de porosité ¢ (s) dans une rue.

La qualité des résultats produits par un modéle physique est directement influencée par le schéma
numérique employé pour sa résolution. Le schéma aux EFd (éléments finis discontinus - Discontinuous
Galerkin) avec une discrétisation temporelle par la méthode EVR constitue ainsi un bon intermédiaire entre
un schéma VF (aux volumes finis) et un schéma EFd avec schéma de Runge Kutta 2. Par ailleurs, tous ces
schémas sont basés sur une description conservative de la masse et de la quantité de mouvement nécessitant
la résolution d’un probléme de Riemann a l'interface entre deux mailles de calcul. Le solveur PorAS permet
de mieux estimer ces flux pour des équations de Saint-Venant avec et sans porosité en comparaison avec un
solveur HLLC classique.
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Troisiéme partie

Projet de recherche
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Ma thése de doctorat m’a notamment appris que la recherche n’avait pas de fin car la réponse & une
question améne généralement d’autres interrogations. Ma recherche n’échappe pas a cette régle et les travaux
que j’ai mené depuis le début de ma thése et jusqu’a présent sont les bases pour mon projet de recherche
futur. Ce projet est structuré autour de trois axes de recherche : la modélisation opérationnelle des inondations
urbaines, la mise au point de méthodes multi-échelles pour les inondaitons et le développement d’approches
stochastiques.

Pour pouvoir explorer ces thématiques, je poursuivrai ma recherche active de financement & la fois pour
pouvoir obtenir des jeux de données (expérimentales ou in-situ) alimentant mes travaux mais également pour
financer des stages de Master et des théses de doctorat. Les collaborations existantes devront probablement
étre élargies pour enrichir mes travaux des idées et méthodes d’autres collégues. Enfin, j’adapterai mes
thématiques pour faire le lien avec les directions privilégiées par mes deux équipes de recherche de rattachement :
Hydrologie et Hydraulique Urbaines du laboratoire HydroSciences Montpellier ' et Lemon de PINRIA Sophia
Antipolis - Méditerranée 2.

1. http://www.hydrosciences.org/
2. https://team.inria.fr/lemon/
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Chapitre 9

Modélisation opérationnelle des
inondations urbaines

Les inondations urbaines sont caractérisées par une importante variété de phénomeénes : écoulements dans
les rues d’origine variée (débordement de cours d’eau, ruisselement pluvial, submersion marine et tsunamis,
...), création d’embécles (liés au transport de voiture ou de flottants), échanges entre les écoulements dans la
rue et les réseaux souterrains (assainissement, métro, ...) ou I'intérieur des batiments. A I’heure d’aujourd’hui,
il existe peu de modéles prédictifs pour ces phénoménes et ils sont trés rarement implantés dans des outils
numériques.

En contexte opérationnel, I’absence d’outils mais également le manque de temps et de données conduit
souvent & considérer que ces phénomeénes ont une influence trés modérée ou négligeable sur la dynamique
d’une inondation. Toutefois, les observations pendant et aprés une inondation suggeérent que ces effets peuvent
jouer un role essentiel, au moins & échelle locale.

Cet axe de recherche propose donc de caractériser les différents phénoménes intervenant lors d’inondations
urbaines et de proposer des approches de modélisation pour les effets principaux.

9.1 Caractérisation in-situ des inondations urbaines

Pour mettre au point des outils de modélisation des inondations urbaines fiables, il faut étre & méme
d’identifier les modéles pertinents pour reproduire la physique observée. Il est donc nécessaire de déterminer
les paramétres et la gamme de variabilité des paramétres (et des variables d’écoulement) lors des inondations
urbaines. Les observatoires du Verdanson (a Montpellier), de la Zone Atelier Environnement Urbain (&
Strasbourg) et de I'Yzeron (& Oullins), dans lesquels je suis (ou j’ai été) impliqué et avec qui je collabore,
constituent de bonnes opportunités pour caractériser les inondations générées par différents phénomeénes
(respectivement : crue éclair et ruissellement urbain, remontée de nappe et crue lente).

A partir des données in-situ lors d’inondations urbaines, il est notamment nécessaire de déterminer (sans
que cette liste soit exhaustive) :

— le gradient temporel des variables (débit, hauteur) pour déterminer dans quelle mesure une inondation

urbaine peut étre considérée comme une succession de régimes permanents;

— limportance des effets tridimensionnels et 1a validité de I’hypothése d’un profil de pression hydrostatique ;

— les valeurs du nombre de Froude pour déterminer le caractére fluvial ou torrentiel de I’écoulement, et

ainsi déterminer les points de controle principaux;

— les valeurs du nombre de Reynolds pour déterminer I'importance de la turbulence dans 1’écoulement ;

— l'importance des phénoménes "complémentaires".

Ces données doivent notamment permettre (i) de mieux connaitre la validité des conclusions établies en
configuration expérimentale, (i) d’identifier des configurations expérimentales pertinentes pour exploiter les
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pilotes existants ou en construire de nouveaux et (ii3) de définir les termes prépondérant a prendre en compte
dans les modéles mathématiques pour les inondations urbaines.

Dans la mesure ol la réglementation francaise impose de caractériser des événements de période de retour
au moins centennale, il convient de caractériser des événements rares. Comme en témoigne la faible quantité
de données réelles disponible, I’observation de tels événements est particuliérement complexe. L’augmentation
du nombre de caméras en ville et les drones constituent de réelles opportunités pour caractériser les niveaux
d’eau (et potentiellement des vitesses de surface). Les travaux menés sur ’acquisition de données in-situ
pourront bénéficier de la méthodologie que j’ai développé pour la mesure de hauteur d’eau par caméra sur
le pilote Icube d’étude des inondations urbaines. Par ailleurs, de nouvelles collaborations peuvent émerger
avec des équipes de recherche en métrologie (par exemple I’équipe Télédétection, Radiométrie et Imagerie
Optique du laboratoire Icube), des collectivités territoriales et /ou des entreprises spécialisées dans la mesure
par drone.

Il semble illusoire de vouloir accéder a toutes les données physiques de I’écoulement (hauteur, débit,
profil de vitesse, ...) avec une grande résolution spatio-temporelle notamment lors d’événements extrémes.
L’utilisation de techniques d’analyse de sensibilité, telles que celle que j’ai contribué a développer [10] ou que
j’al employées [7], peut permettre d’identifier les endroits ou positionner des capteurs afin qu'’ils soient les
plus informatifs pour des modélisations & méme d’interpoler temporellement et spatialement les grandeurs
mesurées in-situ.

9.2 Modélisation effective des inondations urbaines

La mise au point d’un outil opérationnel pour les inondations urbaines impose d’identifier les modéles
les plus adaptés pour la physique & reproduire tout en garantissant la cohérence entre la paramétrisation
nécessaire et les données disponibles. La mise au point de modéles effectifs pour les différents phénomeénes a
prendre en compte et leur implantation dans un code de calcul hydrodynamique peut permettre d’identifier
pour quelles combinaisons de forcages hydrologiques et de topographie/géométrie leurs effets sont réellement
négligeables.

La caractérisation des échanges rue-bati est en cours dans le cadre de ’TANR DEUFI! (voir section 3.2)
notamment avec la thése de C. Choley (voir section 3.3.1). Un modéle préliminaire a été proposé prenant le
parti-pris que le bati peut étre assimilé & un réservoir et qu’une loi de vanne Q = CySv/291/hup — Pdown °
permet d’estimer les débits d’échange & travers chaque ouverture (fenétre, porte, ...). La simulation d’un
hydrogramme dans un canal bordé de batiments (voir figure 9.1) ou dans un réseau de rues (voir figure 9.2)
montre que les échanges rue-bati peuvent modifier significativement la dynamique d’une inondation urbaine.
Les hypothéses du modeéle et les lois d’échange employées doivent encore étre validées notamment sur des
expériences. Par la suite, la modélisation de différentes configurations urbaines soumises & des phénoménes
variés permettra de déterminer 'influence réelle de ces échanges.

Une approche similaire pourra étre employée sur les autres phénoménes pouvant impacter la dynamique
d’une inondation urbaine.

1. ANR-18-CE01-0020
2. Cq est le coefficient de débit, S la section de I’ouverture et hyup — hgown la différence de hauteur d’eau entre Pamont et
P’aval de I'ouverture.
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Chapitre 10

Approche multi-échelle pour les
inondations

La protection contre le risque inondation nécessite de le caractériser & différentes échelles. Généralement,
la protection des batiments sensibles impose une approche locale et ’aménagement de territoire nécessite une
approche globale. En contexte opérationnel, les échelles pour laquelle les données sont disponibles et celle de
I’étude sont rarement cohérentes. Il convient donc de metre en place des modéles adaptés a chaque échelle et
des approches pour passer de I'une a 'autre.

10.1 Modélisation macroscopique

Au cours des 10 derniéres années, un nombre important d’approches pour la modélisation macroscopique
des inondations urbaines a été développé. En effet, plusieurs modeéles & porosité ont été proposés (voir [19] pour
une intercomparaison : modéle & porosité simple [9, 3, 27, 22], modéle & porosité intégrale[55, 57, 21], modéle
a porosités multiples[18], modéle & porosité variable sur la verticale [44, 45, 20]. Ces modéles permettent de
calculer rapidement I'inondation dans des zones urbaines étendues. Afin de démocratiser ces méthodes, je
contribue & la mise au point et & la diffusion du code de calcul SW2D! avec les éléments nécessaires pour
une prise en main par des industriels et pour permettre & d’autres équipes de recherche de contribuer a ce
logiciel.

Le solveur de Riemann PorAS a permis d’améliorer I'estimation des flux & travers les interfaces pour
les équations du modéle & porosité isotrope (voir section 7.2.1). La méthodologie employée pourrait étre
généralisée pour d’autres modeéles & porosité avec potentiellement une amélioration de I'estimation des flux
aux interfaces.

Le ruissellement pluvial est & ’origine d’inondations urbaines significatives, notamment lors d’orages dans
la région méditerranéenne. Le ruissellement est caractérisé par de faibles hauteurs d’eau et est mal reproduit
par les modéles de Saint-Venant classiques ou au prix d’une discrétisation spatiale trés fine (et prohibitive en
terme de coiit de calcul) pour prendre en compte la micro-topographie. Le modéle & porosité variable sur la
verticale constitue une réelle opportunité pour reproduire ces phénomeénes. Toutefois, la prise en compte de
la micro topographie sur les écoulements en lame mince pose la question des échelles spatiales des définitions
de la porosité (voir section 10.1) et de ’axe suivant lequel la calculer (vertical, perpendiculaire & la surface
libre ou & la pente moyenne du fond)(voir section 10.2).

1. https://sw2d.inria.fr/
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Pour permettre I'utilisation de ces modéles a porosité dans un contexte opérationnel, il convient de définir
une méthodologie de détermination des paramétres du modéle (distributions de porosité, coefficients de perte
de charge) a partir des données topographiques et d’occupation du sol. La réalisation de comparaisons,
sur des configurations urbaines réelles, entre des modélisations fines et macroscopiques peut permettre de
proposer une méthodologie optimale pour définir les paramétres. Toutefois la collecte de données suffisantes
est potentiellement problématique. Pour palier cela, 'emploi d’algorithmes pour la génération automatique
de topographies et de plans d’organisation du bati [48, 3] peut permettre de créer des configurations
suffisamment variées.

L’emploi de l'assimilation de données peut permettre de faciliter la mise au point de cartes optimales
de porosité pour reproduire les résultats des modélisations fines. Par la suite, 'apprentissage supervisé peut
permettre de faire le lien entre données physiques (occupation du sol, plan des rues et du bati, ...) et cartes
de parameétres assimilés. Pour faciliter 1'utilisation de ces modéles dans un contexte opérationnel, la mise au
point d’algorithmes mettant en ceuvre les liens identifiés doit étre envisagée. La collaboration établie avec
P. A. Garambois et J. Monnier permet d’envisager la mise au point d’algorithmes d’assimilation de données
pour des modéles & porosité.

10.2 Downscaling dans les modéles d’inondation urbaine

La connaissance de ’hydrodynamique & échelle fine est essentielle pour caractériser 1’aléa lors d’inondation
urbaines (échelle est en cours de définition dans le cadre de PANR DEUFI?). Toutefois, la modélisation d’un

2. ANR-18-CE01-0020
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quartier ou d’une ville avec une précision suffisante (de 'ordre de la dizaine de mailles sur la largeur de
la rue) nécessite des coups de calcul prohibitifs. Les modéles macroscopiques & porosité sont quant a eux
adaptés a la modélisation des inondations urbaines & 1’échelle de la ville mais ne permettent pas de décrire
I’hydrodynamique & une échelle suffisamment fine pour la définition du risque dans la ville.

La combinaison de ces deux types de modéles pourrait potentiellement palier cela réalisant un downscaling
depuis la simulation macroscopique vers I’échelle fine. Toutefois, les expériences menées sur le pilote inondation
Icube ont montré la non-trivialité du downscaling depuis les observations & échelle du quartier vers I’hydrodynamique
a Péchelle des sous-quartiers et des carrefours [15, 16]. Pour décrire ’hydrodynamique & échelle fine, deux
stratégies peuvent étre utilisées & partir des résultats d’une simulation & porosité : (i) utiliser les données de la
simulation pour déterminer les conditions limites d’une modélisation classique a échelle locale ou (%) utiliser
des fonctions de downscaling permettant de déduire les grandeurs hydrodynamiques & échelle sous-maille.

La détermination des conditions limite du modéle fin pose la question de la cohérence entre les échelles.
Pour la réalisation d’un couplage faible entre les deux modéles (macroscopique et fin), cela suppose qu’au
cours de simulation fine, I’hydrodynamique modélisée ne soit pas incohérente avec celle modélisée par le
modéle macroscopique. Par exemple, le modéle fin ne doit pas calculer un flux sortant du domaine quand le
modéle macroscopique impose un flux entrant. De telles incohérences pourraient indiquer la nécessité d’un
couplage fort. Une méthodologie pour ce couplage doit étre mise en place tout en garantissant que le modeéle
couplé reste plus rapide que le modéle fin.

L’utilisation de fonctions de downscaling permettant de déterminer la distribution des grandeurs hydrodynamiques
4 une échelle sous-maille du modéle macroscopique peut permettre de s’affranchir d’une seconde modélisation
classique & échelle fine qui pourrait étre fortement demandeuse en temps de calcul. Ces fonctions pourraient
étre déterminées en utilisant les résultats de la recherche visant & mettre au point une méthodologie pour
la détermination des cartes de porosité. En effet, les simulations réalisées (avec les approches macroscopique
et classique) sur différentes géométries permettent d’obtenir un jeu de données suffisant pour réaliser de
I’apprentissage supervisé pour déterminer ces fonctions de downscaling. Ces travaux débutent actuellement
au sein de ’équipe-projet Lemon (INRIA Sophia Antipolis - Méditerranée) dans le cadre d’un projet avec
I'IRT St-Exupery.
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Chapitre 11

Modélisation stochastique des
inondations

Les travaux que j’ai conduit montrent que plusieurs problématiques sont décrites par des modéles non
détermistes. L’emploi de méthodes stochastiques permet de s’intéresser a de telles problématiques et m’apparait
donc comme une direction de recherche naturelle. Bien que nouvelle pour moi, cette thématique pourra étre
développée au sein de I’équipe-projet Lemon de PINRIA, notamment avec I’appui de Gwladys Toulemonde
(statisticienne et membre de I’équipe).

11.1 Modélisation stochastique de la pluie

Les inondations par ruissellement urbain dépendent directement de la pluie tombant sur ou a proximité
de la zone d’étude. Toutefois, la résolution des pixels radar (1km?) est insuffisante. En effet, la simulation
d’inondations urbaines par ruissellement lors d’orages cévenols sur des bassins versants montpelliérains montre
que la spatialisation de la pluie a une échelle inférieure au pixel radar est déterminante pour les résultats.

Depuis 2019, I'observatoire du Verdanson porté par le laboratoire HydroSciences Montpellier inclut un
réseau dense de pluviographes (voir figure 11.1) permettant de décrire la pluie & une échelle infra pixel radar.
Ces données doivent permettre d’étudier le lien entre spatialisation de la pluie d’une part, et d’autre part
occupation du sol et forgage météo (notamment orientation et la direction du vent). L’objectif est de pouvoir
déterminer des fonctions de downscaling des mesures de pluie radar et connaitre la probabilité de distribution
spatiale de la pluie.

Ces fonctions et probabilités associées permettront d’estimer des cartes de forgages probables pour un
modéle hydraulique et d’en déduire 'inondation associée. L’analyse statistique des résultats de simulation
permettra de déterminer des probabilités d’observation des niveaux d’eau et des vitesses.
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FIGURE 11.1 — Distribution des distances entre pluviométres de I’observatoire du Verdanson

11.2 Modélisation stochastique des embéacles de véhicules

Les observations d’inondations urbaines mettent en évidence le phénoméne de déplacement de véhicules et
leur accumulation qui constitue un obstacle aux écoulements. L’effet de telles obstructions sur ’hydrodynamique
dans un réseau de rues peut étre significatif [7] et leur prise en compte doit donc étre envisagée dans des
modélisations prédictives. Des études expérimentales ont déterminé les conditions de mise en mouvement de
véhicules lors d’inondation et ont exploré la formation d’embécles. La modélisation du transport des véhicules
par I’écoulement a également été investigué en employant un couplage faible [47].

L’effet des embécles de véhicule peut toutefois étre pris en compte au cours de la simulation & travers
une modification de la cote du fond des mailles de calcul, par ’ajout de termes de perte de charge et/ou
par la réduction d’une porosité. Ces travaux sur le transport de véhicules pourraient étre la continuité des
travaux conduits actuellement au sein de I’équipe-projet Lemon (INRIA Sophia Antipolis - Méditerranée)
sur le transport de scalaire passif. Une approche stochastique sera mise en place pour palier la difficulté
de fixer la distribution spatiale des véhicules avant la crue. Le blocage et le déblocage d’un ou plusieurs
véhicules en un point devront également étre modélisés par des fonctions de probabilité prenant en compte
des covariables comme le nombre de véhicules dans le voisinage du point, les caractéristiques de la géométrie
et potentiellement ’hydrodynamique locale.

11.3 Modélisation stochastique des échanges rue-bati

Une piste de recherche est envisagée si les travaux en cours sur les échanges rue-bati montrent que
ce phénomeéne influe significativement sur la dynamique des inondations urbaines. En effet, les différentes
ouvertures peuvent étre enfoncées au cours de I'inondation. Dans la mesure ou les propriétés de I'ouverture
(porte verrouillée ou non, volets fermés ou non, résistance & la pression) ainsi que le transport de flottants
par ’écoulement ne peuvent étre déterminés, une approche stochastique similaire a celle employée pour les
embacles de véhicules peut permettre de déterminer les probabilités d’observation des niveaux d’eau et des
vitesses.
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Annexe A

L1

ste des supports d’enseignements

produits

A.1 Publications de transfert (publications d’enseignement rédigées,

—

polycopiés)

. P. Finaud-Guyot. 2020. Correction du cahier de TD Hydrologie de bassin, 40 pages, Polytech Montpellier.

. P. Finaud-Guyot. 2019. Correction du cahier de TD Méthodes Mathématiques pour I’Ingénieur, 23
pages, Polytech Montpellier.

P. Finaud-Guyot et P.-A. Garambois. 2017 (remis & jour en 2020). Polycopié de Mécanique des fluides,
d’hydraulique en charge et & surface libre, 212 pages, Polytech Montpellier. !

P. Finaud-Guyot. 2018 (remis a jour en 2019). Cahier de TD hydraulique a surface libre, 193 pages,
ENGEES.

5. P. Finaud-Guyot. 2017 (remis a jour en 2019). Cahier de TD hydraulique en charge, 92 pages, ENGEES.
6. Finaud-Guyot P., 2013. Modélisation avancée des cours d’eau — Utilisation de HECRas 2D. 50 pages,

10.
11.

12.

13.

14.

ENGEES.

P. Finaud-Guyot et P.-A. Garambois. 2016 (remis a jour en 2017). Cartographie des résultats de
simulation HECRas, 16 pages, ENGEES.

P. Finaud-Guyot et P.-A. Garambois. 2016. Construction d’'un modéle HECRas avec RiverGIS, 21
pages, ENGEES.

P. Finaud-Guyot et P.-A. Garambois. 2016 (remis & jour en 2017). Guide de modélisation hydraulique
- Du MNT au modéle hydraulique : régles de digitalisation, 9 pages, ENGEES.

Finaud-Guyot P. et al. 2014. Protocole de TP d’hydraulique, 50 pages, ENGEES.

Finaud-Guyot P., 2014. TD d’hydraulique & surface libre - Correction détaillée des exercices, 46 pages,
ENGEES, Formation Initiale.

Finaud-Guyot P., 2014. TD d’hydraulique en charge avancée - Correction détaillée des exercices, 6
pages, ENGEES, Formation Initiale.

Finaud-Guyot P., 2014. TD d’hydraulique & surface libre avancée - Correction détaillée des exercices,
8 pages, ENGEES, Formation Initiale.

Finaud-Guyot P., 2014. Modélisation avancée des cours d’eau — Manuel de maillage sous SMS. 17
pages, ENGEES, Formation initiale.

1. https://team.inria.fr/lemon/files/2019/11/Poly Hydraulique 20192020 light.pdf
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15.

16.

17.

18.

19.

20.

21.

22.

A.2

Finaud-Guyot P., 2013. Polycopié d’hydraulique générale, en charge et a surface libre - Support de
cours, 78 pages, ENGEES, Formation continue.

Finaud-Guyot P., 2013. Polycopié d’hydraulique générale, en charge et & surface libre - Cahier d’exercices
corrigés, 78 pages, ENGEES, Formation continue.

Finaud-Guyot P., 2013. Modélisation avancée des cours d’eau — Manuel de maillage sous BlueKenue.
4 pages, ENGEES, Formation initiale.

Finaud-Guyot P., 2013. TD d’hydraulique en charge - Correction détaillée des exercices, 27 pages,
ENGEES, Formation Initiale.

Finaud-Guyot P., 2012. TD d’hydrogéologie - Correction détaillée des exercices, 8 pages, ENGEES,
Formation Initiale.

Finaud-Guyot P., 2012. Partial Differential Equations and modeling. Polycopié de cours, 60 pages,
Master MNI 1 ére année. (En anglais)

Finaud-Guyot P., 2011. TD de mécanique des fluides - Correction détaillée des exercices, 50 pages,
ENGEES, Formation Initiale.

Finaud-Guyot P., 2010 (remis & jour en 2013). Hydrodynamique souterraine. Polycopié de cours, 32
pages, Master STEE, UM2.

Supports audio-visuels et multimédia

1. P. Finaud-Guyot, 2020. Hydrologie de bassin - Vidéos de présentation (4 vidéos), Polytech Montpellier.
2. P. Finaud-Guyot, 2019. TD d’hydraulique en charge transitoire, ENGEES. 1 code de calcul.
3. P. Finaud-Guyot, 2016. Modélisation couplée HECRas-Qgis - TD de modélisation de cours d’eau,

ENGEES, DE GEME. 5 activités + 1 projet.

4. P. Finaud-Guyot, 2014. TD d’hydraulique en charge avancée, ENGEES, 1 outil de calcul.

P. Finaud-Guyot, 2016. Phénoménes en mécanique des fluides et hydraulique - Vidéos d’illustration,
(30 vidéos, temps cumulé 6h21), ENGEES, Formation continue.

P. Finaud-Guyot, 2013. Hydraulique en charge et & surface libre, ENGEES, Outils de calcul - 9 feuilles
de calcul Excel.

P. Finaud-Guyot, 2012. Modélisation sous HECRas - TD informatique, ENGEES, 8 activités.

Principales présentations orales

P. Finaud-Guyot, 2020. Modélisation hydrologique - les modéles GR. 7 diapositives, Polytech Montpellier.
P. Finaud-Guyot, 2016 (Mise a jour en 2019). Hydraulique & surface libre. 119 diapositives, ENGEES.

P. Finaud-Guyot, 2015 (Mise & jour en 2019). Hydraulique & surface libre pour 1’assainissement. 203
diapositives, ENGEES.

P. Finaud-Guyot, 2015 (Mise a jour en 2019). Hydraulique générale et en charge. 131 diapositives,
ENGEES.

Finaud-Guyot P., 2014. Inondation et aménagement du territoire, 47 diapositives, ENGEES, Conférence
ENSAS.

Finaud-Guyot P., 2012 (Mise & jour en 2018). Modélisation des cours d’eau — Formation au logiciel
HECRas, 151 diapositives, ENGEES.

Finaud-Guyot P., 2012 (Mise a jour en 2018). Les différentes approches de modélisation des inondations,
71 diapositives, ENGEES.

Finaud-Guyot P., 2012. Modélisation 2D — Formation au logiciel SW2D, 10 diapositives, ENGEES,
Formation initiale.
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Annexe B

Liste des enseignements dispensés

B.1 Vacations pendant mon doctorat (2006-2008)

2007-2008 Hydraulique (3h TD, 30h TP), Sciences et Technologies de I’Eau 1ére année, Polytech Montpellier
2007-2008 Hydraulique (60h TP), Sciences et Technologies de I’Eau 2éme année, Polytech Montpellier

2006-2007 Hydraulique (3h TD, 30h TP), Sciences et Technologies de I’Eau 1lére année, Polytech Montpellier
2006-2007 Projet mathématique (8h TP), Formation ITCBTP, Conservatoire National des Arts et Métiers

B.2 Enseignements en tant qu’ATER (2009-2010)

2009-2010 Hydrodynamique souterraine (9h CM, 12h TD, 16h TP et 3x9h Terrain), Master 1 Sciences de
la Terre de I’Eau et de I’Environnement, Université Montpellier 2

2009-2010 Hydraulique générale (32h TD), Licence 2 Géosciences, Prévention et Traitement des Pollutions
et Licence 3 Sciences de la Terre et de I’Environnement, Université Montpellier 2

B.3 Enseignements & 'ENGEES (2010-2019)

B.3.1 Hydraulique et bases théoriques

2014-2016 Hydraulique a surface libre (12h TD), Formation Initiale 1A, ENGEES.
2012-2016 Dynamique fluviale (4h TD), Formation Initiale 1A, ENGEES.

2011-2015 Hydrogéologie (8h TD), Formation Initiale 1A, ENGEES.

2010-2016 Hydraulique en charge (12h TD), Formation Initiale 1A, ENGEES.
2010-2016 Meécanique des fluides (16h TD), Formation Initiale 1A, ENGEES.
2010-2016 Hydraulique générale (24h TP), Formation Initiale 1A, ENGEES.

2010-2015 Hydraulique générale (24h TP), Formation par Apprentissage 1A, ENGEES.

2012-2013 Water supply networks (24h Projet), Master 2 in Water Environment Oceanography (WEQO),
University of Sciences and Technologies of Hanoi. Cours en anglais.

B.3.2 Mise en situation de l’ingénieur

2015-2016 Projet Pluridisciplinaire (5h CM, 12h TD, 8h Terrain), Formation Initiale et par Apprentissage
2A, ENGEES.
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2013-2015

2010-2015
2010-2012

2010-2012
2010-2012

Inondations et aménagement du territoire (4h CM, 20h Projet), Master 2, ENS d’Architecture de
Strasbourg.

Modélisation des cours d’eau - HECRas 1D (16h TD), Formation par Apprentissage 2A, ENGEES.

SIG (6h CM, 9h TD), Master 1 Ingénierie et Sciences pour ’Environnement, Université de
Strasbourg.

SIG (24h Projet), Master 2 Ingénierie et Sciences pour ’Environnement, Université de Strasbourg,.
Aménagement et environnement (2h CM), M2, INSA de Strasbourg.

B.3.3 Modélisation numérique

2015-2018
2014-2016
2014-2015
2014-2016
2010-2015

2010-2015

2010-2013

Hydraulique numérique (6h TD), Mastére Eau Potable et Assainissement, ENGEES.
Hydraulique numérique (24h TD), Formation Initiale 1A, ENGEES.

Calcul scientifique (12h TD), Formation Initiale 1A, ENGEES.

Outils informatiques pour le calcul scientifique (8h TD), Formation Initiale 1A ENGEES.

Partial Differential Equations & modeling (14h CM, 10h TD), Master 1 Modélisation numérique
en ingénierie, Université de Strasbourg. Cours en anglais.

Modeling Project M1S1 (5h TD, 50h Projet), Master 1 Modélisation numeérique en ingénierie,
Université de Strasbourg. Cours en anglais.

Applied computational engineering for heat and mass transfer (12h CM), Master 2 Modélisation
numeérique en ingénierie, Université de Strasbourg. Cours en anglais.

B.3.4 Enseignements en formation continue

2013

Modeélisation des cours d’eau - HECRas 1D (35h CM), Formation en entreprise - Bureaux d’études
Geolmpact et Infratech.

B.3.5 Enseignements & distance

2014-2017

Hydraulique générale, en charge et a surface libre (15h CM), Formation ouverte a distance,
ENGEES.

B.4 Enseignements & I’Université de Montpellier - Polytech (Depuis
2019)

Depuis 2019 TP de Mécanique des fluides, Formation STE 3, Polytech’ Montpellier

Depuis 2019 TP d’Hydraulique, Formation STE 3, Polytech’” Montpellier

Depuis 2019 TP de Métrologie, Formation STE 3, Polytech’ Montpellier

Depuis 2019 TD d’Hydrologie de bassin, Formation STE 3, Polytech’ Montpellier

Depuis 2019 Projet d’Ingéniérie Mathématique et Scientifique, Formation STE 3, Polytech’ Montpellier

Depuis 2019 TD de Méthodes mathématiques pour 'ingénieur, Formation STE 4, Polytech’ Montpellier
Depuis 2019 TP d’Hydraulique, Formation STE 4, Polytech’” Montpellier

Depuis 2019 TD d’hydrologie urbaine, Formation STE 4, Polytech’ Montpellier

Depuis 2019 TD de Modélisation hydrologique, Formation STE 4, Polytech’ Montpellier

Depuis 2020 CM, TD, TP d’Hydraulique a Surface Libre, Formation EGC 3 Polytech’ Montpellier
Depuis 2019 TD d’Informatique appliquée, Formation EGC 3 Polytech’ Montpellier

Depuis 2019 Projet EGC, Formation EGC 3 Polytech’ Montpellier

Depuis 2019 TP de Métrologie, Formation EGC 3, Polytech’” Montpellier

Depuis 2019 TP Découverte des inondations, Formation Peip, Polytech’ Montpellier
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Annexe C

Tirés a part des principaux travaux
scientifiques

Cette partie présente 5 publications significatives représentatives qui illustre la diversité des travaux que
j’ai conduit et qui pourront servir de base au projet de recherche proposé.
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ACL2

C-ACT6

ACL13

ACL14

P. Finaud-Guyot, P.-A. Garambois, G. Dellinger, F. Lawniczak and P. Francois. Ezperimental
characterization of various scale hydraulic signatures in a flooded branched street network. Urban
Water Journal, 16(9) : 609-624, 2020. https://dx.doi.org/10.1080/1573062X.2020.1713173

L. Pujol, P.-A. Garambois, P. Finaud-Guyot, J. Monnier, K. Larnier, R. Mosé, S. Biancamaria,
H. Yesou, D. Moreira, A. Paris and S. Calmant. Estimation of Multiple Inflows and Effective
Channel by Assimilation of Multi-satellite Hydraulic Signatures : The Ungauged Anabranching
Negro River. Journal of Hydrology, 2020. https://doi.org/10.1016/j.jhydrol.2020.125331

P. Finaud-Guyot, P.-A. Garambois, S. Chen, G. Dellinger, A. Ghenaim, and A. Terfous. 1d/2d
porosity model for urban flood modeling : case of a dense street networks. In A. Paquier and N.
Riviére, editors, E3S Web of Conferences, volume 40, page 06010, Lyon, France, 2018. https:
//doi.org/10.1051/e3sconf/20184006010

C. Delenne, P. Finaud-Guyot, V. Guinot, and B. Cappelaere. Sensitivity of the 1d shallow water
equations with source terms : Solution method for discontinuous flows. International Journal for
Numerical Methods in Fluids, 67(8) :981-1003, 2010. https://dx.doi.org/10.1002/f1d.2398

P. Finaud-Guyot, C. Delenne, J. Lhomme, V. Guinot, and C. Llovel. An approximate-state
Riemann solver for the two-dimensional shallow water equations with porosity. International
Journal for Numerical Methods in Fluids, 62(12) :1299-1331, 2010. https://dx.doi.org/10.
1002/£1d.2066
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ABSTRACT

Understanding urban flood flow repartition mechanisms within street network remains challenging. This paper
presents an experimental dataset of water depth and velocity profiles in the Icube experimental rig. The spatial
variability of discharge along a street is highlighted. Comparing the water depth gradient orientation and the
flow repartition promotes for complex repartition mechanisms at small scales. Comparable unit-discharge
values are observed in both large and narrow streets. Interestingly, the intensity of the discharge deviation at
the crossroad scale is related with the asymmetry of the velocity profile entering a crossroad. Moreover,
discharges at the crossroad and the subdistrict scales show that downscaling of the flow repartition relation-
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ship is difficult. At real scale, results show that inflow velocity profile asymmetry may persist on a distance of
several street widths downstream of a crossroad. Such distances are insufficient to consider disconnected
crossroads as done in the literature to establish discharge repartition relationships.

1. Introduction

In the context of climate change, the increase of floodplain
urbanization might lead to an increase in the vulnerability to
floods. In such context, numerical models appear to be an
interesting tool to forecast the impact of floods with various
return periods and to assess mitigation and country planning
policy (Costabile and Macchione 2015).

The classical modeling approaches are based on the (1D and/or
2D) shallow water equations (SWE) with (Finaud-Guyot et al. 2010;
Guinot, Sanders, and Schubert 2017; Chen 2018) or without macro-
scopic porosity approach (Hervouet, Samie, and Moreau 2000;
Finaud-Guyot et al. 2011; Arrault et al, 2016; Chen et al. 2018;
Bruwier et al. 2017) or on the 3D Reynolds Average Navier-Stokes
equations (RANS) (Araud 2012; Horna Munoz and Constantinescu
2018). The predictive capacity of such modeling approaches is
highly dependent on the adequation between the real physics
and the mathematical equations (either continuous or discrete)
solved. To our best knowledge, there is currently in the bibliogra-
phy no general framework enabling to determine a priori which
modeling approach should be used to reproduce an urban flood
complexity. The laboratory scale experiments are thus a reliable
tool to investigate the flood propagation mechanism in complex
urban geometries.

The existing experimental rigs designed to investigate urban
floods consider different flow scales (Mignot, Li, and Dewals
2019). At the local scale, the hydrodynamic interactions between
sewers and flooded streets are studied experimentally and
numerically. Among others, Lopes et al. (2015) and Rubinato
et al. (2017) focus on the sewer-surface flow exchange to study
the classical weir/orifice relationship validity, determine headloss
coefficients for the gully and the jet characterization over the

manhole in surcharge flow configurations. Discharges and
momentum exchanges are also studied in three branch junctions
(Best 1987; Gurram, Karki, and Hager 1997), bifurcations (Mignot
et al. 2013, 2014; Momplot et al. 2015) and four branch intersec-
tions (Mignot 2005; Mignot, Paquier, and Riviere 2008; Mignot
et al. 2008; Nania et al. 2011; Riviére, Travin, and Perkins 2011,
2014). Various flow regimes and configurations are investigated
in those studies but the experimental rigs include only one
hydraulic intersection and do not represent both the effect of
non-uniform upstream velocity profiles and the downstream
control effects for fluvial regimes.

At a larger scale, various experimental rigs exist to study
flood hydrodynamics in real-world scaled configurations.
Ishigaki, Toda, and Inoue (2003) present the experimental
model of Kyoto city to study the importance of flows through
the subway network during the city flooding. The water depths
are measured at some precise locations and the discharges at
some street inlets and at the junction of the street with the
subway. Over the tested range, the water volume entering the
subway network can represent up to 50% of the total flood
volume. This study mainly focuses on the surface and subsur-
face exchanges but provides flow velocity measurements
around 2m.s~! at few locations. Sattar, Kassem, and Chaudhry
(2008) propose an experimental reproduction of the 17th Street
levee breach in New Orleans during the Katrina storm with
water depth monitoring over the whole device and some velo-
city measurements close to the breach. Different breach closure
procedures are investigated experimentally or numerically (Jia
et al. 2010). Van Emelen et al. (2012) compare the same experi-
mental dataset with a finite volume depth-averaged shallow
water model and highlight the non-negligible 3D effect close to
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the breach. Smith, Rahman, and Wasko (2016) study experi-
mentally and numerically the 2007 flood in Newcastle
(Australia). The model extent covers several houses along the
existing river but few crossroads. Various hydrodynamic infor-
mations are experimentally gathered in steady state and differ-
ent modeling approaches tested to account for the buildings in
2D numerical models are investigated.

To cope with the difficulty to generalize the above-
mentioned results due to the site dependent approach, some
more general rigs have been designed at the district scale.
Soares-Frazao and Zech (2008) and Testa et al. (2007) investi-
gate the effect of an idealized urban area (made of aligned or
staggered blocks) on a dam-break flood either in a canal with
a flat or a variable topography. The water depth timeseries h(t)
is monitored at various locations. The water depth evolution is
shown to be related to the local block pattern in very transient
configurations. Lipeme Kouyi et al. (2009) and Paquier (2009)
assess the influence of a modification of an urban geometry
(add of a roundabout, a place, or a tram line) on the flow
distribution using an experimental setup based on a real-like
district geometry during the Rives and Hyville projects. The
experiments are carried out for steady state configuration
with flow oriented from a district face to the opposite one.
The same geometry is used in the Icube urban flood experi-
mental rig presented in (Araud 2012) that compares the steady
state experimental water depth and inlet/outlet discharge with
various numerical software. Finaud-Guyot et al. (2018) focus on
the hydraulic signature of the district by comparing the inlet/
outlet discharge without investigating the flow pathway. Those
existing experimental studies do not investigate the urban
flood flow repartition within a street network and especially
velocity profiles.

The present contribution aims to fill this gap and presents an
experimental dataset composed of water depth and velocity
profiles with a high spatial resolution for flood flows in a real-
like branched street network. The flow repartition within the
district is studied along with the upscaling effect from the flow
pattern at the subdistrict scale to the global scale. This article is
structured as follows: the second section presents the experi-
mental rig and the measurement devices. The third section is
devoted to the analysis of the experimental dataset (water
depth, velocity profile and street discharge) from the district
to the crossroad scale. The last section proposes concluding
remarks and perspectives.

2. Materials and methods
2.1. The Icube urban flood experimental rig

The Icube urban flood experimental rig is built to study the
hydrodynamics of flood propagation in urban configuration.
The street network corresponds to the district geometry pro-
posed during the Rives and Hyville projects (Lipeme Kouyi et al.
2009) that is assumed to be representative of typical urban
geometries. The district is composed of a network of streets of
different widths with various crossroad angles with 64 imperme-
able blocks built on a 5m x 5m plan (see Figure A1(a,b)) corre-
sponding to a real district of Tkm x 1km. The street network is
composed of seven streets in the North-South direction crossed

by seven streets in the West-East direction. The larger streets are
12.5cm wide and the narrower ones are 4.5cm wide.

The scaling of this experimental rig is detailed in (Finaud-
Guyot et al. 2018; Araud 2012). The horizontal (resp. vertical)
scaling is 1200 (resp. 1/20) leading to a distortion factor (being
the vertical to the horizontal scaling ratio) of 10; the flow
respects the Froude similarity. This leads to a discharge ratio
Ao = Qexp/Qreal = AAnA & 5.6 x 107>, and the inlet discharge
range tested (10 to 100m3.h™") corresponds to significant to
extreme floods of more than 150 years return period.
Concerning the hydrodynamic turbulence, the Reynolds ratio
falls in the range 1.1 x 1073 < Age = Reeyp/Rereqr < 1.1 x 1072
(see (Finaud-Guyot et al. 2018) for detailed calculations).
Distortion factor is known to potentially induce modifications
of the hydrodynamic flow structures (Li et al. 2019).

2.2. Metrology

The Icube urban flood experimental rig has been built such that
water flows in a closed-circuit with a precise measurement of
the street discharge at both the inlet (1% precision) and the
outlet (relative accuracy lower than 3%).

An automatically moving camera can be placed on each
side of a street to film the free surface through the trans-
parent walls (see Figure 1 - Top Left). The gathered images
are processed to extract the water depth profile (see Figure
1 — Top Right) and then averaged over the recording time.
Figure 1 - Bottom Left presents a measured water depth
profile along both sides of a street. The error bars represent
the range of the measured value at each location

<{min(h(x,t)) max(h(x,t))}) where T represents the
teT teT

recording duration). Comparing the average water depth
profile (even considering the standard deviation range
around the mean value - blue and red dashed line on
Figure 1 — Bottom Left) highlights that the water depth on
the left side of the street is slightly higher than on the right
side. This can also be observed on the water depth profiles
of the other streets (not presented in the present paper).
The water depth recirculation that occurs downstream of
crossroads inside of the flow bend is responsible for such
water depth profiles across the streets (Chen 2018).

An ultrasonic sensor is placed at the free surface to
measure the velocity profile at the measuring points. The
instantaneous velocity profiles are acquired during 120s
with a frequency of 9Hz and a vertical spacing of 1.5mm.
More than 1000 profiles are thereafter averaged in order to
access the mean velocity profile unaffected by turbulence.
In order to measure the street discharge, all the measure-
ment points are located 7cm upstream of each crossroad
where the velocity profile is assumed to be horizontal and
barely unperturbed by the upstream crossroad. Repeating
the measurements over the street width (3 (resp. 5) points
for the narrow (resp. large) streets) enables for the velocity
integration by polynomial fitting over the cross-section to
access the experimental street discharge. Velocity integra-
tion is based on the assumption that the laminar boundary
layer is of negligible thickness in comparison with the
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Figure 1. Experimental metrology. Top Left: Camera on the side of street B4B5. Top Right: Instantaneous water depth profile extracted from the side view of the street.
Bottom Left: Comparison of the water depth profile along both sides of street B4B5. Bottom Right: Typical velocity profile along the water depth.

street dimensions. Those experimental discharges are also
in agreement (difference of less than 2%) with the inlet
and outlet discharges either measured by the volumetric
pump characteristics or by the downstream end weir
relationship.

3. Results: experimental study of the flow
distribution at various scales

Thanks to spatially distributed water depth and velocity mea-
surements, this section investigates the flow repartition
mechanisms from the district to the crossroad scale. First, the
experimental configuration and experimental dataset are pre-
sented; next, the flow repartition is analyzed from the large
(district) scale to the crossroad scales. For the sake of clarity, the
notations and definitions used are recalled in Appendix B.

3.1. Studied flow configuration

The choice is made to perform the investigations with a null
bottom slope (Omm) and 3cm high rectangular weirs at the
downstream end of all streets (South and East faces). Using
those downstream weirs ensure subcritical flows everywhere
(see Figure 2(e) and Table D1(b)) and a reduction of the relative
importance of uncertainties on depth measurement and flow
perturbation due to the US sensor.

A total discharge Q% =80m3.h~' is inflowed on the
upstream faces of the district (%). The total discharge is equally

injected between the North and the West faces
Q% = Qds + Qds and Qf* = Qd¥); the same unit discharge is
injected in each street of a face such thatt Qux =

Q‘{’;‘f,ﬁw}.Bupﬁk/B‘{’;'\j’W} with Qf{j;\SLW} the discharge injected on one
face (North or West), By, x the width of the street k in the normal

direction to the street axis and BYS

Ny the cumulated street

widths on a face.

3.2. Experimental hydrodynamic measurements

This section describes the experimental dataset: the water
depth and the velocity profiles over the whole district.

3.2.1. Water elevation measurements

The water depth measured using the camera is plotted in
Figure 1. It decreases at the district scale from the North-West
to the South-East corner in the range [6¢cm; 12cm]. Following
(Araud 2012), the water depth gradient is computed in Table
D1(a) assuming that the water depth can be described by
a plan equation f)(x,y) = a+ Bx + yy at both the district and
the subdistrict scale. At the district scale, 8/y = 2.22 highlights
that the water surface slope is about 2 times larger in the x
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Figure 2. Experimental data measured within each street.
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direction than in the y direction. This might indicate that the
flow is mainly oriented towards the East face. However, as in
the configuration without weir (see Figure 4), the discharge
flowing out the district by the East face ¢g’5 represents about
40% of the total injected discharge. Therefore, the water depth
potential does not characterize the flow distribution at first
order. The correlation between the direction of the water
depth gradient and the discharge repartition is investigated
at the subdistrict scale in Section 3.4.

3.2.2. Velocity profiles

The velocity is averaged on the water depth for the different
locations in Figure 2(b) and the evolution of the horizontal
(depth averaged) velocity profiles along each street is shown
in Figure E1. For all streets, the water flows from West to East (or
North to South) direction. For the narrow streets, the velocity
profiles just 7cm upstream of all crossroads are barely flat. For
the large streets (4, C and F), the profiles remain unsymmetrical
with a larger velocity on the right (resp. left) side of street 4
(resp C and F). Those larger velocities are located on the outer
side of the street highlighting the flow throat effect due to the
recirculation area occurring downstream of crossroads (see
Figure C1). Assuming that L. = kB is the distance along a free
surface flow necessary to recover an unperturbed velocity pro-
file downstream of a singularity, with B the water surface width
and k classically ranging in [10;50]. The average width of the
narrow (resp. large) streets being  Bhgrow = 5.3cm
(Biarge = 11.8cm) (see Table A1), the corresponding velocity
control length is in the range 53cm < L¢ parow < 265cm which
is below all narrow street lengths (resp.
118cm < L jarge < 590cm which is above all large street lengths).
Therefore, the fact that the measured velocity profiles are
symmetrical in the narrow streets but not in the large ones

1.3
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must be related to their respective L/B ratio that is important
enough in the narrow street to recover an unperturbed velocity
profile between two crossroads. Moreover, given that the hor-
izontal scaling of the experimental rig is the same for the
lengths and the widths of the streets, this conclusion about
the perturbation of the hydrodynamics by the upstream cross-
road for large streets remains valid in real-world configurations.
In other words, those four branch crossroads considered in
a branched network are not hydrodynamically disconnected.

3.3. Analysis of flow repartition

Local velocity and discharge values are of prior interest in the
context of (urban) flood forecasting and are also essential to
gain insight on flow repartition mechanisms in a complex
branched network composed of multiple four branch cross-
roads. The spatial statistics on the measured/estimated flow
variables and dimensionless numbers are presented in Table
D1(b) and analyzed in the following sections.

3.3.1. Spatially distributed discharge map

The discharge in each street is classically obtained by integrat-
ing the velocity over the flow cross-section (see Figure 2(c)).
Unsurprisingly most of the inflow discharge is flowing in large
streets (4, C and F) while non-uniform discharge variations
appear along streets; see for instance the discharge in street
F decreasing from crossroads FO to F5 and then increasing from
F5 to F8. The outlet discharge of the large streets (4, C and F)
represents Qfl . /Qi; = 42% of the total discharge. The cumu-
lative width of the large streets normalized by the total street

outlet width Bf* /B represents 38%. The fact that

large
dis dis ~_ Rdis dis
Qlarge/otot ~ Blarge/Btot

between the large and the narrow streets is driven by the street

suggests that the outlet flow partition

Normalized street discharge: Q

Reach

Figure 3. Evolution of the discharge along streets normalized by the street inlet discharge.
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‘Zero inertia asymptotic trend’ series represents Oduw,,‘k/Q}ﬁi for each street k computed as

dis
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Qaownk ___Baownk

o = . The outlet discharge of the East face represents
tot

down,j
J

e = 41.7% (respectively ¢g“ = 40.5%) of the total discharge Q9% for the configuration with weir (respectively no weir). The variability of the ‘zero inertia asymptotic

trend configuration’ is due to different street widths existing at the downstream end (see Table A1).

width. Remark, on the outlet faces, the discharge/unit-
discharge variability between the outlet streets (for instance
narrow: A, B, D, E and G or large: 4, C and F on Figures 1 and 1).
Consequently, within the large (resp. small) streets the dis-
charge partition is not correlated to the street width.

The question was raised in (Finaud-Guyot et al. 2018) between
‘a discharge conservation along the street or an equilibrium
between inflow and losses along the street. Figures 2(c) and 3
highlight the variations of the normalized discharge along the
streets 1to 4 and D to E (for which the inlet and outlet discharges
differ from less than 1.2% of the total discharge Q). The dis-
charge along a street shows oscillations around the inlet dis-
charge value. Consequently, along those streets there is an
equilibrium between the sources and the losses in the tested
configurations.

In order to enable the comparison of narrow and large
streets, the unit-discharge g = Q/B in the streets is plotted in
Figure 2(d) and the statistics are presented in Table D1(b). Note
that the unit discharge estimated in the first streets after the
inlets is slightly different from the prescribed inflow discharges
with a constant unit discharge in the streets of an inlet face
(West or North, see protocol in Section 3.1). This stems from
measurement uncertainties and small spatial variations of
street width between injection and measurement locations.

The unit discharges obtained fall in the range
[0.005;0.036)m2.s~" with an average value of 0.020m?.s™"
(resp. 0.025m?.s7'), a standard deviation of 0.005m?2.s~"
(resp. 0.003m?.s7") for the large (resp. narrow) streets
(see Table D1(b)). Similar unit discharges are observed
both in narrow or large streets highlighting the non-

negligible role of narrow streets compared to large ones
in draining water. Moreover, as shown in Figure 2(d), the
spatial variability of g between reaches of a street is sig-
nificant, which promotes complex flow repartition mechan-
isms at smaller scales.

3.3.2. Hydraulic signature at the district scale
The evolutions of the relative discharge from the inlet
Qupk/Q% to the outlet Quownk/Qd: for each street are pre-
sented in Figure 4, with Qux and Quownk respectively the
upstream and downstream discharges of street k. The blue
bars correspond to the ratio at the street inlet, the orange
ones to the ratio at the outlet for the studied configuration
with a 3cm high weir, the third one to the outlet without any
weir. For streets 1, 2, 3, 4, D and E, the normalized outflow
discharges differ from the inflow discharges from less than
1.2%. Streets A, B, C and F have a discharge that significantly
increases between inlet and outlet. Conversely, the streets 5
to 7 and G lose a significant part of their inlet discharge.
Interestingly, except for streets 4, 7, C and F, the relative
discharge at the street outlet is modified by less than 1% of
the total discharge Q@ between the configuration with and
without weir. This would claim for a very limited role of the
downstream control on the discharge repartition, which is
coherent with the supercritical flow observed at the down-
stream end of the streets in the configuration without weir.
This counterintuitive observation for the present subcritical
configuration (see Table D1(b) and Figure 2(e)) might be
explained because the experiments are in steady state and
thus the inlet and outlet discharges are equal. In such



a configuration, if a weir reduces the discharge in a given
street, the mass balance imposes that (i) the discharge has
to increase in the same proportion in (an)other street(s)
despite the presence of a weir and (ii) the flow pattern is
different within the district between the configuration with
and without weir. In the present case, the equilibrium is much
more complicated as it applies to 14 interconnected streets.
The significant evolution of the outlet discharge for streets 4,
C, F and 7 claims for a modification of the flow pattern within
the district.

The last bar Zero inertia asymptotic trend in Figure 4 repre-
sents the outlet discharge proportional to each outlet street
width. This configuration represents the asymptotic discharge
repartition for equally high weirs. Indeed, in such a case huge
water levels imposed downstream would considerably reduce
the flow velocity and hence lead to a barely flat water surface
over the whole district with very small inertial effect. Since the
weirs are similar, the outlet discharge of each street would
become proportional to the street width. Consequently, at
a street outlet, a discharge that differs from its zero inertia
asymptotic trend is at least partially influenced by inertial
effects upstream occurring along the streaklines. For the con-
figuration with downstream weirs, the streets 2 to 4 and D to
E have normalized outflow discharges that differ of less than
1% from the asymptotic outflow discharges. This corresponds
to the streets with a barely constant discharge from the inlet to
the outlet (presented in Table 1, Section 3.4).

3.4. Characterization of the flow repartition at the
subdistrict and crossroad scales

This section investigates the hydrodynamic signatures at the
subdistrict scale. For the sake of clarity, the definition of the
subdistrict introduced in (Finaud-Guyot et al. 2018) is used:
a subdistrict is the set of narrow streets surrounded by the
large streets (4, C and F) or the rig frontiers (see Figure B1).
This scale is first shown to be relevant since the hydraulic
signature is similar within a subdistrict. A comparison of the
discharge deviation at the subdistrict scale regarding various
geometric properties of the experimental rig is then presented.
An insight is then proposed on the upscaling from the cross-
road to the (sub)district scale.

3.4.1. Is the subdistrict scale relevant?

Thanks to the discharge data in each reach, Table 1 compares
the street inlet and outlet discharges at the district scale. The
Trend line characterizes the street water balance at the district
scale and shows that all streets separated by large ones either
gain or lose water from the inlet to the outlet. This claims for
a ‘splitting’ of the district hydraulic signature highlighted in
Section 3.3.2 by the large streets.

Table 1 thus depicts such trends at the subdistrict scales
(see lines AQyzc, AQxcr, AQkrH, AQos and AQyas in Table
1). For each street, the discharge variation through
a subdistrict normalized by the total discharge Q% is not
monotonous along the street (except for street G) — see for
instance the discharge variation for street 1: AQy zc that is
negative between inlet (crossroad Z1) and the crossroad
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Table 1. Street discharge variation normalized by the total discharge Q. Note
that the streets Z, H, 0 and 8 are the virtual streets surrounding the studied
district. AQy cr (resp. AQy 4g) represents the normalized discharge variation of the
street k between the crossroads Ck and Fk (resp. k4 and k8). The arrows compare
the street outlet and inlet discharges: — barely constant; ,” increasing; \,
decreasing with a threshold corresponding to 4 1.2% of the total discharge Q%.

Street
Face 1 2 3 4 5 6 7
East AQxzc —061 040 —-043 -0.10 -1.00 -3.51
AQycr 005 -088 046 0.19 089 -1.84
AQxmy 091  -021 093 2.29 0.97 0.58
AQyrr —083 -062 085 -1.01 -154 -185 -1.98
Trend — — — — N\ N\ N\
Street
A B C D E F G
South  AQkes —031 044 137 -1.52 -1.83
AQusg 421 2.57 -0.10 0.83 =25
AQiror  3.59 211 316 —-0.06 1.14 270 -1.82

Trend Ve / /! — — / N\

C1, almost nil between C1 and F1 AQyc and positive
between F1 and the outlet (crossroad H1) AQyry. This
confirms that the street hydraulic signature is different
for each subdistrict.

Figure F1 plots the inlet and outlet normalized discharges
(by the total discharge Q%) of each street of a subdistrict. It
confirms that each subdistrict has its own hydraulic signature
and that the large streets (4, C and F) ‘act as global separators of
the flow pattern’ as suggested numerically in (Chen et al. 2018)
on comparable cases. The subdistrict scale thus appears to be
a coherent scale for studying the discharge deviation during
a flood in an urban street network and for the modeling of such
phenomenon.

3.4.2. On discharge deviation at the subdistrict scale

The distributed measurements enable us to study the geome-
trical/hydrodynamic features and their impact on the flow
deviation for each subdistrict.

3.4.2.1. Subdistrict outlet flow repartition. At the scale of
the subdistrict, let us introduce the portion of the total dis-
charge flowing out the East face ¢5** = Q5“0 /Q:“> where Qb

(respectively Q2?) is the discharge leaving the subdistrict (*“°)
by the East face (respectively entering the subdistrict); see
textbox on Figure 4.

It appears that for all the subdistricts ¢5*° > ¢%* = 41.7% (see
legend of Figure 4). This flow imbalance is compensated at the
district scale thanks to the significant flow deviation to the South
due to large streets. As found at the district scale (see Figure 3),
the flow repartition for the three northern subdistricts (AB123,
DE123 and G123) between their two outlet faces is barely pro-

portional to the number of streets per outlet face; for instance
€123 — 72.2% and 3eaststreets/4outletstreets = 75%.

3.4.2.2. Effect of the street width on the flow repartition.

Since it appears to be logical that the flow is more important
through a face with either a lot of streets or equivalently with
an important cumulative width, Figure 4 presents the unit-

discharge ratio @b = ¢S°BUb /BSUb that is the ratio of g6 =
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Qb /B (the unit-discharge flowing out the subdistrict by the
East face) to qi“b = Q“0/B® (the subdistrict outlet unit
discharge).

For the northern subdistricts (AB123, DE123 and G123) lp;“b is
barely equal to 100% implying that the discharge repartition
through those subdistricts is driven by the cumulative width of
the outlet face. Conversely, the southern subdistricts have a unit-
discharge ratio “° smaller than 100% highlighting that the flow
is deviated to the South face compared to the width outlet ratio.
For the subdistrict AB567 and DE567, this might be explained by
their proximity of the street outlets on the South face. Despite
the vicinity of the downstream end of subdistrict G123 streets on
the East face, this does not seem to ‘over attract’ the flow east-
ward. Interestingly, the flow is the most deviated to the South in
the subdistrict G567 and neither the proximity with the bound-
ary condition nor the number of streets on the South face does
not seem to explain this deviation.

3.4.2.3. Effect of the inlet flow repartition of the outlet flow
repartition. It remains that the subdistrict outlet flow reparti-
tion might be related to the inlet repartition. Recalling that

PP = Qb /Q3b, Figure 4 presents the ratio ¢5°/¢u’. A

S”b/qbs”b 100% corresponds to a transparent subdistrict for
which the discharge repartition at the inlet and the outlet is the
same. All the subdistricts tend to deviate the discharge to the
South (3 /$5u® < 100%). The deviation for the northern sub-
districts (AB123, DE123 and G123) is quite small which seems to
be correlated to the fact that the geometry drives the flow
repartition as lIJSUb 100%. Concerning the subdistrict DE567,
the deviation is as small as for the northern subdistricts.
Interestingly, the discharge flows in this subdistrict such as

SW“b =51.5% (corresponding barely to the equipartition
between the two upstream faces). The subdistrict AB567 and

G567 strongly deviates the flow to the South (¢5° /¢Su® < 72%)
although the flow mainly enters through the West face

(@327 = 64% and ¢% = 66%).

The discharge deviation at the subdistrict scale can be ana-
lyzed in the light of the water depth gradients presented in
Table D1(a). This shows that the water depth gradient is
oriented towards the East face for subdistrict DE123 and
G567, towards the South face for AB123, AB567 and DE567
and to the North for G123. For the outlet subdistricts AB567
and DE567, the direction of the water depth gradient is coher-
ent with one of the flow deviations. The incoherence between
water depth gradient and flow direction might be explained (i)
by the deviation of the West-East streets to the North for G123
et G567; (i) the weir at the outlet of street 1 that is not
perpendicular to the street direction (the weir being aligned
with the North face) and (i) by the asymmetrical velocity
profile in the street G4G5 entering the subdistrict G567 that is
more important on the right (inner) street side.

3.4.3. On discharge deviation at the crossroad scale
Eventually, the discharge repartition and deviation occur at the
crossroads composing this branched street network. The flow
deviation highlighted in Figure 4 is an upscaled combination of
several crossroads effect.

Figure 5(c) presents the relative discharge deviation ratio at
each crossroad: a“ = (QZ°* — Q) /Q%* where Q2% =
Q5 + Q™ is the discharge that enters the crossroad through
the North and West streets. When this deviation ratio is nil
(aC!OSS — 0), Q?’OSS — QCM//OSS and QCNYOSS — Qg’OSS CharaCteriZing
a ‘transparent’ crossroad behavior without influence on the flow
repartition; a“° < 0 (resp. a“* > 0) characterizes a flow deviation
to the South (resp. East). Various crossroad behaviors can be
identified from no discharge deviation (crossroad E1 and E5) to
up to 30% of the discharge entering the crossroad (crossroads B7
to the East or G5 to the South).

The flow deviation at a crossroad is likely to be influenced by
the local downstream water depth, the shape of the upstream
velocity profile and/or to some extent to the geometry of the
crossroad. Indeed, the crossroads of the AB567 subdistrict have
barely the same geometry but the flow is alternatively deviated to
the East or to the South. The sign of the relative discharge devia-
tion ratio a for each crossroad is varying within a subdistrict. This
promotes potential complex interactions between all crossroads
which is highlighted by asymmetrical velocity profiles (see Section
3.2.2). The latest prevents to downscale the discharge deviation
from the subdistrict to the crossroad scale and as shown above
(see Section 3.4.2) from the district to the subdistrict scale.

4. Concluding remarks and perspectives

This contribution presents an unprecedented experimental data-
set for flood flows of significant return period in a real-like
branched street network. The analysis is based on accurate mea-
surements of spatially distributed water depth and velocity
profiles.

The comparison between the direction of the water depth
gradient and the flow repartition, both at the district and the
subdistrict scales, promotes for complex flow repartition at
smaller scales. This is underlined by the observed variety of
velocity profile shapes and especially the very asymmetrical
ones. This asymmetry is most likely due to the recirculation
effect and flow throat that occur downstream of a crossroad
(see for instance Chen 2018; Nania et al. 2011; Mignot 2005).
This experiment led on the Icube urban flood experimental rig
clearly highlights that all the velocity profiles in large streets are
asymmetrical, which represents complex inlet flow conditions
for four branch crossroads. Under the assumption that such
hydrodynamic features are not artefacts due to the distorted
experimental scaling, the transposition to the real-world scale
( x 200) shows that such asymmetry may persist on a distance
of 120m downstream of a crossroad. Such distances are insuffi-
cient to consider disconnected crossroads which is, to our best
knowledge, the common framework used to establish the
crossroad discharge repartition relationship in the literature.

The discharge estimation in every reach between two cross-
roads is enabled by those velocity profile measurements. Along
a street, a significant discharge variability exists due to a spatial
variability of the sign and magnitude of lateral fluxes.
Comparable unit-discharge values are observed in both large
and narrow streets. Significant flow deviations are observed for
some subdistricts which promotes the recent macroscopic mod-
eling approaches based on the shallow water equations coupled
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with an anisotropic porosity-like parametrization (see for
instance (Guinot 2017)). Interestingly, the intensity of the dis-
charge deviation at the crossroad scale is related with the asym-
metry of the velocity profile entering a crossroad. Moreover, flow
repartition at both the crossroad and the subdistrict scale show
that downscaling of the flow repartition relationship is difficult.

The present work paves the way for further investigations of the
hydrodynamic mechanisms controlling the flow distribution at the
crossroad scale with a particular insight on the non-linear
upstream-downstream interaction  between  crossroads.
Especially, the effect of the experimental rig distorsion on the 3D
hydrodynamic should further be studied in order to clarify the

transposability of the experimental observations to other geome-
trical configuration.
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Appendix A. Geometrical dimension of the Icube urban flood experimental rig

Table A1. Statistics about street dimensions.
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Width Length
min mean max min mean max
er’n Bmean Bmax Lmin Lmean Lmax
Narrow 4.2cm 5.3cm 6.8cm 27.2cm 57.1cm 118.2cm
Large 10.6cm 11.8cm 13cm 42.6cm 57.7cm 81.5cm
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Figure A1. Icube urban flood experimental rig.

(b) Plan view
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Appendix B. Definition

Streets Scale
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Figure B1. Definition of the different scales.

For the sake of clarity, the following notations and definitions are used:

® The whole device is denoted as the district whereas the subdistrict corresponds to the narrow street networks bounded by the district limit and the
large network (see Figure B2). A reach is a rectilinear part of the experimental rig between two successive crossroads. A street includes the eight reaches
between the inlet and the outlet.

® Each crossroad is identified by the letter and the digit of the corresponding crossing streets. A street extent is denoted by the corresponding upstream
and downstream crossroads. A subdistrict is identified using all the street names crossing within the subdistrict; the existing subdistricts are thus AB123,
DE123, G123, AB567, DE567 and G567.

® For all the considered variables, the superscript {4ssub:cros5} indicates that they are defined for the whole district (%), a subdistrict (“¢) or a specific
crossroad (7). For the sake of clarity, the superscripts *“® and °** can be replaced by the explicit names of the subdistrict or the crossroad.
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o (Qldissubeross) ¢ the total discharge injected in the district, the subdistrict and the crossroad.

® Qy and Qu: the upstream discharge injected by the North (respectively West) face. Q¢ and Qs: the downstream discharge flowing out the East
(respectively South) face. gy w.s ) is the unit-discharge of a face. Qu, Qw, Qg, Qs and gy w s ) are defined at the district, the subdistrict or the crossroad
scale (the superscript {dis,sub,cross} j5 ysed to avoid confusion). Similar notations are used for the street width: B‘{’}'f,‘w} is the cumulative street width on the

North (West) face of the district; Bfgf’ = B‘E“b + Bg“" is the cumulative street width at the outlet of a subdistrict (with a sum on the East and South faces).

® The subscripts .« and gownk applied to F indicate that F is considered at the inlet (respectively outlet) of street k. F is the width B or the discharge.
Bdown k is thus the width at the downstream end of street k and Qup x and Qqown k are the discharge injected in (respectively that flows out) the street k
(where k corresponds eitherto A, B, C, D, E, F, G, 1,2,3,4,5,6,7).

® The subscripts jarge and parow applied to F indicate that F is summed on the large (respectively narrow) streets. F is the width B or the discharge Q:
Bnarrow = 3 ke 1235674806} Bdownk and Blarge = Zk6{4.C.F) Baown k-

. ¢§?iﬁ,’;b} = QEEfSV‘;}“b}/QgS’S”b} represents the discharge entering by the West (respectively leaving by the East) face normalized by the total discharge
either at the district 9 or the subdistrict scale .

® Y = qi®/qiy represents the East unit-discharge gi*® normalized by the total leaving unit-discharge git¢.

o vE0 = (0/BE")/ (Qte/Bar) = GF° .

® (oSS — (ngo“ — os’f“)/ogggss is the relative discharge deviation by the crossroad <.

Appendix C. Crossroad hydrodynamic

Recirculation zone

Inner side
"2 -
A
\ QOuter side
\
f Ay Flow throat
1
/
Inner side |/ Outer side

Figure C1. Schematic view of the crossroad hydrodynamic.
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Appendix D. Spatial statistics on the hydrodynamic

Table D1. Depth and velocity measurements and statistics.

(a) Water depth gradient analysis; plane approximation of the water depth distribution f)(x,y) = a + Bx + yy at the district and subdistrict scales. The water depth
gradient at the district scale is not the average of the water depth at the subdistrict scale; the water depth in the larger street is accounted in the district regression

but not in the subdistrict one.

B=0h y=06h B/y
District 8.4e —3 38 -3 2.22
AB123 4.5e — 3 49 —3 0.93
DE123 7.8 —3 2.7e — 3 2.92
G123 9.3e—3 —10.8e — 3 —0.86
AB567 3.0e -3 8.6e — 3 0.35
DE567 28e—3 4.2e —3 0.68
G567 3.7e -3 1.0e —3 3.60
(b) Spatial statistics on the hydrodynamic.
Streets Min Mean Max Std Dev
Velocity Large 0.187 0.282 0.380 0.053
m.s~! Narrow 0.077 0.224 0.490 0.061
Discharge Large 1.828 3.023 4.040 0.516
Ls~! Narrow 0.270 1.073 1.923 0.271
Unit-discharge Large 0.016 0.025 0.032 0.003
m?.s~! Narrow 0.005 0.020 0.036 0.005
Froude Large 0.176 0.302 0.462 0.075
Narrow 0.094 0.240 0.639 0.154
Reynolds Large 27000 40158 54350 6917
Narrow 5730 18136 36166 8662
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Velocity profile evolution along the street
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Appendix F. Flow repartition at the subdistrict scale

Discharge repartition for subdistrict AB123 Discharge repartition for subdistrict DE123
Discharge repartition for subdistrict G123
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Street Street Street
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©
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Figure F1. Evolution of the discharge ratios (Qup,k/Off, and Odawn‘k/ogi) between the inlet and the outlet at the subdistrict scale.
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Abstract

With the upcoming SWOT satellite mission, which should provide spatially dense river surface elevation, width
and slope observations globally, comes the opportunity to assimilate such data into hydrodynamic models, from the
reach scale to the hydrographic network scale. Based on the HiVDI (Hierarchical Variational Discharge Inversion)
modeling strategy (Larnier et al. [1]), this study tackles the forward and inverse modeling capabilities of distributed
channel parameters and multiple inflows (in the 1D Saint-Venant model) from multisatellite observations of river
surface. It is shown on synthetic cases that the estimation of both inflows and distributed channel parameters
(bathymetry-friction) is achievable with a minimum spatial observability between inflows as long as their hydraulic
signature is sampled. Next, a real case is studied: 871km of the Negro river (Amazon basin) including complex
multichannel reaches, 21 tributaries and backwater controls from major confluences. An effective modeling approach
is proposed using (i) WS elevations from ENVISAT data and dense in situ GPS flow lines (Moreira [2]), (ii) average
river top widths from optical imagery (Pekel et al. [3]), (iii) upstream and lateral flows from the MGB large-scale
hydrological model (Paiva et al. [4]). The calibrated effective hydraulic model closely fits satellite altimetry obser-
vations and presents real like spatial variabilities; flood wave propagation and water surface observation frequential
features are analyzed with identifiability maps following Brisset et al. [5]. Synthetic SWOT observations are gener-

ated from the simulated flowlines and allow to infer model parameters (436 effective bathymetry points, 17 friction

Preprint submitted to Elsevier August 7, 2020
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patches and 22 upstream and lateral hydrographs) given hydraulically coherent prior parameter values. Inferences
of channel parameters carried out on this fine hydraulic model applied at a large scale give satisfying results using
noisy SWOT-like data at reach scale. Inferences of spatially distributed temporal parameters (lateral inflows) give
satisfying results as well, with even relatively small scale hydrograph variations being inferred accurately on this
long reach. This study brings insights in: (i) the hydraulic visibility of multiple inflows hydrographs signature at
large scale with SWOT; (ii) the simultaneous identifiability of spatially distributed channel parameters and inflows
by assimilation of satellite altimetry data; (iii) the need for prior information; (iv) the need to further tailor and
scale network hydrodynamic models and assimilation methods to improve the fusion of multisource information and

potential information feedback to hydrological modules in integrated chains.

Keywords: 1D Saint-Venant Model, Hydrology couplings, Variational Assimilation, Satellite Altimetry, SWOT,

Hydraulic Visibility, Ungauged River

* Corresponding author: 1.pujol@unistra.fr

1. Introduction

Hydrographic networks represent major flowpaths for freshwater in the water cycle and an interface with the
space of human societies. It is of prior importance in a context of climate change to improve the knowledge and
representation of continental water fluxes, including river discharge, defined as an essential physical variable (see
Global Climate Observing System [6, 7]). However, modeling flows structure in the different compartments of a
catchment remains a hard task (see [8] and references therein) especially at poorly gauged locations. In complement
of in situ sensors networks, which are declining in several regions (e.g. [9]), new generations of earth observation
satellites and sensors provide increasingly accurate and dense measurements of water surface variabilities.

The Surface Water and Ocean Topography (SWOT) satellite, to be launched in 2021, will bring observations
of water surface (WS) with an unprecedented spatio-temporal coverage [10, 11, 12, 13, 14]. This will yield greater
hydraulic visibility (see definition in [15, 16, 17]) of hydrological responses through WS signatures from the local scale
to the hydrographic network scale, hence an opportunity to better characterize hydrological fluxes and potentially
constrain local to integrated hydrodynamic models and inverse problems. However, estimating river discharge )
from “geometric” observables of flow surface (elevation Z, width W and slope S) remains a difficult inverse problem
particularly in case of poor knowledge on river bathymetry and friction (see [18, 1] and references therein).

Hydraulic inverse problems with various model complexities, data-unknowns types and amounts are investigated
by recent studies in a satellite data context (see [13] for a review). A few studies started to test the benefit
of assimilating (synthetic) SWOT WS observations with sequential methods in simplified hydraulic models, for
estimating inflow discharge assuming known river friction and bathymetry [19, 20] or inferring bathymetry assuming

known friction [21, 22|. Next, methods based on low-complexity models have been proposed for estimating river
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discharge from WS observables in case of unknown bathymetry b and friction K, based on the low Froude model
[23, 18], hydraulic geometries [24] or empirical algebraic flow models [25]. The intercomparison of low complexity
methods in [26] highlights the difficulty of estimating the so-called unknown triplet (Q, K,b) from WS observables
as well as the importance of good prior guesses on the sought parameters.

The combined use of dynamic flow models of river systems and optimization methods enables to solve hydraulic
inverse problems, as shown for upstream flood hydrograph(s) estimation by [27] from WS width time series and a
1D Saint-Venant model or by [28, 29, 30] using variational assimilation of flow depth time series in a 2D shallow-
water model. The variational data assimilation (VDA) approach (see e.g. [31] and references therein) is suitable to
address the present hydraulic inverse problem from WS observations (see [32, 5, 33, 34, 1] and references therein
- single upstream hydrographs in all studies except multiple “stepwise” offtakes on synthetic and densely observed
irrigation-like cases in [32]). It consists in fitting the modeled flow features to observations through the optimization
of control parameters in a variational framework. To be solved efficiently, such an ill-posed inverse problem needs to
be regularized: see [35] for the theory of regularization of such inverse problems and [32, 1] for the present inverse
flow problem.

Crucial aspects of this difficult inverse problem are (i) the spatio-temporal sparsity of altimetric observations
regarding flow controls — as analyzed in [5] for inferable hydrographs frequencies with the introduction of the
identifiability maps and in [34] for inferable channel parameters patterns; (ii) the sensitivity of the triplet inference
to good prior guesses on the sought parameters as highlighted in a SWOT context by [18, 36, 1, 37, 34]. The latest
is highlighted by recent discharge estimates (in a triplet setup) from synthetic SWOT data on the P6, Garonne and
Sacramento Rivers in [1] (see also [38]), from AirSWOT airborne measurements on the Willamette River in [37] or
from ENVISAT altimetric data on an anabranching portion of the Xingu River [34]. Using a biased prior hydrograph
results in a biased estimate of inflow hydrograph despite a correct temporal variability at observation times - see
[1] for detailed analysis. A hierarchical modeling strategy HiVDI (Hierarchical Variational Discharge Inversion) is
proposed in [1] including low complexity flow relations (Low Froude and locally steady-state) for providing robust
prior guesses to the VDA process by taking advantage of databases or regional hydrological models.

Most studies mentioned above tackle the estimation of a single upstream inflow discharge hydrograph from
WS observations on relatively short river reaches regarding the spatio-temporal sparsity of (satellite) observations
sampling and without complex flow zones - confluences, multichannel portions (except [34]), floodplains. Moreover,
few recent studies address the effective modeling of (ungauged) river channels using multisatellite data [15, 39, 34,
40].

The present study investigates the challenging inference of multiple inflows and channel parameters patterns from
hydraulic signatures in a SWOT context. Particular attention is paid to the difficult inference of hydraulic controls
(HC) with correlated effects on WS signatures including overlapping backwater effects. Moreover, we present an

effective hydraulic modeling approach based on multi-satellite observations of WS and accounting for hydrological
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model inputs. It is applied to a long river reach including confluences with tributaries and strong backwater effects
in the Amazon basin. The computational inverse method, based on the full 1D Saint-Venant equations, is that
presented in [5, 1] with a spatially distributed friction power law in water depth and a simple piecewise linear channel
bathymetry [34]. It is adapted here to account for lateral inflows/offtakes and is weakly coupled to the large scale
MGB hydrological model [41, 42, 43]. Numerical investigations of the resulting WS signatures and identifiability
tests are presented along with sensitivity analysis to the parameters of both the (forward) hydraulic model and the
inverse method. The challenging inference of multiple inflows and channel parameters patterns is investigated with
various observations densities including the assimilation of synthetic SWOT ones.

The paper is organized as follows. Section 2 presents the modeling approach with the 1D Saint-Venant flow
model and the inverse computational method. Section 3 investigates the capabilities of the inverse method for
identifying spatially distributed inflows with and without unknown channel parameters given observation patterns
of WS signatures including overlapping backwater effects. Section 4 presents the effective modeling approach from
multisatellite data applied to 871 km of the Negro river (Amazon basin) and the analysis of flow propagation features
against SWOT observability. Section 5 proposes inference tests for spatially distributed inflows with and without
unknown parameters on the Negro case in the presence of strong backwater effects.

2. Modeling Approach

2.1. The flow model

The Saint-Venant equations ([44]) consist in the unidirectional form of the shallow water equations and are
commonly used to describe open channel flows (see e.g. [45, 46, 47| for detailed assumptions including the long
wave one). In what follows, 2 denotes the curvilinear abscissae from upstream to downstream along a reach of length
L (usual simplifying hypothesis are used) and ¢ € [0, T] denotes the time. In this representation, let A(x,t) be the
flow cross sectional area [mQ] and Q(z,t) the discharge [m3.s’1] such that U = @Q/A represents the longitudinal
cross-section averaged velocity [m.sfl]. The Saint-Venant equations in (A, Q) variables at a flow cross section read

as follows:

0t A +0.Q = kiatQrat
2 (1)
2Q+ 0, (%) +940:2 = ~gAS; + hiUuas
where Z (z,t) is the WS elevation [m] and Z = (b + h) with b(x) the river bed level [m] and h(z,t) the water
depth [m], Ry (x,t) = 4/p, the hydraulic radius [m] , Pj, (x,t) the wetted perimeter [m], g is the gravity magnitude
[m.s_z}, iat (z,t) is the lineic lateral discharge [m?s‘l}, and k. is a lateral discharge coefficient chosen equal to

one here since we consider inflows only. In DassFlow, the friction term Sy is classically parameterized with the

empirical Manning-Strickler law established for uniform flows:
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The Strickler friction coefficient K [ml/?’.s_l] is defined as a power law in h:

K (z,h(x,t) = a(z) h(zt)?® (3)

where o and 3 are spatially distributed parameters. This spatially distributed friction law enables a variation of
friction effects in function of the flow state (see effective modeling of multichannel flows in [34]).

Inflow hydrographs Q;,(t) and g, (t) at I € [1..L] are classically imposed respectively upstream of the river
domain and at known injection cells, that is inbetween two computational cross-sections along the river channel.
Let us recall the Froude number definition Fr = U/c comparing the average flow velocity U to pressure wave celerity
¢ = /94/w where W is the flow top width [m]. Considering subcritical flows (Fr < 1) in a satellite observability
context (see [18]), a boundary condition is imposed at the downstream end of the model using the Manning-Strickler
equation depending on the unknowns (A, @, K)yy:. The initial condition is set as the steady state backwater curve
profile Zy (z) = Z (Qin (to0) , Grat,1..L (o)) for hot-start. This 1D Saint-Venant model (eq. (1)) is discretized using
the classical implicit Preissmann scheme (see e.g. [48]) on a regular grid of spacing Az using a double sweep
method enabling to deal with flow regimes changes, At is precised in numerical cases. This is implemented into the
computational software DassFlow [49].

2.2. The computational inverse method

The paper studies the estimation of spatially and temporally distributed flow controls from WS observables
using the inverse method presented in [1] (see also [5]) with an augmented composite control vector ¢; the method
is detailed in AppendixA. The principle of the inverse method is to estimate (discrete) flow controls by minimizing
the discrepancy between observed and simulated flow lines, Z,;s and Z(c) respectively, the latter depending on the
unknown parameters vector ¢ through the hydrodynamic model (eq. (1)). This discrepancy is classically evaluated
with the observation cost function term jous(c) = 3 [|(Z(c) — ZObS)Hé computed on the observation spatial and
temporal grids, see details in AppendixA.

The control vector ¢ contains temporally and spatially distributed unknown “input parameters” of the 1D Saint-
Venant model: a friction law ([34]) and lateral inflows, unlike in [1], where there is a spatially uniform friction law

K (h) without lateral flows. It reads:

0 P 0 P 0 P T
c= ( iny Qin; Qlut,l? ey Qlat,h Qlat,?’ ) Qlat,L; blv sty bI’ A1, ooy ON Bh E) BN) (4)

where Q¥ is the upstream discharge (the superscript p € [0..P] denotes the observation time), Q7 ., is the lateral

discharges injected in the inflow cell | € [1..L] (note that Qa1 = GuatiAx), b; the river bed elevation (i € [1..I]
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Figure 1: Flowchart of the method using the HiVDI inverse method [1] for variational calibration, adapted from [50, 51, 34].

denotes the computational cross section index in space) and, for each patch n € [1..N] with N < I, the spatially
distributed parameters a,, and 8, of the friction law (eq. (3)) depending on the flow depth.

The inversion consists in solving the following minimization problem: ¢* = argmin. j(c) starting from the so-
called prior cprior in the parameter space. This minimization problem is solved using a first order gradient-based
algorithm, more precisely the classical L-BFGS quasi-Newton algorithm (see AppendixA). Note that the sought
parameters have a correlated influence on the modeled flow lines, therefore leading to an ill-posed inverse problem.
In order to be solved efficiently, the optimization problem is “regularized” as detailed in AppendixA. The main steps

of the method are illustrated in Fig. 1.

3. Inference capabilities from WS signatures: synthetic test cases

In order to calibrate the parameters of a hydraulic model (eq. (1)) from WS observables, one has to identify
and understand the influence of these parameters on the observable(s): in our case the WS profile. Fluvial flows
are studied here in the context of satellite altimetry (see [18]). Following [52], the influence of the parameters on
the modeled flow lines is referred to as their “hydraulic signature” (HC) and a reach is defined inbetween two fluvial
HCs. Fluvial HCs can be defined in steady state (see [52]) as “local maximal deviations of the flow depth from the
normal depth h,, (equilibrium), imposing the upstream variation of the water depth profile h(x) over the so-called
control length [53]”. They can stem from a change in either the hydraulic resistance, cross-section shape, bottom
slope or total flow variation through lateral exchanges.

This section studies the influence of inflows on hydraulic signatures, the capabilities of the inverse method
described above to infer multiple inflows and channel parameters (either spatially constant or not), with a focus on
the influence of the spatial observability of those hydraulic signatures.

3.1. Test case design

Three test cases configurations representing typical hydraulic-observations setup of increasing complexities in-
volving lateral inflows are presented (see Fig. 2). Cases Chl and Ch2 are designed to study the effect on the inference
of the overlapping signatures triggered by the propagations of, respectively, one or two lateral hydrographs, con-
commitantly with the one of the upstream inflow hydrograph. Case Ch3 is a complexification of Ch2 through the
introduction of a non-flat bottom and a variable friction pattern K = a(x) as needed in a real river case in the
next sections (8 =0 in eq. (3) - see investigations on spatialized friction laws with multiscale bathymetry controls
in [34]).

For all three channels the boundary conditions (fluvial) consist in: (i) a normal depth (equilibrium) imposed

downstream and (ii) sinusoidal hydrographs (see Tab. 1) imposed upstream and at lateral injection cells. The
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Figure 2: TOP: Academic test cases configurations. Rectangular channels of length £ = 1000 m and constant cross section width
W = 300m, constant bottom slope of 1073 m/m for Chl,2 and varying between 10~% and 1072 m/m for Ch3 - the bottom b (x) is
defined by linear interpolation between the 4 bathymetry points (diamonds, b = {2, 1.88, 1.28, 1.12} m) - and friction defined by constant
values on 3 patches (o = {30, 12.5, 30} m1/3.s*1). Upstream inflow at * = 0; for Chl, 2,3 respectively lateral injections at abscissae
(in m): z = 300, z = {300,700}, z = {350,700}, and observations at {zg1,...,zs5} = {150,500, 850,450,550}, {xsp1,..-, Tsp5} =
{150, 325, 450, 600, 800}, {gc1, .-, Tsca} = {0,300, 600,1000}. BOTTOM: Sample waterlines with visible upstream and downstream
controls and signatures. For the sake of clarity here, upstream and injected flow are set at 100m3s~! (Fr ~ 0.12 — 0.3). Using the
identifiability index Ijgent = Twave/Atops introduced in [5] with Tywave = L£/c, and the kinematic wave velocity for a rectangular
channel ¢, = 5/3U (¢ = 1.16 m.s~! considering average speed U = 0.69m.s~1) and a high observation frequency (Atyps = 20s), gives
a high identiability index I;4en: = 43 for the present flow observation configuration.

Qin Qlat 1 Qlut,?
Case Qolao] T [ Qolaol T [Qolag| T Froude range
Ch1 |[100| O |6300|100| 20 |6300 - 0.13-0.29
Ch2a 100 20 | 6300 0.12-0.3
Ch2b 400 | 80 {6300 0.05-0.55
Ch2c¢ ||100| 20 |6300|100| 20 | 630 |100 |20 [6300| 0.1-0.33
Ch2d 100 | 20 | 6300 0.12-0.3
Ch3 100 20 | 6300 0.09-0.53

Table 1: Parameter values for sinusoidal hydrographs Q(z,t) = Qo(z) + ag(x) sin (z%t) used in synthetic channels; resulting modeled

Froude ranges. Flows in m3s~!, time T in s.

simulation time step is set to At = 20s for all cases. They are set up as twin experiments, where a forward run
of the flow model (eq. (1)) is used to generate perfect WS elevation observations which are then used to infer
an unknown parameter vector ¢ (eq. (4)) with the inverse method described in section 2.2 and AppendixA. The
inferences are started from erroneous prior guesses ¢(?) that verify Manning-Strickler law for hydraulic consistency,
that is unbiased priors (see investigations in [1, 34]); hydrograph priors are constant values equal to the average
value of the target hydrographs.

Increasingly challenging inverse problems are considered, with increasing number of unknowns sought simulta-
neously and various observations densities. Cases Chl and Ch2 are used to infer temporal parameters only, given
a channel of constant slope and friction. Case Ch3 is the most challenging case with all inflows and non constant
channel parameters sought simultaneously.

3.2. Informative content of hydraulic signatures: single/multiple inflows inferences

The fluvial signature from a single lateral inflow is divided in two parts (see Chl on Fig. 2, bottom): (i) in the
reach downstream of the injection point, the cumulative flow (Q = Qin + Qlat,1) is uniform with a water depth
corresponding to the normal depth imposed downstream, (ii) in the reach upstream of the injection point an M1
backwater curve profile (see [54], [55, 52] in the present “altimetry context”) is obtained given the upstream flow
Qin and the water depth imposed downstream of this reach as the normal depth corresponding to the cumulative
flow. In the case of two distinct lateral injections (Ch2), WS signatures overlap in the most upstream reach because
of the stronger backwater effect created by two downstream inflows, which represent a more challenging inference
problem.

Inference trials in case Ch1 with control vector ¢; = (Qloam, vy Qﬁlt,l) T, assuming a known constant @, (z = 0,¢),

show that a single observation point in space with a dense sampling in time, placed either upstream (S1, in Fig.
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2, top) or downstream (52) from the lateral inflow, is sufficient to infer one lateral inflow hydrograph perfectly -
noiseless twin experiments - (not presented). Indeed, the hydraulic signature of a lateral inflow is visible and fully
informative either upstream from it because of its downstream control on the upstream flow line or downstream
from it, in the signature of the cumulative flow. This means that as long the river is well temporally-observed
regarding its response time (see [5] without lateral inflows) and that the temporal variations of the observed system
stem from a single control, only one spatial point is needed to infer this parameter.

In the case of two distinct lateral injections (Ch2), WS signatures overlap in the most upstream reach because of
the stronger backwater effect created downstream by the two inflows, which represents a more challenging inference
problem considering the unknown control vector cy = ( O o Qs QP ts s Qo 1y Qaras o0 QﬁnJ)T. Several
variants of Ch2 are considered to study the possible misattibution of flow controls (locations, amplitudes and
frequencies) in case of identical inflow hydrographs (Ch2a), the backwater influence of inflow hydrographs on Q;,
downstream signature observed at S1 given 4 times larger inflow amplitude (Ch2b) or 10 times higher frequency
(Ch2c), different observations samplings “mixed” inflows signatures (see Fig. 2 and Tab. 1).

3.2.1. Inference of multiple inflows

For all cases, using perfect and dense observations in space (1 every 10 m) and also in time leads to quasi perfect
inferences. The influence of a sparser sampling and of the observability patterns of overlapping WS signatures on
the identifiability of multiple inflows with the present inverse method is studied here - without a priori weighting
of the parameters in the inverse method, that is equal and unadjusted o values (see AppendixA). The inferred
hydrographs are summed up in Fig. 3. Scores are given in Tab. 2, including cost function values and iterations

number at convergence.

Variant Ch2a. Given only one observation station by reach (S1, 52, S3) very satisfying inferences of the 3 inflows
are obtained(Fig. 3, red line). Hence sufficient information is provided by those three stations observing distinct
signatures in each reach from upstream to downstream: (S1) propagation of the inflow Q;,(x = 0,¢) in presence of
the overlapping backwater effects due to Qjq¢,1(x = 300, t) and Qjqt,2(z = 700,¢); (S2) propagation of Q;,(z = 0,t)+
Qiat,1(z = 300,¢) in presence of the overlapping backwater effect due to Qe 2(z = 700,1); (S3) the propagation of

the total discharge without downstream control.

Variant Ch2b. Assimilation is more difficult than in Ch2a but inferred hydrographs (Fig. 3, red line) are still accu-
rate (Tab. 2). This testifies to the ability to discriminate multiple sources of various amplitudes given observations
of hydraulic signatures at higher frequency and at pertinent locations (S1, S2 and S3).

Interestingly, this case highlights the expected misattribution behaviour between inflow sources as shown by an
intermediate iteration (Fig. 3, orange line) and remaining to a lesser extent at convergence (red line): @;, and
Qiat,1 are respectively over- and underestimated). This may be due to the relatively higher contribution of Q;, to

the observed signature (it impacts WS elevation at S1, S2 and S3) and consequently its contribution in the cost
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Figure 3: Inflows inferences from WS observations for all Ch2 variants. Intermediate iteration in the assimilation process are represented
for Ch2b and Ch2c ; they are hand-picked to illustrate “intermediate” behaviours before convergence (“inferred”).

Case Qin Qlat,1 Qlat,2 Cost | N,y
RMSE | rRMSE (x10-%) | RMSE | rRMSE (x10-%) | RMSE | -/RMSE (x10-9)

Ch2a |l 0.08 2.5 0.15 4.7 0.05 1.6 8.0x107%| 54

Ch2b|| 0.72 22.9 1.34 10.6 0.08 2.7 9.4x107% 261

Ch2c|| 0.06 1.9 0.27 8.7 0.04 1.3 7.7x107%| 78

Ch2d|| 2.21 70.0 3.31 105.0 0.03 0.9 7.9x107%| 24

Table 2: Inferred parameters misfits to the truth for Ch2 variants. The RMSE [m3s~1] and rRMSE represent the misfit of the inferred
parameters, while the cost function used in the assimilation process represents the misfit of variables.

n . p 2 n .
RMSE = \/% 2:1 ( Z‘:a'r‘gct - Qinfered) ) rRMSE = RMSE/ igl Q%a'rget

i=

function (observation part).

Note that the final overestimation of Q;,, in Ch2b is slightly greater than in Ch2a. This is likely due to greater WS
elevation variation at S1 caused by backwater from Qjq,1, which is first attributed to @, since it has more impact
on the cost function. Remember that, with perfect observations of WS signatures, at the end of the optimization
process, nearly perfect hydrographs are inferred. However, the small flow misattributions during this optimization

shows the difficulty of inferring multiple controls using an observation located in a strong backwater signal.

Variant Ch2c. Perfect inferences are obtained. An intermediate iteration (Fig. 3, orange line) shows that the
expected misattribution of frequencies for all 3 inflows is present, though it disappears at convergence (Fig. 3,
red line). This testifies to the ability to discriminate multiple sources of various frequencies given observations of

hydraulic signatures at higher frequency and at pertinent locations (S1, S2 and S3).

Variant Ch2d. Convergence is achieved but the flow upstream of S4 is misattributed between @Q;, and Qas,1-
Signatures of @Q;,, and Q4,1 are only observed mixed, downstream of Q41 (at S4 and S5) and downstream from
both Qqt,1 and Qar,2 (at S3). Given that all stations are located in the downstream infuence of both inflows, the
distribution of flow between them makes little difference on the observed WS dynamics. This confirms the need to

have at least one observation station between each sought inflow in order to be able to “separate” them.

3.2.2. Synthesis
These first tests showed that for inferring multiple inflows, i.e. spatially distributed temporal controls, a minimal
spatial observability of their WS signature is required with one observation point between each inflow here. In case of

observation stations affected by backwater influence, the potential difficulty of separating multiple inflows from their
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“mixed signature” is highlighted; using a higher spatial density of (simultaneous) observations leads to improved
inferences in the present configuration. Moreover, using observations with high temporal density (with regards to
the response time in the considered river system) and low spatial density, different frequencies can be correctly
attributed to multiple inflows (as highlighted for a single upstream inflow in [5]). Furthermore, note that if a
supercritical regime occurs in a reach between inflows, their hydraulic signatures are disconnected (not shown),

effectively reducing the assimilation problem to that of case Chl.

3.3. Multiple and composite controls inference

In this section multiple inflows are sought simultaneously with channel parameters on case Ch3. Three friction
patches are consistently applied to sub-reaches inbetween the 4 sought bathymetry points. The control vector
is c3 = ( O s Qh s Qi 1s s Qlay 1y Qlaggs o Qlagg s by b, b, bas an, g, ag)T. Searching both inflows and
channel parameters creates a configuration (intendedly) prone to equifinality problems on the sought parameters
having correlated influence in the water surface signal. Three observation configurations (see Fig. 2) are studied:
one with a high station density (Ch3a: 100 stations, 1 every 10m), another with fewer stations (Ch3b: 9 stations,
Sby 5 and Scy.4) and a third one with even fewer stations (Ch3c: 4 stations, Scy. 4). Priors for inflows are those
defined for case C'h2 (subsection 3.2.1), priors for channel parameter are hydraulically consistent with flow priors and
initial flow line. For this equifinality prone configuration, the o values used in the inverse problem regularization,
related to the sought parameters (see section AppendixA) and denoted as weights, are given in Tab. 3.

Inference results are presented in Fig. 4. In red, the final estimate of c3 for Ch3a with the “default” weights set
(see Tab. 3). In green, final inferences for variant-specific parameter weights adjusted through trial and error. In
orange, intermediate inferences with the “default” set of parameter weights. Equal values of 1, corresponding to “no
weighting”, were also tested: they lead to inaccurate inferences (not shown) and thus the “default” weights producing
more interpretable results are preferred. In further iterations, after the ones plotted in orange, behaviours similar
to the C'h3a “default” weights inferences (Fig. 4, in red) appear (not shown), i.e. a shift of inferred hydrographs
and Strickler coeflicients away from the target. Also note that the inferred flow oscillation in the first time step
stems from the influence of the initialization scheme (see section 2.1) in the optimization on this quickly responding

channel.

Qin is underestimated while the local friction is overestimated, denoting a local tendency to equifinality. This
is linked to a strong backwater influence, created by both Q4,1 and the increase in friction at = 300m. This
local inflow error leads to compensation in downstream hydrographs. By adjusting parameter weights through trial
and error, accurate inferences are obtained (Fig. 4, in green). This means that dense observations of the WS
elevation are not sufficient for inferring all flow controls contained in c3 and that spatially distributed regularization

parameters, acting as weights in the parameter search, are required.
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Figure 4: Inflow, bathymetry and friction patch inferences from WS observations for all Ch3 variants. In red, final inference with
“default” parameter weights (see Tab. 3). In green, final inference with adjusted parameter weights. In orange, intermediate inferences
with “default” parameter weights.

Case 0Q., (m*s71) | 0g,,,, (m3s71) |00, , (m®s™1) | on (m'/3s71) |0y, (m) || Cost | Nige

Ch3a 0.54 | 180

“Default” | Ch3b 50 50 50 600 0.54 | 97
Ch3c 5 0.63 | 54

Ch3a 30 30 400 0.23 | 156

“Adjusted” | Ch3b 0.25 | 108

1 0.9 1.2 300
Ch3c 0.26 | 100

Table 3: Parameter weight sets in C'h3 variants.

Variant Ch3b and Ch3c. With sparses observations, the “default” weight set leads to worse inferences. However,
the existence of a set of adjusted weights that lead to good inferences (Fig. 4, in green) is enough to show that the
minimum observation spatial density of 1 station between each inflow can be sufficient to infer the extended control
vector cz. Note that adjusted weight for Ch3b and Ch3c are different from adjusted weights for Ch3a (see Tab. 3).

Using less observation points in space, the influence of spatial parameters decreases without loss of meaningful
information and thus the relative influence of inflows increases. This simple test highlights the weighting influence
of the o parameters in the regularization method in the present flow configuration. The spatial distribution and
density of WS observations along with the weights change the hydraulic representativity of spatially distributed
parameters in the optimization process.

The main difficulty uncovered with these academic cases is the challenge presented by simultaneous inferences
of multiple inflows and channel parameters from their potentially overlapping hydraulic signatures. However, in the
case of unbiased prior parameters and dense WS observation patterns relatively to those of spatio-temporal controls,
satisfiying inferences are obtained with the present inverse method. A real and complex river case is considered

hereafter.

4. Effective hydraulic model of the Negro river

After addressing increasingly challenging hydraulic inverse problems on synthetic test cases in the previous
section, a real complex river flow case is now considered. It consists in 871 km of the Negro river, including several
confluences with tributaries and anabranching flow zones. The reach is located upstream of the Solimoes-Negro

confluence which is responsible for significant backwater effects (see e.g. [52]). This section presents the elaboration

11
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Figure 5: Study zone on the Negro river. ENVISAT Virtual Stations are numbered from 1 to 18 starting from upstream. The boundaries
of the studied reach are defined by stations 1 and 18. The 21 tributaries are divided between actual rivers and inflow points from the
hydrological model. SWOT swaths give an almost full spatial coverage of the reach. In gray is the average water extent map used to
extract width values, from [3].

of effective flow models in view of performing forward and inverse flow modeling from WS observations of varying
sparsity in the next section.

The modeling approach consists in (i) a 1D hydraulic model (full Saint-Venant equations, see subsection 2.1)
(ii) based on effective cross sections defined from multisatellite and in situ data and (iii) weakly coupled to the large
scale hydrological model MGB [41, 42, 43]. The idea is to build an effective river flow model both in coherence with
the main hydrological signals (inflows) propagations along with observable flow surface signatures and hydraulic
controls (see [52]). As shown in what follows, this 1D approach allows for a fair representation of flow propagation
and longitudinal signatures, which are the core focus of this paper.

4.1. Study zone

The study domain corresponds to the main stream of the Negro River, a major “left-bank” Amazon tributary
draining the north part of the basin, with an average discharge of 28400 m3.s~! [56]. The reach covers the 871km
upstream of its confluence with the Solimoes and presents singular channel morphologies such as multichannel flow
zones mainly located in two large grabens ([57]). Part of the reach is strongly influenced by the control imposed
by the Solimoes river at its confluence (average discharge of 100819 m?3.s~! according to ORE HYBAM gauge data
[68], their confluence gives birth to the Amazon river). This hydraulic control is due to higher discharge and a
consequently lower slope of the Negro River in its lower reach when compared to the Solimoes River near to the
confluence [59, 60]. The reach of interest has been crosscut by 18 ENVISAT ground tracks every 35 days from 2003
to 2010 (see [61]), representing 68 to 79 measurements of WS elevations at each of the 18 Virtual Stations (VS).
Note that the measurements are not simultaneous for each station.

4.2. Effective models construction

This section presents the elaboration of effective flow models from multisatellite data. First, a G1 “sparse” channel
geometry is built from effective bottom elevations at ENVISAT VS resolution. Next, in view to test the additional
constraints brought by spatially dense satellite data (synthetic SWOT), a more spatially detailled effective channel
geometry G2 is built using a high resolution water mask and an in situ flow line as explained below.

4.2.1. Effective geometry G1 from altimetry and optical data

An effective 1D channel with effective rectangular cross sections is set up from available multisatellite data
(altimetry, optical) and a large scale hydrological model following [15, 34]. According to [57], high width to depth
ratios make the rectangular channel a pertinent effective modeling approach of the true geometry, even in highly
anastomosed reaches - where an error on the actual hydraulic perimeter P, hence R}, (see subsection 2.1) is expected.
This is supported by a qualitative analysis of some additional ADCP measurements of river flow and cross-sectional

bathymetry.
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e The river centerline from [62], formed by 30x30m pixels, is used to calculate the river length and to project

all spatial objects, such as VS, widths and inflow points, on a single one-dimensional reference.

e A longitudinal profile of cross sectional WS width W is calculated from the average river extent map derived
from 31 years (1984-2015) of optic landsat imagery by [3]. A single width value per centerline point is extracted
in order to build a 1D rectangular geometry. For multi-channel reaches, the effective width is the sum of the
widths of all channels. This underestimates the actual hydraulic perimeter. Specific hand-filtering based on
hydraulical expertise was necessary in some anabranching parts of the model where the water extent may
include inactive flow zones not accounted for in the present 1D effective model. Note that [63] concurs to the

necessity of reach-scale flow zone evaluation in the Amazon river catchment.

e An effective channel bottom elevation by, is obtained at each VS (Fig. 6, in red) from altimetric rating

curves (RC) from [64]. Its slopes range from —7.1x107° to 2.0x10~% m/m with an average of 7.0x10~° m/m.

0.5
sat

RCs were obtained by adjusting the parameters (v, 0) of a stage discharge relationship @ = v (Zsat — b)[S S
using WS elevations Zs,; and slopes Ssq: gained by satellite altimetry and discharge ) simulated with the

large scale hydrological model MGB ([41, 42, 43]) on the temporal window of interest.

Effective rectangular cross sections geometries are defined at the R = 18 VS using the above defined effective
bottom elevations {benv}re[l..R] and river widths {W; }Te[l“R]. The final model geometry (G1 = {benw, W1}repi..r))

is obtained by linear interpolation between those 18 effective cross sections on the model grid with Az = 200 m.

4.2.2. Effective geometry G2 at increased spatial resolution

Spatially dense WS elevation data is introduced in the form of an in situ GPS flow line with G = 579 spatial
points. It was collected by survey ship along the whole studied reach over 7 days during the low-flow period in
december 2010 ([2]); it provides local WS elevations Z every 1.4km on average and WS slopes S for every 25km
reach (ranging between 2.0x107° and 8.11x1075m/m, averaging at 3.4x10~°m/m). Under the hypothesis of a

wide rectangular cross section and a steady uniform flow, the Manning equation writes:

Q=K (Wh)** (W +2n)2*V3 (5)

The water depth writes h = (Z — b) and the bottom elevation is sought using (i) the fixed WS width pattern
Wo from imagery, (ii) the WS elevation Zgps and slope Sgps given by the GPS profile and (iii) the discharge Q
from the hydrological model (see subsection 4.1) on the river domain at the corresponding time t.. We invert an
effective bathymetry bgps using equation 5 by minimizing the square sum of misfits to be,, at ENVISAT stations

through the modification of M = 14 friction values ((oun, Bm = 0), m € [1..M], friction law eq. (3)). They are
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Figure 6: Effective river channel bottom and width for spatially sparse, G1 = {benv, W1 }re[l..R]: and spatially dense, G2 =
{bcps, WQ}GE[L‘G], model geometries along with a low-flow GPS waterline from [2].

simply spatialized into M “hydraulic” patches consistent with large scale morphological features classified as follows:
single channels, multiple channels (from 2 to 3), lightly anastomosed and heavily anastomosed (Fig. 6, in purple).
The friction coefficient values are coherent with the physical properties of the classified reaches.

The new bathymetry bgps is coherent with the best available reference data and its corresponding set of
physically distributed Strickler patches. The final model geometry is G2 = {bgps, WQ}GE[LG].

In the following, using either geometry G1 or G2, the hydraulic model is inflowed with time series at a daily time
step upstream of the river domain and at 21 tributaries (both river tributaries and runoff inflows) corresponding to
the 21 catchment cells feeding into the Negro river cells in the large scale hydrological model MGB ([42, 41]). The
largest of these tributaries is the Branco river at 657 km.

4.8. Effective Models calibration against altimetry

The friction of the hydraulic model (eq. (1)) is calibrated against altimetric WS elevation time series following

env

: obs
[34], i.e. {Zs }S=16,Pe[68..79]

s at ENVISAT VS, the most downstream VS being used as BC (see subsection 2.1).

The friction law is distributed using N = 17 “ENVISAT” patches with constant (v, 8, = 0), n € [1..N] values for
each reach between two successive VS. This choice is made to avoid spatial “overparameterization” in the calibration
process regarding the spatial sparsity of ENVISAT observations of WS signatures. The aim of parameter calibration
is to obtain a “real-like” model as close as possible of the sparse observation set. Three models are considered, to
assess the impact of the bathymetry refinement and of the downstream BC on the modeled hydraulic signatures and
on inverse problems: a “sparse” model (M1) using channel geometry G1 and the WS elevation time series from VS
18 as BC, a refined model (M2a) with channel geometry G2 including all the spatial variability from multisource
data described above while keeping the same BC and a further changed refined model (M2b) where the BC is
changed to an altimetric RC which is of interest for “operational-like” applications in other rivers and basins.

The inverse method presented in [1] and described in subsection 2.2 and AppendixA is used here, without
regularization terms, for friction calibration. Effective Strickler patches, starting from priors corresponding to
average values of the “hydraulic” patches used above (Fig. 6, in purple), are calibrated following [34] who use
observations of the same nature. Friction patterns cg,, cg,, and cg,;, found with the inverse method are shown in
Fig. 7. Most differences in calibrated friction from M1 (Fig. 7, in red) to M2a (Fig. 7, in blue) correspond to their
difference in bathymetry at the virtual station point (Fig. 7, gray line), i.e. a lower slope in M2a leads to a higher
inferred Strickler parameter in order to match WS observations (e.g. in patch 2 and 6. Inferred parameters for
M?2b roughly match those of M2a, with some discrepancies in patch 2, 15 and 17. Using a different BC influences
WS sensitivity to parameters and the relative contribution to the cost function of local WS misfits, which explains

differences in patch 15 and 17 ; the one in patch 2 stems for the high friction values, hence lower WS sensitivity as
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Figure 7: Friction patches after calibration against ENVISAT WS elevation observations. Inferred Strickler coefficient values are very
close for all configurations for patches 1, 3 to 5, 9 to 14 and 16. Patches 2, 6 and 15 are especially sensitive to model variations.

analyzed after.
4.8.1. Water levels analysis

The following presents a detailed analysis of the effective hydraulic model for configuration M1, along with an
analysis of changes obtained for configurations M2a and M2b.

The simulated WS elevation are compared to observed WS elevation at each ENVISAT virtual station in Fig.
8 - other time series are available in AppendixB. For the 3 models calibrated above, the modeled WS are fairly
close to observed WS given the limited modeling complexity and data uncertainties. More precisely, the fit to the
altimetric WS elevation time series is fairly good, as shown for M1 in Fig. 8, and nearly unbiased as shown in Fig.
9(left). The WS elevation global RMSE is at 0.936 m for M1 ; similar results are found with M2a (see Tab. 4).
Errors are greater in low and high flows, with consistent underestimations of flow amplitude upstream (VS 1 — 4)
which turns into overestimation downstream (VS 9 — 13), before disappearing closer to the BC (VS 14 — 18). VS
5 to 8 are particularly accurate. Error metrics are coherent with those from current state of the art models using
satellite data (see e.g. [40] on the Congo river).

The analysis of the time series for M1 gives insight on the 1D model behaviour regarding the real flow physics
sampled with the sparse nadir altimetry data and dense in situ low flow line. Modeling errors can stem from either
an (expected) improper representation of the channel and flow complexity or uncertain (ungauged) inflows and
data.

Concerning the hydraulics, from downstream to upstream, relative errors are lower in anabranching reaches
outside of the backwater influence starting at the Branco tributary (z = 657km up to around x = 350km) and in
the backwater influence of the (known “perfect”) downstream BC. Overall, relative errors are higher upstream, in
single channeled, low water height reaches and in the Branco backwater influences. Note that 2D complex lateral
flows in floodplains or retention behaviours from “igarape” rivers may happen in high flow periods (see [65, 66]).
These unaccounted phenomenons may decrease flood wave velocities and cause hydrograph skewness ([67, 68, 10]).

The 1D modeling of water levels compared to altimetry observations (Fig. 8) can first be analyzed as follows:

e Stations 14 to 18 are located in reaches with different morphological properties. Stations 14 and 15 are located
in a densely anastomosed reach upstream of the Branco river confluence, a major tributary. Stations 16 and
17 are in single channel reaches, upstream from the confluence with the Solimoes river. Station 18 is in a
densely anastomosed reach at the location of the BC forcing on WS elevation. Their low relative misfits do
not testify to the absence of complex hydraulic behaviours in this area but rather to the dominating influence

of the BC.
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Global RMSE (m) | Global Average bias (m) | Upstream RMSE (m) | Upstream Average bias (m)
M1 0.94 —0.02 0.88 —0.08
M2a 0.94 —0.02 0.91 —0.01
M2b 1.72 0.23 0.90 —0.05

Table 4: RMSE and bias over 8 years for the M1, M2a and M2b models. Upstream metrics are calculated for stations 1 to 9 only,
which are outside of the BC’s backwater influence. The high global RMSE for M2b comes from the known dephasing of the Solimoes
and Negro peak flow, which is not reproduced by the RC.

e Stations 5 to 13 are located in mostly homogeneous anastomosed reaches, with stations 5 to 8 in a less
densely anastomosed region than stations 9 to 13. This spatial division corresponds to two trends in relative
misfit, where lower misfit is seen in the less anastomosed reaches. This testifies to the difficulty of modeling
potentially 2D hydrodynamics using 1D approach. Indeed, the more channels there are, the further away
the simulated wetted perimeter is from the true wetted perimeter (and so the hydraulic radius). Note that
parameterizing the Strickler coefficient as described in eq.(3) and including 8 (x) in the control vector during
the calibration process, instead of the simpler 8 (z) = 0 used here, does not yield a better fit in this complex

case modeled with a single rectangular channel.

e Stations 1 to 4 are located on single channel reaches. Although the area seems the most suitable to be modeled
in 1D, it still has the highest relative misfit to ENVISAT observations. For stations 1 and 2, this is partly
due to effective width estimation errors being more prevalent in the relatively narrow channel (around 2km
in width). Furthermore, note that effective channel bottom elevation for these stations are respectively 37.3 m
and 36.3m while the lowest ENVISAT WS elevation observation are respectively 36.6m and 35.8m. This
corresponds to low-flow water heights of 0.7 m and 0.5 m which do not fit field measurements. Consequently,
relatively high friction coeflicients are inferred between station pairs 1-2 and 2-3 to fit low water depth. This
misfit might be due to data error, including effective width errors for stations 3 and 4 located in areas of sharp
width variations. Note that the higher the friction values, the less sensitivity of the modeled WS elevation,
which explains the highest spread of Strickler coefficient (K = 40 to 55m!/3s~1) in reach 2 found during
calibration for the 3 models (Fig. 7).

The introduction of the refined geometry G2 in M2a, recall for generating spatially distributed SWOT data and to
perform inference tests hereafter, has low impact on WS elevation bias and errors at ENVISAT VS (see Fig. 9),
with only stations 1, 2 and 3 showing significant change. Using a rating curve as downstream BC in M2b mostly
impacts the downstream part of the model where some misfit to altimetry data appears. Indeed, it is more difficult,
using a simple power law depending on the local flow variables, to capture the influence of the confluence with the
Solimoes River - not modeled. The latest having strong discharge variations out of phase with the one of the Negro

River itself (e.g. [16]).
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Figure 8: Modeled and observed WS elevation at ENVISAT VS after friction calibration at all stations for M1

Figure 9: Relative misfit between modeled and observed WS elevation at ENVISAT for M1 (left, base model) M2a (middle, WS
elevation at downstream BC) and M2b (right, rating curve at downstream BC). Crosses are average values, horizontal bars are median
values.
4.3.2. Effective model analysis

As a preliminary to hydraulic parameters inference from WS observables, this subsection studies the spatio-
temporal features of the simulated hydraulic signatures, their sensitivity to model parameters and their observability
given a SWOT sampling. First, an analysis of a flood wave propagation, resulting from multiple inflows, and its
hydraulic signature visibility is performed using identifiability maps following [5]. The latter consist in a space-
time representation of the WS signal and flow propagation features against the observability pattern. These maps,
inspired by the theory of characteristics (see [69, 47]), enable to read how the sought upstream discharge information
is sampled in the downstream WS deformations and help to estimate inferable hydrograph frequencies. Next, a
numerical sensitivity evaluation of the flow model is carried out.

In the context of regional hydrological modeling including river networks representation, the sensitivity of the
present flow model is studied by using erroneous inputs. These inputs are also used in section 5 as erroneous priors

for various assimilation setups.

e Inflow: two hydrograph sets (containing lateral inflows and the upstream BC inflow) corresponding respectively
to 70% and 130% of the true hydrographs are used as erroneous values for sensitivity trials and are referred

to as Q;?éo and QIJE%) respectively.

e Friction: two Strickler repartitions, with coefficient values worth respectively 70% and 130% of the truth are

used as erroneous values for sensitivity and are referred to as K Eéo and K ;go respectively.

e Bathymetry: the inflow sets Q;?éo and Q;?’;O and the true Strickler values are used to dig two bathymetries
as described in section 4.3. The bathymetry derived from underestimated flows is referred to as b;éo (it

overestimates the true bathymetry), and the other is referred to as bJIS3GO‘

SWOT will provide spatially distributed observations with interesting revisit frequencies at the scales of the
current river domain and hydrological signal propagations. Fig. 10 shows the evolution of the simulated WS
elevation anomaly during the yearly peak flow (red-blue heatmap) as well as its multiple SWOT observability (in
black). Based on the modeled flow, accounting for several inflows, the propagation of an intumescence corresponding
to the annual flood wave signature is represented along the river through the maximum WS elevation in time
(following [55]) (Fig. 10, top, blue points). This intumescence propagation is visible on the upstream 400 km of the

river from day 164 to day 173. It is detected by a SWOT swath at ¢ = 166 d and another one at t = 170d. It is more
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difficult to detect this signature in the downstream part of the river (z > 400 km) affected by the strong downstream
control imposed by high water depths at the Negro-Solimoes confluence; a downstream control due to the Branco
tributary also overlaps from x = 657 km to around x = 400 km. This control can be seen through the tracked WS
elevation maximum (Fig. 10, top, in gray), where an early rise in WS elevation originates from z = 657 km, and
through the extreme waterlines (Fig. 10, bottom, in blue), which highlights the change in length of this influence in
low and high flows. As a consequence, WS observations on the downstream part may contain combined information
due to the upstream hydrographs propagation but also to the expression of downstream controls.

The maximum WS elevation is tracked for simulations with erroneous parameters as defined above (Fig. 10,
top, in red, green and cyan). They are not plotted where the flow displays “pool behaviour” (gray points). They
highlight the sensitivity of propagation to model parameters which is also an important point when they are varied
during an optimization process as featured in section 5. The propagation time from 0 to 400 km can be evaluated
to around 10 days, and is estimated as follows for the rest of the river domain.

The conservative part of the Saint-Venant equations (i.e. without source terms) is hyperbolic: some quantities
depending on the water depth and velocity (known as the Riemann invariants) are transported by waves at speeds
different from the flow speed (see e.g. [69, 47]). The wave celerities are U +c and U — ¢ with ¢ = y/gh for rectangular
cross sections (see analysis of propagation features in [5]). For the fluvial regime of interest here (Fr = U/c < 1),
information propagates both downstream and upstream and the Riemann invariants are modified along the wave
due to the source term effects. The wave celerities obtained on the Negro River model are given by reach in Table
5, relatively high wave speeds are obtained hence propagation of information both upstream and downstream,
with spatio-temporal variability. The WS signature (and the discharge) thus reflects the nonlinear combination of
information coming from both upstream (due to inflows variations) and downstream (due to local hydraulic controls
or downstream BC - see the method of characteristic in [47]). This highlights the difficulty of inferring multiple
inflows from sparse observations of WS signature, especially given uncertain channel parameters and backwater
effects.

Nevertheless interesting frequential information can be gained from the identifiability map as introduced in
the case of a single inflow. Using the kinematic wave speed %U (Fig. 10, top, dashed blue line) which compares
fairly well to the intumescence speed on the upstream part of the reach (Fig. 10, top, x < 400km). This gives
an approximate propagation time 7Ty = 26d on the whole domain, greater than the SWOT observation cycle
period of 21 days. This brings the reach identifiability index to I;gent = 1.23 (defined as Iigent = Twave/Atobs, 1-€.
the average number of time a wave is observed, see [5]). However, in the present case, the notion defined by [5]
accounts for a single upstream inflow, not spatially distributed lateral inflows with potential upstream backwater
controls. Actual identifiability indices for reaches in between each lateral inflow would be much lower (estimated
identifiabilities in between each inflow pair are given in Tab. 5 considering a fictious At,s = 1d full domain

observability). Furthermore, SWOT swaths observations consist in WS snapshots on different parts of the river
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Figure 10: TOP: Identifiability maps and flood wave propagation during the yearly peak flow (may-june) in the Negro river model. The
WS anomaly (heatmap) is given by Zano (z,t) = Z (z,t) — Z (x), where Z (z) is the average local WS elevation from day 160 to 190.
Blue points: tracking of maximum WS elevation value Zm (x) = max;c(o,365) Z(,1), Yz € [0, L]. Gray points: tracking of maximum
WSE in the downstream pool. Dashed blue lines: fictitious trajectory at kinematic speed (sparse dashes) ¢, = 5/3U and at U + ¢
(dotted dashes), starting at = = 0, at the time of the local WS elevation peak. The speeds are calculated from the simulated flow speed
U and water height h and updated every Az = 200m, such as tP+! = ¢P + %‘ BOTTOM: Extreme flow forcings and flow model

K
variables over a 2 year period. Blue lines: Extreme simulated waterlines. Red lines: corresponding extreme Froude values. Green lines:
corresponding cumulative injected flows.

Vertical black dashes are lateral inflow locations. Bold vertical dashes are inflows inferred in subsection 5.2.

x (km) 0‘65 ‘ 121 ‘ 163 ‘ 193 ‘ 216 ‘ 388 ‘ 418 465 ‘ 502 ‘ 528 ‘ 598 ‘ 623 ‘ 628 ‘ 657 ‘ 700 ‘ 739 ‘ 754 ‘ 789 ‘1000

%'H'HF 2.35 1.42 1.22 1.07 1.02 0.75 0.50 0.52 0.53 0.50 0.48 0.35 0.32 0.41 0.61 0.47 0.44 0.47 0.44
CHF 8.32 9.23 9.71 10.31 | 10.36 11.19 12.52 12.61 12.62 13.49 13.95 15.90 16.28 16.82 17.93 17.26 17.56 19.37 19.69

vugp tcHgp 9.74 | 10.08 | 10.44 | 10.95 | 10.97 | 11.64 12.82 12.92 12.93 13.79 14.23 16.11 16.47 17.06 18.29 17.54 17.82 19.65 19.95

upgp —cyp | -6.92| -8.38 | -8.98 | -9.67 | -9.75 | -10.73 | -12.22 | -12.29 | -12.30 | -13.19 | -13.66 | -15.68 | -16.09 | -16.57 | -17.56 | -16.99 | -17.29 | -19.09 | -19.42

Lident, HF 0.32 0.46 0.40 0.33 0.26 2.64 0.69 1.04 0.81 0.60 1.69 0.82 0.18 0.82 0.81 0.97 0.39 0.86 2.14

3upp 1.40 0.96 0.83 0.70 0.69 0.52 0.34 0.37 0.45 0.40 0.41 0.25 0.22 0.26 0.31 0.26 0.24 0.24 0.23

ol

cLF 5.54 | 6.16 6.54 7.13 7.05 T.72 8.70 8.59 7.87 8.71 8.81 11.30 | 11.83 | 12.54 | 14.11 13.37 | 13.78 | 16.09 16.59

upp +eLp 6.38 6.74 7.04 7.54 7.47 8.03 8.91 8.81 8.14 8.94 9.06 11.45 11.96 | 12.70 | 14.30 | 13.52 | 13.93 | 16.24 16.72

upp —cpp |-4.70 | -5.58 | -6.04 | -6.71 | -6.64 | -7.40 -8.50 -8.37 -7.60 -8.47 -8.56 | -11.15 [ -11.70 | -12.39 | -13.93 | -13.22 | -13.64 | -15.95 | -16.45

Iident,LF | 0-54 | 0.67 | 0.58 | 0.50 | 0.39 | 3.80 | 1.03 | 1.47 | 0.95 | 0.76 | 1.97 | 1.16 | 0.26 | 1.29 | 1.61 | 1.76 | 0.73 | 1.71 | 4.21

Table 5: Identifiability indexes between each pair of inflow at low and high flow (see Fig. 10, bottom). Speeds are given in m.s
I;igent is given for a reach of length L and an observation time step Atyps = 1d by Ligent =

L
FUAtops
domain at given times, hence containing various and mixed signatures (in the sense introduced in section 3) of
both several inflows and channel parameters - the more downstream, the more aggregated is the inflow information.
Inferences of multiple inflows and frequential analysis are presented in the next section given known or uncertain

channel parameters, spatio-temporally dense or sparse (SWOT) observations.

5. Inferences from satellite observables

This section studies the challenging inference of ungauged channel parameters and multiple inflows on the Negro
River case, which represents a real and complex large scale problem. Typical inverse problems in hydrological-
hydraulic modeling are studied here considering SWOT WS observations. The inference of channel parameters
or/and inflows in the 1D Saint-Venant model is addressed using the inverse method presented in subsection 2.2 (see
also section AppendixA). The downstream BC is set as a known altimetric rating curve. Three observation sets
are generated: spatially and temporally dense (At = 600s) observations (DenseSet), SWOT observations from the
hydraulic model outputs masked by SWOT swaths (SWOTSet) and noisy SWOT observations using the large scale
simulator [70] to add realistic measurement noise (SWOTNoiseSet). We first present inferences of inflows only, then

of channel parameters, and finally of all those spatio-temporal controls simultaneously.
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5.1. Multiple hydrographs inferences

Depicting flow structure within a river network and a catchment is a key issue in hydrological modeling, especially
in ungauged basins. Seeking to infer, from distributed WS observations, flow controls that are both temporally and
spatially distributed can represent a very challenging inverse problem, as previously highlighted on synthetic cases.

Inferences of L = 21 inflow hydrographs from 2 years of SWOT synthetic observations are studied here.
The channel geometry, friction and BCs are assumed to be known, hence the control vector reduced to ¢ =
(Q?at’l, v Qﬁlt’l, Q?am, ...,Qﬁlt’L>T. The inferences are started from a prior guess ¢(?) consisting in true hy-
drographs affected by uncertainties of £30%, that is Q;Céo and Q;%O as defined above. Note that the inference is
started from a hydraulically consistent initial state using an unbiased prior in the first time steps (see investigations
in [1, 34]); the prior values of regularization parameters ogq: correspond to inflows magnitudes.

The inferred hydrographs from inflow prior Q;éo are presented in Fig. 11 for DenseSet (green lines) and
SWOTNoiseSet observations (orange lines). Results from prior Qlt‘z’;o are available in AppendixC. SWOTSet and
SWOTNoiseSet give almost identical inferences, therefore only the SWOTNoiseSet inferences are presented. For
under- and overestimated priors, the assimilation of dense and SWOT observations enables to infer the true hy-
drographs fairly well. RMSE ranges from 8.86m3s™! at x = 465km up to 578.31m3s™! for the Branco tributary
at x = 657km. RMSE for all inferences presented in Fig. 11 can be found in section AppendixC. Some inferences
show global under- or overestimations (e.g. © = 216,388,789 km). These biases are linked to the prior bias. Strong
and numerous overlapping backwater signals may also influence flow misattribution, as discussed in the academic
cases (section 3) for a small scale model. As tested in numerical experiments (not shown), increasing a scalar value
0Q1a,,; can give more effective weight to an hydrograph Qq:,; in the inference and it can be found further away from
its prior guess, which highlights the role of the covariance matrix used for regularization.

Note that temporal oscillations appear on the inferred hydrographs when using SWOTNoiseSet which is “tem-
porally sparse” observation patterns compared to flow propagation, which is not the case of DenseSet. These
oscillations are especially present in downstream inflows, which may link them to particular hydraulic responses
in the BC influence zone, although they can be seen in upstream inflows as well. They tend to be prevalent in
declining limbs of hydrographs (e.g. in Fig. 11, at 789 km, from day 120 to 300).

Note that, regardless of oscillations, inferences tend to be further from the truth in decreasing hydrographs.
These oscillations are not the effect of signal misattribution, as they are present with any number of inferred
hydrographs (not shown), nor are they caused by the prior’s shape, as filtered priors also lead to oscillations (not
shown). Instead, the oscillations seems to stem from the combination of the low observation frequency compared
to the spatially distributed inflow hydrographs and the nonlinear hydraulic response. Keep in mind that we track
flow information through WS elevation deformations caused by the nonlinear propagation of parameter signatures

(see subsection 4.3.2).
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Figure 11: Lateral hydrographs inferences from SWOTNoiseSet and DenseSet, using the Q;?(’;O inflow prior .

Figure 12: Difference between target and inferred WS elevation at 870 km, as observed by DenseSet and SWOTSet. The dotted line

represents the inferred waterline inferred from SWOTSet (with Q;éo as inflow prior), but observed by DenseSet. The difference between

this waterline and the target waterline is the misfit to target. At SWOT pass times, the misfit is low as expected from an inference
from SWOTSet. It only displays WS elevation oscillations at unobserved times.

A sample illustration of those oscillations on the simulated WS elevation is presented in Fig. 12, at 870km,
downstream for three oscillating inferred hydrographs (at x = 738, 754 and 789 km). The inferred waterline from
SWOTNoiseSet is compared to the truth at all simulated times and at SWOT pass times only. The misfit is logi-
cally lowest at SWOT pass times (goal of the optimization), while unobserved periods exhibit a slightly oscillating
(unconstrained) misfit. Higher frequency observations, such as DenseSet, prevent this behaviours through a more
complete spatio-temporal observability of the WS signatures, hence constrain the spatio-temporal parameters in-
ference further. Some model configurations where temporal parameters are discretized at a greater time step than
observation one do no exhibit such behaviours (e.g. results with DenseSet, [34]). As already shown in [5] for the
identification of a single hydrograph, the identification is possible only in time windows representing the wave prop-
agation time Tyape ~ 26 days in the present case, yet with multiple inflows and observation sample (see subsection
4.3.2). As a consequence, outside the “identifiable time windows”, the infered values are not necessarily representing
reality (see related WS misfit in Fig. 12). They are the optimal solution corresponding to the considered priors
of the optimization problem. In practice, this means that introducing an additional regularization term j,.q, like

t 9%h
0 ot2

dt at observation points, would smooth (as following a spline curve) between the identifiable windows instead
of the obtained oscillations. This smooth discharge curve would not be more physical than the present oscillations
and we made the choice to not hide this well understood phenomena. It is a logical consequence of the disparity
between the samplings of observations and parameters and does not impede interpretations of hydraulic signatures
and identifiability.

Seeking to infer a control that is both temporally and spatially distributed represents a challenging assimilation
problem. In the present case: (i) the observation frequency now plays a role in identifying the hydraulic signa-
ture, on top of its spatial density and resulting flow propagation: (ii) varying nonlinear flow propagation, and so
WS signatures, can result in different inferences depending whether they are performed from observations of ris-
ing/declining hydrographs propagations (local Q(Z) hysteresis) and (iii) indirect contributions to parameter weight
in the inverse method appear, as successive hydrographs influence the whole downstream water line (established in
subsection 3.2), which gives greater “effective weight” to upstream hydrographs as the cause of the misfit is observed

in more stations and thus accounted for multiple times in the cost function. The inferred flow variations may be

compensating for errors made at upstream stations with different SWOT pass times, impacting their WS elevation
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Figure 13: Bathymetry and friction pattern inferences from SWOTSet

either through backwater control or through the modification of the BC and its own backwater effect.

5.1.1. Spatial parameters inference

The inference of effective channel parameters is studied here considering a control vector composed of all friction
coefficient values and bathymetry points. The bathymetry is composed of I = 436 free points (1 every 2000 m)
between each of which it is obtained by linear interpolation. SWOTSet is used, with a spatial observations sampling
(1 point every 200m), i.e. 10 times greater than the sought bathymetry for observed reaches. Two inferences from
hydraulically consistent priors are presented, one with the refined bathymetry b;,?éo introduced in subsection 4.3.2
(Fig. 13, in green) and another one with b},25™ a shifted bathymetry from the M1 model in subsection 4.2.1,

in red. The 2.6 m correspond to the spatially averaged shift of b;%o compared t0 beny. b525™ does not contain a
priori information on target bathymetry shape - such as a coarse DEM prior. The friction prior is K ;go for both
inferences.

Using b;g) and b},%%™ as priors, the inference of channel parameters (friction and bathymetry) respectively
reach a RMSE of (4.362 m'/3s~1 1.231 m) and (4.762 m'/3s71 1.913 m). Upstream (z = 0— 110 km), irregularities
appear in both inferred bathymetries and correspond to underestimated Strickler coefficients. The high friction

partially hides the hydraulic signature of the bathymetry and enables inference error inconsequential to the cost

function. Downstream (z = 600 — 870km), in the strong backwater control of the downstream BC, inferences tend

—+2.6m

oo™ are smoother than those

to stay close to their prior values. Furthermore, inferences from the unrefined prior b
from the refined prior b;go. This testifies to the role of the a priori bathymetry shape knowledge contained in the
prior when the WS elevation sensitivity to bathymetry is low. Strong backwater effects make the inference of channel
parameters more difficult and parameter compensation appears due to the lessened sensitivity of the simulated WS
(e.g. in green, at the last friction patch). The refined bathymetry prior b;%o leads to inferred bathymetry and

friction that are closer to the truth. It will be used in the extended control vector inferences below.

5.2. Inference of channel parameters and inflows

This section investigates the simultaneous inference of both unknown inflows and channel parameters on the
large scale Negro River case; it combines all previously mentioned difficulties and corresponds to an ungauged
configuration. In the following, the aim is to determine: 1) if SWOT data are sufficient to infer the extended control
vector given unbiased prior parameters; 2) how the added spatial complexity from lateral inflows impacts spatial
parameter inference. In addition, further investigations on the impact of lateral inflow prior shape, representing
for example hydrological modeling uncertainty in a simple manner, are presented. The considered extended control

vector is the following:
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Figure 14: Inflow, bathymetry and friction patch inferences from SWOT synthetic data: C;lat’ inferred control vector without a priori
hydraulic behaviour.

Ceat = (Quat,e=65 (t) ; Quat,z=502 (t) , Quat,a=657 (1), Qat,z=754 (t) ; b1, ..., b ; a1, ...y ) (6)

The inferences are performed from DenseSet and SWOTNoiseSet. The bathymetry and friction priors are b;éo
and Kf?go respectively. Four major lateral inflows located at = 65, 502, 657 and 754km (Fig. 10, bold dashed
bars) are considered. Their reduced number facilitates the analysis of their spatial impacts. The other inflows are
set to their target values. Two inflows prior types are used: Qgg, that gives no a priori on hydrograph shapes
and foger, hydrographs obtained by applying a 80 days moving average filter to the true hydrographs. Prior
flow values in Qggf are set to the target flow values from the first time step up to 120 days for the sake of initial
hydraulic consistency. Inferences of all parameters for these inflow priors are presented in Fig. 14 and Fig. 15. The
inferred control vectors are referred to as Crgr A Chipper Inferred parameter scores can be found in Tab. 6.

Inferred spatial parameters patterns are similar to those obtained previously without unknown inflows in sub-
section 5.1.1. ¢%,, features a fair bathymetry fit downstream (z = 600 — 870km) while Chiter Stays close to the
prior value. This may be due to the different range of the simulated hydraulic responses in the first iterations:
using Qggt leads to an increase in WS elevation sensibility to bathymetry. Upstream (z = 0 — 110km), increased
bathymetry irregularities in ¢},,, are linked to the erroneous prior Qggt leading to bathymetry errors in the first
iterations, coupled with lower inferred Strickler coefficients, hence a lessened impact of bathymetry on the water
surface and the inability to correct the “initial” errors.

In terms of temporal behaviours, both priors give fair estimates of hydraulic controls for DenseSet. Inferences
from SWOTNoiseSet are close to those from DenseSet with the presence of oscillations and the rising part of
hydrographs are better fitted than decreasing ones, as observed in subsection 5.1. In both ¢}, and c%,,, and
for both observation sets, a correlation between sought inflows at * = 502; 657 and 754km appears. The Branco
river flow, at = 657 km, is better inferred and its well fitted peaks are also found in the two smaller rivers (e.g.
at 520 days), which are in its upstream and downstream influences zones (see Fig. 10, left). In all inferences, the
total flow at the downstream BC closely matches that of the truth, which means that only hydraulic signature is
misattributed across the 4 inferred temporal parameters, not on the total flow. In C}ilter» MOTE aCCUTate inferences
are obtained, with a smaller influence of the Branco river on other inflows in its influence zone and more accurate
inference of small scale behaviours. The filtered prior Q{,ig” introduces information on low frequency behaviours

of the sought inflows, helping the assimilation process to converge to correct the target inflows. This configuration
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Figure 15: Inflow, bathymetry and friction patch inferences from SWOT synthetic data : ¢
hydraulic behaviour.

;:z'ltev” inferred control vector with a priori

Obs set Pri RMSE [m3s71] (rRMSE) Nash-Sutcliffe
S se rior
65 km 502 km 657 km 754 km 65km | 502km | 657km | 754km
DenseSet Qﬂ“t 189 (0.12) | 329 (0.17)| 1472 (0.22) | 430 (0.45)| 0.84 0.90 0.87 0.10
NoiseSWOTSet 209 (0.14) | 360 (0.18) | 1719 (0.26) | 421 (0.44)| 0.81 0.88 0.82 0.10
ensedet . . . . . p .
D S Qfm” 101 (0.07)| 195 (0.10) | 412 (0.06) | 158 (0.17)| 0.94 0.97 0.99 0.49
oise et . . . . . . .
NoiseSWOTS 102 (0.07)| 208 (0.11) | 503 (0.07) | 154 (0.16)| 0.94 0.96 0.99 0.51

(a) Hydrograph scores

Obs set Prior [}ri%i ?‘f] RMSE; [m]
DenseSet flat 5.35 1.89
NoiseSWOTSet | “F¢ 5.12 1.64
DenseSet szlter 5.30 2.06
NoiseSWOTSet 5.13 1.99

(b) Channel parameters scores

Table 6: Inferred parameter scores for extended control inferences.

allows for a better fit of small scale variation in the controls.

6. Conclusion

This paper investigated the inference of river channel parameters and multiple inflows from water surface signa-
tures in the context of satellite altimetry with the forthcoming SWOT mission and using water extents from optical
data as well. The HiVDI inverse method presented in [1], based on the 1D Saint-Venant equations and a variational
assimilation scheme adapted to account for lateral inflows (mass and momentum injections). Given hydraulically
consistent prior guesses and regularization weights, it is successfully applied to synthetic test cases and a long reach
of the anabranching Negro River in the Amazon basin using multisatellite data.

Through low Froude synthetic cases, it is shown that the signature of a lateral inflow is visible downstream
from the inflow point through the total flow signature and can be visible upstream in case of downstream control
at the injection. Following this analysis and using the HiVDI variational assimilation method (global in time and
space), a study of the minimum spatial density of water surface observations necessary to infer lateral inflows from
their hydraulic signatures is carried out. Synthetic twin experiments yield the following results: (i) given high
observation temporal frequency relative to model hydraulic response, perfect inflows inferences can be obtained; (ii)
to correctly attribute signatures between multiple lateral inflows, a minimum of 1 observation point between each
injection cell is necessary; (iii) when simultaneously inferring inflows and/or channel parameters, a sensitivity to

parameter weights (see section AppendixA) appears; (iv) given a priori parameter weights, accurate inferences of
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inflows and channel parameters is achievable even with the minimum spatial observability.

A method for building effective river models in coherence with multisatellite data and including realistic spatial
variations is introduced based on multisource data of water surface elevation, width and slopes. This method
makes use of (i) multimission altimetric rating curves (see [64]) or equivalently a distributed hydrological model
and altimetry data and (ii) water surface width like those from current databases (see [71]); it should be applicable
to rivers from the future SWOT database. It is applied here to build a simple effective 1D model of the Negro river
upstream from its confluence with the Solimoes river. It fits currently available satellite water surfaces signatures
and contains real-like spatial variabilities and flood wave propagation features.

The inference capabilities of spatially distributed channel parameters and inflows from synthetic SWOT ob-
servations are highlighted on the Negro River case given hydraulically coherent priors. The inference of temporal
parameters in the form of 21 spatially distributed lateral inflow hydrographs leads to accurate estimates and low
water surface misfit at observation times. High frequency observations give good inferences, with an expected
sensitivity to both prior bias (see [1, 34]) and prior shape.

SWOT-like observations lead to comparable inferences, with slight oscillations due to the frequential disparity
between observations temporal controls combined to their spatial distribution and the resulting nonlinear flow prop-
agation on the domain, as analyzed with identifiability maps. Those oscillations related to model-observations time
scales could be overcome by introducing additional regularizations - not done here for the sake of hydraulic analysis.
Inference of purely spatial parameters (bathymetry /friction) were carried out as well, leading to some complemen-
tary remarks: (i) channel parameters equifinality is most present in the downstream part of the model, where the
waterline is influenced by the strong backwater effect of the boundary condition (Solimoes River) which diminishes
water surface sensitivity to other parameters; (ii) bathymetry prior shape influences the inferred bathymetry. Fi-
nally, simultaneous inference of channel parameters and spatially distributed inflows was achieved with satisfying
accuracy. We show that, with the present method, large scale temporal parameter variations can be found from
synthetic SWOT observations even without a priori knowledge of the shape of the hydrological response, but that
small scale variations can be better inferred with a priori hydrograph shape knowledge.

Recall that the estimation of discharges and channel parameters from (SWOT) WS observations is a difficult
inverse problem because of the correlated influence of flow controls on the observable water surface signatures -
non uniqueness/equifinality issues. It is therefore necessary to use hydraulically consistent priors as investigated in
[1, 37, 34] with HiVDI method that contains low complexity flow relations for deriving robust prior guesses from
databases and hydrological models, or even in situ depth/discharge data when available (see [1]) - not the scope of
this paper. As already discussed in [1], the VDA solution depends on the priors which are the first guess value and
the covariances matrixes. Ongoing research efforts in the SWOT community, in view of global discharge estimates,
focus on the determination of priors through the construction of a SWOT a-priori database based on [72, 71] and

global /regional model outputs (see [26, 1]|), constrained with available in situ gauge measurements. Note that
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a-priori estimations/databases could be enriched or reprocessed during or after the SWOT mission lifetime and
HiVDI would enable to refining discharge estimates (see [1]). Moreover, as shown in [73], priors obtained by deep
learning can greatly improve global estimation.

More generally, reaching unbiased estimates of discharge, from downstream to upstream of river networks with
varying densities of in situ discharge data hence ungauged river portions/basins, is a crucial challenge in hydrology
that could benefit from the fusion of complementary in situ and remotely sensed data in integrated models. The
present study brings insight in lateral inflows inference from hydraulic signatures and paves the way for further
research on integrated hydrological-hydraulic assimilation chains for river networks and in coherence with multi-
satellites observables (of local hydrodynamic signatures) to benefit from them in a regionalization perspective.

Searching for distributed channel parameters and inflows given temporally sparse SWOT data and a global
assimilation method brings the issue of signal attribution to the forefront, especially at the scale of a river network.
Further research should focus on tributaries that could be amenable to the use of SWOT and multisatellite obser-
vations to better constrain estimates of lateral inflows and next distributed fluxes on network models considering
hydrological-hydraulic couplings. The introduction of pertinent signatures, scales and constrains in the forward-
inverse models (e.g. forward operators, covariance matrices, cost function terms) should help maximizing the use
of various information sources and enable smooth discharge estimates and better signal attribution, given uneven
and heterogeneous satellite data in combination with other complementary databases/knowledge. This could help
leveraging better inferences of hydrological responses and flow structure within a river basin and eventually enable

information feedback to rainfall-runoff modules and ultimately regionalization issues.
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pendixA. The computational inverse method

The computational inverse method is based on Variational Data Assimilation (VDA) applied to the 1D Saint-

Venant model (eq. (1)). The computational inverse method is the one presented in [5, 1] with an augmented

composite control vector ¢ (eq. (4)): ¢ contains a spatially distributed friction coefficient enabling to model complex

flow zones (while it is an uniform friction law K(h) in [1]). This definition of K (z,h) enables to consider more

heterogeneous bathymetry controls. ¢ also contains lateral flow hydrographs Qe ;(t) to deal with in/offtakes due

to tributaries or underground flows. It is important to point out that the imposed downstream BC is an unknown

of the inverse problem. It is constrained with the observed water elevations and inferred river bottom slope using

a locally uniform flow hypothesis (i.e. Manning equation, see subsection 2.1) - except in the last real case above.

The cost function j(c) is defined as:

j(C) = Jobs (C) + jreg (C) (Al)
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where v > 0 is a weighting coefficient of the so-called “regularization term” j,.q(c). The term jops(c) measures the

misfit between observed and modeled WS elevations such that:

Jos(€) = 5 12 (@) = Zans) Iy (A2)

The norm || -||o = ||O'/2-||3 is defined from an a priori positive definite covariance matrix O. Assuming uncorrelated
observations O = diag (0z). The modeled WS elevations Z depend on ¢ through the hydrodynamic model (eq. (1))
and the inverse problem reads as

¢" = argmin, j (c) (A.3)

This optimal control problem is solved using a Quasi-Newton descent algorithm: the L-BFGS algorithm version
presented in [74]. The cost gradient Vj(c) is computed by solving the adjoint model; the latter is obtained by
automatic differentiation using Tapenade software [75]. Detailed know-hows on VDA may be found e.g. in the
online courses [76, 51].

To be solved efficiently this optimization problem needs to be ‘regularized”. Indeed the friction and the
bathymetry may trigger indiscernible surface signatures therefore leading to an ill-posed inverse problem; we refer
e.g. to [35] for the theory of regularization of such inverse problems and to [1] for a discussion focused on the present
inverse flow problem.

Following [1], the optimization problem (eq. (A.3)) is regularized as follows. First the regularization term jy.q
is added to the cost function (eq. (A.1)). We simply set: jreg(c) = 3 [|b” (:r)||§ Therefore this term imposes (as
weak constraints) the inferred bathymetry profile b(z) to be an elastic interpolating the values of b at the control
points (i.e. a cubic spline).

A specificity of the present context is the large inconsistency between the large observation grid (altimetry
points) and the finer model grid. Between the sparse observations points (equivalently the control points), the
bathymetry profile b(z) is reconstructed as a piecewise linear function. It is worth to point out that the resulting
reconstruction is consistent with the physical analysis presented in [52, 55]. (This study analyses the adequation
between the SW model (eq. (1)) behavior and the WS signature).

Next and following [77, 78, 1], the following change of control variable is made:

k=B"Y2(c - cprior) (A.4)

where c is the original control vector, c,pior is a prior value of ¢ and B is a covariance matrix. The choice of B is
crucial in the VDA formulation; its expression is detailed below. After this change of variable the new optimization

problem reads:
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mkinJ (k) with J (k) =j(¢) (A.5)

1011 It is easy to show that this leads to the following new optimality condition: B/ 2Vj(e) = 0; somehow a

1012 preconditioned optimality condition. For more details and explanations we refer to 79, 80 and [1] in the present

1013 inversion context.

1014 Assuming uncorrelated controls the matrix B is defined as block diagonal such that B = diag (Bq, Bqiat,15 - - - » BQlat,L.» Bb; Ba, -
w15 Still following [1], the covariance matrices Bg, Boia: and By are set as the classical second order auto-regressive

1016 correlation matrices:

(Ba),, = (00)" exp (5 ) (B~ (00 oo (~522) and (), = (o) exp (=12
(A.6)
1017 The VDA parameters Atg and L represent prior hydraulic scales and act as correlation lengths. We refer
118 to [5] for a thorough analysis of the discharge inference in terms of frequencies and wave lengths and [1] in the
1010 present river-observation context. In the present study, the friction parameters applied to deca-kilometric patches

1020 are assumed to be uncorrelated thus the matrices B, and Bg are diagonal:

2 2
(Ba)i,i = (0a) %, (Bﬁ)m‘ = (Uﬂ) (A.7)
1021 The scalar values o may be viewed as variances ; their values are given in the numerical results section.
1022 Finally, in a noised observation context and to avoid overfitting noisy data, we denote by § the noise level such

023 that |[Zops — Zt,,ueH2 < 6 with Z,p, the observed and Zi.,. the true WS elevation profiles. A common technique
102a  to avoid overfitting noisy data, in the context of Tykhonov’s regularization of ill-posed problems, is Morozov’s
1025 discrepancy principle, (see e.g. [35] and references therein): the regularization parameter v (see eq. (A.1)) is chosen
1026 a posteriori such that j does not decrease below the noise level.

1027

12s  AppendixB. Extended friction calibration results

Figure B.16: ENVISAT WS elevation misfit after friction calibration at all stations for M2a.

Figure B.17: ENVISAT WS elevation misfit after friction calibration at all stations for M2b.
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1030 AppendixC. Additional graphs and RMSE for lateral hydrograph inferences on the Negro River

1031 with DenseSet and SWOTNoiseSet observation patterns

Figure C.18: Lateral hydrograph inferences from SWOTNoiseSet and DenseSet, using the Q;E?éo inflow prior

1032
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x (km) | g (d) |o (m®s™!) | DenseSet RMSE (m3s~!) | SWOTNoiseSet RMSE (m?3s™!)
65 2500 79.62 122.34
121 1500 97.74 134.59
163 1000 64.17 70.44
193 1000 49.06 50.75
216 700 37.04 41.48
234 800 112.76 120.43
247 1000 89.82 105.24
261 800 56.57 45.62
388 1000 98.30 125.94
418 800 60.64 49.12
465 1 600 8.86 12.64
502 2000 116.21 194.86
528 1000 66.85 83.55
598 600 28.69 29.08
623 1000 40.75 44.83
628 1200 119.85 126.13
657 5000 421.26 578.31
700 1500 263.07 264.27
739 2800 127.97 173.35
754 2000 140.89 158.19
789 2400 249.73 283.92

(a) With prior Q5

z (km) | g (d) |0 (m®s™!) | DenseSet RMSE (m3s~!) | SWOTNoiseSet RMSE (m?3s™!)
65 2500 134.66 156.34
121 1500 142.70 138.31
163 1000 69.46 66.83
193 1000 45.66 43.47
216 700 45.31 47.28
234 800 128.18 130.98
247 1000 122.21 125.72
261 800 35.82 33.85
388 1000 146.13 149.39
418 800 33.81 32.22
465 1 600 13.53 15.37
502 2000 212.87 235.58
528 1000 87.67 91.96
598 600 28.62 28.85
623 1000 39.51 43.31
628 1200 123.45 126.71
657 5000 581.03 775.15
700 1500 250.54 256.81
739 2800 157.54 194.14
754 2000 147.88 154.01
789 2400 293.07 297.37

(b) With prior Q1%

Table C.7: Inferred lateral inflows parameter weights and RMSE
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1033 AppendixD. Technical specifications

103s  Host bridge: Intel Corporation 8th Gen Core Processor Host Bridge/DRAM Registers

1035 PCI bridge: Intel Corporation Xeon E3-1200 v5/E3-1500 v5/6th Gen Core Processor PCIe Controller
103s  Memory: 2x16Gb SODIMM DDR4 Synchronous 2667 MHz (0.4 ns)

1037 Resolution mode: sequential

1038 Resolution method: implicit-explicit preissmann scheme

103 Sample run: inference of the full triplet on the Negro model (inferred control vector c};,,,. in subsection 5.2)

1040 e Control vector components: 4x740 flow points, 436 bathymetry points, 17 friction patches (3413 total sought

1081 values)

1082 Total run time (direct): under 15min

1043 Total run time (inverse): 20.8h

1044 e Number of iterations: 35

1045 e Average iteration time length: 35.8 min
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Abstract. An increasing urbanization of floodplains has led to higher vul-
nerability of urban areas and building a new generation of robust, accurate
and computationally affordable models dedicated to urban floods is highly re-
quired for improving prediction systems and mitigation measures. A better
understanding of urban floods hydrodynamics may also be required. In view
to achieve computationally affordable and reliable simulations a new 1D/2D
parsimonious hydraulic model Flood1D2D is introduced for flood modeling in
complex branched urban networks. It takes advantage of a cut-cell technique
and a new effective model able to take into account some essential sub-grid
flow features such as flow vein contractions due to recirculations downstream
of a crossroad. It is shown that this local phenomenon can be correctly repro-
duced thanks to this 1D/2D coupled SW model parameterized with roughness
and porosity. The ability of the model to reproduce realistic flood discharge
distributions at the subdistrict scale is also tested on a part of the branched net-
work of ICUBE experimental rig. Further studies should tackle the issues of
calibration and unsteady modeling.

1 Introduction

An increasing urbanization of floodplains has led to higher vulnerability of urban areas with
various amounts of damages and human losses depending on flood features. Therefore, build-
ing a new generation of robust, accurate and computationally affordable models dedicated to
urban floods is highly required for improving prediction systems and mitigation measures.

In the field of urban flood modeling several approaches have been proposed using shallow
water (SW) equations either in 1D or 2D parameterized with a classical friction law [1], SWE
modified with macro scale porosity [2, 3], or even 3D Navier Stokes equations [4].

Each of these hydrodynamic models are more or less adapted in reproducing local and/or
global scale free surface flow variables (water flux, depth or cross sectional area) depending
on the real physical complexity of the flow. The most complex models are computationally
expensive and require a generally unaffordable amount of data to be constrained. For instance,
the flow complexity at a crossroad and downstream is at least 2D in space [5, 6]. Classical

*e-mail: pascal.finaudguyot@engees.unistra.fr

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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porosity approaches, are able to account the effect of sub-grid building geometry and stagnant
waters, reveal to be a good compromise between physical realism of modeled flood flows and
computational cost at the district and city scales [3].

In view to achieve computationally affordable and reliable flood simulations in complex
branched urban networks, a 1D/2D parsimonious hydraulic model with pororsity Flood1D2D
is introduced [7]. This modeling paradigm and parameterization takes advantage of empir-
ical findings on the effects of 3D flow structures on local and global flow patterns in urban
geometries, but also of a parsimonious and computationally affordable 1D/2D SW coupling
between 1D streets and 2D crossroads achieved with a split cell technique. In the streets, a
complementary parameterization of the SW equations with a porosity approach is introduced
to account for the effects of recirculation areas occurring downstream of each crossroad.

The conceptual and discrete model are presented and validated in the next section. A
discussion around a global scale sensitivity analysis is proposed in section 3. Concluding
remarks and perspectives are provided in section 4.

2 Flood1D2D - An effective model for urban floods

A new hydrodynamic model has been designed for an effective representation of urban flood
flows throughout branched networks of streets and crossroads. It takes advantage of a cut-
cell technique and introduces a parsimonious effective model able to take into account some
essential sub-grid flow features.

2.1 Conceptual model

Urban flood flows may involve complex 3D hydrodynamic structures such as those involved
at confluences/defluences [8, 9] or recirculation zones downstream of crossroads [6]. Such
local flow structures may have impact on water repartition, hence on larger scale flow patterns
[10]. A 2D SW modeling approach is able to simulate realistic global flow patterns as shown
by [4] on the ICUBE urban flood configuration.

The proposed effective modeling approach is based on a full 2D SW model at crossroads
and a much cheaper 1D effective approach in streets remaining physically coherent as shown
in this paper and sufficiently informative for operational purpose. The modeling paradigm,
based on SW equations and illustrated in figure [fig:Effective-1D], consists in : 2D cells in
the crossroad and effective 1D cells including the full street width but without constrain in
the velocity direction.

Recirculation zones often observed downstream of flow junctions are assumed to be only
present in effective 1D cells. As highlighted in section 2.3.2, classical SW equations in 1D are
unable to account for recirculation effects on flow variables. Therefore an effective approach
is introduced based on the idea of an equivalent flow vein narrowed by the recirculation zone
downstream of a crossroad.

This study considers steady-state hydrodynamics and a recirculation area is defined as a
zone on which there is on average no flux in the street direction. 1D cells are defined on the
whole street width (figure 1) and can contain 2 domains representing:

e Q, an ineffective flow area located in a recirculation zone for which the modeled velocity
vector is considered as nil.

e Q) an effective flow vein.

Flow vein contraction is measured with the variable ¢ = L,/L with L = L, + L, where L
represents the full width of the 1D cell and L, (resp. L,) is the width of the recirculation
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(resp. flow vein). Notice that such a definition of ¢, corresponding to the effective flow width
with respect to the full cell width, is similar to a porosity as it can be defined in [11].

In both cells, the hydrodynamics is modeled using the full 2D SW equations (1) to make
easier the coupling between streets and crossroads [12]:

h 2 I qr" 0
P 0 1 0 1
) I Ty —gn? |4+ 2 h =| gh (So,x - Sf,x) (1)
ot ox| h .2 | 2 1

r = - + Eg;ﬂ gh (SO,y - Sf,y)

where ¢ (resp. x and y) is the time (resp. space), g the gravitational acceleration, / represents
the water depth, ¢ (resp. r) the unit-discharge in the x (resp. y) direction, S, (resp. Sy, ) the
bottom slope in the x (resp. y) direction and S 7, (resp. S ) the friction slope in the x (resp.
y) direction estimated using the classical Strickler formulation:

aZb aZb (u2 + 02)1/2 (u2 + 02)1/2
Sor==Gp Sw =%, Sre= T Sw= T @
=op
I'ip--
Q-
L
Q'n"
llll¥ /' e
v Tipw-=" 1D cells 2D cells
X = |mpervious BC

Figure 1. Sketch of a typical mesh configuration describing a 1D/2D "frontal" coupling close to a
crossroad/flow junction.

2.2 Finite volume approach

On both 1D or 2D domains, (1) is discretized and solved using a finite volume approach:

1
Ut = U - A — Z P, LiF" +S(UY) 3)
' jeNG)

where U, is the vector of the modeled variables [h ¢ r]T, F ;’ stands for the Riemann fluxes
through the interface j, S(UY) is the source terms vector that applies on cell i, L; is the length
of interface j and P;; is the matrix that accounts for the coordinate change from the global
coordinate system to the one attached to the interface j of cell i.

The flux F’J’ is estimated using a Riemann solver [2] and thus depends on the left and right
states of each interface.
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To take into account the sub-grid flow features (due to recirculation), the sum of the
interfaces is subdivided to make appears two elementary fluxes: F, (resp. F,) through L, ;
(resp. L, ;). L, is the recirculation width at the interface and is estimated as L, ; = (L, +
L, r)/2 where the subscript ; (resp. ) stands for the cell on the left (resp. right) side of the
interface. The definition of ¢ allows writing L, = (1 — ¢) X L; leading to:

Lu,j

:M:[l S+ Pr (4)

P+ Pr
2 R R R et

With such considerations, (3) can be written either for the 1D or the 2D cells as :

1
X Z Pi,jLu,jFZl,j + Z Pi,ijF’} + Z Pi,jLu,jFZJ + S(U?)

b jeCipanye J€lp2n) J€lp2nyu
)

In the numerical tool FloodID2D, the fluxes are computed using the PorAS Riemann
solver [2] based on Uy, and Uy, the hydraulic variables in the left-hand and right-hand cells of
the interface. U being computed as |7 ¢/¢ r/¢]T (resp. [h 0 0]7) when computing through
L, (resp. L,).

n+1 _ym
U{]D,ZD},i - U{lD,ZD},i_At

2.3 Validation

The proposed model is validated here on a dambreak experiment in a bend and a four branches
crossroad with porosity. A detailed validation of FloodID2D is presented [7], including a
comparison to analytical configurations (with and without porosity) and with the classical 2D
shallow water model Telemac.

2.3.1 Dambreak in a 90° bend

This first test case aims to highlight that this "frontal" 1D/2D coupling without porosity allows
reproducing satisfactorily a highly transient dambreak experiment in open channel with 90°
bend [13].

The experimental geometry is composed of a rectangular channel of width B = 0.495m
with a 90° bend connected to an upstream reservoir and ended with a free outlet. The precise
dimensions of the domain are provided in [13]. The channel is initially empty and the initial
water level in the reservoir is z;,;; = 0.25m above the bottom of the channel. At ¢t = Os, the
water contained in the reservoir is instantaneously released in the channel. The computational
domain is meshed using a 1D/2D structured mesh (see figure 2, top left). A simulation is
also performed with Flood1D2D using only a classical 2D modeling of the domain with a
structured mesh and the PorAS Riemann solver. In both case, the discretization step is set to
Ax = 0.025m.

The computed water depth using Flood1D2D are plotted and compared to the experimen-
tal results at various locations and in time (figure 2). Using both approaches (1D2D or 2D),
the water depth map highlights the mobile hydraulic jump generated by the bend and trav-
eling backward to the reservoir; very similar results can be observed in [13]. The computed
water depth profiles are fairly close to the experimental ones. The water depth increases
abruptly two times: first when the water flows from the reservoir and then when the hydraulic
jump moves backward in the upstream part of the channel rand eaches the gauging points G4
to G1. The farther the point form the reservoir the shorter is the interval between those two
increases of 4. Such evolution do not appears for the last gauging point (G11 - cyan curve)
as it is located downstream of the bend. After the second peak, the water depth decreases
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Figure 2. Experimental dambreak in a bend. Top left - 1D/2D mesh; top right - Simulated water surface
at t = 7s; bottom - comparison of the temporal evolution of the water depth between experiment (plain
line) and simulation with 1D2D model (dot line) and classical 2D model (dashed line)

slowly for every gauging point, simulation being in fairly good agreement. Note that water
depth in the downstream channel is overestimated by the model (G11 - cyan curve), which
can be explained by the boundary condition specified as a free outlet. It is coherent with a
free fall for supercritical flow but not for subcritical flow as the water depth at the fall is then
the critical depth.

2.3.2 Four branches crossroad

Flood1D2D outputs with and without porosity are compared to Telemac2D ones with a k — €
model chosen as reference on a 4 branches crossroad in this section. The recirculation shape
hence the porosity value of each 1D cell of Flood1D2D is defined from an empirical equation
from [5].

Flood1D2D water depth profiles along the West-East street are presented on figure 3
along with 2D reference water depth plotted on line AB. Water depth profiles in the street
upstream of the crossroad are comparable to the reference with a difference on the order
of Smm (for an averaged water depth of 0.11m). Downstream of the crossroad, because
of a recirculation the flow vein is contracted, hence flow is accelerated and its free surface
presents an inflection for x € [3.5;5]. This shape is correctly reproduced by Flood1D2D
parameterized with friction and porosity but not with friction only for which water depth
steadily decreases from upstream to downstream.

Even with a distributed friction coefficient such contracted flow profiles cannot be repro-
duced using a 1D approach as the friction coefficient is embedded in the source term S s (2)
of the SW equation. Indeed this term is of the opposite sign of the velocity which remains
monotonous in a prismatic reach as water depth profile.

The proposed model uses an effective 1D approach with a porosity able to account for
flow contraction due to a recirculation and simulate a realistic water depth profile. A cal-
ibration of the predicted porosity shape and the roughness would help to fit more closely
Flood1D2D results to the reference.
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As a matter of facts, the proposed approach is able to reproduce a realistic contracted
flow pattern downstream of a crossroad by introducing a parameterization using a porosity
function ¢. Section 3 discusses the effects of this parameterization at a larger scale.

Water height along the channel (line A-B)

Water height (m)

24
N
@

—1D2D - ¢

1—Relerence
—1D2D - K

e
N

e
(I

=4
o

0.105

Water height (m)
<)

0.04 0.1

0.02 0.095

Figure 3. Four branches crossroad modeling. Left: Map of the steady state water depth simulated using
the proposed Flood1D2D model with K and ¢; equal inflow discharge Q = 0.075m>.s™! in the north
and west streets, rating curve as a the downstream boundary condition on west and south streets. Right:
water depth profile using various modeling approaches.

3 Discussion: Flood1D2D response surface

As illustrated in section 2.3.2 : adding the new ¢ parameterization allows reproducing, at the
local scale, realistic contracted flow profiles whereas K alone not. Does improving locally
these simulated flow features improves global scale hydrodynamics forecasts? The sensitivity
of Flood1D2D is thus compared on a crossroads network (see section 3.1) with two different
parameterizations: a first one with no porosity and a spatially varied Strickler coefficient and
a second one with a uniform Strickler coefficient and a spatially varied porosity in each street.

3.1 Modeled crossroads network

The sensitivity of FloodID2D is determined on a sub-part of the "ICUBE Urban flood exper-
imental rig’ developped in Strasbourg [10].

The sub-part chosen includes four crossroads with streets of various widths and orienta-
tions. A set of experimental data allows knowing the discharge and the water depth patterns
in each street.

The network is modeled using a 1D/2D structured mesh with a discretization step Ax =
0.025m (see figure 4). The boundary conditions are set to upstream discharge in streets E,
F 3 and 4 (corresponding to the experimental values) and rating curves computed for each
downstream end. In every configuration, the simulation is run during 1000s to ensure steady
state flow over the whole domain.

3.2 4.1 - SW Characterization in K, .o, / Kross

The model is parameterized using two uniform values of the Strickler coefficient: K, eer
in streets and K., in crossroads. Each parameter is taken in the set of value
[25, 50, 75, 100, 125, 150] and all combinations are tested. The street outlet discharge is
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Figure 4. Crossroad network sensitivity analysis. Top left: experimental rig and illustration of the
modeled zone; top right: 1D/2D mesh; bottom left: outlet discharge sensitivity to a parameterization
with K., and K, bottom right: outlet and street discharge sensitivity to a parameterization with
¢, and ¢,;. For the sake of clarity, only some simulation results have been plotted.

compared to the experimental value on figure 4. For each street, the first bar corresponds to
the experimental value. Whatever the parameterization of the model, each discharge flowing
out from streets E and F (resp. 3 and 4) is systematically under- (resp. over-) estimated.
Interestingly, K..r seems to impose an averaged street discharge value (look for instance
the shift in the outlet discharge for street F when K., varies from 25 to 50). K., has a
smaller impact on outflow discharge repartition (with always the same trend around the value
imposed by K eer)-

3.3 SW Parameterization in K,,;r / diarge | Prarrow

The model is parameterized using a uniform value of the roughness coefficient K =
75m!/3 57! since few sensitivity to K.,y is found in the previous spatialization. A distributed
porosity is defined for all streets downstream of crossroads following a parabolic profile:

as> +bs+ctfor0<s<05 withp0)=¢(1/2)=1 and ¢(1/4) = ¢,
1 elsewhere

P(s) = (6)

where s is the adimensional curvilinear abscissa (0 (resp. 1) at the upstream (resp. down-
stream) end of each street).

The model is parameterized, by adjusting a, b and ¢, with two values of ¢,: ¢,,[ in large
streets (F and 4) and ¢,, n in narrow streets (E and 3). In order to sample Flood1D2D response
surface, all the combinations of values of ¢,,/ and ¢,,n in [0.25, 0.50, 0.75, 1.00] are tested.

The outlet street discharges and those in the four streets between crossroads are com-
pared to the experimental values on figure 4. For each street, the first bar corresponds to the
experimental value.

For each street and all parameter sets tested, there are both under and over estimations
of street outlet discharge which was not possible with roughness only. Despite the sparse
sampling of this wide parameter space, the spread of model response quite centered around
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discharge measurements suggests that there may exist parameter sets reproducing those val-
ues. It clearly shows the ability of the proposed model and parameterization to model various
non monotonous flow patterns and potentially realistic local discharge and global discharge
distributions. The issues related to the calibration of spatially distributed K and ¢ parameters
should be further studied, especially equifinality problems in the light of their influence on
discharge repartition at large scale in branched networks.

4 Conclusion

This study introduced a new 1D/2D SW model dedicated to effective and computationally
affordable urban floods modeling, in view for example of operational use. Its structure and
parsimonious parameterization is based on empirical observations and aims at reproducing
effectively local and global flow physics.

The proposed Flood1D2D model is successfully validated on a complex unsteady
dambreak case in a channel including a sharp bend and also on a four branch crossroad in-
cluding porosity. It is shown that a classical 1D/2D SW model parameterized with roughness
only fails to account for free surface deformations due to flow vein contraction downstream
of a crossroad. The ability of the new model to reproduce realistic discharge distributions
at larger scale is also tested on a part of the branched network of ICUBE experimental rig.
Further studies should tackle:

e The problem of calibrating spatially distributed K and ¢ parameters along with their in-
fluence on simulated flow variables at the (local) street and crossroad scales and on the
discharge repartition at the district and city scales

e The benefit of such a parsimonious parameterization in reducing parametric equifinality
problems

e Unsteady parameterizations in order to extend model applicability to very transient flood-
ing events.
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SUMMARY

A finite volume-based numerical technique is presented concerning the sensitivity of the solution of
the one-dimensional Shallow Water Equations with scalar transport. An approximate Riemann solver is
proposed for direct sensitivity calculation even in the presence of discontinuous solutions. The Shallow
Water Sensitivity Equations are first derived as well as the expressions of the sensitivity source terms,
initial and boundary conditions. The numerical technique is then detailed and application examples are
provided to assess the method’s efficiency in estimating the sensitivity to different parameters (friction
coefficient and initial and boundary conditions). The application of the dam-break problem to a trapezoidal
channel is also provided. The comparison with the analytical solution and the classical empirical approach
illustrates the usefulness of the direct sensitivity calculation. Copyright © 2010 John Wiley & Sons, Ltd.
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KEY WORDS: shallow water equations; sensitivity; finite volume; Riemann solver; source terms; initial
and boundary conditions

1. INTRODUCTION

The assessment of the sensitivity of a model output to different parameters is a key step in the
optimization of model performance, since it can be used to define the relevant parameters for the
calibration procedures. Sensitivity analysis is thus seen by some authors [1] as a prerequisite for
model building and exploitation, in any scientific discipline where models are used. In shallow
water modelling, sensitivity analysis may be used to determine how the response of the model is
affected by changes in topography, boundary or initial conditions, or in any physical parameter
such as the friction coefficient [2].

The sensitivity of a model output (called variable hereafter) to a given parameter is usually
defined as the partial derivative of this variable with respect to the parameter. This derivative
can be computed using either a discrete or a continuous approach. In the discrete approach, the
governing equations for the model variables are first solved numerically and the results are then
differentiated with respect to the parameter of interest. Typically, the classical empirical (or finite
difference) approach consists in performing two simulations with two slightly different values of
the parameter of interest and computing the difference between both results, normalized by the
parameter variation. An example of another efficient approach, known as complex differentiation,
can be found in [3]. These methods are best-suited to the analysis of complex models dealing with
complex geometries, or to the analysis of model response, where the transfer function between

*Correspondence to: C. Delenne, HydroSciences Montpellier, UMR 5569 (UM1, UM2, CNRS, IRD), Université
Montpellier 2 CCMSE, Eugene Bataillon, Montpellier 34095, France.

TE-mail: delenne@msem.univ-montp2.fr

Copyright © 2010 John Wiley & Sons, Ltd.
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the model inputs and outputs is not known exactly. Continuous approaches can be used when
the governing equations for the model are known. Differentiating these equations with respect
to the parameter of interest leads to the sensitivity equations, that can be solved analytically or
numerically.

Both the discrete and continuous approaches, however, use the assumption that the solution of
the governing equations is continuous and differentiable with respect to the parameter. They meet
problems when the model output becomes discontinuous [4]. This is the case, for example, of the
solutions of the shallow water equations (SWEs) in the presence of hydraulic jumps or moving
bores. The non-differentiable character of the flow solution yields locally infinite sensitivity values
across discontinuities. A sensitivity source term, in the form of a Dirac function, can be introduced
at shocks locations to avoid this kind of behaviour [5]. This approach was acknowledged for
scalar hyperbolic problems using a different reasoning in [6] and applied to design numerical
methods for hyperbolic systems of conservation laws (HSCL) [7, 8]. In these papers however, the
solutions proposed for the accurate discretization of the Dirac source term in the framework of
shock-capturing numerical methods prove not to be entirely satisfactory in a number of cases [8].

The purpose of this paper is to present a finite volume-based numerical technique for the
sensitivity analysis of the one-dimensional SWEs with scalar transport in the continuous and
discontinuous cases. The difficulties encountered in the previous papers for the treatment of the
Dirac source term have been overcome here.

The SWEs and the derivation of the Shallow Water Sensitivity Equations (SWSEs) are presented
in Section 2 and the expressions of the sensitivity source term, initial and boundary conditions
are derived. Section 3 is devoted to the detailed presentation of the numerical technique for
discontinuous solutions, with a focus on source term and boundary condition discretization. Appli-
cation examples are provided in Section 4 concerning the sensitivity analysis to Manning’s friction
coefficient, and to initial and boundary conditions in a rectangular channel. An application to a
trapezoidal channel is also provided. Section 5 is devoted to concluding remarks.

2. GOVERNING EQUATIONS

2.1. The sensitivity equations

The development of the sensitivity equations is illustrated using the one-dimensional SWEs with
passive scalar transport. These equations form a 3 x 3 HSCL, where the first two equations account
for mass and momentum conservation and the third one is a scalar transport equation. They can
be written in vector form as

oU OF
UCx, 0)=Ug(x) (1b)
U(xp, 1) =Up(?) (lc)

where U is the vector of the conserved variables, F the flux vector and S the source term; the
subscript b denotes the domain boundary and the subscript O the initial condition. U, F, and S are
defined as

h h q 0
U=|hul=|q|, F=|q*/h+gh®>/2|, S=|gh(So—Sp (2)
hv r qv 0

where g is the gravitational acceleration, / the water depth, u the flow velocity (¢ =hu the unit
discharge), So=—0zp/0x the bottom slope (with zp the bottom elevation), St the friction slope
(defined in Section 2.3) and v can be any variable subjected to passive scalar transport (for example,
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v can be the concentration of a pollutant in kgs™! and r =hv, the conserved quantity of pollutant
in the flow).

The flux function F and the source term S defined in Equation (2) depend on the flow solution
U and on several parameters, such as the gravitational acceleration, the friction coefficient nyy, the
initial and/or boundary conditions, etc. The notation F(U, /) and S(U, ) is used in the following,
where Y denotes any of the parameters on which F and S may depend. A sensitivity analysis
with respect to a given parameter \ consists in studying the influence of a small variation in this
parameter on the solution of the flow equations. The governing equations for the sensitivity (called
sensitivity equations hereafter) are obtained by differentiating the flow equation (1a) with respect
to the parameter .

The parameter s is perturbed by a function l}(x, t) that is non-zero only on a sub-domain of
the problem domain and defined as

Y(x, 1) =oe(x, 1) 3)

where ¢(x, 1) is the so-called perturbation indicator, with ¢ =0 in the regions where the parameter
remains unchanged and ¢ =1 in the regions where ¥/ is modified for the purpose of the sensitivity
analysis. Perturbing ¥ yields a perturbation U in the solution U of (1a):

oU+0)  OFU+U, y+)
+
ot Ox

The sensitivity s of U to i is defined as the partial derivative of U with respect to

—S(U+T, y+) )

S= O_U lim U (®)]
o IP(J—’O‘:DO

Subtractmg Equatlon (1a) from (4) and using a first-order Taylor series expansion in the limit of
small ¥ and U yields

U o (0F- OF
E"‘a(wlﬁ —> wlp (6)

Substituting Equations (3) and (5) into (6) and simplifying by / leads to the following partial
differential equation in s

os 0 (6F ) 8 80 (aF )
—+—(=s e (= (7)
ot ox \oU Tt o oy

Equation (7) is rewritten as

85 oG
— 8
a o= (80)
n Oh /oy
s=|0|=]|0q/00 (8b)
p ar /oy
0 1 0 0
oF 2 2 2 2
G=%s= c“—u® 2u 0[s=|(c“—u“n+2ubl (8¢)
—uv v u —uvn+0v+up
OS 6S OF
Q= st oie—— (5 (8d)
81ﬁ 6x oy
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids (2010)
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where c¢=(gh)!/? is the propagation speed of the waves in the fluid at rest. Equations (8) are the
conservation form of the Shallow Water Sensitivity Equations (SWSEs). The source term Q defined
in Equation (8d) is the only one that depends on the nature of the parameter y; its expression is
given in Sections 2.3-2.5 (after the treatment of discontinuous solutions).

2.2. Sensitivity equations for discontinuous flow problems

The sensitivity partial derivative equation (8a) is derived using the assumption that the flow
solution U is continuous and differentiable with respect to the parameter y over the solution
domain. Discontinuous solutions (e.g. shocks such as hydraulic jumps, moving bores, etc.) are
not differentiable with respect to the parameter s in the general case and the governing equations
must be modified so as to account for extra terms in the balance equations (see [5—8]). Indeed,
consider a shock moving at a speed ¢ with left- and right-hand values Up and Ug for the flow
variable U and left- and right-hand values s, and sr for the sensitivity s; applying the so-called
Rankine-Hugoniot conditions (or jump relationship) to a control volume that contains the shock
leads to the following equality for the flow variables:

(UL —Ur)cs =FL—Fr )

The jump relationship for the sensitivity variables is more complex. As shown in [5] and generalized
in [6, 8] for a non-uniform perturbation indicator &, the perturbation lﬁ yields variations UL and
fJR in the values of Up and Ug, respectively. This also causes a variation ¢ in the speed cg of the
shock, and consequently, the shock abscissa xg is subject to a change xs. The perturbed values of
U and F on the left- and right-hand side of the shock are then given by

U(LP)=UL+I~JL+)ZS% (102)
U = Up +Ur + % 6;1‘ (10b)
F\P) —F +FL+ % a;;L (10c)
F\) = Fr+Fr+ a;;R (10d)

where the superscripts (P) and (x), respectively, denote the perturbed value and the derivative with
respect to space of the variable of concern. The jump relationship (9) then becomes

O U+ ) =FF —FY (11)

Substituting (10) into (11) yields
oUL 0Ugr
UL+UL+xs—_ UR+UR+xs (cs+Cs)
Ox Ox

OFL OFRr
= Fp+Fp+ 5 — — | Fr+Fr+ % — (12)
0x Ox

Subtracting (9) from (12) and retaining only the first-order terms (in the limit of small ¢, X5 and
U) yields

- ~ ~ .0 L _ 0
(UL —Ur)cs + (UL —Ur)cs + X a(UL —Ur)cs =FL —Fr+X; E(FL —FRr) (13)
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Noticing that

U=y,s (14a)
F=y,G+(F/oy)ey (14b)
Ry = (0xs/ g (14¢)
Cs=(0cs /O (14d)

and simplifying by i/, the complete jump relationship for the sensitivity can be written as:

- G- (), ()
SL —SR)Cs = G R o L R o 6x>L ox RCs

G @)ewlEE) e
6lp L 6lp R 6lp ox L Ox R

The following notation is used for the additional term in (15)

Jcs Oxs (U v
R=—p -5 [<§>L_ (E)R] "’

JoF oF 0xs OF OF 16
*(W);(W)RW[(al‘(a)rj (10

Note that this rather complex expression can be simplified in the case of the solution of the
Riemann problem (see Section 3.2). This source term being non-zero only at points where U is
discontinuous, Equation (8a) can be rewritten for continuous and discontinuous solutions

os 0G
— 4+ —= RO 17
i + P Q+Ro; (17)

where ds denotes the Dirac distribution located at the shock. The only term in (17) that depends
on the nature of the parameter i is the source term Q defined by Equation (8d). In the following
subsections, the expression of Q is provided for the sensitivity to the friction coefficient and to
the initial and boundaries conditions.

2.3. Sensitivity to the friction coefficient

In what follows, the friction slope is assumed to obey a classical Manning—Strickler law under the
wide channel approximation

Se=qlqln{h 1" (18)

where ny; is Manning’s friction coefficient. The expression of Q can be derived for the particular
case where the parameter \y =nyy. Since F is not a function of ny, 0F/dy =0 and

oS 0S

=—8S+—¢ 19
Q a0t gyt (19)
with
0
B s —2an2lalh="/3 20
oo~ | &S0 +7/3S0m—2gnylqlh 0 (20)
0
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and
0
oS St
wé‘nM —ZghmsnM (21)
0

where ¢,,, =0 in regions where the friction coefficient is unchanged and ¢,,,=1 in the regions
where it is perturbed for the sensitivity analysis.
2.4. Sensitivity to initial conditions

The sensitivity to the initial conditions is studied by defining i/ as one of the flow variables (%, g,
or r) at t =0. Considering the sensitivity to the initial conditions yields

e(x,t)=0 V>0 (22)

The expression of Q then reduces to the term (0S/0U)s defined by (20). The initial condition for
the SWSEs (8) is given by

€h
s(x,0)=1 &4 (23)
Er

where ¢, €, and ¢, are the perturbation indicators, respectively, for h(x,0), g(x,0) and r(x,0).
Assume for instance that a dam-break problem [9] is to be solved for the following initial condi-
tions:

hy for x<xg
h(x,0)= (24a)
hr for x>xg
qg(x,0)=0 Vx (24b)
r(x,00=0 Vx (24¢)

where xq is the abscissa of the dam. Assume that the purpose of the analysis is to study the
sensitivity of the flow solution to the water depth A on the left-hand side of the dam. Then the
perturbation indicators in (23) must be defined as:

1 for x<xog

ep(x,0)= (25a)
0 for x>xg

£4(x,0)=0 Vx (25b)

e(x,0)=0 Vx (25¢)

2.5. Boundary conditions

Boundary conditions for the flow are relationships in the form
fiU. 4, 1)=0 (26)

As shown in [10], as many boundary conditions f; must be supplied at a given boundary as
there are characteristics entering the domain. It stems from Equation (8c) that the Jacobian matrix
0G/0s for the sensitivity is identical to the Jacobian matrix JF/JU for the original flow problem.
Consequently, the characteristics for the sensitivity problem are identical to the characteristics for
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the flow problem and the sensitivity problem requires as many boundary conditions as the original
flow problem. These conditions are obtained by differentiating Equation (26) with respect to
dfi _of;  ofi,  Of;

=y lg4 2L 27
a o g T’ 7

Two main situations may occur:

1. The sensitivity analysis is carried out with respect to the initial conditions or to a hydrody-
namic parameter. In this case, the boundary conditions are not influenced by the value of
and Equation (27) becomes

ofi \ 0fiy 5fz

n+—0+—p=0 28

6h 0q or %)

2. The sensitivity analysis is carried out with respect to the boundary condition. This is the
case, for instance, when the numerical value of the boundary condition to be prescribed is
not known with certainty, or measured with a certain imprecision. For example, assuming
that a known water depth Ay, is to be prescribed at a boundary, (26) becomes

f=h—hy=0 (29)

Applying (27) with = hy, yields the following sensitivity boundary condition:
n=1 (30)
For a prescribed unit discharge gy, f =g — g, =0 and the sensitivity boundary condition is
0=1 31
and for a prescribed quantity of the transported variable, f =r —r,=0 and

p=1 (32)

3. NUMERICAL TECHNIQUE

This section deals with the numerical technique developed to solve the SWSEs. The finite volume
discretization is briefly recalled in Section 3.1, then the fluxes calculation using the Riemann
problem is detailed in Section 3.2. Section 3.3 is devoted to source terms calculation in the
continuous case and Section 3.4 to shock detection and to the calculation of the specific source
term R. Section 3.5 describes the discretization of boundary conditions.

3.1. Finite volume discretization

The flow and sensitivity equations (Equations (1a) and (17)) are discretized using a finite volume
formulation:

12 12 12
Ut =ur— —(F7+1//2 7;:1//2)+AZSth / (33a)

12 12 12 12 12
sit = i3 (G7+1//2 Giy 1 AR R D+ AQTY (33b)

where At is the Computatlonal time step, Ax; is the width of the cell i, U} and s are, respectively,
the average value of U and s over the cell i at the time level n, FnH/ 2 and G:Hrll /2 , are the average
values of the fluxes F and G through the interface i —1/2 (between the cells i —1 and i) between

n+1/2

the time levels n and n+1, S and Q"+1/ ? are the average values of S and Q over the cell i

between the time levels n and n+1, R7+11/22 (resp R:’:ll//zz ) is the contribution of the Dirac source

terms possibly generated by shocks propagatlng from the cell i — 1 into the cell i (resp. i intoi+1)
between time levels n and n+1.
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3.2. Fluxes calculation

The fluxes F and G in Equation (33) can be computed by solving Riemann problems. However,
the Riemann problem for the sensitivity cannot be considered independently from the one for the
flow variable, because the Jacobian matrix JF/0U (used in the definition of G, Equation (8c))
depends on the flow solution U. A single Riemann problem is thus defined for the hyperbolic part
of the governing equations (1a) and (8a) at a given interface i +1/2 (between cells i and i +1)

oU OF
=0 34
o o (342)
os 0G
2127 RS 34b
o ox ® (340)

(UL,sp) for x<xiy1/2
(U, 8)(x,0)= (340)
(Ur,sr) for x>x;y12

where x; 1/ is the abscissa of the interface. These equations stem from (1) and (17), where U and
F are constant on both sides of the discontinuity and where no source term is considered (i.e. S
and Q are nil). In this case, the x-derivatives vanish in the expression of R, Equation (16), as well
as the terms in (0F/0y)e (as a consequence of Q=0 in Equation (8d)) leading to the following
simplification:
R=—22U, —Up) (35)
Y L—URr
The two corresponding 3 x 3 HSCLs defined by Equations (1a) and (17) have the same eigen-
values. These three eigenvalues are real and distinct

;\,(1) u—c

@l=| u (36)
23 utc

The general solution of the Riemann problem for the flow solution is known to be made of three
waves separating two internal regions of constant state from the left and right states of the Riemann
problem. The HLL/HLLC Riemann solver [11, 12] is based on the a priori assumption that the
first and third waves (dx/dt = 21 and dx /dt =) are discontinuities. The exact nature of such
discontinuities (shocks or contact discontinuities), as well as whether such waves satisfy the entropy
condition, does not need to be known in the solution process. The second wave (dx/dt =12y is
a contact wave. The fluxes are computed using the original HLLC Riemann solver for the flow
problem and a modified HLLC solver for the sensitivity problem.

Using an a priori approximation A~ (resp. A7) of AV (resp. 1) allows the Rankine—Hugoniot
conditions to be written, for the first two components of (1a), as

(UL _U*)/l_ =FL-F, (37a)
(Ur—U)A" =Fr —F, (37b)

where the subscript  indicates the value of the variable U and the flux F in the intermediate region
of constant state. Solving Equation (37) for U, and F, yields

_ —/"UL+"Ur+FL—Fg

U.= (38)
* /1_’_ . /1_
AFL— A Fr—2"2Y(UL-Ug)
= S (39)
AT—4
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Depending on the values of A and A¥)| the interface i+1 /2 may not be located within the
intermediate region of constant state, but in the left or right state. The following estimates for 20
and 2 allow all possible flow situations (subsonic/sub-critical and supersonic/supercritical) to
be handled by a single formula [13]

A~ =min(u;, —cL, ur — cr, 0) (40a)
t =max(ur +cr, ur +cr, 0) (40Db)

The first and second components of the flux F=(Fy, F, F3) can be estimated using Equation (39)
between the cells i and i +1

nt2 Atqu—2"qr—2" At (zL—zR)

(FI)H_]/Z = PR (41a)
TP — A Far— A" AT (gL —qRr)
()i = (41b)

Note that in the first component of (39), the free surface elevations z; and zRr are used instead of
the original conserved variables /1, and AR for well-balancing of the flux and topographical source
term [14].

From numerical experiments, it has been shown in [15] that applying this procedure to the
third component of the flow HSCL (1a) may cause unphysical oscillations, sometimes leading to
instability in the solution of the scalar transport equation. An alternative formulation must be used
for the contact discontinuity (note that this was also the case in the HLLC Riemann solver [12]).
The third component is thus estimated using the following expression:

n+1/2 .
o (Fl)l.Jrl/2 v ifu>0
(F3)i+]/2 = n+1/2 ) 42)
(Fl)l.Jrl/2 vp  if u<0
taking into account the characteristic equation in the passive variable v
dv dx
E =0 for a =u (43)

The two first components of the sensitivity flux G?Ll //22 are obtained by extending Equation (41)

to the sensitivity balance

n+1/2 0L — 7" Or— /liﬂqu(i’]L —NR)

G2 = e (44a)
1TGo 1. — A" Gor—A" AT (0L—0
(GZ)?LI//22= ATGoL iiR_i— (OL—0Rr) (44b)

As mentioned in previous subsections, such a transposition is not valid strictly speaking because
of the extra source term R that may appear at the discontinuities A~ and A*. However, it should
be kept in mind that the present section deals with the conservation part of the equations only
and that the source term R is to be treated separately. Numerical experiments [15] indicate that
incorporating R into (44a) does not bring any noticeable change to the quality of the numerical
solution.

The issue identified for the third component of the flow HSCL (1a) holds for the sensitivity HSCL
(8a). The sensitivity contact wave should be discretized so as to preserve the invariance property
of the sensitivity Riemann invariant along this wave. The third component of the sensitivity flux

G;’Ll//zz is thus obtained by extending the treatment proposed for (F3)?ill//22 to the sensitivity [15].
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The derivation of Equation (43) with respect to the parameter iy leads to the following invariance
property:
dw

0 fi dx 45)
—_—= or —=
dr a

where @ is the sensitivity of the passive variable v. This equation can also be written in non-
conservation form

aa_cto u 2—1;) =0 (46)
Moreover, since r =hv
s3s=p=how+nv 47)
and
G3=0v+qw (48)

Substituting these two equations into the third component of (8a) yields

onv  Jhw 00v  dgw
—t—+—4+—=0 49
ot + ot + ox + Ox “49)

expanding the derivatives of v and fv, substituting the first component of Equation (1a) and using
(46) yields the following equation:

ohow  Odqw
~=0 50
ot + 0x (50)

This equation is discretized in a finite volume framework as

At n n
(ho)i ™! = (hoo)} + T Lqo) Ly, —(qo)]1)5) 51)

where gw is computed using the invariance property (46)

n+1/2
(qu)' 12 = 9i+1/2 PL
AWit12 =) wt12 )
9i41/2 DR if u<0

if u=0
(52)

Consequently, the third component of the balance equation (33b) is replaced by:

At 1/2 1/2
P =g+ @)~ oy 1+ o o) 53

Note that, since the eigenvalues of the Jacobian matrices 0F/0U and 0G/0s are identical, the
stability constraint is the same for the flow and sensitivity problems. The maximum permissible
computational time step Afpax is such that the Courant Friedrich Lax number associated with the
fastest of the waves u —c and u+-c is smaller than unity. The stability constraint is therefore

Ax;
Atpax =min —— (54)
fmax i |u;’|+c?
3.3. Source term calculation in the continuous case
The source term S in (33a) is computed as
0 n+1/2
1/2
SITY2 = | gh(So— Sp) (55)
0 i
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and discretized using a classical source term upwinding procedure [16]

0 n+1/2 0 n+1/2
SITV2 =1 gh(So—Sp) +| gh(So—Sp) (56)
0 i, 0 i,R

where the subscripts L and R denote the respective contributions of the left and right interface of
the cell i to the total source term. The contributions of the interface i 4 1/2 to the cells i and i 41
are given by

1/2 —A Zb; —2b; -10/3
[gh(So—Sf)]ZJLr 2= Wghﬁl/z [—T“ _”i/lhm//z qi+1/2|61i+1/2|] (57a)
- 1
+
1/2 2 b — b ~10/3
[gh(So— Sf)]?il,/R = Wé’hﬁl/z [—TH —”12\4hi+1//24i+1/2|61i+1/2|] (57b)
(3 1

where the subscript i +1/2 denotes the mean of the variable values in cells i and i +1.
The source term Q for the sensitivity is computed as

0 n+1/2

1

n _ Sf
Q2= | Sogn+7/3Sign—2gn¥ylqlh 7/30—2ghasw (58)
0

and is discretized using the same procedure as S.

3.4. Shock detection and calculation of R

In [6-8] the following criteria were identified as satisfactory. A shock is detected for the wave 4~
if the following conditions are both satisfied:

UL, —CL>Uyx —Cy (59a)

UL+ CL>us +Cy (59b)
while a shock is detected for the wave A if

Uy — C>UR — CR (60a)

Uy ~+Ce>UR+CR (60b)

where u, and c, are, respectively, the flow velocity and the propagation speed of the waves in the
fluid at rest in the intermediate region of constant state.

Note that in the original theory of HSCL [17], Equations (59a) and (60b) are necessary and
sufficient conditions for shock wave detection. However, in [17] the influence of source terms is
not considered. Using these equations alone would lead to detecting a shock even when the water
is at rest when the bottom slope is nonzero [7, 8], hence the need for the extra conditions (59b)
and (60a).

When a shock is detected, the point source term R is split into two contributions: the contribution
R~ of the wave A~ and the contribution RT of the wave 4. Since the wave A~ separates the
left state of the Riemann problem from the intermediate region of constant state and the wave AT
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separates the right state of the Riemann problem from the intermediate region of constant state,
applying (16) yields

a —
it
t—_" (U,.—
R = 2 (U, —Up) (61b)

The key idea in the present solver [15] consists in using Equation (38) for the estimate of U*
and noticing that the wave speeds 2~ and A* depend on U and Ug only in the conservation part
of the equations. Consequently, (61a) may be rewritten as:

R = (az— M, & aUR) (UL—U,) (62)
~\ouL oy Toug Ay )

Noticing that 0U/d0y=s, (62) becomes

0A~ oL~

R =—(— — U_.—-U 63

<8ULSL+ Ux SR)( L—Ux) (63)
Applying a similar reasoning to the wave A" yields
ot it

Rf=—( — U,.—-U 64

<6UL SL+ 3Ux SR) (U, —Ur) (64)

It is easy to check that definitions (40) lead to the following expressions for the row matrices
Y sl OF

1
oL~ — [—uL— L 1 O] if up, —cp<min(ugr — cR; 0)
w = hL 2 (653)
i VONON0) otherwise
p LT R o] if in( 0)
1~ — | —UR— — I ur —cr<min(ur, —cL;
6 =1 et 2 (65b)
OUR [0 0 0] otherwise
1r CL .
ot —|—uL+— 1 O] if ur +cp > max(ur +cr; 0)
0 =Jhn L 2 (65¢)
obL [0 0 0] otherwise
1r CR .
it —|—ur+— 1 O] if ur +cr> max(up, +cr; 0)
R [0 0 0] otherwise
Substituting Equations (65) into (63) and (64) yields
17 c
— (uL—i-?L) r/L—HL] (UL —U,) if up —cr<min(ug — cg; 0)
R = 1L ) (66a)
| (ur+5 ) =0k | (UL =) if g — 1> max(ug — cg: 0)
hr
1 c . .
. ( — 7R> R — QR] (Uy—UR) if up +cL<min(ug +cg; 0)
Rt={ "%~ (66b)
1 CL .
= [(m—F) m— 00| (0.~ UR)  if e > max(ug +cr: 0)
hp L 2
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3.5. Discretization of boundary conditions

3.5.1. Shallow water equations. Three types of boundary conditions are considered hereafter for
the equations of mass and momentum conservation: prescribed water depth, prescribed discharge
and prescribed stage—discharge relationship. For the sake of conciseness, only the left-hand
boundary of the domain is considered, the transposition to a right-hand boundary being straight-
forward. Only subcritical conditions are considered hereafter, the supercritical case being straight-
forward.

1. Prescribed water depth. Assume that the water depth /Ay, is to be prescribed at the left-hand
boundary. Then, the water depth and the sensitivity at the left-hand interface 1/2 of the
computational cell 1 are given by

2
w2 =hy (672)
1/2
n 2 =, (67b)

with 7, =0 or 1 depending on the purpose of the sensitivity analysis (see Section 2.5). The
values of ¢ and 0 at the boundary are computed by considering, as in the HLL formalism
(40a)—(40b), that the boundary states are separated from the inside of the computational
domain by a wave moving at speed A = u'{ +c'. Then, Equation (37b) is applicable with Ay,

and gy
qi’/zl/zzq{’-i-(hb—h?)ﬁ (68a)
07721/2 — 0"+ (i — ’7?)}~+ (68b)
The water depth h'f;rz]/ 2 and the unit discharge qf/gl/ % as well as their sensitivity, being

entirely determined at the interface %, the calculation of the momentum flux (Fz)'lljrzl/ 2 and

the sensitivity flux (GQ)T;F;/ % are straightforward.
2. Prescribed unit discharge. The boundary conditions are

a5 =a (692)
011,/?=0,=00r1 (69b)

Applying Equation (37b) to the second components of U and s yields directly the second
component of the fluxes for the flow variable and sensitivity

(P = (P2 +(gv— gDt (70a)
(G2} 2= (Gl + (O, — O (70b)

3. Prescribed stage-discharge relationship. In the case of a known, nonlinear relationship
between the water depth and the unit discharge, it is more convenient to rewrite (26) in the
form of a relationship between the flow velocity u and the wave celerity in still water ¢

flu,c,)=0 (71a)
of of of
—V+—=— —=0 71b
' T oy (71b)
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where y and v are, respectively, the sensitivity of ¢ and u. This set of equations is comple-
mented by the Riemann invariants # —2¢ and v—2y for the flow and sensitivity, respectively,

u’l’jz” 2_ 2c’1’/+21/ T=yt =2t (72a)

VIR =2 = v oy (72b)

The systems (71a), (72a) and (71b), (72b) may be solved using any iterative procedure such
as the Newton—Raphson technique.

3.5.2. Transport equation. Concerning the boundary condition for the variable subjected to passive
transport, a value r, must be prescribed at the left-hand boundary if the unit-discharge ¢ is positive

i =, (73a)

1/2
P2 =y (73b)

with p, =0 or 1 depending on the purpose of the sensitivity analysis.
When the unit discharge is negative, the values of r and p inside the domain are conserved

=i (74a)
1/2
Ph 2=l (74b)

The calculation of the third components of F and G is then straightforward.

4. COMPUTATIONAL EXAMPLES

4.1. Sensitivity to the friction coefficient: steady flow on a sloping bed

The purpose of this test is to assess the efficiency of the method for the sensitivity to Manning’s
coefficient, in a case where a reference solution can be computed by discretizing the backwater
curve equation

dh  So—S¢

— = 75a

dx 1-Fr? (752)
Sy=gq’n}h 103 (75b)

using the explicit Euler method. The boundary conditions are a prescribed unit-discharge (gp)
upstream and a prescribed water depth (k) downstream.
Since the flow is in steady state, the corresponding sensitivity equation is given by

B2 ($25) 0, L (25
ax Ton \I_r2 "™ onm \ 1 —Fr?

- ﬁ [(g—osf—sﬁz f‘i;f;) %_25_;8"M} (76)
with
Eny(x)=1 Vx (77a)
np(L)=0 (77b)
0(x)=0 Vx (77¢)

and can also be discretized using the explicit Euler method.
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Table I. Steady flow on a sloping bed: problem parameters.

Symbol Meaning Value
g Gravitational acceleration 9.81ms™2
L Length of the simulation domain 3000 m
qb Unit-discharge prescribed at the upstream boundary 1m2s~!
hy Water depth prescribed at the downstream boundary 0.8 m

So Bottom slope 1x1073
ho Initial water depth in the domain Im

q0 Initial unit-discharge in the domain 1m?s—!
nMm Manning’s friction coefficient 0.025m~1/35
(Ax); Cells width used for the reference solution 0.001 m
(Ax)n Cells width used for the numerical solution 1m

T Computational time 15000

The parameters of the test case are given in Table I. The computed water depth, unit-discharge
and their sensitivities to Manning’s friction coefficient are given in Figure 1 for the proposed solver
and the Euler approach. The empirical sensitivity profiles also given in Figure 1 are defined by
the normalized difference between two simulations obtained using two slightly different values
for ny (in this case: 0.025 and 0.024 m~!/35s). The physical interpretation of the sensitivity # of &
with respect to ny (Figure 1(b)) is that a variation of 1 in nyy leads to a variation in & of about 21
upstream. Indeed, the calculation with ny=0.024 gives & =0.8892 whereas the calculation with
nv =0.025 gives h =0.8685 (i.e. a difference of 0.021). The sensitivity of & downstream remains
nil because the water depth is prescribed at the downstream boundary. Since the flow is permanent
and the unit-discharge is prescribed upstream, g should remain constant in the whole domain and
0 should be nil. The differences observed for the unit-discharge g and its sensitivity 0 near the
downstream boundary are due to a difficulty of the proposed solver to assess the momentum values
at cells, given boundary conditions at interfaces. The problem stems from the balancing process
between the flux calculation at the interface and the values at cells.* Indeed, the values of ¢ and 0
at the interfaces, i.e. the first component of the fluxes F and G, respectively, are correctly estimated
and are, respectively, equal to the prescribed value gy and to 0 in the whole domain (see Figure 2).
Moreover, in this case, despite an unsatisfying value of ¢, its sensitivity 0 is better estimated by
the direct approach than by the empirical method.

To assess the convergence of the proposed approach, a convergence analysis is performed in
the uniform case, for which an analytical solution is known. The uniform flow is obtained by
prescribing Ay, to be the normal height

3/5

In this configuration, Equation (76) is simplified into

d S 10
al B e S S (79)
dx 1-F2| 3 h nm
This first-order differential equation admits the following analytical solution:
)= S PN () o (S/=F)(10/30) Lo 51/(1 =) (107303 (80)
5 nm

The convergence analysis is performed using the parameters given in Table I, except hip =hy ~
0.8685m, and eight different values of the spatial discretization step: Ax ={5; 3;2; 1; 0.5; 0.25; 0.1;
0.05}m. The corresponding values of Afpn,x are automatically computed using Equation (54).

Note that the isolated points in Figures 1(c) and (d) are not artefacts due to the drawing of only one point every 25.
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Figure 1. Sensitivity to the Manning coefficient for a steady-state flow on a sloping bed. Comparison
between the proposed solver and the explicit Euler method (reference). For the sake of clarity, only one
point every 25 is represented.
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Figure 2. Sensitivity to the Manning coefficient for a steady-state flow on a sloping bed. Values of ¢ and
0 computed at the interfaces.

The variations Li- and Ly-norms of the difference between the analytical and numerical solutions
with the cell width Ax are represented in Figure 3 for the variables &, g and their sensitivities.
The L,-norm (p=1,2) is defined as

1/p
Lpz{Z[Yi_Y(xi)]pri} (81)

where Y; and Y (x;) represent, respectively, the numerical and analytical solutions with ¥ being
either i, g, n or 0.

Both norms decrease with Ax—the L-norm with a slope about twice the one of the L|-norm—
indicating a uniform convergence of the numerical solution to the analytical solution.
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Figure 3. Convergence analysis. L1 and L, norms of the error as functions of cell size
(logarithmic scale): (a) &; (b) g; (c) 1; and (d) 6.

4.2. Sensitivity to the initial conditions: dam-break on a sloping bed

The dam-break problem is an initial-value problem in which the water is initially at rest and
the water levels are different on both sides of the dam. The variable subjected to passive scalar
transport can also have different values on both sides of the dam. This problem is thus a Riemann
problem defined as:

hy, for x<xg
h(x,0)= (82a)
hr for x>xg

q(x,00=0 (82b)
r,  for x<xg

r(x,0)= (82¢)

rr for x>xq

Note that this initial condition does not correspond to equilibrium conditions but gives the advantage
that the analytical solution is easy to compute (see [8] for more details).

A sensitivity analysis with respect to the initial water depth /1, in the dam is performed. The
analytical, empirical and numerical solutions are plotted in Figure 4 for a positive slope and in
Figure 5 for a negative slope with the parameters given in Table II. The higher the magnitude
of the sensitivity, the more sensitive the variable with respect to the parameter. For example in
Figure 4(e), the value of 0=0q/0hr for x =0 is 1.96; this means that a variation of 1 for Ay, leads
to a variation of approximatively 1.96 for g (note that this approximation remains valid for small
variations). Indeed, the calculation using A1, = 10 gives g,—o=19.62, whereas the calculation using
hp =11 gives gy—0=21.58 (i.e a difference of 1.96).
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Figure 4. Dam-break problem on a positive slope. Left: flow solution, middle: empirical sensitivity, right:
numerical sensitivity. For the sake of clarity, only one point every 100 is represented. The values reached
by the peaks in subfigures (b) and (e) are, respectively, about 175 and 2130.

The empirical sensitivity profiles have been obtained using two slightly different values for Ay,
(i.e. 10 and 10.01 m) and for vy, (i.e. 1 and 1.01, the unit of which depends on the nature of the
variable). In Figures 4 and 5 the same scale is used to plot the empirical and numerical sensitivity
profiles, but the empirical profiles exhibit artificial peaks in the neighbourhood of the shock that
exceed by far the scale range. This is due to the fact that the shock celerity is not exactly the same
between both simulations (because it depends on the value of Ap). This behaviour is eliminated
with the proposed solver, thanks to the introduction of the Dirac-source term across the shock.

4.3. Sensitivity to the boundary conditions: Bore propagation into a frictionless channel

The purpose of this test is to assess the accuracy of the proposed discretization for the sensitivity to
boundary conditions in the presence of discontinuous solutions. Consider a horizontal, frictionless
channel where the water is initially at rest, with a constant initial depth #g. At r=0, the unit
discharge and the value of the variable subjected to passive transport, at the channel upstream
(x =0), change instantaneously from O to constant values: g and vy. A bore appears and propagates
into the channel at a constant speed cs. Writing the jump relationships across the bore leads to

qv = (hy—ho)cs (83a)

% | 8

2+ U = h) = e (83b)
b 2

where hy, is the water depth at the boundary. Equations (83) are solved uniquely for 4 and cg using

iterative linearization techniques such as Newton—Raphson’s method. Since the purpose is to study

the sensitivity of the solution to the values of g, and vy, the sensitivity boundary condition are
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Figure 5. Dam-break problem on a negative slope. Left: flow solution, middle: empirical
sensitivity, right: numerical sensitivity. The values reached by the peaks in subfigures (b)
and (e) are, respectively, about 170 and 1245.

0,=1 and w,=1. The jump relationships for the sensitivity are obtained by differentiating (83)
with respect to gp, and noticing that the initial water depth sensitivity # in the channel is zero

Ocs
NpCs +(hp—ho)=—=1 (84a)
g
) dcg
2up — uphy, + ghoiy, = cs+qb P (84b)
b

Equations (84) can be solved uniquely for #;, and dcs/dgp. The bore concerning the variable
subjected to passive transport propagates at the constant speed of the contact wave: 2O =u=uy,.

The set of parameters used for this application example is given in Table III. The empirical sensi-
tivity profiles have been obtained using two slightly different values for gy, (i.e. 1 and 1.01m?s~!)
and for vy, (i.e. 1 and 1.01, the unit of which depends on the nature of the variable). The analyt-
ical, numerical and empirical sensitivity profiles are given in Figure 6. As shown in the previous
test case, the empirical sensitivity profiles also exhibit artificial peaks in the neighbourhood of
the shock, that are not present with the proposed solver. In this case, however, diffusion of the
numerical solution can be observed near the shock for r and p (Figures 6(g) and (h)) that may
indicate the need for a higher-order reconstruction.

4.4. Application to a non-rectangular river profile

The direct sensitivity approach can be applied to non-rectangular river profiles. An example is
given here for a trapezoidal channel, where the cross-sectional area A is defined by

A=(Bo+htana)h (85)
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Table II. Dam-break on a sloping bed: problem parameters.

Symbol Meaning Value
g Gravitational acceleration 9.81ms ™2
L Length of the simulation domain 1000 m
So Bottom slope 0.01 and —0.01
hr Water depth on the left-hand side of the initial discon- 10m
tinuity
hr Water depth on the right-hand side of the initial 1m
discontinuity
qr, and gR x unit discharge on the left- and right-hand sides of 0m?s
the initial discontinuity
VL initial value of the variable subjected to passive trans- 1kg g1
port on the left-hand side of the discontinuity
UR initial value of the variable subjected to passive trans- Okg g1
port on the right-hand side of the discontinuity
X0 Abscissa of the initial discontinuity 500 m
nL Water depth sensitivity on the left-hand side of the 1(—)
initial discontinuity
R Water depth sensitivity on the right-hand side of the 0(=)
initial discontinuity
0. and Og Sensitivity of the x unit discharge on the left- and Oms™!
right-hand sides of the initial discontinuity
wr, Sensitivity of the variable subjected to passive trans- 1kg m~ st
port on the left-hand side of the initial discontinuity
WR Sensitivity of the variable subjected to passive trans- Okg m~ st
port on the right-hand side of the initial discontinuity
nM Manning’s friction coefficient om~1/3s
Ax Cells width 0.1m
T Computational time 20s
Table III. Bore propagation into a frictionless channel: problem parameters. All initial
conditions but A are nil.
Symbol Meaning Value
g Gravitational acceleration 9.81ms—2
L Length of the simulation domain 100 m
Ax Cells width Im
t Computational time 15s
ho Initial water depth Im
qb Unit-discharge prescribed at the upstream boundary Im2s!
Oy Upstream discharge sensitivity 1(—)
Up Value prescribed at the upstream boundary, for the lkg s1
variable subjected to passive transport
Wy Upstream sensitivity for the variable subjected to lkgm_2 s—2

passive transport

where By is the bottom width, / the water depth and « the angle formed by the channel sides to
the vertical. The governing equations (1) and (2) can be rewritten as:

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 6. Bore propagation into a frictionless channel and sensitivity with respect to the prescribed unit
discharge gp. Left: flow solution, middle: empirical sensitivity, right: numerical sensitivity.

In this case, the expression of the sensitivity flux becomes

0
gA(Bg +4Atane) 2y —un+2ub

The flow solution of the dam-break problem applied to a trapezoidal channel is plotted in
Figures 7(a) and (c) with the parameters given in Table IV. The sensitivity of A and Q with respect
to the initial cross-sectional area in the dam is plotted in Figures 7(b) and (d). In this case again,
the direct computation of the sensitivity removes the artefacts of the empirical method.

5. CONCLUSION

The sensitivity equations were derived for the one-dimensional SWEs with scalar transport and
source terms. A finite volume-based numerical technique was proposed for both continuous and
discontinuous flow solutions. In this latter case, a Dirac-source term, introduced across shocks in
the governing sensitivity equations, increases complexity in the solution of the sensitivity problem.
However, this approach enables elimination of numerical artefacts present in the empirical method,
such as infinite sensitivity values at discontinuities.

Ongoing research focuses on the generalization of the present technique to the solution of the
two-dimensional SWEs on unstructured grids. As shown in [15], such a generalization is not trivial
because solving the two-dimensional SWEs involves solving a third conservation equation for
transverse momentum. In the present work, to preserve the invariance property of the sensitivity
Riemann invariant along the contact wave, a part of the third equation has been discretized in
non-conservation form. In two dimensions, not discretizing the transverse momentum equation
(that can be considered as a passive tracer) in a fully conservative manner can be expected to yield
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Figure 7. Dambreak problem for a trapezoidal channel. Left: flow solution,
right: empirical and numerical sensitivities.
Table IV. Dam-break on a trapezoidal channel: problem parameters.
Symbol Meaning Value
g Gravitational acceleration 9.81ms ™2
L Length of the simulation domain 1000 m
By Bottom width of the channel S5m
o Angle between channel sides and the vertical /4
So Bottom slope 0
hr, Water depth on the left-hand side of the initial discon- 2m
tinuity
hR Water depth on the right-hand side of the initial Im
discontinuity
01, and ORr Discharge on the left- and right-hand sides of the 0m?2s
initial discontinuity
X0 Abscissa of the initial discontinuity 500 m
nL Sensitivity of the water cross-sectional area on the 1(—)
left-hand side of the initial discontinuity
R Sensitivity of the water cross-sectional area on the 0(—)
right-hand side of the initial discontinuity
01, and Og Sensitivity of the discharge on the left- and right- Oms~!
hand sides of the initial discontinuity
nMm Manning’s friction coefficient om~1/3s
Ax Cells width 0.Im
T Computational time 30s

accuracy and/or stability problems. Moreover, the determination of the exact location of shocks
in two dimensions will also increase the complexity of the problem.

The difficulty of the proposed solver in dealing with the imposed boundary conditions in the
steady-state configuration with bottom slope and friction (Section 4.1) stems from the HLLC solver
itself, in the balancing process between the flux calculation at the interface and the values at cells.
The development of sensitivity equations for the approximate state Riemann solver presented in
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[18] is thus under investigation. Since using higher-order schemes for scalar sensitivity equations
has been shown to improve the accuracy of sensitivity solutions in a number of cases [6], the
applicability of fast, higher-order numerical reconstruction techniques such as the MUSCL-EVR
approach [19] is another path for research. The strong diffusion, observed for the variable subjected
to passive scalar transport and for its sensitivity in the bore propagation problem, is expected to
be limited using these techniques.
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SUMMARY

PorAS, a new approximate-state Riemann solver, is proposed for hyperbolic systems of conservation laws
with source terms and porosity. The use of porosity enables a simple representation of urban floodplains
by taking into account the global reduction in the exchange sections and storage. The introduction of
the porosity coefficient induces modified expressions for the fluxes and source terms in the continuity
and momentum equations. The solution is considered to be made of rarefaction waves and is determined
using the Riemann invariants. To allow a direct computation of the flux through the computational cells
interfaces, the Riemann invariants are expressed as functions of the flux vector. The application of the
PorAS solver to the shallow water equations is presented and several computational examples are given
for a comparison with the HLLC solver. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The complexity of a two-dimensional flood simulation in urban area has recently led to research
on the insertion of porosity in the shallow water models. In that sense, porosity can be used to
‘represent the effect that the area subject to flooding is only a fraction of the total surface area’ [1].
This approach has also been used to model gas flow across grids [2]. The first known derivation
of shallow water flow [3] was very simple in that porosity was not fully taken into account in
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the equations. Thus, Hervouet et al. [4] have proposed a more detailed set of equations that were
neither written nor solved in conservative form. Some solvers have already been proposed for
hyperbolic systems of conservation laws (HSCLs) with porosity, such as a Finite Volume Roe solver
for two-dimensional Euler equations with porosity [2] and an HLLC-modified Riemann solver for
the two-dimensional shallow water equations with porosity [5]. An approximate-state (AS) solver
was then proposed [6] for HSCLs with source terms. The present paper aims to propose a new AS
solver, named PorAS, to solve HSCLs involving topography- and porosity-driven source terms.

In 1959, Godunov [7] proposed to solve HSCLs by considering finite volumes where the calcu-
lated value of each variable is assumed to be the average of the variable over the volume. The
fluxes between the volumes can be calculated by solving a Riemann problem at the interface. Theo-
retically, an exact solution of the Riemann problem can be computed but this is a time-consuming
procedure, which is not used effectively even with the development of powerful computers. There-
fore, many different approaches have been proposed in the last 50 years to solve the Riemann
problem. The different developed solvers can be classified into two categories: those solving a
simplified Riemann problem in an exact way and those solving the exact Riemann problem with
simplified equations.

Considering simplified Riemann problem solved in an exact way, Roe’s solver is based on the
assumption that the Jacobian matrix is constant [8]. The matrix is calculated using the consistency
and conservation conditions. Since the calculation of the the matrix terms can be difficult, a new
algorithm was proposed [9] to solve the Riemann problem without computing the whole Jacobian
matrix. A second improvement has been provided to the initial Roe’s solver in order to enforce
the entropy condition [9-12].

The primitive variable Riemann solver (PVRS) [12] uses the so-called primitive variables (which
are most of the time not the conserved variables) to express the Riemann problem to solve. This
method is based on the Rankine—Hugoniot relation to compute the flow through the discontinuities
and the generalized Riemann invariants for rarefaction waves.

For approximate Riemann solvers—as for many others—being quite inefficient close to strong
gradients of the variables, the logical rationale is to combine simple Riemann solvers in regions
of smooth flow and more sophisticated ones elsewhere in an ‘Adaptive Riemann solver’. One of
the first proposed [13] involves the PVRS and the exact Riemann solver. It was first implemented
for steady supersonic solutions of the Euler equations [14] and later adapted to an MUSCL
scheme [15].

Introduced by Harten et al. [16], the HLL solver solves an exact Riemann problem with simplified
equations. It is based on the assumption of two waves separating three regions of constant state with
an a priori determination of the waves’ speed. Direct estimation of the flux through the interface
can be established by the Rankine—Hugoniot relations through each discontinuity. As noticed by
Guinot [17], the HLL solver can be applied to any HSCL, whatever its size. However, contact
discontinuities are smoothed for the 3 x3 HSCLs. An efficient adaptation of the HLL solver is
the HLLC solver [18] that uses three waves separating two intermediate regions of constant state
from the left and right states of the Riemann problem. The treatment of the discontinuities has
also been improved to reduce the numerical diffusion as much as possible.

Osher [19] splits the Jacobian matrix into two matrices containing, respectively, the positive and
the negative eigenvalues, and computes the flux vector as the sum of two vector-valued functions.

Another solver, independent of any physical relation [20], uses the Rankine—Hugoniot relation
to establish the flux through the left and the right discontinuities; a heuristic relation being used
to establish the missing equation in the system to solve.
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Unlike the previously quoted solvers, AS solvers do not determine the wave configuration to
use the appropriate relation through each discontinuity. In [21] is shown that the relations used
for the shock waves differ from the ones used for the rarefaction waves only by a third-order
term with respect to the conservative variable. The same relations are thus used regardless of
the nature of the waves: the Rankine—Hugoniot relation is used when all the waves are assumed
to be shocks, whereas the generalized Riemann invariants are used when rarefaction waves are
considered. Riemann solvers based on a two-shock assumption have been proposed in [22, 23]
for the Euler equations of gas dynamics. The assumption of two rarefaction waves has been used
for example to solve the water hammer equations [24], a system of equations describing two-
phase flows in pipes [25], shock wave propagation in liquids [26] or the Euler equations of gas
dynamics [27].

All the above-mentioned solvers are designed for HSCLs without source terms. Consequently,
instability may arise in the presence of source terms induced by the porosity or the bottom
slope for the shallow water equation. Different methods have been developed to deal with such
issues. The time-splitting method is a multi-step algorithm that first solves the hyperbolic system
without source terms (i.e. the conservation part of the equation) and then corrects the computed
value by taking into account the source terms. Since the time-splitting method is quite efficient
except when the solution is close to a steady state, LeVeque [28] proposes the Quasi-Steady
Wave-Propagation Algorithm. This algorithm modifies the Riemann problems at the cell edges by
introducing an extra Riemann problem at the centre of the cell. Another splitting method (Source
term upwinding) consists of assigning the source terms to both cells across the interface according
to the wave celerity in the cells [29]. The topography can also be incorporated as part of the
conserved variables vector via a partial differential equation with respect to time [30]. This leads
to new Riemann problems that are solved in an exact way [1,30] or with approximate Riemann
solvers [31]. The Quasi-Steady algorithm and the Source term upwinding technique are examples
of well-balanced schemes.

The PorAS solver presented in this paper is based on the Riemann invariants through a two
rarefaction wave assumption, as proposed by Lhomme and Guinot [6] for shallow water equations
without porosity. The developments with porosity were initiated in [32] but did not succeed. To
allow a direct computation of the flux through the interface, the Riemann invariants are expressed
as functions of the flux vector. The following section describes the governing equations and the
solution principle applied to the shallow water equations. Computational examples are given in
Section 3 to compare the results obtained using the PorAS and HLLC solvers. Conclusion and
discussion are given in Section 4.

2. GOVERNING EQUATIONS

2.1. General framework

The overall goal of the proposed solver is to solve the hyperbolic system of conservation laws for
the one-dimensional projection of the two-dimensional shallow water equations with source terms
arising from non-uniform porosity and bottom elevation. This system can be written in vector

form as

6_U+6_F_S (D
ot Ox
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where U is the conserved variable, F is the flux, S the source term and ¢ and x are, respectively, the
time and the space coordinates. The shallow water equations with porosity (i.e. the continuity and
the momentum equation in each direction) written in the form of (1) leads to define U, F and S as

U= h — 2 1 2 — 2 ¢
Phv ¢huv 0

where ¢ is the porosity, g the gravitational acceleration, & the water depth, u and v the velocities in
the x and y directions, respectively, Sy and St the source terms corresponding to the bottom slope
and to the friction in the x direction, respectively. The detailed calculation has been explained in
[5, 32]. The source terms Sy and Sr are defined as

(l/t2+ U2)1/2

K2h4/3 (3)

So=—ghg 2. Si=ghg
0x
where zp, is the bottom elevation and K is the Strickler coefficient. The definition of the friction
term St accounts only for friction on the river bed. In previous works on the subject [5, 33, 34],
the friction term Sf was modified to account also for energy losses due to flow regime variations,
multiple reflections waves, etc. As shown in Section 2.2, the PorAS solver do not take the friction
term into account because its computation is made in a different step, using the time-splitting
algorithm. Therefore, the friction term definition does not matter for the purpose of the present
work. It can be proved that the system of conservation laws (1) is hyperbolic, i.e. the Jacobian
matrix of the flux F with respect to U exists and has three real and distinct eigenvalues.
Equation (1) is discretized as follows:

Ar
: %O[P,-,,-FZT/Z wij+ S} @)
JEN(

Un—H _Un

where
1 0 0
P,i=10 nkx) n(y
0 —n(y) n)

is the matrix that accounts for the coordinate change from the global (x, y) coordinate system to
the local one (¢, ), attached to the interface (see Figure 1), U? is the average of U over the cell i

at the time step n, At is the computational time step, A; is the area of the cell i, N (i) is the set
n+1/2

of neighbouring cells of i, F; ;

i is the average of F between the time step n and n+1 in the

normal direction, w; ; is the width of the interface between i and j, S"erl/ 2

the source terms to the cell i computed from U between the cells i and j.
In one dimension, this discretization can be simplified as:

is the contribution of

+1 n+1/2 n+1/2 n+1/2 n+1/2
U} Un+—(Fl 12 — K1) FANS )i +Si)00) )
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At

tn

(a) (b)

Figure 1. Definition sketch for the finite volume formalism in one dimension (a) and two dimensions (b).

If an explicit method is used to estimate the fluxes (i.e. the fluxes F are computed using the
values of U at the time step n), the Courant—Friedrichs—Lewy condition must be used to ensure
the stability of the numerical solution

max, (|4,|At) <1
~X

Vi 6
Ax, i (6)

where 4, is the pth eigenvalue of the Jacobian matrix JF/0U.

It is also possible to generalize (1) to multi-dimensional space problem, but in all cases, the
flow variable in a given cell is computed from the balance between the fluxes at the interfaces of
the cell and from the contributions of the source terms. As the flux and source terms are frequently
computed by solving the one-dimensional equations in the local coordinate system (&, ), the
computation of the one-dimensional equations is a key issue. In [7] is proposed the computation

of the flux F"'/2 by solving a Riemann problem at the interface i+% between the time step n

i+1/2
and n+1. The Riemann problem is defined as follows:
oU JF
—t—= S
ot 0x

(7

UL for X<Xj+4+1/2
UGx, ") = Y
Ur for x>xi11,2

UL and Ug are, respectively, called the left and right state of the Riemann problem.

In most cases, the Riemann solvers do not take the source terms into account in the conservation
part of the equation. In such solvers, equilibrium conditions may not be verified. This is the case
for instance for water at rest over a non-horizontal bottom. The water depth is not the same on
each side of the interface. In the Riemann problem for the shallow water equations, the flux vector
computation leads to non-zero discharge and impulse (i.e. the two first components of the flux
vector are not nil) [6]. The first component of the source term vector being nil by definition, the non-
zero discharge cannot be compensated by the source term discretization. In the second equation,
the non-zero impulse can be compensated by a correct discretization of the second component of
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the source term vector (for instance, by using source term upwinding [29, 35]), but this is not the
case in the continuity equation. Since equilibrium conditions are not verified, spurious oscillation
may arise. In [36] it is proposed to avoid this problem by considering water surface elevation
instead of water depth in the shallow water equations. Problems still remain if the variation of
the channel width is taken into account in the source terms. For the PorAS solver, equilibrium
conditions are satisfied by taking the source terms into account in the Riemann solver. The nature
of the waves in the Riemann problem is determined a priori. Since characteristic relationships
across the rarefaction waves can be approximated by the jump relationships [21, 23], the jump
relationships or the Riemann invariants may be used indifferently to provide an approximation of
the intermediate states in the solution. The PorAS solver assumes that all waves are rarefaction
waves, which simplifies the source terms treatment. This assumption is used to write the Riemann
invariant relationships across the waves. Such relationships are generally used to compute the value
of U and then to estimate F. Problems may arise since such a rationale requires the estimation of
S at the interface; S being not necessarily constant on both sides of the interface. Examples with
the shallow water equations show that S depends on the value of U on both sides of the interface.
This burden is eliminated in the proposed approach by computing F directly at the interface.

2.2. Flux and source term computation

This subsection presents the developments for the proposed solver. The solution U and the flux F
are supposed to be differentiable. Equation (1) is multiplied on the left-hand side by the Jacobian
matrix A. This leads to

ou JF
A—+A—=AS (8)
Ot 0x
where A is given by
0 1 0
A=|c*—u* 2u 0 9)

which can also be written as

JOF JoF
—+A—=AS 10
ot + Ox 19
where c is the propagation speed of the pressure waves defined as:
1/2

d (gh? |
=|—( =(gh)'/? 11
[ 4 ()] o m

The matrix A of the eigenvalues of A, the matrix K of the eigenvectors of A and the inverse matrix
of K are given by:

u—c 0 0 1 0 1 u+c -1 0
1
A= 0 u 0 |, K=|lu—c 0 u+c], K_1=2— —2cv 0 2 (12)
c
0 0 u+c v 1 v —(u—c) 1 0
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The wave celerities are therefore given by:

AM=u—c
;uz =u (13)
}»3 =Uu +C
Equation (10) is left multiplied by K~!
oF OF
K ! —+K'A—=K'AS (14)
ot 0x
Introducing the term A=K~ 'AK leads to:
JF JoF
K ' —4+AK ' —=AK"'S (15)
ot 0x
Introducing the definition dW =K~ 1dF, Equation (15) can be rewritten as
oW oW
— +A—=AS (16)
Ot 0x
where the source term S’ is defined by:
S'=K~!'S (17)

From (2) and (12), vectors dW and S’ are therefore given by:

_ | 047
J3dF) —dF, Si—So—Z8h" =
1 1
dW=— | —2cvdF|+2cdF; |, S'=— 0 (18)
2¢ 2¢
—dF+dF;
1dry+dr So—Sf+ ghzad)

The overall algorithm used to solve the shallow water equations with porosity (1) and (2) is the
same as in [5]. Therefore, the present Riemann solver computes only the flux and the part of the
source term that arises from the bottom slope and the porosity gradient. The above-mentioned
friction term is computed separately in a different step of the overall algorithm. Therefore, the
friction terms are not taken into account in the formulation of the Riemann solver; i.e. Sf is zero
in (18). Equation (16) is equivalent to the following set of differential relationships:

dW;

dx
?=/1;{S,’c along E:Ak, k=1,....m (19)

where the subscript k& corresponds to the kth component of the vector in (16) and where
3
dWie=Y K, dF, (20)
=1

where K I, k is the value on the /th column and the kth row of the matrix K=! and F; is the [th
component of the flux vector F. The Riemann invariants of the system are the Wj if the vector
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ta
tn+l
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Ay t"

2 (k)
'Ei,+1/2

Figure 2. Definition sketch for the integration path along the characteristic.

dW can be integrated. It was shown in [37] that it is not possible to integrate dW to provide
independent Riemann invariants except in particular cases (e.g. for the 2 x 2 system of conservation
laws). The method presented hereafter is thus based on the general formulation (19).

To estimate the flux F:Zj_'ll//zz , (19) must be integrated between the points M(x; 1,2, tn+1/2) and
the foot Ay of the kth characteristic leading to M: dx/dr =/ (see Figure 2). Assuming that A is

constant along the characteristic, the integration of (19) leads to

M+1/2

M At —
/ /
/ de:,/ /lkSkdt%—)kak, k=1,2,3 21
A /m 2
where S_,’( is the average of S along the integration path. Substituting (20) into (21) leads to:

M 3 | At —
/ S K dFi=—iS. k=123 (22)
A =1

The coefficients of the matrix K~! are assumed to be constant along the characteristics [6]. The
coefficients in the kth row of the matrix are thus taken equal to the coefficients on the side of the
interface to which the foot Ay of the kth characteristic belongs:

K, (UL if >0
K} = By (23)
K (Up) if 7x<0

Since the coefficients of the matrix K—! and A, are assumed to be constant along the integration
path, (22) can be written as

M3 SN Ar, =
ZKl,k dFl%ZKl,k/ dFl:7kak, k=1,2,3 (24)
Ag I=1 =1 Ax
and therefore
S A
lzl Ky (FI,M—FZ,Ak)=7;»kS , k=1,2,3 (25)
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where F; p and Fj 4, represent the /th component of the vector F, respectively, in M and Ag. Ay is
located on the left-hand side of the interface when Ay is positive and on the right-hand side when
Ak is negative. Therefore,

Fi1 if x>0
Fra= (26)

Fir if k<0

The value of F at M(x;11/2,%,+1/2) is computed by solving the 3 x 3 system of equations (25).
This value is assumed to be equal to the average value F?:ll//zz over the time step n, n+ 1. Prior

to resolution, the average source term S_,/( is estimated by

oo (o () (%
=% (ULR’ ( 0x )LR’ (5x )LR) 7

where
(5) % (289)
Ox At
LR (}~3—A1)7
C@) ~ IRTOL (28b)
A
0x 1R ()~3—/11)7t

correspond to the average slope over the domain of dependence of the solution. Combining (28)
with (2) and (3) leads to

— 1 —
S= g @R 2" g2 R (29)
(U3=A)— (3=~

where (¢ph)1R is estimated at the interface between the left and right cells and Ay R is the depth at
the interface. These variables may depend on the considered characteristic.
The eigenvalues of A are assumed to be constant. Substituting (12) and (18) in (25) leads to:

At dx
)~3(F1—Fl,R)—(Fz—Fz,R)=—7/115 for EZM (30a)
dx |
—v(F1—F1,4)+(F3—F3,4)=0 for T (30b)
At dx
—7»1(F1—F1,L)+(F2—F2,L)=7/13S for E=/13 (30¢)

with
Fi1 if 72>0
EA:{BR if /2 <0 Gh
Since (30a) and (30c) are written for two different waves, the expressions (¢h)Lr and (ALr) used

in (29) for the definition of S may be different. In the following, the variables at the interface are
so written with the superscripts (', ) and ; corresponding, respectively, to the variables at the
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interface for the first and second component of the flux vector and for the source term. The next
subsection is devoted to their evaluation. Combining (29) with (30) leads to the following system
of equations that is valid for the flux vector in the intermediate region of constant state (marked
by the star superscript):

Fl*=} 1A1 (FaL—Far—A1FiL+23F1R)
+)3%/11{ (h{ ) (g — ¢L)—g(¢h)8ﬁ(ZbR—ZbL)] (32a)
Fy = }31 (A3FyL—A1F2r—2173(F1,L— F1R))
jj%jj [1 (hy)* (g — ¢L)—g<¢>h>ﬁi<ZbR—ZbL>] (32b)
Fi=v(F—FiA)+F3 2 (320

2.3. Estimation of the variables at the interface

The estimation of the different variables at the interface is made by using physical cases. One
should notice that porosity can be considered as the effective width of the computing cell available
for the flow. In a one-dimensional problem, involving a spatial variation of the porosity or the
width leads to the same set of equations.

2.3.1. Estimation of ((j)h)(l) and h](}ﬁ. These values are determined using the continuity and
momentum equations. The continuity equation can be written as:

(phu)L = (Phu)r = (phu)* =4 (33)

Combining (33) with the expression of the flux F|" in (32a) leads to:

1 1
Ff = N [6] (ur, —ur) + = g((ph*)L— (¢h2)R)]
3—A1 2
+ g(h{) (g — dL) — g () (zbg —2b) | +4 (34)
/13 _/11 R %L LR R L

In a steady-state case, F|" is equal to the flow g across the interface and hence:

q(uL—ur) + L gl(ph®)L — (Ph2)R1+ L (b2 (dr — d1) — (PR (zb —26) =0  (35)

The first relation linking the three variables has been established; the momentum equation is used
to estimate g. The balance is carried out on two cells on both sides of a porosity and bottom
elevation discontinuity. To establish the balance, the forces applied to the fluid have to be estimated
along the horizontal axis. Hereafter, the flow is assumed to be directed from left to right. The
different sketches used to derive the momentum balance are illustrated in Figure 3.
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D Casel Zbg

> H ¢L>¢r
o1 L b, <Zbp
Zbr,

Case 2
orL>dR
Zby > Zbp

oL 2oy,

Figure 3. Considered sketches to establish the momentum equation.

The force calculation is detailed for case 1 corresponding to zp, <zp; and ¢p >¢pg.
Force exerted by areas ABFE and CDHG:

oL L 1 5
Fo=—g (@L—2)dz |dp=—2g(d — Pr)(2L —2bg) (36)
¢R ZbR
Force exerted by area FGKI:
bR Zbg T2
Fb=—g¢R/ (zL.—2)dz=—g PR (zbg —2by) (ZL— %) (37)
ZbL

Force exerted by areas EFJI and GHLK:

¢L Zb
Fe= —g/q5 [/ ¢ (ZL—Z)dZ:| dp=—g(d —Pr)(Zbg —2b.) <ZL - w> (38)
R Zbr,

Total force exerted onto the fluid:

1 Zbe +2
Fa+ Fy+ Fo=—> (.~ $r)hi — g9 (2o — 2y (ZL— %) (39)

The momentum balance should be written for a steady-state regime to ensure static balance:
($hu® + 38l )R — (hu’ + 38 ph* = Fu+ Fy+ F (40)
Combining Equations (39) and (40) leads to:

1 1
glur =)= 5 81OR) — (BhIr1— 58 (P~ )k — g (zn — 20, @—@) @1
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Using the same reasoning for cases 2 to 4 leads to the following general expression:

1 1
q(uL—ur) = ~ gl @h* )L~ (PhP)R]+ 8 (. - dr) (A D)?

Zbr +2b
+80by. (sz—ZbL>( R T) (42)
where
o __ . .
¢ g =min(¢Pp; Pg) (43a)
z, if zp <zp
0= oo (43b)
Zr  if zp, >2pg
hL if by >
h = R (43c)
hr if ¢y <dgr

Combining (35) and (42) yields the following equation:

1
S8(bL— SRR = (hiR)’) +g<ZbL—ZbR>[(¢h>ﬁ§— &(zﬁ‘ﬁ—@)}:o (44)

Equation (44) involves the unknown variables ((,bh)(l) and h&%. However, the equation is valid
whatever the values of ¢g, ¢1 , zb, and zp, may be. Considering the particular case ¢; = ¢ in (44)
leads to

Zbg +2b
onia=oih (h- ) @

whereas the case zpy =zp, implies (h(l))2 = (h(o))2 Since h(LR corresponds to the water depth at

the interface, this value should be positive and thus:

(1) _ 20
hig=hi g (46)

2.3.2. Estimation of (d)h)(s) and h&). A momentum balance on two cells on both sides of a
porosity and bottom elevation discontinuity is used. The integral form of the source term can be
written as

ASO)E = —g (1)) (2o —z0) + 22 (WD) (g — 1) (47)

and the momentum balance can be written as:
(phu +Lgdn®) 7 — (phu® + L g ph) T+ (ASo) 2 =0 (48)
Combining (47) with (48) leads to:

qur —ur) + L gl(Ph>)L — (Ph2)R1+ g (PR (2o, — zbp) — 18 (BN (P — ) =0  (49)
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Figure 4. Considered sketch to establish the momentum equation for the estimation of (th)(flg and h(Lz}%

Substituting g (11, —ur) in (49) by the expression (42) yields:

Zbg +2bL

1
5 )] +5g<¢L—¢R>[(h8§)2—(h&))z]:o (50)

s 0 [ _©
8(zZb, —2bg) [(Qbh)ilz) - ](_,1% (ZI(_J% -

As (50) is equivalent to (44), it is possible to conclude that:

(o)) = (pn)( (51)
B =R = AR =R )

2.3.3. Estimation of (th)(Lzl% and h(Lzé. A steady-state momentum balance is carried out on three
cells (i —1, i and i +1) with a porosity and bottom elevation discontinuity between the cells i and
i+1 (see the sketch on Figure 4).

The momentum balance over the cell i can be written as:

(phuw)"™ ' —(phu)?, = — (F*+A—AS > -— <F*+7AS ) =0 (53)
(b ! d) i+1 Axl' 2 /L.3—i] 0 i—1/2 A.xl' 2 13—2] 0 i+1/2

Combining (32b) with (53) leads, for the interface between the cells i — 1 and i, to:

) n+1/2
(F;+%ASO)
A3 =4 i—1/2

! |:/13 ((j)huz—l—%gqﬁhz)

1
=T - <¢hu2+§g¢h2> —)~3/11((¢hu)i—1—(¢hu)i)}
3—A1 1 i

1

3+ (1
g [Eg(h,@_)l/z)z(@_l _d)i) +g(Zb,~,| _Zb,-)(¢h)§2_)1/2j|

13 - ;u]
23 0 0) Zbi_; T2, 1 0
+ 2Rz =) | AR — =5 ) = 521 —d) (A R) (54)
/13 - }u] 2 2
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Since there is no discontinuity between cells i —1 and i:

(phu* +Sgph®)i—1 = (Phu”+Lgdph?); # (phu*+ L gph?)i 1
(phu)i—1 = (Phu); =(dphu)i+1=q

(55)
bi1=¢i#diy
Zb;—; = by #Zbi+1
Introducing (55) into (54) leads to:
* A1 2 1 2 1 2 2, 1 2
Fy+——AS = / h —gph ) —/ h —goh
< 2 3= 0):-1/2 A3 =11 [M (d) ! +2gq§ >i “ (d) ! +2gq§ >J
1
= <¢>hu2+§g¢h2> (56)
i

At the interface between the cells i and i +1, the momentum flux can therefore be written as:

I’ n+1/2
(F;+—AASO)
3= i+1/2

1 1 1
- )[zg(qshuﬂigmz) —ﬂv1(¢hu2+5g¢hz) —M[whu»—((bhmim]
3— A i i+1
+A
+/L3 1[ gh l( 1/2) (¢1 ¢z+1)+g(2b Zb,+1)(¢h),+1/2i|
A3—
2,
s (e —on (02 )~ Fei—goaih?]) @
A3—A 2

Applying the continuity equation in (57) leads to:

)‘ n+1/2
Ffy—r AS())
( 2 = i+1/2

1 1 1
__ Ja  phu® +=gph® ) =41 | phu + < gph?
3= 2 i 2 i+1

A3+ 21 e
+/L3_il |: ( 1/2) (i —b; i+1) 8 (2 Zb,+|)(¢h),+1/2:|
41 (0) ©) b T2byy 1 (0)
+- gd)LR(Zbi _Zbi+1) IR —=g(p; — (rbl-l—l)(h (58)
3—2 2 2

The steady-state assumption implies that

(phw)™ — (phu)! =0 (59)
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and hence
) n+l/2 /11 n+1/2
(Fz* +— AS()) = (Fz* + 7AAS0) (60)
J3—A i—12 3= i+1/2

Combining (60), (58) and (56) yields:

1
A {q(u,- —ui+1>+5g[<¢hz)i —(¢h2)i+1]}

1
+(43—41) [Eg(hgi)l/z)z((:bi - ¢i+1) +8 (2, — b4 )(¢h)l+1/2:|

0) Zb; —Zbjy

+A1[g¢£°§<Zb,.—zbi+l>(zLR 5 )——g(qb — i) (BR) ] 0 61)

Substituting g (#; —u;+1) in (61) by the expression (42) leads to:

L2(hZy )2 (@ — Bi ) 8t — 2, V@D 1, =0 (62

As (62) is valid for all existing cases depending on the respective values of ¢; |, ¢;, zv; and zp

it is possible to conclude that h(i)l =0 and (d)h)l(i)l 2=0.

Substituting (d)h)](}}i, (qSh)S%, (¢h)1(jq)» h](dlli, hﬁ% and h(L‘;) in the system of equations (32)
yields the following expression for the flux through the interface:

i+1°

Ff= [FoL—Fr—A1F1 L+ /3F1 R]

Az —
1 02 _ 44 ©0)  Zbg by
— | 58(Pr— L) R)" =8P Rz —2b ) | ZLR—— 75— (63a)
—l2 2
Fy= P [A3F 1 — A Far—A3(FiL— F1R)] (63b)
Fy=v(F—Fi1,A)+F3 4 (63c)

where qS(L(Q, Z(L(g and h(LOl% are defined by (43).

2.4. Practical implementation

The values computed for the flux using the system of equations (63) are only valid for the flux
in the intermediate constant zone. For the purpose of the solver, it is necessary to determine the
flux at the interface between the cells, i.e. the initial discontinuity of the Riemann problem. Five
different cases can be defined depending on the wave configuration and the respective location of
the intermediate zone and the interface (see Figure 5 for more detail).

It is recalled that configurations C1 and CS5 correspond to a supercritical regime, configurations
C2 and C4 correspond to a critical regime and configuration C3 corresponds to the subcritical
regime. It is necessary to estimate the celerities A} and A3 in the constant intermediate zone. Along
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Figure 5. Relative position of the intermediate region to the interface.
each characteristic, the Riemann invariants are used to compute u* and c¢*:

u*4+2c¢* = up+2c.

u*—2c¢* = ur —2cr

(64)

neglected at this stage. Solving the system of equations (64) leads to:
W= ur +uR

The source terms have to be taken into account in (64) but the experiment shows that they can be

+cL—c
> L —CR
o= UL, —UR +CL+CR
4
The celerities A} and A3 are computed as follows:

(65)
2
M =ut—c*

B=u*+c*
Copyright © 2009 John Wiley & Sons, Ltd.
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The comparison of A}, A3, 1,1 and A3 r enables to determine the wave configuration and thus the
value of the flux vector component at the initial discontinuity. For the critical regime, the fluxes
are computed using the classical HLLC formulae:

Fi=F L
11,L>0 Cl1
h=rn.
1 ,
F1=} ) [43F) L —A1F1 R —A1/43(2L—2R)]
J1L<0 & 23>0 S c2
= P [A3F2 1 — A1 Fo R —21A3(F1L—F1R)]
Fi=F}
20 & J1>0 C3 (67)
Fz=F£’<
F1=} —[A3FL—21F1 R —A1/43(z2L —2R)]
13— A1

25<0 & /3 r>0 Cc4
P [43F L — A F R —A1A3(F1L— F1R)]

T a—1
Fi=F R
3 r<0 C5
Fh=FEr

For any waves configuration, the fluxes at the interface can be computed and the values of the
conserved variables can therefore be calculated at each time.

3. COMPUTATIONAL EXAMPLES

Eight different geometries have been used to determine the efficiency of the PorAS solver under
different flow conditions (subcritical, supercritical, transcritical and hydraulic jump) leading to 13
tests cases (named T; (sub, sup, trans, jump))- 1he results are compared with the analytical (or semi-
analytical) solution and with results calculated using the classical HLLC solver presented in [5].
Each geometry is described in the corresponding sub part. Geometry 1 has been developed to
evaluate the PorAS solver performance under steady flow condition (77, (sub, sup, trans, jump) )- Further
comparisons have also been conducted on the test cases proposed in [6]: T2 (sub, trans) and in [S]:
T3, T4 and Ts5. A convergence study is performed both for the PorAS and the HLLC solver:
T6,(1,2,3). The efficiency of the PorAS solver is also assessed by comparing the model results
with experimental data: 75. For all the following figures, the reader may have some difficulties to
identify the different curves that are merged most of the time.

3.1. One-dimensional flow in case of variable porosity (Ti,(sub, sup, trans, jump))
The first geometry consists of permanent flow in a channel with nil bottom slope and variable

porosity. The four-associated test cases highlight theperformance of the proposed solver in the

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:1299-1331
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presence of a spatially varying porosity. A parabolic profile has been chosen for the porosity

ax’+bx+c forxe [Xm—Lo; Xm~+ Lo]

P(x) = lsewh
0 elsewnere (68)
a:"bOL_ijsm, b=-2aXm, c=¢o+a(X2—L3)
0

where 2L is the length of the porosity variation, Xy, is the position of the middle of the porosity
variation, ¢, is the porosity outside of the porosity variation area and ¢, is the porosity in the
middle of the porosity variation. The computational parameters are given in Table 1. In steady
flow, the momentum equation can be written as:

d(q¢> 1 .\ 1 ,do
Ty Zgpn? )=~ gn?S? 69
dx <¢h+zg¢ ) 25" 4 ©9)

Combining the continuity equation in steady flow with the momentum Equation (69) leads to
dh d
d—(1 —Frz):hFr2—¢ (70)
dx dx

where Fr represents the Froude number. Depending on the flow regime, the discretization has to
be done from upstream to downstream (supercritical flow):

u2

hum(¢u_¢d) (71)

u

hd:hu_

The reference for the test case T syp 18 established by prescribing the upstream boundary condition
h=0.2m with a unit discharge q=1m2 s~!. For the test case T1,sub, the unit discharge is also
g=1m?s~! and the downstream boundary condition is #=1.1m. For the transcritical test case
T trans» 1t is easy to show that the critical point where Fr=1 is necessarily obtained for a nil

Table I. Parameters for the first geometry: steady flow test cases (one-dimensional flow in
narrowing channel—T7 (sub, sup, trans, jump))-

Symbol Meaning Value

g Gravitational acceleration 9.81ms 2

oo Porosity outside of the porosity variation 1
Minimum of the porosity:

Om for test cases T sup and Ti jump 0.6
for test cases 77 gyb and T rans 0.5

Lo Length of the porosity variation 25m

Xm Position of the minimal porosity ¢, in the domain 50m

L Domain length 100m x I'm

Ax Cell size 0.lmx1m

q Prescribed unit discharge at the upstream boundary 1m2s!
Prescribed water depth at the downstream boundary:

hav for test case T gyp 0.2m
for test case 17 sub 1.1m
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Figure 6. Supercritical one-dimensional flow in narrowing channel (77 sup). Reference, HLLC and PorAS
solutions; Top left, simulated depth; Top right, simulated unit discharge; Bottom left, detail of the water
depth profile in the narrowing part; Bottom right, simulated velocity in the narrowing part.

porosity gradient. It is therefore possible to compute the water level, using Equation (70) upstream
to the nil porosity gradient and Equation (71) downstream. For the test case with a hydraulic jump,
the water profile upstream to the nil porosity gradient has been computed in a same way than for
the transcritical test case. At the downstream end of the domain, a subcritical depth is prescribed
h=0.811m. The position of the hydraulic jump is determined by computing the water profile
both from the nil porosity gradient to the downstream end and from the downstream end to the
nil porosity gradient; the discretization being used in accordance to the flow regime. The impulse
corresponding to both profiles is also computed; the hydraulic jump leading at the point where both
impulses are equals. For all the test cases, the spatial discretization step for the reference solution
is Ax=0.1m. The position of the hydraulic jump being very sensitive to the downstream water
depth, a second porosity variation has been used downstream to the first one for the numerical
test case to ensure that the hydraulic jump stay at the correct location. The middle of the second
porosity variation is located at x =150m, the porosity in the middle is ¢,,=0.7 and the total
length is 50m. The imposed downstream water depth for the reference corresponds exactly to the
water depth upstream to the second porosity variation in the numerical simulation.

Simulations are carried out from arbitrary initial conditions over a grid of uniform cell width Ax =
0.1m. The simulation is carried out until steady flow conditions are reached over the computational
domain. Figures 6-9 present the profiles obtained for both the HLLC and the PorAS solver. For
the sake of clarity, only every 10th cell is represented in the Figures 6—10. In the subcritical, the
supercritical and the hydraulic jump test cases, both the water depth and the unit discharge are
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Figure 7. Subcritical one-dimensional flow in narrowing channel (77 sub). Reference, HLLC and PorAS
solutions; Top left, simulated depth; Top right, simulated unit discharge; Bottom, simulated velocity.
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Figure 8. Transcritical one-dimensional flow in narrowing channel (77 trans). Reference, HLLC and PorAS
solutions; Left, simulated depth; Right, simulated velocity.

correctly computed by the two solvers. Nevertheless, the water depth in the narrowing part is better
estimated using the PorAS solver in supercritical flow (Figure 6, bottom left). The HLLC solver
underestimates the velocity in this region. For the transcritical test case, both water depth and
velocity profiles are well computed by the HLLC and the PorAS solvers. Figure 10 presents the
discharge computed with the HLLC and the PorAS solver. Since the test cases T (sub, sup, trans, jump)
are steady-state simulations, the discharge has to be the same over the computational domain. For
these simulations, the HLLC solver overestimates the discharge, whereas the PorAS solver keeps
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Figure 9. Hydraulic jump in narrowing channel (77 jump). Reference, HLLC and PorAS solutions; Top
left, simulated depth; Top right, simulated unit discharge; Bottom, simulated velocity.

it constant. This phenomena may explain the velocity underestimation for the supercritical test
case in the narrowing region. The inefficiency of the HLLC solver for such test cases has been
investigated in [6], and as the authors suggested, it is impossible for the HLLC solver to compute
correct steady-state conditions.

3.2. One-dimensional flow over a bump (17 (sub, trans))

The previous test cases have highlighted the performance of the proposed solver in the presence
of a spatially varying porosity (computed in the source term). The following test cases aim to test
the PorAS solver when the varying parameter is the bottom slope. The specifications proposed
in [6] have been reused (Tables II and III).

Figure 11 compares the water depth and the unit discharge computed using both solvers with the
semi-analytical solution obtained by solving the momentum conservation equation. Both solvers
compute correctly the water level but the HLLC solver introduces an unexpected variation of the
unit discharge. The same reason as for the previous test cases can be invoked. Further analysis of
this problem can be found in [6].

3.3. Dambreak problem
To evaluate the performance of the PorAS solver in transient configuration, three dambreak prob-

lems have been used.
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Figure 10. One-dimensional flow in narrowing channel (77, (sub,sup,trans,jump))- Reference, HLLC and

PorAS solutions; Top left, simulated discharge for supercritical test case; Top right, simulated discharge

for subcritical test case; Bottom left, simulated discharge for transcritical test case; Bottom right, simulated
discharge for the hydraulic jump test case.

Table II. Parameters for the second geometry—one-dimensional subcritical flow over a bump (72 sub)-

Symbol Meaning Value

g Gravitational acceleration 9.81ms 2
ho Bump height 0.2m
Ly Bump length 4m

q Prescribed unit discharge at the upstream boundary 4.42m?s~!
zd Prescribed water depth at the downstream boundary 2m

20 Initial water level 2m
Ax Cell size Im

3.3.1. One-dimensional dambreak with variable porosity (T3). The first transient test case (73)
consists of a dambreak over a flat bottom with a porosity varying linearly from O to 1. Computational
parameters are given in Table IV. As explained in [5], this one-dimensional dambreak with variable
porosity is equivalent to a classical circular dambreak with uniform porosity. The water level and
the unit discharge for the reference are calculated by computing the classical dambreak over a grid
with uniform cells width Ax =10"*m. Figure 12 compares the results obtained using the HLLC
and the PorAS solver with the reference. With both solvers, the water depth and the unit discharge
are correctly estimated. The proposed solver introduces progressively two small peaks on both
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Table III. Parameters for the second geometry—one-dimensional transcritical flow over a bump (72, trans)-

Symbol Meaning Value
g Gravitational acceleration 9.81ms 2
ho Bump height 0.2m
Lo Bump length 4m
q Prescribed unit discharge at the upstream boundary 1.53m2s~!
20 Initial water level 0.1m
Ax Cell size Im
4.44
3 — Reference
o HLLC
+ Poras
— Bottom 4.43 (,df#pO
E & 442 *’
N =
1 o
4.41 M — Reference
o HLLC
+ Poras
0 4.40
5 10 15 5 10 15
x (m) x (m)
1.2 1.55

— Reference

o HLLC — Reference
+ Poras 1.54 o HLLC
0.8 1 — Bottom + Poras
- g
E 06 St 153 -
N = o
0.4 4 M
1.52
0.2 1
0.0 T T 1.51 T ]
5 10 15 5 10 15
x (m) X (m)

Figure 11. One-dimensional flow over a bump (72, (sub, rrans))- Reference, HLLC and PorAS
solutions; Left, simulated water level; Right, simulated unit discharge; Top, subcritical test
case; Bottom, transcritical test case.

sides of the cell containing the initial discontinuity, corresponding to the critical point. Since the
peaks only appear on the water depth profile, it is possible to state that the momentum transfer
is correctly estimated whereas the mass transfer is not. Another difference can be observed for
x=0m. The water depth profile is better estimated using the HLLC solver, whereas the PorAS
solver better estimates the unit discharge profile. The water depth and the unit discharge profiles
at the shock computed by the PorAS solver are also steeper.

3.3.2. One-dimensional dambreak with porosity discontinuity (T4). The second transient test case
is a one-dimensional dambreak through a porosity discontinuity, which is located at the same place
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Table IV. Parameters for the one-dimensional dambreak with variable porosity (73).

Symbol Meaning Value

g Gravitational acceleration 9.81ms 2
ho, L Initial water depth on the left-hand side of the dam 10m
ho. R Initial water depth on the right-hand side of the dam Im

L Domain length 100m
X0 Dam location 50m
Ax Cell size Im

;—i’ Derivative of the porosity 0.01m~!

12 25

— Reference
10 1 ° HLLC 20
+ Poras

~ Q
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Figure 12. One-dimensional dambreak with variable porosity (73). Reference, HLLC and PorAS solutions;
left, simulated depth, right simulated unit discharge.

Table V. Parameters for the one-dimensional dambreak with porosity discontinuity (7).

Symbol Meaning Value

g Gravitational acceleration 9.81ms—2
ho L Initial water depth on the left-hand side of the dam 10m
oL Porosity on the left-hand side of the dam 1
ho.R Initial water depth on the right-hand side of the dam Im
or Porosity on the right-hand side of the dam 0.1

L Domain length 100m
X0 Dam location 50m
Ax Cell size Im

that the initial water discontinuity. Computational parameters are given in Table V. The method
used to determine the reference profile is detailed in [5]. Figure 13 compares the profiles obtained
with both solvers to the expected ones.

Both solvers compute correctly the water depth and the unit discharge. Nevertheless, they
introduce diffusion through the rarefaction waves and the PorAS solver is, in that case, the most
diffusive one. With the HLLC solver, the position of the shock is better estimated: at t =4s, the
shock should theoretically be at the position x =94.08 m; the position found by the HLLC solver
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Figure 13. One-dimensional dambreak with porosity discontinuity (74). Reference, HLLC and PorAS
solutions; left, simulated depth, right simulated unit discharge.

Table VI. Parameters for the two-dimensional dambreak with variable porosity (75).

Symbol Meaning Value

g Gravitational acceleration 9.81ms2
ho L Initial water depth on the left-hand side of the dam 10m
ho,R Initial water depth on the right-hand side of the dam Im

L Domain length 200m x 200m
ro Radius of the dam 50m

Ax Cell size Im

is x=95m and x =96m for the PorAS solver. It can be noticed that the shock remains steeper
with the proposed solver.

3.3.3. Two-dimensional dambreak with variable porosity (Ts). The third transient test case (75)
is a two-dimensional dambreak of a circular dam over a variable porosity. As shown in [5], the
circular dambreak problem with a porosity proportional to the inverse of the distance to the centre
of the dam has the same analytical solution as a classical one-dimensional dambreak with a constant
porosity. Specifications for this test case are given in Table VI.

The calculated profiles and the analytical solution are compared in Figure 14. Both HLLC and
PorAS solvers compute correct water depth and unit discharge profiles. Some differences can be
observed depending on the considered direction of the profile. The differences are significant only
for the proposed solver: at the critical point, the PorAS solver underestimates the water depth in
the x and y directions. Nevertheless, there is always less diffusion and the water depth upstream
to the shock is better estimated using the PorAS solver.

3.4. Convergence study (Tg)
The convergence of the numerical solution has been carried out on grids with decreasing spacing

and time step. The test case is a steady flow in a culvert with variable porosity and bottom
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Figure 14. Two-dimensional dambreak with variable porosity (75). Reference, HLLC and PorAS solutions;

Top: Left, simulated depth along the first bisector; Right, simulated unit discharge along the first bisector;

Middle: Left, simulated depth along the X-axis; Right, simulated unit discharge along the X-axis; Bottom:
Left, simulated depth along the Y-axis; Right, simulated unit discharge along the Y-axis.

elevation. The evolutions of both porosity and bottom elevation along the culvert are shown in
Figure 15.

The semi-analytical solution has been calculated by discretizing the momentum equation.
Combining the momentum and continuity equations leads to:

dh d dz
¢(1-Fr2)—:hFr2—‘ZS -2 (72)
dx dx dx
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Figure 15. Longitudinal evolution of the porosity and the bottom elevation for the convergence test case.

Since the flow regime has been chosen to be subcritical, Equation (72) should be discretized from
downstream to upstream:

1
hu=hq+————[haFri(, — ba) — _ ;
d+<j)d(l—Fr(21)[ dFi d(¢u d)d) ql)d(Zbu Zbd)] (73)

To test convergence, computational time step and spatial step should be decreased in the same way.
As the equations are explicitly solved, the Courant—Lax—Friedrich conditions has to be insured:

ANt 1
<

— <= 74
Ax "2 74

Cr=

The time step is directly computed by the model ensuring that the Courant stability constraint is
verified. The time step is therefore automatically reduced in a same proportion that the spatial
step. Computational parameters are presented in Table VII. A first coarse grid (Ax =1m) is used
to calculate the numerical solution using both the HLLC and the PorAS solvers (74 1). The
convergence is checked by decreasing the cell width by 10 for the second convergence test case
(T6,2) and by 100 for the third convergence test case (7 3). For the sake of clarity, only one point
every 10 cells (respectively, 100 cells) are represented in the Figure 17 (respectively, 18). The
calculated profiles and the analytical solution are compared in Figures 16-18. Both HLLC and
PorAS solvers compute correct water depth and unit discharge profiles for all the test cases. For the
coarse grid (Figure 16), the free surface is overestimated by the PorAS solver and underestimated
by the HLLC solver; both solvers overestimate the unit discharge. The computed discharge is
correctly estimated by the PorAS solver and overestimated by the HLLC solver in the variation
zone. As the spatial step decreases, the numerical solutions for the water elevation and the unit
discharge computed with both the HLLC and the PorAS solvers get closer from the analytical
solution. The difference between the discharge computed by the HLLC solver and the reference
solution decreases proportionally to the spatial step decreases. The computational effort required
to simulate 1000 s for each test case of the convergence study using both solvers is presented in
Table VIII. For all the simulations, the PorAS solver saves 4.5% of the computational duration.
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Table VII. Parameters for the convergence test cases (76,1, 762 and Tg3).

Symbol Meaning Value
g Gravitational acceleration 9.81ms—2
Porosity upstream to the variation zone 0.7
Porosity downstream to the variation zone 1
Bottom elevation upstream to the variation zone 0.5m
Bottom elevation downstream to the variation zone 1.0m
lo Length of the variation zone 20m
Xo Position of the beginning of the variation zone 10m
L Domain length 100m x 1 m
Cell size
Ax for test case Tg | ImxIm
for test case Tg 2 0.lmx1m
for test case Tg 3 0.0lmx1Im
q Prescribed unit discharge at the upstream boundary Im2s!
2d Prescribed water level at the downstream boundary 2m
Zi Initial water depth over the domain Im
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Figure 16. First convergence test case (7g,1). Reference, HLLC and PorAS solutions; Top left, simulated
water elevation; Top right, simulated unit discharge; Bottom, simulated discharge.
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Figure 17. Second convergence test case (7 2). Reference, HLLC and PorAS solutions; Top left, simulated
water elevation; Top right, simulated unit discharge; Bottom, simulated discharge.

3.5. Experimental test case (17)

The usefulness and the validity of the porosity approach for large scale modelling of floods in the
presence of urbanized areas have been demonstrated in [5]. In the previous section, the validity of
the PorAS solver is demonstrated using (semi-) analytical test cases. In order to check the validity
of the PorAS solver under real configuration, comparisons of the model results for both HLL.C and
PorAS solvers are made with experimental data. The experiments were performed using a scale
model of the Italian Toce valley at CESI (Italy) during the IMPACT European project. Square
blocks are implemented in a 7 m long and 3.5-5 m wide model to represent urban area (Figure 19).

The measured hydrograph is used as upstream boundary conditions. The computed water surface
elevations using both the PorAS and the HLLC solvers at t =20s are compared with the measured
values (Figure 20). There is no significant differences between the computed profiles using the
PorAS and the HLLC solver. Moreover, the computed water levels match the measurements; the
explanations for the differences presented in [5] remain valid.

4. CONCLUSIONS

An approximate-state Riemann solver has been developed for the classical shallow water equa-
tions with source terms arising from non-uniform porosity and bottom elevation. Using the flux
components instead of the conserved variable in the expression of the Riemann invariants allows
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Figure 18. Third convergence test case (75 3). Reference, HLLC and PorAS solutions; Top left, simulated
water elevation; Top right, simulated unit discharge; Bottom, simulated discharge.

Table VIII. Computational effort for the convergence test cases (7, (1,2,3))-

PorAS solver HLLC solver
To,1 1.50s 1.52s
Te 2 I min 65 1 min 9s
Ts 3 1h 38min 53s 1h 43min 20s

the direct calculation of the fluxes at the interfaces, while accounting for the influence of the
source terms in the characteristic equations. This results in improved solution of the continuity and
momentum equations, in particular near steady-state configurations. The different computational
examples have highlighted both advantages and defaults of the proposed solver. For the transient
applications, the efficiency of the proposed solver is the same as that the efficiency of the HLLC
solver. On the dambreak simulations with porosity, the over (or under) estimated water depth close
to the critical point computed by the proposed solver is balanced by steeper fronts and smaller
numerical diffusion. Clear improvements have been obtained with the proposed solver on steady-
state simulation with varying parameters (porosity and/or bottom slope). The PorAS solver can
therefore be used for both transient and steady-state simulation, substantial improvements being
observed on highly variable geometry parameters. The proposed solver is used with a classical
Godunov scheme and can easily be extended to higher-order scheme since no modifications to the
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Figure 19. Topography of the valley for the Toce test case, contour line spacing 0.01 m (a). Sketch of the
longitudinal profiles and measurement points (b).
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Figure 20. Water surface elevation at t =20s along profile 1 (a) and profile 2 (b).

Riemann solver are required. Further developments, especially the treatment of critical points, are
under investigation.
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