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Abstract

In the broad framework of building sustainable and resilient cities, integrated water management in urban
areas has come to the top of agenda of city planners and managers. As one of the key elements of this
paradigm, stormwater management is developed towards to at-source controls with intensive develop-
ment of low impact development (LID) practices. Hydrological modeling turns towards to distributed,
physically-based, and integrated approaches capable of taking into consideration of all the compartments
of the water cycle as a whole. This Ph.D consists of contributing to the development of the distributed
model URBS that has been being developed since about fifteen years by IFSTTAR. The scientific contri-
bution focuses on the implementation of the saturated flow module WTI, and the model URBS-W'TT is
evaluated at an experimental catchment in the city of Nantes in France, where rich hydro-climate data are
available. After a sensitivity study, the simulation of both the groundwater levels and the discharge rate
at the catchment outlet with the calibrated model is satisfying. The contradictory effect of some processes
has been observed, which explains the complexity in estimating the overall water balance and groundwater
recharge. The model shows great sensibility to physical parameters: the difficulty in calibrating the model
simultaneously for each piezometer may be related to the spatial variability of the soil properties. Once
validated, the model URBS-WTI is applied on an urban development area within the territory of the
future Paris-Saclay University (south-west of Paris). After the model calibration under pre-development
conditions by groundwater data series, continuous simulations (~ year) are carried out with small time
steps (~ min). The pre-development hydrological regime of the site is estimated, emphasizing the great
importance of both the evapotranspiration process and the groundwater drainage by sewer networks in
the catchment water balance. Then a scenario study for the post-development hydrology is undertaken
at both the catchment and urban block scales, aiming to evaluate the impacts of urban planning on local
hydrology and the efficiency of certain LID practices in runoff volume control. This study shows that
surface sealing can increase runoff volume and reduce the evapotranspiration loss. The results highlight
the seasonal groundwater recharge regimes, related to the different evapotranspiration rates. All the
tested LID practices show their capability of reducing peak discharge; some practices are also capable of
reducing the recurrence of low flows. On the other hand, overland flow caused by soil saturation may
be observed locally. The use of rainfall infiltration devices should thus take into account of the under-
ground settings, especially in the case where shallow groundwater is present. Generally speaking, the
WTI module introduction has improved the model robustness of URBS, in particular in the modeling of
groundwater flow.

KEY WORDS: urban hydrology, stormwater management, low impact development, distributed
model, physically-based, groundwater modeling, water balance, land use change, sewer network

ii



Résumé

Contexte

Les enjeux de l'urbanisation sont a la fois environnementaux, économiques et sociaux, et se situent a
une échelle mondiale. Du point de vue de I’hydrologie urbaine, d’importants impacts de l’expansion
de l'urbanisation sur les hydrosystemes sont exercés a travers les changements d’occupation des sols et
I’apport d’infrastructures relative a la gestion de I’eau, en surface ou dans le sous-sol. Les défauts des
systemes de drainage centralisé se multiplient: débordements, fuites, mauvais branchements volontaires
ou involontaires, infiltration d’eau du sol dans les tuyaux et leurs tranchées de pose, cotits croissants pour
la gestion et ’entretien, etc.

Développées depuis les années 1990 dans différents pays, les techniques alternatives (TA) sont congus
pour atténuer les impacts négatifs de 'urbanisation sur les hydrosystemes et préserver ’hydrologie na-
turelle (Dietz, 2007). Aujourd’hui, les bénéfices de 'utilisation des TA sont bien connus et acceptés par
les scientifiques et praticiens. Néanmoins, les questions se posent souvent liées a l'efficacité et la durabilité
de ces systemes, et au probleme de pollution dans les nappes par ces pratiques (Pitt, 1999; Dietz, 2007).
Dans la plupart des cas, une TA est basé sur l'infiltration d’eau dans le sol, et sa performance est ainsi
conditionnée par la capacité d’infiltration du sol sous-jacent. Néanmoins, les impacts de ces nouvelles
pratiques de gestion des eaux pluviales sur les nappes sont rarement étudiés (Gobel et al., 2004).

Le cycle de 'eau urbaine est un systéme complexe comprenant les compartiments naturels (eau de
surface et eau souterraine) et des infrastructures. Comprendre et quantifier les interactions de ces com-
posantes et I'impact résultant sur le bilan hydrologique reste un challenge majeur dans le domaine de
I'hydrologie urbaine (Fletcher et al., 2013). L’introduction de pratiques alternatives de gestion des eaux
pluviales doit étre cohérente avec 1’équilibre global du bilan hydrologique. Il est ainsi essentiel de con-
sidérer la gestion des eaux pluviales dans des approches intégrées de gestion des eaux urbaines.

L’eau souterraine est a la fois une source vitale d’eau potable et une composante clé du cycle de ’eau
urbaine. La gestion quantitative et qualitative des eaux pluviales est un sujet complexe couvrant des
échelles spatiales et temporelles variées. La nappe est rechargée principalement par linfiltration de la
pluie dans le sol. Ce processus naturel est altéré par 'imperméabilisation des surfaces. Dans le méme
temps, 'eau est importée dans le milieu urbain par les réseaux d’eau (potable et assainissement). Ces
réseaux enterrés peuvent étre le lieu de fuites, ce qui constitue une source supplémentaire pour la recharge
de la nappe (Lerner, 2002). Les interactions entre les eaux de surface, les eaux souterraines et les réseaux
d’eau sont complexes dans I'espace et dans le temps (Schirmer et al., 2007; Thomas, 2006).

La recherche en hydrologie urbaine poursuit deux objectifs principaux (Andrieu and Chocat, 2004):
avancer dans la compréhension des processus hydrologiques en milieux urbanisés et contribuer au
développement de méthodes et techniques de gestion pour les eaux urbaines. D’une part, les proces-
sus hydrologiques des milieux urbains ne sont pas si différents de ceux des milieux naturels et aucune
frontiere absolue existe entre la ville et son environnement naturel. D’autre part, I’hydrosysteme urbain
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a ses particularités liées aux échelles spatiales réduites, aux hétérogénéités en surface et en sous-sol, aux
forts impacts anthropiques relatifs a 1’évolution permanente de I’occupation des sols, et aux pratiques et
stratégies d’utilisation et de gestion... Les modeles hydrologiques sont en général développés en se basant
sur la transformation pluie/débit, et dans un objectif de dimensionnement des ouvrages. Les modeéles
existants décrivent relativement bien les processus en surface, mais rarement les flux dans les sous-sol
et leurs interactions avec la surface (Rossman, 2004). La tendance actuelle de modélisation consiste a
mettre en ceuvre des approches a base physique et distribuées, permettant de représenter les dynamiques
spatiales et temporelles des réponses des bassins versant a la pluie.

Dans le cadre du projet national “Grand Paris”, le projet du futur campus Paris-Saclay a été lancé
en 2010, avec la création de I’Etablissement Public Paris-Saclay (EPPS) comme pilote du projet. Le
lieu d’accueil du projet est le plateau de Saclay, situé & 20 km au sud-ouest de Paris. Le plateau est
délimité au nord par la vallée de la Bievre et au sud par celle de I’Yvette, toutes les deux étant fortement
urbanisées. L’enjeu de la gestion des eaux pluviales du futur campus est ainsi crucial, et s’inscrit dans
une démarche globale d’Eco-territoire. La gestion des eaux pluviales sur le plateau suivra une gestion
selon différentes échelles: parcelles, quartier, et plateau. L’hydrosysteme du plateau est complexe, en
raison de la présence d’'un réseau de collecteurs et de rigoles datant du 17éme siecle, et d’une nappe
discontinue proche de la surface, dont le fonctionnement reste méconnu. En coopération avec le CEREMA,
I’EPPS s’est engagé dans cette these CIFRE dans 'objectif de progresser dans la compréhension du
fonctionnement de I'’hydrologie du plateau, et d’établir une estimation préalable de I'impact du projet
d’aménagement sur I’hydrologie du site.

Objectifs et méthodologies

La présente theése suit deux objectifs. D’un point de vue scientifique, le travail souhaite contribuer au
développement d’un modele distribué et a base physique pour de petits bassins versants urbains (jusqu’a
quelques centaines d’hectares) , le modele URBS (Rodriguez et al., 2008) développé a 'TFSTTAR. 11 est
capable d’effectuer des simulations sur des chroniques (plusieurs années) et a des pas de temps fins (min-
utes) en tenant compte du cycle intégré des eaux pluviales. Si l'objectif & long terme du développement
est de construire un outil d’aide a la décision, la présente these se concentre sur 'intégration dans URBS
du module WTTI (Branger, 2007) pour les flux horizontaux de la zone saturée, sa validation et son appli-
cation. D’un point de vue opérationnel, I’étude souhaite étudier les impacts d’un projet d’urbanisation
sur le fonctionnement hydrologique du milieu urbain. Elle se base sur le site d’un des quartiers du futur
campus Paris-Saclay, le quartier du Moulon. Une attention particuliere est portée a I'impact sur la nappe,
et justifie 'utilisation du modele URBS avec le module spécifique pour la zone saturée URBS-W'TTI.

Le travail de these s’est déroulé en deux étapes. La premiere étape consistait a l'introduction du
module WTT dans URBS. Une “interface” a été définie entre deux éléments unitaires adjacents. Le flux
saturé est calculé sur cette interface avec la loi de Darcy. Pour pallier la difficulté dans la définition
du niveau du substratum de la nappe, dont l'information est limitée, la formulation de Darcy a été
adaptée a une forme intégrale depuis la surface de l'interface jusqu’a I'infinité en profondeur, ce qui était
possible grace a la représentation du sol dans le modele, contrélée par une décroissance exponentielle de
la conductivité hydraulique a saturation.

Le modele URBS-WTT ainsi construit a été évalué sur le Pin Sec (Nantes), un des bassins urbains
expérimentaux de I’Observatoire Nantais des EnVironnements Urbains (ONEVU), pour lequel des données
hydro-météorologiques et géographiques riches sont disponibles. Partant d’une simulation réalisée avec
une premiére estimation des parametres physiques du sol (calcul de référence), le modele a fait 'objet d’une
analyse de sensibilité. Cette étape a permis de réaliser une simulation plus performante par un ajustement
des parametres. L’effet de 'homogénéisation des niveaux de nappes simulés, liée a I'introduction du
module WTI, a été évalué sur un simple critere: 1’écart type des niveaux de nappe simulés entre les
éléments unitaires.
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La deuxieme étape de la these a consisté a I’étude hydrologique sur le quartier du Moulon avec le modele
URBS-WTI. L’originalité de ce travail porte sur 1’évaluation du modeéle avec comme seules observations
les données piézométriques. Dans un premier temps, 'analyse du fonctionnement hydrologique actuel
du Moulon avant ’aménagement a été réalisée. Une étude de sensibilité du modele a été réalisée en se
basant sur les simulations des niveaux de la nappe afin d’ajuster les parametres pour ce cas spécifique. Le
modele a été ensuite appliqué sur la période de trois années 2011-2013 en continu et au pas de temps de 6
minutes. Les variations des niveaux piézométriques ont été analysées et comparées aux observation, ainsi
que le bilan hydrologique et les débits continus aux exutoires des réseaux d’eaux pluviales, uniquement
sur la base des simulations.

Dans un deuxieme temps, 'analyse du fonctionnement hydrologique futur du quartier du Moulon
aménagé (a I'horizon de 2025) a été faite grace a une étude de scénarios. Une condition initiale de
I’occupation des sols a été établie, avec laquelle une simulation de référence a été menée. A partir de
cette simulation de référence, ’étude de scénarios a été conduite a deux échelles : quartier et lot urbain.
A chacune des échelles, deux types de scénarios ont été testés : scénarios de densité d’urbanisation et
de techniques alternatives. Pour chaque scénario, trois types de résultats ont été analysés : niveaux
piézométriques, bilan hydrologique, et débits aux exutoires. Ces résultats ont été comparés avec les
résultats de référence, afin d’évaluer les impacts des aménagements et les effets des techniques alternatives.

Un pré-traitement des données géographiques est nécessaire a la mise en ceuvre du modele, pour les
caractéristiques du milieu (occupation des sols) et les réseaux hydrographiques. La mise en place du
module WTI introduit un nouveau type de donnée géographique, tel que l'interface entre les éléments
unitaires. La construction de ces fichiers de d’entrée a nécessité d’importants pré-traitements géomatiques
avec des outils SIG, dont la plupart ont été automatisés.

Principaux résultats

Le module de flux saturé W'TT a été correctement intégré dans URBS, ce qui a permis d’améliorer sensi-
blement la qualité du modele. Les niveaux piézométriques simulés s’accordent bien avec les observations,
exception faite de piézometres aux comportements atypiques. Dans le cas du bassin versant du Pin Sec
ou les mesures de débit sont disponibles, le modele URBS-WTT a permis d’améliorer légerement la simu-
lation des débits. Sa capacité a simuler le cycle d’eaux pluviales en tenant compte des interactions entre
I’atmosphere, la surface et le sol est confirmé.

Les effets antagonistes des processus hydrologiques ont été mis en évidence, comme par exemple
la réduction simultané d’infiltration et d’évapotranspiration par I'imperméabilisation des surfaces. Les
impacts résultants sur la quantité de ruissellement et la variation du niveau de la nappe se sont avérés
complexes et parfois surprenants. L’étude a affirmé 'importance du processus de drainage de ’eau du sol
par les réseaux d’assainissement. Pour les deux cas d’études, cette composante représente pres de 30% de
la précipitation annuelle, méme si cela n’a pas pu étre validé sur le quartier du Moulon.

Le modele a montré une sensibilité aux parametres physiques, qui varie d'un cas d’étude a 'autre
et selon la variable étudiée. Ceci montre qu’il est important d’effectuer systématiquement des études
de sensibilités dans les futures applications du modele. L’évaluation de sensibilité sur la simulation des
niveaux piézométriques s’est avérée complexe car elle est reliée a la variabilité spatiale des propriétés du
sol urbain. L’impact de la discrétisation spatiale du modele a aussi été mis en évidence.

Le bilan hydrologique du quartier du Moulon a été estimé. Le role majeur du processus de
I’évapotranspiration a été mis en évidence, ainsi que le drainage de l'eau du sol par les réseaux
d’assainissement. Les résultats de niveaux piézométriques ont confirmé la grande variabilité spatiale des
grandeurs hydrologiques, ce qui confirme aussi l'intérét des approches distribuées dans la modélisation
hydrologique urbaine.

L’impact de ’expansion de I'urbanisation sur I'’hydrologie a été estimé par les études de scénarios pour
I’état futur du Moulon aprés aménagement. L’effet de la réduction d’infiltration et d’évapotranspiration
des surfaces imperméabilisées a été observé. Néanmoins, en raison des interactions complexes entre les



processus, le bilan hydrologique final n’est pas toujours évident a prévoir. Les différences saisonnieres
dans les régimes de recharge de la nappe ont été constatées. L’introduction des techniques alternative
a mis en exergue leur capacité a réduire les volumes ruisselés et atténuer les débits de pointe. Mais cet
effet positif vis a vis du contréle du risque d’inondation pour l’aval peut étre préjudiciable au régime
de recharge de la nappe, et peut conduire localement a une saturation locale du sol en surface. Il est
ainsi important de prendre en compte I'impact sur la nappe peu profonde des pratiques d’infiltration. Le
potentiel du modele a tester des scénarios d’aménagement ou de gestion des eaux pluviales a été illustré.

Conclusion et perspective

Cette these a contribué au développement du modele hydrologique distribué URBS, en particulier par
I'intégration d’un module d’écoulement horizontal dans la zone saturée. Le modele URBS-WTT a montré
la capacité d’améliorer la simulation des niveaux piézométriques. Une évaluation du modele originale a
été réalisée sur le quartier du Moulon, en s’appuyant sur des données observées de piézométrie et sans
donnée de débit. Ce travail a montré le potentiel et les limites d’'un modele distribué et a base physique
dans le cadre de l'application a des projets réels d’aménagement urbain, en particulier sur 'impact de
techniques alternatives de gestion des eaux pluviales. Le modele URBS-WTI est désormais fonctionnel
et est prét a étre appliqué sur d’autres sites. Des interrogations persistent toutefois sur la capacité du
modele a bien prendre en comte la variabilité spatiale des propriétés du sol, dans un cadre urbain ou
peu d’informations sont disponibles pour qualifier rigoureusement cette variabilité. Ce sujet devrait étre
approfondi pour améliorer la robustesse du modele.
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Part 1

Introduction



Low impact development for urban stormwater management

Urbanization is an emerging issue with ecological, economic and social implications. Today over half
(54%) of the world’s and 73% of Europe’s population is living in urban areas. According to the United
Nations (2014), by 2050 these numbers are going to rise to 66% and 84%, respectively, with 2.5 billion
people projected to be added in urban area.

Urbanization has led to great land use change, and brought dramatical impacts on the natural regime
of urban storm runoff. Stormwater management in cities during the 20th century was marked by the
development of urban sewer systems with the rapid urban expansions after the Second World War (at
least in developed countries). Today, the shortcuts of this centralized urban drainage system are more and
more recognized: overflows, water main leak, illegal discharges (connections), groundwater infiltration,
increased capital costs, etc.

Low impact development (LID) practices are being developed all over the world since the 1990s as a
way to mitigate the negative effects of urbanization and preserve the pre-development hydrology of a site
(Dietz, 2007). Today, beneficial uses of LID practices have been well documented. However, questions are
frequently raised concerning the efficiency, suitability, risk of groundwater contamination, etc. (Pitt et al.,
1999; Dietz, 2007). The performance and efficiency of a LID practice is firstly to be addressed prior to
setting up. In most cases the LID practices are infiltration-based therefore conditioned by the absorbing
capacity of the soil, but mutual impacts with soil water of a general application of such practices are
rarely studied (Gobel et al., 2004).

Urban water system is a complex aggregation of natural water compartments (surface water and
groundwater) and man-made infrastructures, in particular water supply and sewer systems that modify
the natural water cycle. Understanding and quantifying the interactions of these components and the
overall assessment on urban water balance have been the objective of intense studies, but remains one
major challenge in urban hydrology (Fletcher et al., 2013). Any innovative practice for stormwater runoff
mitigation can not be really efficient only if it does not in conflict with the equilibrium of the global water
balance nor with the interests in urban landscape, economic development and water users. It is therefore
essential to consider the urban stormwater management in an integrated approach.

“Integrated” approach can refer to a multiple of things depending on the level of integrity: (i) in-
tegrated stormwater cycle referring to the track of rainfall from where it falls to catchment outlet, (ii)
integrated urban water cycle involving water supply, sewage, stormwater and groundwater, (iii) integrated
consideration for stormwater in the broad framework of ecological prevention and preservation in urban
and suburban areas, (iv) a even broader paradigm of sustainable development of future cities with in-
tegrated reflection on social, political and economic factors. Stormwater management in cities, as well
as urban hydrology in general, towards today to more and more integrated approaches in the interest
of finding solutions for specific problems in the highly complex urban system. Still, a regard on the
integrated stormwater cycle remains fundamental and can provide direct solutions to stormwater stresses

under a specific urban setting.



Water balance and groundwater recharge in urban areas

Groundwater has critical value as a source of both potable and non-potable water. Over history, settle-
ments often relied on groundwater from springs and shallow wells as a reliable source of clean potable
water. In many cities, the underlying groundwater systems represent both the last reserve in terms of
water resource and also the ultimate sink for persistent urban pollutants. Even if groundwater is not used
for water production, urban aquifers are a potential storage location for stormwater and constitute a key
part for stormwater management (Gobel et al., 2004).

On the other hand, groundwater can present insidious and persistent problems for urban development,
especially in central districts as water tables rebound rather than continuing to fall, due to abandon of
heavy industries, conversion of high-density residential areas to commercial, or new water supplies and
imports (Foster and Vairavamoorthy, 2013). Water table rise in shallow groundwater systems, as a result
of increased urban groundwater recharge, can cause flooding problems that affect the sewer pipes and
septic tanks (Foster et al., 2010).

Maintaining the quality and quantity of urban water resources is recognized as a very complex task
including different spatial and temporal scales. The key to understand the deterioration of urban water
resources is the knowledge of the tremendous impact of urbanization on the entire water household
(Schirmer et al., 2013). Despite its importance, groundwater is often not sufficiently considered in urban
water management (Shepherd et al., 2006; Wolf et al., 2006). Nowadays, new urban projects acknowledge
generally (at least in developed countries) the need for an understanding of water and land management
techniques to improve the resilience and sustainability of the water system. The recharge to (shallow)
groundwater should be taken account into to achieve sound management for water resources.

From a hydrological point of view, groundwater are mainly recharged by infiltrated rainfall into the
soil. Urbanisation modifies greatly this natural recharge process related to surface sealing. Meanwhile,
water is imported into the urban areas by water supply and sewer systems. Water can leak from these
infrastructures and become artificial source of groundwater recharge (Lerner, 2002). In general the man-
ifold interactions of surface-, ground-, and artificial water compartments are complex in time and space

and still leaves many questions open (Schirmer et al., 2007; Thomas, 2006).

Hydrological modeling for urban area

Urban hydrology has initially developed as an engineering science. From a scientific point of view, urban
hydrology pursues two objectives: improving the knowledge of hydrological processes in urbanized areas
and contributing to the development of new methods and technologies for the management of urban waters
(Andrieu and Chocat, 2004). Urban hydro-system has its particularities that distinguish it from natural
hydrology, such as reduced scales, high spatial heterogeneities on surface and subsurface, severe impact
by human activities, regular evolutions in land use and water-use practices and management policies. On

the other hand, hydrological processes are not really different in cities and rural areas, and no borderline



exists between the urban area and its natural environment (Andrieu and Chocat, 2004).

Hydrological models have been generally developed based on rainfall-runoff modeling. In urban set-
tings, the trend is to develop physically-based, spatially distributed, continuous models that are able to
represent the spatial and temporal dynamics of the rainfall-runoff response (Fletcher et al., 2013). Surface
water — groundwater interactions are important processes controlling catchment hydrology, thus should be
considered in holistic manners. Existing softwares in the sector of urban hydrological modeling describe
well the processes on surface, but rarely represent subsurface flows and their interactions with surface,
or represent them in very simplified ways (Rossman, 2004). Several authors have proposed initiatives
on distributed modeling in integrating the compartments from soil to the interface soil/atmosphere (Jia
et al., 2001; Rodriguez et al., 2008) but need to be further developed.

Urban development project Paris-Saclay

The campus project Paris-Saclay was launched in 2010 within the broader framework of Grand Paris,
with the foundation of Etablissement Public Paris-Saclay as project pilot and manager. The future
urban-campus Paris-Saclay locates on the Saclay plateau (20 km south-west of Paris), delimited by two
densely-urbanized valleys at north and south. Face to challenges of flooding risk control, the EPPS is
engaged in a sustainable and integrated approach for the water management on the plateau, key element
within a ambitious plan of eco-territory for Paris-Saclay.

On the other hand, the hydro-system on the plateau is complex, being composed of a network of
collectors and channels dating back to the 17th century and a shallow aquifer system, of which the
functioning is nowadays unknown. In order to get an overall knowledge of the hydrological regime of the
territory and to have a quantitative estimation on the possible impacts of the urban development they
lead, the EPPS has been being engaged in this Ph.D program, in cooperation with the public research
institution CEREMA.

Objectives of the Ph.D work

The Ph.D work pursues thus a double objectives. From a scientific point of view, the research is devoted
to the development of a physically-based, spatially distributed hydrological model for urban catchments,
which simulates the urban stormwater cycle in an integrated way. If the long-term aim of the model
development is to build it an integrated decision-support tool for urban and suburban environment, the
present study make an emphasis on the implementation, validation and application of a groundwater
module.

From a practical point of view, the study takes the urban development site of Paris-Saclay as a model
application case. Focus is paid on the quantitative evaluation of the effect of land use change on the

catchment water household, with a special attention on the dynamics of the shallow groundwater.



In accordance with the two objectives, the Ph.D work has been organized in two phases. The first

phase was for scientific development of the model, in addressing the following issues:

e Introduce the saturated module and calibrated the integrated model with field data of an experimen-
tal urban catchment in Nantes, France, of which a variety of hydro-climate datasets are available,

as well as a a complete geographical database labeled “UrbanDataBank” (UDB).
e Improve the groundwater modeling performance of the model with the introduced module.

To meet these objectives, two supplementary work have proved to be necessary and valuable during
the Ph.D thesis:

e Ameliorate the model in terms of coding rigour and of functionalities including mass-balance as-

sessment, numerical-error-checking module, etc.

e Establish a prototype for geodata pre-processing of the model with ready-to-use GIS processing

programs, as well as robust geodata-error-checking procedure.

The second phase was for the case study at Paris-Saclay urban development. One district of the future
campus, the Moulon district, has been chosen for the model application. The following issues have been

addressed:
e Estimate changes in catchment water balance as a result of urban development.

e Investigate the sensitivity of these changes to scenarios of urbanization density and of water man-

agement.

e Evaluate the efficiency of sustainable water management facilities with a combined consideration on

surface water and groundwater.

e Provide sound informative modeling results to support urban designers in their decisions of campus

planning.

Thesis outline

Following these objectives, the present thesis is structured in three parts. The first part contains uniquely
Chapter 1 and describes the scientific context of this research work: advance in our knowledge of hydro-
logical processes under urban settings, improvement in sustainable stormwater management, and state of
art in urban hydrological modeling. The utility of Geographic Information System in urban hydrological
modeling is also discussed.

The second part represents the scientific development of the thesis. Chapter 2 sketches our model
URBS with an emphasis on the description of its soil parameterization and on the modules of LID

devices that have been integrated in the model. Chapter 3 details the integration and implementation



of the saturated flow module Water Transfer Interface in URBS, followed by a report of the necessary
modifications in the initial model scripts. Chapter 4 depicts the geodata pre-processing by means of GIS
for the preparation of geometrical input files. The integrated model URBS-WTT is evaluated and validated
at an experimental urban catchment in the Nantes city. This case study is represented in Chapter 5.

The third part represents the model application on the real urban development case Paris-Saclay,
which is composed of two phases of study: hydrological modeling of Moulon under pre-development
settings, described in Chapter 7; and scenarios study for the area under presumed post-development
settings, described in Chapter 8. The impacts of the urban development on local hydrology are estimated
by means of the comparison between the modeling results under pre-development and post-development
conditions (Chapter 8).
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Chapter

Stormwater management in urban area and

urban hydrological modeling
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Introduction

With increased impervious surfaces, compaction of soils and drainage infrastructures, urban sprawl causes
“dramatic” changes in hydrology (Fletcher et al., 2013). As illustrated in Figure 1.1, this encompass

increase in runoff rates and volumes, decrease in infiltration and baseflow, faster runoff response to rainfall,
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shorter times of concentration and recession, higher recurrence of small floods, altered water balance and
groundwater recharge, all well documented dating back to the 1960s (Harris and Rantz, 1964; Leopold,
1968; Simmons and Reynolds, 1982; Ku et al., 1992; Booth et al., 2002; Shuster et al., 2005; Dietz and
Clausen, 2007; Huang et al., 2008; Kauffman et al., 2009; Hawley and Bledsoe, 2011; Braud et al., 2013).
If the mechanism of an individual process is well understood, the overall effect on urban stream flow and
groundwater recharge remain subject to continuous research, as they can be further complicated highly
variable from case to case (Lerner, 2002; Meyer, 2002; Brandes et al., 2005; Konrad and Booth, 2005; Lee
et al., 2005; Haase, 2009; Kauffman et al., 2009; Salavati et al., 2014).

FEmerged since the 1990’s and largely accepted today by scientists and practitioners in urban hydrology,
low impact development (LID) (Prince George’s County, 1999) favors near-natural management for urban
stormwater through retention and infiltration devices. Their benefits have been shown in a large number
of studies, but remain active study topics. Understanding the interactions of LID devices with other
compartments of the water cycle and their roles in groundwater recharge is of key importance in urban
planning and drainage design.

Hydrological modeling offers a suitable tool for understanding hydrological processes and for hydrolog-
ical prediction. Traditionally focused on stormwater runoff models, the development of urban hydrological
modeling has been going towards to process-based, spatially distributed approaches which are capable of
representing complex interactions among physical processes. With rising concern on urban water quality
and development of LID practices, more and more models are designed to be able to integrate assessment
for urban water quality and simulate the process and efficiency of LID devices.

Geographical Information Systems (GIS) have become a powerful tool in (urban) hydrological mod-
eling by providing tool sets for data collection, analysis, description, and map-based visualization for
spatial information as well as for modeling outputs. Hydrology modules are being actively developed in
GIS softwares, and vice versa, promoting versatile and multi-purpose couplings between GIS and urban
hydrological models.

This first chapter is dedicated to a brief description of the general context in urban hydrology. Main
hydrological processes under urban conditions are first discussed with a focus laid on the impacts of
urbanization on surface and subsurface water compartments. As alternative solutions to centralized
drainage systems, the LID practices are described in the second section. Hydrological modeling tools
are addressed in the third section. Application and coupling of GIS tools in hydrological modeling are

presented in the last section.

1.1 Impacts of urban development on hydrology

1.1.1 Infiltration and surface runoff

Surface sealing in cities prevents water from infiltrating and strengthens surface flows, which constitutes

the main resource of the discharge at the outlets of an urban catchment via stormwater drainage systems.
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Figure 1.1 - Simplified urban impact on the water balance by Schirmer et al. (2013). The red arrows
represent water flow which has been modified or newly introduced by urbanization.

Before encountering a sewer inlet, surface flows are either diffused or canalized. The transfer times of the
two regimes are normally different, which forms a first difficulty for understanding urban runoff (Berthier,
1999).

Conventionally considered to be totally impervious in simplified approaches, sealed surfaces have been
demonstrated to undergo unexpected infiltration. The infiltration rate is highly variable depending on
surface material and rainfall feature, making it difficult to clearly assess the roles of these “impervious”
pavements in the generation of urban runoff. This observation was firstly mentioned in the 1980s by
Davies (1981) and Hollis and Ovenden (1988), who found significant differences in runoff-rainfall ratio
between a roof and a street. Ramier et al. (2011) studied two street segments over a 38-month period
in the oceanic climate of Nantes (France), concluding that even runoff was the dominant process on the
impervious surfaces, runoff losses through infiltration and evapotranspiration were not negligible. Streets,
roofs, parkings can be connected to drainage systems. A great part of rainfall on these surfaces are

transformed to direct discharge. Some impervious surfaces such as pavements around a construction can



11 1.1. Impacts of urban development on hydrology

be disconnected from drainage systems. In this case, the hydrological signal of the impervious surface
is likely to be attenuated (Alley and Veenhuis, 1983; Walsh and Kunapo, 2009), or even reversed due to
locally enforced infiltration (Gobel et al., 2004). For an urban catchment in the city of Leipzig, Germany,
Musolff et al. (2010) found that only 11% of the precipitation discharges to the combined sewer systems,
in spite of the 25% of overall surface sealing, due to most likely low connection ratio to the sewer systems.

Runoff regime of natural (non-sealed) urban surfaces attracts the attention of numerous researchers.
While some of them state that these surfaces have little contribution to runoff (Ando et al., 1984; Boyd
et al., 1994), others find that it can not be ignored (Booth and Jackson, 1997; Berthier, 1999; Price
et al., 2010). As a matter of fact, antecedent moisture condition underlying a permeable surface controls
directly its infiltration capacity, and subsequently the quantity of land runoff. Depending on the features
of the soil and of the rainfall, the subsurface moisture condition is heterogeneous in space and time.
Consequently, the contribution to runoff of natural surfaces is variable with respect to surface, site and

storm event (Berthier et al., 2004).

1.1.2 Subsurface flow and sewer leak/infiltration

Impact of urbanization on subsurface flow is complex, resulting from characteristics of the catchment
(geology, topography, vegetation, etc.) and the urbanization itself (spatial arrangement of impervious
surfaces, nature of the sewer systems, etc.). Man-made underground infrastructure is multiple in urban
areas and disturbs the natural regime of underground water flow: rise of piezometric level at upstream and
drop at downstream, change of groundwater flow direction and distribution, hydraulic gradient between
the infrastructure and groundwater outlet (Gilli et al., 2004; Garcia-Fresca and Sharp, 2005).

The trenches of sewer pipes are often composed of sand and gravel that are more permeable than
surrounding soil, and drain consequently the soil by supplying preferred water pathways (Garcia-Fresca
and Sharp, 2005). Conversely, water and pollutant leaking out of sewers can flow laterally to find a
convenient route to penetrate deeper into the aquifer or to infiltrate in downstream sewer pipes. The
processes of sewer leak and infiltration are observed/modeled in numerous studies. Gustafsson (2000)
observed and simulated groundwater incursion to a combined sewer systems of the Kopinge village in
Sweden. The foul flow was found to be only 15% - 30% of the total drainage volume, and the rest was
due to groundwater infiltration. Prigiobbe and Giulianelli (2009) reported 50% of infiltration in sewer
networks of an historical area in Rome and 14% for a recent area.

Among French cases, Breil (1990) showed 40-70% of the wastewater sewage networks of Paris was
concerned by groundwater infiltration problem. Dupasquier (1999) analyzed flow volumes in sewer net-
works for four urban catchments in France and showed that groundwater infiltration could represent 1/3
of the total drainage volume during summer and up to 3/4 during winter. In the context of the Rezé
(Nantes) experimental catchment (Berthier, 1999), groundwater infiltration appeared in winter with rapid
dynamics responding to precipitation. Rodriguez et al. (2008) modeled this catchment with the URBS
model (cf. Chapter 2) and estimated 11% and 18% of the total annual rainfall infiltrated in the storm-
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and wastewater sewer network, respectively. Braud et al. (2013) decomposed the annual discharge in
a combined sewer system of a suburban catchment near Lyon, and found that groundwater incursion

accounted for 30-40% of the total annual combined discharge in the sewer system.

Groundwater infiltration reduces the efficiency of the sewer systems and results in higher treatment
costs. Meanwhile, sewers serve as drains for groundwater during wet-weather periods and storm events and
mitigates the problem of increasing groundwater levels (Karpf and Krebs, 2011b). Accurately quantifying
the groundwater infiltration is thus essential to the understanding of the water cycle under urban settings

and benefit to integrated water management.

1.1.3 Evapotranspiration

Evapotranspiration (ET) is a major part of the water balance, by making up around 60-95% of mean
annual rainfall in forested catchments (Zhang et al., 2001). In urban areas, ET was firstly studied by
climatologists with their interest in urban energy budget (Grimmond et al., 2010). From an hydrological
point of view, it has been often neglected, mainly because hydrologists focus on the hydraulic design of
drainage systems and consequently on the simulation of catchment response to intense rainfall. More
recent studies showed that ET remains a significant component of the water balance in urban areas. For
example, the city of Vancouver (Canada) returns, under temperate climate, 38% of total annual rainfall
to the atmosphere by ET flux. This percentage rises up to 81% during summer (Grimmond and Oke,
1991).

With the development of LID, interactions between ET and the other processes become an important
research issue, with the motivation of knowing how urban design and low-impact stormwater drainage
systems influence urban water balance. SVAT (Soil Vegetation Atmosphere Transfer) models are for
this purpose adapted to the urban context (Berthier et al., 2006; Dupont et al., 2006; Lemonsu et al.,
2007). Wang et al. (2008) developed a model UFORE-Hydro (for Urban Forest Effects Hydrology), which
simulated water balance at catchment scale in order to study the influence of trees. Mitchell et al. (2008)
assessed the influence of urban design on water balance, confirming the importance of ET in evaluating
the efficiency of sustainable systems in water management. Fletcher et al. (2013) states that there is
an emerging interest in the use of techniques for restoring ET as part of a more integrated approach to

stormwater management, but knowledge of such practices at this stage is quite primitive.

Related to the heterogeneous land use, urban ET has high spatial and temporal variabilities. Berthier
et al. (2006) simulated ET flux on the small suburban site Rezé and found that dominating contribution
to annual ET (90%) was from natural surfaces with seasonal contrast (more than 50% from summer),
while paved surfaces accounted for less than 10% of annual ET but with relatively constant flux through

the year.
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1.1.4 Urban streamflow

The influence of urbanization on streamflow through the combined effect of spatial arrangement of surface
development and drainage networks are studied by both empirical data and modeling approaches. Burns
et al. (2005) compared three small headwater catchments representative of suburban development levels.
Peak magnitudes were found to increase and recession time decrease with increasing urbanization; higher
baseflow occurred in dry periods in the high-density residential catchment. Braud et al. (2013) proposed
indicators of impact of sewer overflow devices for a suburban catchment in France. Decrease of specific
discharge was found from upstream to downstream with increased urbanization. Sheeder et al. (2002)
examined five hydrographs from three catchments of various levels of urban development. The catchments
displayed different peaks for a single rain event, thus separated urban from rural signals. The multiple-

peak feature of urban hydrographs was confirmed by Braud et al. (2013) and Furusho et al. (2014).

1.1.5 Groundwater recharge

Groundwater are mainly recharged by infiltrated rainfall into the soil. Urban land use comprises highly
heterogeneous patterns of land cover and vegetation density which affects natural groundwater recharge
process. There exists evidence that surface sealing can lead to a reduction in infiltration (Rose and
Peters, 2001; Deal and Daniel, 2004; Brett et al., 2005; Schoonover et al., 2006). At the same time,
evapotranspiration is reduced both by surface sealing and groundwater drains (for water level control) and
is susceptible to counter-balance the infiltration lost (Rose and Peters, 2001; Endreny, 2005; Vézquez-Suné
et al., 2010; Barron et al., 2013). The resultant effect of this offset on groundwater recharge is variable.
In Haase’s (2009) investigation of the effects of long-term (130 years) urbanization on water balance,
evapotranspiration dropped by 25%, runoff increased by 182%, but recharge exhibited a reduction of only
4%. On the other hand, infiltration can occur locally through, e.g. gaps between kerbstones and cracks
in the gutter (Hollis and Ovenden, 1988). Runoff retention basins, infiltration basins, recharge boreholes
and permeable pavements are used in may cities, providing local recharge routes (Ku et al., 1992).

As illustrated in Figure 1.2, leak from and infiltration into water mains and sewer networks constitute
a non-neglected part in the groundwater balance of a catchment both at annual scale (Yang et al., 1999;
Lerner, 2002; Rodriguez et al., 2008) and event scale (Berthier et al., 2004). In the case where wastewater
are re-infiltrated after treatment, this quantity of water can also represent an important component in
groundwater recharge (Burns et al., 2005). Vazquez-Suné et al. (2010) identified urban recharge sources
for the city of Barcelona, Spain, and showed that 50% of the water in the aquifer originated from water
supply and sewer networks. Yang et al. (1999) estimated 70% of the urban recharge in Nottingham, UK,
was from main leak and sewer leak.

The overall effect of urbanization on the volume and distribution of catchment-wide groundwater
recharge are difficult to quantify and must differ from case to case (Ku et al., 1992; Lerner et al., 1994;
Misstear et al., 1995; Thomas, 2006; Schirmer et al., 2007). Furthermore, they can not be easily isolated

from other urban stresses such as pumping. Based on a long-term spatially distributed groundwater
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Figure 1.2 — Typical modifications by sewer systems of the urban groundwater regime (Foster and
Vairavamoorthy, 2013)

monitoring in the city of Seoul, Lee et al. (2005) observed an increase of groundwater table at some
places and a decrease at the others. Similar statement has been established by Jeppesen et al. (2011).
Some studies found even increased recharge of groundwater along with urban development (Lerner, 2002;
Brandes et al., 2005). The authors explained this by over-irrigation for gardens and parks, and by

concentrated infiltration that was more efficient in terms of recharge.

1.2 Low impact development (LID) for stormwater management

Management in cities for stormwater of the last century was marked by the development of buried piping
systems. Focused on the reduction of peak discharge rate, these pipe-based systems were conceived
to transport storm- and wastewater out of the city and to downstream water courses as quickly as
possible (Prince George’s County, 1999). Initial combined sewer systems for storm- and wastewater were
progressively replaced by separate sewers. Today, this centralized conveying and treatment through pipe
sewers is recognized as far from being satisfactory and suffers from overloading by urban expansions.
Consequently, challenges of city flooding has returned under the spotlight, with the costs for traditional
collection and conveyance systems rising sharply.

Pollution from stormwater runoff is also a major concern. Rainwater washing across streets and side-
walks can pick up spilled oil, detergents, solvents, pesticides, fertilizer, and bacteria. Stormwater drains do
not typically channel water to treatment facilities, but carry runoff directly into streams, rivers and lakes.
Carried untreated into streams and waterways, these pollutants increase algae content, reduce aquatic
life, and require additional costly treatment to make the water potable for downstream water systems.
Although some conventional techniques may incorporate conservation design to minimize flooding and

improve water quality with detention facilities, they do not promote infiltration, groundwater recharge,
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and water quality improvement (USEPA, 2000).

Emerged in the 1990’s, the idea of low impact development (LID) approach is to try to mitigate the
effect of urbanization and emulate natural hydrological systems that use cost-effective solutions through a
large variety of green infrastructures favoring at-source retention and infiltration: permeable pavements,
infiltration trenches, swales, rain gardens, green roofs, ponds, lakes, detention basins... These devices can
be applied at multiple scales, from parcel backyard to district, in both urban and rural environments.
They can be designed into new developments or retrofit into existing community open spaces, parks,
rear areas of homes and buildings, rooftops, below parking lots and in other settings (Hunt et al., 2010),
which reduce the need for a centralized stormwater drainage system. Being developed simultaneously at
different institutions and driven by local perspectives and context, the concept of LID has been described
by different terminology, such as Water Sensitive Urban Design (WSUD) (Fletcher et al., 2004a), Best
Management Practices (BMPs), or Sustainable Urban Drainage Systems (SUDS) (CIRIA, 2013). With
slightly different points of focus, they describe broadly the same approaches (a detailed review on this

terminology can be found in Fletcher et al. (2014)) and adhere to the following principles among others:

e Integrate stormwater management strategies in the early stage of site planning and design.

e Mitigate storm discharge rate and volume to water treatment plants and receiving water bodies.
e Maintain or return the flow regime as close as possible to the natural (pre-development) level.

e Limit rising expenditure for water conveyance and treatment.

e Enhance groundwater recharge for water resource conservation and protection.

e Fight against the deterioration of water quality and protect flora and fauna.

e Enhance the urban landscape and amenity by incorporating stormwater management measures

which offer multiple benefits into the landscape.

e Make water a major component of urban environment and life quality: restoration of streams, water

parks.

Beneficial uses of LID practices have been demonstrated at the catchment scale (Hood et al., 2007;
Selbig and Bannerman, 2008; Wang et al., 2010) and micro-scales such as lot level (Hunt and Lord, 2006;
Gregoire and Clausen, 2011). Today, although the need for at-source runoff and pollution control are gen-
erally well accepted both by scientists and practitioners, debates surround many of these practices and
aspects pertaining to their benefits, indicating that knowledge gaps exist in regard to the effectiveness and
application of LID practices (Ahiablame et al., 2012). Understanding the hydrological cycle is an integral
component in planning for the sustainability of our water resources. It is recognized that interactions
between the components of the urban water cycle are as important as the individual components them-

selves (Fletcher et al., 2013). The technical, environmental, sanitary, social and economic benefits of LID
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practices depend on both the technologies themselves including the installation quality and the quality of
governance (policy, planning, conception, construction, maintenance, etc.). A practice is really efficient
only if it does not in conflict with other interests (urban development, landscape, users, ...). In order to
reach high degree of sustainability, it is necessary to consider urban storm runoff in a broader urban water
management framework and take into account of the urban water cycle by integrated approaches. In such
an approach, the act of managing rain water and water resources is connected, compartments of the water
balance (atmosphere, canopy, land surface, underground...) and their connections are considered in an
integrate way. Man-made infrastructures, such as water supply and sewer systems, are also seen as parts

of the integrated physical system (Mitchell et al., 2007).

1.3 Hydrological modeling for urban area

1.3.1 Stormwater model and integrated hydrological model

Urban hydrological modeling has been historically developed centering on stormwater models, which con-
centrate on catchment response to storm events as a function of time and spatial arrangement. Attention
is usually paid on runoff on impervious surfaces and transport of the runoff in drainage systems. A
stormwater model can be divided, in terms of structure, in two basic components: (i) rainfall-runoff
modeling (ii) transient modeling, as illustrated in Figure 1.3.

Rainfall-runoff modeling is the transformation of observed rainfall series to runoff quantity at a catch-
ment or sub-catchment scale. Depending on the model complexity, hydrological processes covered in this
stage can include canopy interception, evapotranspiration, infiltration, percolation, groundwater flow and
sewer leak/infiltration. Besides climate forcings such as rainfall intensities and potential evapotranspira-
tion rates, major factors affecting the runoff generation include topography, surface sealing extent, other
land uses and their spatial arrangement, as well as antecedent moisture conditions. All the processes can
not be systematically detailed. Linear or non-linear reservoir approaches are the approximations often
used in simplified models. In the Wallingford Model (Bettess et al., 1978), the rainfall-runoff model uses
a modified rational method, with the inclusion of a routing coefficient. It incorporates the proportion of
impervious area, soil type, evapotranspiration and antecedent conditions. The runoff is estimated by dis-
tributing rainfall onto roofs, sealed and pervious areas. Rodriguez et al. (2003) proposed a more detailed
parameterization for runoff formation and concentration at upstream of sewer system hydraulics. Streets
were incorporated in the routing map and flow transfer at the parcel scale were explicitly modeled (cf.
Chapter 2).

Transient modeling simulates the routing process from where runoff is produced to catchment’s outlet.
The type of routing employed can be classified, according to the model complexity, to simple storage,
hydrological and hydraulic routing. Hydraulic modeling is used for hydraulic processes in sewer systems.
Shallow water wave equations and its approximations, kinematic and diffusion wave equations, are of-

ten used for this purpose. For example, the well-known Muskingum—Cunge method (Cunge, 1969) is an
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implicit finite difference approximation of the kinematic wave equation. STORM (Hydrologic Engineer-
ing Center, 1977) calculates hourly runoff based on three methods without computing hydraulic routing:
coefficient method, soil-complex-cover method and unit hydrograph method. SWMM (Huber and Dickin-
son, 1988; Rossman, 2004) or MOUSE (Danish Hydraulic Institute, 1998) combines an hydrological stage
which simulates hydrographs at small urban catchments with the propagation of these hydrographs in
pipe networks based on St-Venant equations. More sophisticated models can refine the transient process
and simulate surface flow upstream of sewer drainage. In case where drainage data is not available, con-
ceptual lumped approaches can be used as an alternative (Desbordes, 1987). Water flow paths at the
surface can be identified from high-resolution digital elevation models (Smith and Brilly, 1992), and sewer

pipes can be conceptualized as open thalwegs (Zech et al., 1994; Rodriguez et al., 2000).

rainfall runoff outlet

> flow ——— > | surface flow o R >

generation drainage

Figure 1.3 — Conventional structure of an urban stormwater model.

Based on modeling scale, stormwater models can be described as event-based and continuous models.
Large design storms have been traditionally and successfully used for urban drainage design over the past
century, safeguarding urban areas from flooding and associated damages. However, it is well accepted
today that different drainage design objectives require the examination of different types of rains (Pitt,
1999). The use of simple design storms is no longer adequate, especially when the issue of receiving
water quality are addressed. Long-term continuous simulations should be used in order to promote the
integration of quantity and quality objectives. Many models are capable of performing both event-based
and continuous modeling. For example, the DR3M-QUAL Model (Alley and Smith, 1982a,b) of the
USGS can be executed using any time step over any time. STORM is a continuous model using hourly
time steps and it can be used for single events. The Wallingford model can be applied to stormwater or
wastewater systems or to combined systems using 15-minute time steps. SWMM is also both a continuous
and single-event model.

The development of policies for integrated water management in cities encourages researchers to
work on more sophisticated, physically-based modeling tools that can consider the urban hydrological
processes and their interactions in integrated ways, moving beyond a management of urban runoff in

isolation from other components of the urban water cycle. Besides the classical assessment on impervious
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runoff production and hydraulic sewer routings, these models are also conceived to examine miscellaneous

flow and storage components in the water cycle, pollutant transient, drainage and treatment installations.

Stormwater quality aspects can be incorporated in models, including pollutant production (Zoppou,
2001), transport (Fatta et al., 2002) and treatment (Elliott and Trowsdale, 2007). Pollutant concentrations
and loads can not be estimated without an examination on water flows, and mitigations of quantity and
quality degradation are complementary (Zoppou, 2001). For example, LID devices such as retention

basins reduce flood peaks as well as trap sediments.

As LID practices develop, evaluating the efficiency and impacts of these techniques is also a function
that more and more models incorporate (Ackerman and Stein, 2008; Wild and Davis, 2009; Golroo and
Tighe, 2011). In his literature review, Ahiablame et al. (2012) divided the modeling of LID practices
as practice-presented and process-presented. In the first class of modeling, effects on runoff and water
quality of a practice are measured as a whole and presented in one parameter (e.g. representing the
effects of green roof, bioretention and permeable pavement). This approach is usually utilized to compare
development scenarios, prior to more detailed studies for practical implementation. In the second class of
modeling, processes (infiltration, sedimentation, adsorption, evapotranspiration, settling, transformation
of pollutants) occurring in a LID practice are represented in a more detailed manner, in order to allow
suitable modeling for design, construction and optimization of development scenarios. But this type of
modeling involves extensive computational and data requirements. Some models include or couple with
“optimization” techniques, which allow to determine optimum values for a given set of decision variables
that will maximize or minimize an objective function, usually cost (Chu and Bowers, 1977; Allen and
Bridgeman, 1986; Behera et al., 1999). MUSIC, for example, can be used to model water treatment and
flow for a multiple of systems: wetlands, ponds and sediment basins, swales and buffer strips, bio-retention
and infiltration systems as well as stormwater harvesting systems (eWater CRC, 2009; Fletcher et al.,
2004b). The URBS model incorporates several LID devices modules based on the process-represented
approach. Processes within the devices such as infiltration, percolation, evapotranspiration are simulated

with physically-based methods. These modules are described in Chapter 2, Section 2.7.

After all, most of the models consider one or several of these components/aspects, and rarely a model
could integrate the urban water cycle and LID devices in a throughout way (Fletcher et al., 2004b).
Highly complex models are difficult to calibrate and incorporate parameter and structural uncertainty as

well as non-deterministic behaviour (Rauch et al., 2002).

Parcel is a basic structural element for urban analysis, planning and property governance (Lynch,
1960). Working at parcel scale allows for the understanding of stormwater management options from
local to district scale, in taking advantage of the development of urban database. Mitchell et al. (2007)
proposed a model called “Aquacycle” which simulated hydrological processes with a daily time step and at
a spatial resolution of an urban block. Hardy et al. (2005) introduced their integrated model, UrbanCycle,
which simulated water supply, stormwater and wastewater using allotments as the basic building block.

The same approach has been adopted in the Urban Developer (eWater CRC, 2014) and the SWITCH
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program (Last and Mackay, 2010). The URBS model (Rodriguez et al., 2008) belongs to this category of

model.

1.3.2 Model coupling

Coupling existing models for new modeling objectives is a commonly used practice. This can help to
benefit the advantages of each of the models, value the fruitful of other research work, and promote
communication among researchers. There exist a great number of coupled models for research and/or
operational purposes. Below are several examples which are deemed to be close to the model coupling
realized in the present work (see Chapter 3).

In the TEB-ISBA model developed by Lemonsu et al. (2007), the town energy balance (TEB) scheme
(Masson et al., 2002) was coupled with a soil-biosphere-atmosphere (ISBA) scheme (Noilhan and Planton,
1989) to simulates water energy balances for urban covers, with the TEB for paved surface simulating and
ISBA for natural surface and subsurface simulating.. With an objective of describing geo-hydrological
processes and interactions with sewer networks, Gustafsson (2000) realized a dynamic coupling between
MOUSE (for sewer hydraulics) and MIKE SHE (for catchment hydrology and groundwater). The cou-
pled package was applied in two urban cases in Sweden and showed high performance for groundwater
infiltration modeling. Giangola-Murzyn et al. (2012) developed a multi-process platform Multi-Hydro by
coupling different modules relying on existing models for runoff processes, sewer discharge and subsurface
processes. The model has been implemented on a case study in Paris. Gires et al. (2014) reported a second
version of Multi-Hydro which coupled a 2D model for surface runoff and infiltration and the hydraulic
part of SWMM for flow in sewer pipes. (Jankowfsky et al., 2014) constructed the PUMMA model for
suburban settings. The models BEREFT (Branger et al., 2008) and URBS (Rodriguez et al., 2008) have
been coupled on the LIQUID platform for modeling the processes of rural and urban area respectively.
The integrated PUMMA model has been proved to be robust.

1.4 Geographical Information System (GIS) in hydrological modeling

Tremendous geospatial information handling capacities of Geographical Information System has promoted
the development of spatial distributed hydrological modeling, which, in return, value GIS’s functionali-
ties in hydrological modeling field (Maidment, 1991; Feldman and DeVantier, 1993; Ogden et al., 2001;
Carrera-Herndndez and Gaskin, 2006). In urban areas, constructions, land sealing and various man-made
structures modify both morphological features of the catchments and natural water flow paths, making
morphological characteristics a central factor in urban water management and modeling. By offering a
possibility to simplify the pre- and pro-processing of morphological urban data, GIS is of considerable use
in almost all aspects of urban development (Sui and Maggio, 1999; Laurini, 2001; Ogden et al., 2001).

This section gives an insight in GIS’s utilities in urban hydrological modeling.



Chapter 1. Stormwater management in urban area and urban hydrological modeling 20

1.4.1 How can GIS help (urban) hydrological modeling

Modeling spatial variables is a data-intensive task to which GIS have become powerful tools. They offer
efficient techniques for terrain description (soils, cities, land use, land cover, streets, vegetation properties,
snow covers, underground pipes, etc) and convert these spatial information to digital datasets. GIS can
extrapolate locally measured data to areas. For example, the GIS software GRASS can extrapolate point
data through the r.surf.rst module (Mistasova and Mitas, 1993). The great capabilities of GIS for site
description and analysis make it a versatile tool for delineating basins and sub-basins, deriving stream
networks and determining model parameters related to the direction of movement or to the mode of
transmission.

The Digital Elevation Models (DEM) are widely used in hydrological modeling. Flow velocities can
be derived from geomorphological characteristics, such as slopes and upstream areas (Moniod, 1983).
Surface flow paths can also be easily derived from DEM (Maidment, 1993; Lhomme et al., 2004). In
urban settings, flow paths could be derived from DEM if buildings and artificial networks are correctly
considered. Rodriguez et al. (2003) derived urban unit hydrographs directly from geospatial data analysis
for three urban basins and found that the unit hydrographs such derived were similar in shape and scale
to that from rainfall-runoff measurements.

Additional data collection is important for enhanced terrain description in urban hydrological mod-
eling. Global Positioning System allows accurate location of hydraulic control points such as curbs and
valves, and can greatly improve the ability of the GIS and hydrological model in prediction of flow paths
in an urban setting (Feldman and DeVantier, 1993). Development of aerial photography and satellite
remote sensing opens up new avenues for GIS to extend its potentialities and benefits in the field of urban
modeling.

GIS offers a comfortable platform for visualizing and analyzing modeling output in the form of maps,
thus makes it possible to analyze changes over an area as well as over time (Goodchild et al., 1996). The
analysis of distributed modeling output by GIS techniques is described as post-processing (Jankowfsky,
2011).

Parameter estimation is probably the most active area in the GIS field related to hydrology (Ogden
et al., 2001). In this case, the objective is to assign relevant parameter values through the manipulation
and analysis of various terrain data sets. Information on land slope, channel slope, soil characteristics
and land cover can be derived from digital raster and vector data layers. The use of GIS helps to
automate the parameterization process and improves model performance (Evans et al., 1992; Bian et al.,
1996). Preparation of spatially distributed hydrological modeling data is described as pre-processing
(Jankowfsky, 2011).

In urban settings, buildings, streets and other man-made infrastructures make the morphological
features and land uses more complex than natural settings. Natural topology is locally altered by urban-
ization, which modifies consequently surface flow paths. Stormwater systems collect and convey water,

reform subsequently deeply the hydrographic network. Detailed information on these infrastructures is
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needed for correctly delineating catchments and sub-catchments, deriving drainage network and defining
geographical parameters. GIS offers a suitable and inevitable tool to these work.

The widespread development of multi-purpose Urban DataBanks (UDB) is a good example of utility of
GIS for urban spatial databases (Rodriguez et al., 2003). Urban cadastre records are modernized through
GIS, and UDB includes a greater number of layers superimposed on the parcels. Private buildings and
gardens are detailed within parcels with sometimes precise information such as the height and type of
building. Street networks is treated both as two-dimensional polygons and line objects in relation to
underground installations: energy, telephone, Internet, water supply and sewer networks. Green surfaces
and hydrographic networks are also included in UDB as specific layers. Information on hydrographic
networks is however usually partial, embedding only large water bodies such as rivers and lakes (Rodriguez
et al., 2003). In our modeling work on urban catchments in Nantes city (cf. Chapter 4), geospatial

information on parcels is provided by Urban DataBanks of Nantes Métropole.

1.4.2 Links between GIS and hydrological models

Maidment (1991) identified four distinct hydrologic applications of GIS: hydrological assessment, hydro-
logical parameter determination, hydrological model set up using GIS and hydrologic modeling inside
GIS. The first two types of application refer to pre- and post-processing of geospatial input or of modeling
output, without necessarily narrow embedding within the hydrological model. The last two stages refer
to more sophisticated interactions between the GIS tool and the hydrological model where GIS provides
the user interface, both programs share a common database and the hydrological model can even make
use of GIS libraries. Sui and Maggio (1999) classified the links between GIS and hydrological modeling:
embedding GIS in the hydrological modeling, or vice versa, tight coupling and loose coupling. Examples
for embedding GIS in hydrological model are the widely used MODFLOW (Mcdonald and Harbaugh,
1988), HEC-RAS (Brunner, 2010) and CANOE (Sogreah and Insavalor, 2005). Examples for embedding
hydrological models in GIS interfaces are TOPMODEL (Beven and Kirkby, 1979), SWAT (Srinivasan and
Arnold, 1994), ANSWERS (Beasley et al., 1980) and AGNPS (Young et al., 1989), which are embedded
into GRASS (GRASS GIS, 2014). An example for tight coupling is Bhatt et al. (2008) who incorporated
PIHM model into QGIS and created the open source GIS software PIHMgis. Thomas (2006) proposed
a sophisticated GIS based model of urban recharge and non-point source pollution and applied it to the
city of Birmingham, UK. The model is able to quantify spatially distributed runoff, interception and
evapotranspiration.

The loose coupling defined by Sui and Maggio (1999) corresponds somehow to the hydrological assess-
ment and parameter determination defined by Maidment (1991). In this kind of coupling, hydrological
modeling and GIS exchange data using either ASCII or binary data format, among several different soft-
ware packages without a common user interface. Contrary to other types of links, this approach has the
advantage of being flexible, since several GIS softwares could be used at the same time. Urban geospatial

data is organized and treated with GIS pre-processing, than converted to text input files of the model.
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An example is the physically-based model MIKE SHE (Abbott et al., 1986), which can be coupled to Ar-
cView/Geoeditor where 3D geological models can be built based on geological field data. MIKE SHE has
also a built-in mini GIS system. Another example is MHYDAS (Lagacherie et al., 2010) of which geodata
pre-processing is conducted in GRASS. The PUMMA model (Jankowfsky, 2011) was loosely coupled with
GRASS and PostgreSQL for the preparation of the model mesh as well as calculation of geometrical pa-
rameters. A series of Python program has also been developed to automate this pro-processing. Because
computer programming is minimal, this approach may be the most realistic method for most GIS users
and hydrological /hydraulic engineers to conduct modeling work (Sui and Maggio, 1999). In the present
study, our hydrological model belongs to this type of coupling with GIS applications.

1.4.3 GIS softwares

Many GIS softwares are existing or under development. The most commonly used GIS is probably Ar-
cGIS® of ESRI (ESRI, 2014), which has the largest set of functions. People are contributing continuously
to develop open source GIS softwares. In addition to the economic advantage, open source GIS provide
access to their source codes, thus allow user to explore totally their capabilities and develop new plugins
for their own purposes. Another advantage of open source GIS is that they provide mailing lists for user
supports and tutorials. The most widely used open source GIS softwares include QGIS, GRASS, Open-
Jump, SAGA, PostgreSQL/PostGIS. Some others are being actively developed, amongst which we can
cite the French OrbisGIS (Bocher et al., 2014) in which the GDMS library is integrated with a convenient
SQL shell. OrbisGIS is one of the main GIS softwares used during the present work (Chapter 4).

Most of the GIS applications are based on JTS Topological Suite libraries (JTS, 2013) and GEOS
(GEOS, nd), as well as other libraries such as GDAL (GDAL, 2013) for the import of raster data. Instead
of developing new GIS softwares, the tendency is integrated GIS platforms. The incorporation of GRASS
in QGIS is a good example which allows for benefiting the advantages of both. A more detailed description

of the two softwares is given in Chapter 4.



Part 111

Development of the saturated flow
module WTI in the distributed
hydrological model URBS

23



Chapter

Description of the URBS model

Contents
Introduction . . . . . . L 24
2.1 Spatial discretization of URBS by Urban Hydrological Element (UHE) . . .. .. .. 25
2.2 Modeling at the UHE scale - description of the “production” function . . . . ... .. 25
2.3 Flow routing - description of the “transfer” function . . . . . . .. .. ... ... ... 28
2.4  Temporal discretization of URBS . . . . . .. . ... ... 28
2.5 Computing in subsurface layers . . . . . . . . ... oL oo 29
2.6 Recapitulation of model input data, . . . . . . . ... 32
2.7 Modeling of LID devicesin URBS . . . . . . . . ... ... ... ... ... ... 33
2.7.1 Flatroof . . . . . . . . 33
2.7.2 Greenroof . . . . .. 34
2.7.3 Permeable pavement with storage structure . . . .. ... ... 34
2.7.4  Swale . ... 36
Conclusion . . . . . . . . L 37
Introduction

URBS, for Urban Runoff Branching Structure, is a physically-based distributed hydrological model de-
veloped at IFSTTAR!, research institution in urban science and engineering located in Nantes, France.
URBS is designed for catchment-scale modeling (up till to several hundreds of hectares). It is capable of
simulating continuously for periods of the order of years, and at small time steps of minutes. Highly based
on Urban DataBanks (UDBs), URBS is the fruit of a series of Ph.D thesis (Rodriguez (1999), Morena
(2004)) and articles (Rodriguez et al. (2003, 2008)). Detailed description of the original model can be
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found in these publications. Here we only make a sketch for several key elements that concern the present
doctoral work. The modeling of subsurface fluxes, which is the main focus here, is described in greater
details.

2.1 Spatial discretization of URBS by Urban Hydrological Element
(UHE)
URBS describes an urban catchment as a set of Urban Hydrological Elements connected to the flow
routing network. This two-dimensional representation of an urban catchment is considered to be suitable
for hydrological modeling purposes.
An UHE is composed of a parcel and its adjacent street segments, as illustrated in Figure 2.1. Within
an UHE, the surfaces are divided into three types of land use: house ("°"), street (*") and natural

surface (). Both streets and natural surfaces can be partially or totally covered by trees. Geographical

parameters of one UHE include:
e surface areas of the three land uses and of tree-covers
e geomorphological features: elevation, slope, length
e coordinates of the connection point to flow routing network

The “street” land use includes both streets and pavements within the parcels (pavements surround

buildings such as pathways and parks).

2.2 Modeling at the UHE scale - description of the “production” func-

tion

URBS models hydrological components of the water cycle at UHE scale. Each of the three land uses of
an UHE is modeled by a vertical profile, as illustrated in Figure 2.2a. Each profile is composed of four
reservoirs. From top to bottom, these reservoirs represent the tree-cover, ground surface, the vadose zone
and the saturated zone.

The transformation of rainfall-runoff, labeled as “production”, is computed at each vertical profile by

a set of equations governing the hydrological processes (Figure 2.2b):
e canopy interception and surface depression
e surface runoff
e surface infiltration

e surface evaporation
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D Cadastral parcel - Street segment
—1 Street section
Building
— Sewer system segment
Trees A Elevation point

Figure 2.1 — Schematic of the definition of an UHE based on urban parcel map (Rodriguez et al.,
2008).

e evapotranspiration of trees

e percolation from the vadose zone to the saturated zone
e capillarity rise

e infiltration flow of groundwater to sewer networks

Flow computation is based on physical laws adopted from the literature. The whole set of equations can
be found in Rodriguez et al. (2008). The model assumes uniformity in the hydrological characteristics
within each of the land use types, i.e. physical parameter values are uniformly assigned at a land use.

Flows of the UHE are the area-weighted sum of the flows at the profiles. Storage in the reservoirs
is updated individually at each profile. Groundwater level is expressed by saturation depth, which is
updated at the end of a time step at each UHE.
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Figure 2.2 — Two-dimensional schematic of (a) an UHE and (b) vertical profile adopted for each land
use, where P — precipitation, Ej.c. — tree evaporation, E,,; — surface evaporation, T'R — transpiration,
R — surface runoff, I — infiltration, F' — percolation or capillarity rise, Ij.qin — groundwater drainage
by sewer networks.
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Saturated horizontal transfer within an UHE is realized by averaging the saturated depths of the
profiles at each time step. However, inter-UHE transfer in the saturated zone is not represented in the
model, despite a previous attempt of coupling URBS and MODFLOW by Le Delliou (2009) (cf. Chapter
3, Section 3.1). Groundwater level varies independently at each UHE, with the possibility to be averaged

for giving the mean groundwater level at catchment scale.

2.3 Flow routing - description of the “transfer” function

Rodriguez et al. (2003) have shown that the geometrical information available in Urban Databanks allowed
to construct detailed vector map for water flow paths along UHEs, street gutters and inside the stormwater
network, hereinafter referred as Runoff Branching Structure (RBS). The “transfer” function of urban
catchments could be derived from the RBS. The flow routing in URBS is an extension of the routing

scheme outlined in Rodriguez et al. (2003), as containing two modeling stages:

e Routing of surface runoff from UHEs up to sewer inlets, represented by the travel time. The detailed
procedure is described in URBS-UH (Rodriguez et al., 2003).

e Hydraulic routing inside the sewer networks, represented by the Muskingum-Cunge scheme, which

offers an approximate solution to the diffusive wave equation (Cunge, 1969).

With this configuration, the runoff routing function gives runoff rate at every node of the flow routing

network. This local-scale knowledge can be of utility in various water management applications.

2.4 Temporal discretization of URBS

The two functions “production” and “transfer” are executed within each time step t, as illustrated in
Figure 2.3. For any UHE u, under climate forcings, fluxes are computed in each reservoir of each profile
from top to bottom based on physical formulations (see Section 2.5) and with the reservoir storage of the
previous time step ¢ — 1. The storages of the canopy, surface and vadose zone reservoirs are updated by
the calculated flows at the end of ¢, and ready to be utilized for the calculation of the next time step ¢+ 1.
The saturation depths of the profiles are area-weighted to give the saturation depth 2t of u, which is
equivalent to the groundwater level of u. The groundwater is then drained by the sewer network associated
with w, if it is deeper than the saturation depth of u (see Equation 2.12). Then 28 s updated. At the

beginning of ¢ + 1, the saturation depth of each profile 280 g re-initialized by zs

* for the computation
within ¢ 4+ 1. The surface runoff and groundwater drainage produced at u at t is routed into the flow
routing network by the “transfer” function at the end of ¢, and the flow rate at each segment is updated.
The time step can be of the order of minutes, depending on the size or response time of the catchment.

This is coherent with the rapidly varying transients in urban settings (Rodriguez et al., 2008).
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Figure 2.3 — Diagram of the algorithm on a given UHE in URBS. See Section 2.5 for the significations
of the variables.

2.5 Computing in subsurface layers

In this work, a special attention has been paid on the saturated zone simulation. Due to this, it is necessary
to give preliminarily a description of the parameterization for soil in the model URBS. The presentation
below is validated for any of the three vertical profiles within any time step, thus the profile indicator
and time indicator ¢ are omitted in the formulae, except for storage terms in continuity equations where
t is necessary.

The soil in URBS is represented by the vadose zone and the saturated zone reservoirs, as illustrated
in Figure 2.2 and Figure 2.4. “Reservoir” is actually an abusive use of term for the saturated zone, as it
does not have any proper storage capacity, but parameterized by the saturation deficit d (m), defined as
the water depth needed to saturate the vadose zone, as inspired by Beven and Kirkby (1979). d is linked
to the saturation depth z; (m) by the moisture content at saturation 6 (-), which is a model parameter,
by:

d = 240, (2.1)

The influence of soil structure, which tends to be more compact in depth, is taken into account by means
of an exponential decrease in hydraulic conductivity at saturation K, with depth z, as inspired by the
Top Model (Beven and Kirkby, 1979):

Ksat(2) = Ksexp(—z/M) (2.2)
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where Kgu(2) (m/s) is the saturated hydraulic conductivity at the depth z (m), K, (m/s) the hydraulic

conductivity at ground level saturation, M a scaling parameter (-). Storage in the reservoir of the vadose

Vadose zone

z
<

Figure 2.4 — Schematic of the vadose zone in URBS (Rodriguez et al., 2008). See the texts for the
significations of the variables.

zone can be written as:

Svad = (9.25 (2.3)

where z; (m) is the saturation depth at time ¢ and 6 (-) the average moisture content in the vadose zone,
whose temporal evolution is required herein. The vadose zone receives surface infiltration, exchanges
water with the saturated zone and provides the transpiration needs for trees. The continuity equation for
the vadose zone is written as:

Stg=S"1 4 (I'— F' — TRY)At (2.4)

vad

where I (m/s) is infiltration flux from the surface, F' (m/s) exchange flux between the vadose zone and
the saturated zone that can be either positive or negative, TR (m/s) transpiration flux by the roots of
trees.
Infiltration flux I is conditioned both by available water in surface reservoir and moisture condition
in the soil:
IAt = min[Ku Aty Ss, d — Syad] (2.5)

where Ss (m) is surface storage, d — Syqq (m) the capacity of reception for water in the vadose zone.
The vadose zone is parameterized by its average moisture content 6, assumed to be uniform in the
vadose zone, and a capillarity fringe of thickness Az.r (m) located above the saturation surface, as

illustrated in Figure 2.4. This capillarity fringe is supposed to be saturated and its thickness is set equal
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to the air entry suction ¥, (m), a model parameter.

Flux between the vadose zone and the saturated zone F' is calculated by Darcy’s law that is ap-
plied between the saturation depth and a representative point V of the vadose zone. The depth of the

representative point is proportional to the saturation depth:
2y = Qy[2s — Azcy] (2.6)

where z, (m) is the depth of the point V' and «, the proportion coefficient acting as a model parameter.

Darcy’s equation is thus written as:

(2.7)

H, — H
F=-K, <S’”>

Zs — Zy
where K, (m/s) is hydraulic conductivity, Hs (m) and H, (m) hydraulic head at the saturation depth
and at point V', respectively:

Hy=—25, Hy=—2z,—Y(0) (2.8)

where ¥ (m) is the suction, function of # adhering to the Brooks-Corey law (cf. Equation 2.10), and K,
(m) is the smaller one between the hydraulic conductivity at saturation at the depth of groundwater head

Ksat(2s) (m) and the hydraulic conductivity at point V', K (6, z,) (m):
K, = min[Ku(2s), K(0, 2,)] (2.9)

Ksat(zs) is calculated by Equation 2.2, and K (6, z,) is derived from K4 (2,) (m), hydraulic conductivity
at saturation at the depth z,, by the Brooks - Corey law:

W(0) =W (0/0,)"° and K(6,2,) = Kear(2,)(0/05)>T2° (2.10)

where b is a dimensionless parameter that defines the shape of the water retention curve. In substituting

H; and H, in Equation 2.7 by 2.8, F' is expressed as:

F=K, <1— (o) ) (2.11)

Zs — 2y

Transpiration TR is determined by both the moisture content within the root zone 6,,,+ and the wilting
point moisture content 6,,, (Feddes et al., 2001). 8,,,¢ depends on the root depth 2,0, @ model parameter.

For detailed transpiration equations, please refer to (Rodriguez et al., 2008).

As mentioned above, the saturated zone is characterized by the saturation depth z,. It is updated
by the exchange flow with the vadose zone. z; is calculated at each soil profile for a given UHE and the
saturation depth of the UHE Z; is obtained by the area-weighted z;. Hence, the saturated zone is the

only “reservoir” that allows horizontal water exchanges between the profiles within a UHE.

Moreover, the saturated zone is the reservoir where groundwater drainage by pipes takes place. If the
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groundwater level in a given UHE is higher than the contiguous drainage pipe, the infiltration process is
activated. The drainage pipes are supposed to behave as an ideal drain (Cassan, 1986; Gustafsson et al.,
1996):

— /M A _
Igrain = K;wte ZS/ME (Zsoil — Znet — Zs)“ (2.12)

U
where I} .

(m/s) is the infiltration flux, K" (m/s) the hydraulic conductivity at saturation of the
natural profile at ground surface, zs,; (m) the elevation of the UHE, z,.; (m) the elevation of the invert
of drainage pipe, L (m) a geometrical feature of the UHE, A\ and p two parameters describing the type and
health state of the drainage pipe and its trench. The saturation depth zg of the UHE is then re-estimated
by Larqin: e DA

2t = (2.13)
At current stage, for reducing the data requirements of the model, only information of stormwater network
is queried for calculating Ij-4:,. The fraction to the stormwater and wastewater networks of the drainage
flux is approximately estimated by the linear ratio of the two networks. For the Pin Sec catchment for
example (Chapter 5), the wastewater networks linear are about two times as long as that of the stormwater
networks, the total groundwater drainage flux is thus assumed to be devided in 2/3 to the wastewater

networks and 1/3 to the stormwater networks.

2.6 Recapitulation of model input data

In summary, URBS needs two types of entry data: hydro-climatic data and geographic data (hereinafter
referred to as “geodata”). Hydro-climatic data includes observation series of rainfall and potential evap-
otranspiration. These data can be obtained from the nearest weather stations. Depending on specific
need, distributed data can be generated. For our studied catchments in France, hydro-climatic data is

provided by weather stations of Météo France.

Geodata includes two groups of datasets, each being arranged in a text file:

e an UHEs file recapitulating geometrical parameters of each UHE, and adjacent relationships between
the UHEs and the street segments

¢ a flow routing file showing the paths for stormwater runoff: upward-downward connections between

street segments and stormwater sewer segments

Once the program executed, it reads the two data files and registers the data before any simulation
process. Table 2.1 shows the geometrical parameters of an UHE needed by URBS, and Table 2.2 that of

a segment in the flow routing network (street or sewer pipe).
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Table 2.1 — Geometrical parameters of an UHE. All elevation values are expressed in the NGF
(General leveling of France) system.

abbreviation signification unit
Anat area of natural soil m?
Ahou area of building roof m?
Astr area of adjacent streets m?
Apat. tree-covered area on natural soil m?
Agtr, tree-covered area on streets m?
(g, yg) coordinates of the gravity center Cy of the parcel m
2g elevation of Cy m
(@p, Yp) coordinates of the connexion point to the flow routing net- m
work C),
Zp elevation of C), m
dy distance between C), and the most distant point in the parcel m
Cy

Table 2.2 — Geometrical parameters of a flow routing segment in URBS.

abbreviation  signification unit
lseg length m
diamseg diameter m
Zupy Zdown elevation of the upstream (downstream) nodes m

(Tdowns Ydown) coordinates of the downstream node -

1ddgown identity of the downstream segment -

2.7 Modeling of LID devices in URBS

One of the perspectives for future development of URBS is to integrate modules for modeling LID devices.
Some modules are already in the model, several others are being developed. This section gives a short

description of the existing modules.

2.7.1 Flat roof

Flat roofs stock water temporarily during storms and release it slowly in regulated flow rates. Roof
downspouts can either be connected to stormwater drainage system, or disconnected from it and directed
onto lawn, garden or other receptors. A flat roof is usually composed of a waterproof substrate, a flow
control system combined and an overflow device.

In URBS, a flat roof is parameterized by its maximum storage capacity S,J;'Z}v (mm, f.r. for flat roof)

and a minimum threshold Sﬂ;% (mm) for the activation of regulated downspout flow. The regulated
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downspout flow Df™* (mm/s) is calculated with orifice law:

plrt _ b \/ §fra-1_ glr (2.14)
where o/ (with a unit of /mm) is the coefficient of the orifice flow and S/t (mm) is the water depth
on the roof at time ¢t. Rooftop overflow is permitted and calculated as RImt = gfrit _ 57];21:

DIt or/and R/t can be optionally conducted to stormwater sewer systems or onto the natural

land. The mass balance equation for a flat roof is then given by:
Sf.r.,t _ Sf.r.,t—l + (Pf.r.,t _ Ef.r.,t _ Rf.r.,t - Df.r.,t) % At (215)

where Pf7? is the rainfall intensity (mm/s) and E¥"! the evaporation rate (mm/s).

2.7.2 Green roof

A green roof is a building rooftop partially or completely covered with a system of vegetation over
high quality waterproof membranes (Rowe, 2011). Research related to the performance of green roofs
as a means to manage stormwater quantity and quality have been reported for a variety of climate
conditions (Hutchinson et al., 2003; Carter and Rasmussen, 2005; Dietz, 2007; Rowe, 2011; Carpenter
and Kaluvakolanu, 2011; Stovin et al., 2012; Gromaire et al., 2013). A green roof typically consists of
multiple layers, as illustrated in Figure 2.5a: a water proof membrane or material that prevents water
from entering the building; drainage material such as geotextile webbing that allows water to flow to the
drains when the substrate is saturated, and soil or substrate (growing medium).

In URBS, a green roof is modeled by three compartments: surface, a vadose zone (the substrate)
and drainage layer, as illustrated in Figure 2.5b. This structural description is analogous with the soil
description in URBS. The surface reservoir is parameterized by a storage capacity Sy, (mm). It receives
the precipitation and infiltrates water to the substrate layer. The substrate layer is parameterized by its
height, 29" (mm), and its moisture content at saturation 83" (-). It receive water from surface infiltration
and loses water by (i) vegetation transpiration; (ii) percolation to the drainage layer. The drainage layer
is parameterized by its storage capacity S% . . It receives water by percolation from the substrate and
discharges by drainage. The orifice drainage flow is calculated by orifice law as for a flat roof (Equation

2.16). The drainage can be conducted either to stormwater systems or onto natural land.

2.7.3 Permeable pavement with storage structure

Permeable/porous pavements are commonly made up of a matrix of concrete blocks or a plastic structure
with voids filled with sand, gravel, or soil. They are designed to temporarily store surface runoff by allowing
slow infiltration into subsoil, and traps suspended solids and filters pollutants (USEPA, 1999). The

percolated water is stored in a subsurface structure, favoring evaporation and infiltration and mitigating
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Figure 2.5 — Typical green roof composition (a) (Fassman-Beck and Simcock, 2013) and schemati-
zation in URBS (b).

the impacts of stormwater runoff caused by urban development. Regulated drainage is connected to sewer
systems. Research on permeable pavements have shown reduced runoff and associated pollutant loads in
a variety of locations (Dietz, 2007; Collins et al., 2008; Fassman and Blackbourn, 2010; Beecham et al.,
2012).

In URBS, permeable pavements are applied on the street land use. The device is modeled by (i)
raising the hydraulic conductivity at saturation of the street land use K£'; (ii) adding a storage reservoir
under the surface and above the vadose zone, as illustrated in Figure 2.6. This reservoir receives water
across surface (Equation 2.5) and releases it to the underlying vadose zone. It is parameterized by its
hydraulic conductivity K24 (p.p. for permeable pavement) (m/s), its retention capacity Shhz (mm) and
a minimum threshold S?? (mm) for the drainage flow out of the reservoir and into sewer systems. When
the storage in the reservoir SP-P+! (mm) arrives at Shh;, the infiltration flux is stopped. The drainage
flow DPP-t (mm/s) is computed by orifice law:

DPPot = g Py [ Sppot — GPD: (2.16)

min

where aP P is the coefficient of the orifice flow (y/mm).
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Figure 2.6 — Representation in URBS of a permeable pavement with storage structure.

The mass balance of the reservoir is given by:
PPt — GPpot=1 ([Pt _ Tt DPPaty 5 A¢ (2.17)

where SPP+! (mm) is the storage at time ¢, IPP* (mm/s) the infiltration flux from surface to the storage
structure (=0 if SPP-t = SHL) I' (mm/s) the infiltration flux from the storage structure to the vadose

zone.

2.7.4 Swale

A grassed swale is a graded and engineered landscape feature appearing as a linear, shallow open channel
with gentle side slopes, filled with erosion and flood resistant vegetation. Swales are designed to promote
the conveyance of storm water at a slower, controlled rate and acts as a filter medium removing pollutants
and allowing stormwater infiltration (Kirby et al., 2005). Due to its linearity, a swale can not only have a
storage role for water but also a convey role, which makes it a substitution of classical underground pipe
network for stormwater drainage in new urban development projects. Swale can efficiently operate under
a variety of seasonal conditions (Fach et al., 2011).

Based on this idea, a swale is incorporated in URBS as a segment of the flow routing network: it collects
surface runoff of adjacent UHEs and the flow from upstream segment, and conveys it downstream, which
is either a swale or a sewer pipe. The information on each swale, including its geometrical characteristics

and its upstream/downstream connexion with a swale or a drainage pipe, is arranged in the flow routing
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Figure 2.7 — Modeling of a swale in URBS by modification of Muskingum routing scheme: (a)
Introduction of a swale infiltration function in the Muskingum equation, (b) re-distribution of the
swale infiltration in the vadose zone of the adjacent UHEs.

data file. The infiltration through a swale is modeled by a water re-distribution procedure (Figure 2.7):
at each time step, a certain quantity of water ex-filtrates of the swale and is injected into the vadose
zone of surrounding UHEs. The ex-filtration flow Ig,q (m/s) is calculated as the hydraulic conductivity
of the swale K5%¢ (mm/s) multiplied by a fictive “width” of the swale (m), both of which are model
parameters. The volume of ex-filtrated water are re-distributed to each adjacent UHE proportionally to

its natural land area.

Conclusion

In this chapter, we have outlined the modeling principles of URBS. It is adapt to urban settings as it
can carry continuous simulations at small time steps at the urban parcel scale. Modules of LID devices
are in active development, which will strengthen the model adaptability to more integrated urban water
management strategies.

As mentioned previously, one shortcoming of URBS is that saturated horizontal flow is not represented.
Consequently, the simulated groundwater levels of adjacent UHEs can be abruptly contrastive, which is
not physically realistic. The present thesis tends to fill this “gap” by implementing a saturated flow

module. This work is described in the next chapter.
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Introduction

This chapter is dedicated to the implementation of a saturated flow module into URBS, the main contri-
bution to the development of URBS that has been fulfilled during the present thesis.

In the first place, we make a short review on current saturation modeling in integrated hydrological
models, by which our work has been inspired. Then the module implementation work is presented, with a
detailed description of the module and how it is introduced in URBS. In the last section, a complementary

explanation is given on modifications in initial model scripts of URBS during the module implementation.
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3.1 Review of groundwater modeling

Groundwater flow modeling is obviously not a specificity in urban hydrology. Flow regimes in aquifers as
well as their modeling have always been an active research topic in water science, naturally with more ad-
vances in natural hydrology than in urban hydrology. Studies in groundwater flow and modeling in urban
areas are based on progresses achieved in natural hydrology, and groundwater modeling implementation
in urban hydrological models are generally undertaken in the same way as in rural studies (Musolff et al.,
2010; Yang et al., 1999; Jeppesen et al., 2011). This section gives firstly an insight in the state of the art
of the groundwater hydrology and groundwater modeling, then makes a zoom at recent research effort in

urban groundwater modeling.

3.1.1 Historical development and state of the art of groundwater hydrology

Groundwater has been used since early times and hypotheses explaining the occurrence of groundwater
were given early by Greek and Roman philosophers (Kashef, 1986; Dogan, 1999). Understanding of the
origin of groundwater as related to the hydrologic cycle was established in the later part of the seventeenth
century (Cap, 1961; De Wiest, 1965).

Groundwater hydrology was shifted from a descriptive subject to a more rigorous analytical science
in the late 19th / early 20th centuries by works of Darcy (1856), Dupuit (1863), Thiem (1906), and
Forchheimer (1898), pioneers in the field. During the whole twentieth century, groundwater hydrology,
or hydrogeology, recognized the most great progress ever since (Dogan, 1999).

Numerical models appeared in the 1960s with the era of digital computers, which provided the pos-
sibility of solving transient flow problems in complex geological systems. By the early 1970s, computer
simulation of aquifers was widely used in water resource evaluations. In the late 1970s, research emphasis
was shifted from resource development issues to environmental issues pertaining to chemical contamina-
tion. Soil scientists and agricultural engineers began to investigate unsaturated soil characteristics and
flow processes in the vadose zone. Brandt et al. (1971), Neuman (1973) and Haverkamp et al. (1977) are
among those researchers.

In the 1980s, interest steadily grew in characterizing flow processes in the vadose zone. Advance-
ments in computer technology eased researchers’ job and motivated them to search for better numerical
techniques to solve governing nonlinear partial differential equations (Dogan, 1999). Many sophisticated
groundwater models were developed. The most well-known, MODFLOW, was created by Mcdonald and
Harbaugh (1988) and widely used by hydrogeologists since.

In the 1990s, attempts were made to couple variably saturated flow models, root water uptake models
and groundwater models to simulate the complete hydrological process and express groundwater - surface
water interactions, and dynamics between the vadose zone and the saturated zone. Fully three-dimensional
physically based numerical approaches were often used (Yeh et al., 1996; VanderKwaak, 1999; Sudicky

et al., 2000; Weng et al., 2003). A full three-dimensional numerical solution of saturated zone - vadose zone
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processes encounters limitations for mesoscale (10-10% km?) applications because of its high demands in
computation effort, problems with subsurface boundary conditions and insufficient knowledge of hydraulic
properties and soil parameters (Krause et al., 2007). The three-dimensional numerical formulations are
given in Appendix B. Approximations and simplifications of the three-dimensional numerical approaches
exist in different levels, with conceptual modeling for the for the vadose zone (Lasserre et al., 1999), or

the saturated zone (Spieksma and Schouwenaars, 1997).

3.1.2 Groundwater modeling in urban area

Urban groundwater is a huge receiver as well as a source for water and solutes in urban areas acting on
much longer time scales. Long term trend of rising water tables in urban areas, resulting from deterioration
of vegetation covers in favor of farmland (Favreau and Leduc, 1998) or reduced industrial abstraction
(Tait et al., 2004), has led to well documented basement and tunnel flooding and geotechnical problems
(Greswell et al., 1993; Lerner and Tellam, 1997).

Efficient integrated urban water management need to consider the role of urban groundwater in relation
to the other and more visible urban water compartments (Schirmer et al., 2013). In urban hydrogeology,

modeling is also a valuable tool to represent and predict the process driving the groundwater movement.

The urban groundwater compartment interacts closely with the unsaturated zone, sewer systems
and surface water. Depending on the task, groundwater models often have to be coupled to the other
compartments. This can be done by loose coupling, where output of one model, e.g. a model of sewer

flow and ex-filtration, is taken as input for the groundwater model (Schirmer et al., 2013).

There seems to be a recent trend to incorporate groundwater in fully coupled surface water - sewer
network - groundwater models systems. DeKeyser et al. (2010) incorporated groundwater into a multi-
media model of micro-pollutant flux in water, air and soil. Sommer et al. (2009) and Karpf et al. (2011)
showed the interaction of groundwater, surface water and sewer systems during a flood event in the city of
Dresden, Germany, by fully coupled water flow models. Karpf and Krebs (2011a) introduced an improved
model of sewer ex-filtration based on Darcy’s law. Dynamic sealing of the leaks with changing hydraulic
conductivity over time are taken into account. Advantages of these models are the identification of the
likely changes in individual components of the water balance and overall discharge from a catchment with

groundwater (Barron et al., 2013).

Despite the studies cited above, the incorporation of groundwater into urban water system modeling
remains rare (Schirmer et al., 2013). Elliott and Trowsdale (2007) reviewed the 10 most commonly used
urban hydrological models, indicating most of them do not include groundwater fluxes into the analysis.
A few (SWMM, MOUSE, MUSIC) have limited capability for analyzing surface water and groundwater

interactions and factors influencing baseflow or groundwater interception by urban drains.
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3.2 Integration of the WTI module into URBS

As mentioned initially in Chapter 2, horizontal flow of shallow groundwater between the UHEs were not
modeled in URBS. The saturation depth, and subsequently the shallow groundwater level, is computed
individually for every UHE and could be abruptly variable from one UHE to another. As part of the
doctoral work of Le Delliou (2009), an attempt to couple MODFLOW and URBS was made aiming to
simulate horizontal flow exchanges between UHEs. But the coupling was proved difficult to be operated,

due to the differences in soil configuration of the two models.

The difficulties encountered during the coupling MODFLOW /URBS implies that a suitable modeling
for the saturated flow should keep the soil configuration of URBS, as well as its spatial discretization. On
the modeling platform LIQUID, Branger (2007) developed a module to represent lateral saturated flows
between irregular model units, branded Water Transfer Interface (WTI). A “model unit” refers to a land
use type that is hydrological meaningful, such as an agricultural field or a ditch in rural area, or a parcel
in urban area. Hydrological processes within each model unit is modeled by a specific module. URBS
has been implemented in LIQUID for the modeling within urban parcels (Jankowfsky, 2011). Horizontal
saturated flow between two URBS units are modeled by WTI. The module has proved to be adequate
and robust (Branger, 2007; Jankowfsky, 2011). Inspired by these work, we propose to implement WTI as
a specific module of the URBS model. The future integrated model will be labeled as URBS-WTTI.

In this section, the module principle is firstly outlined. Then the development of the URBS-WTI
model is described in a detailed manner. Supplementary geographical data required by the module

implementation is summarized in the third part.

3.2.1 Description of the WTI module

Figure 3.1 illustrates the concept of the WTI module. Shallow groundwater flow between two hydrologic
elements (HE)! A and B is assessed by Darcy’s equation. The geometrical support for the Darcy’s equation
is an object called interface, defined as the surface of contact of two HEs. Each interface has and only

has two adjacent HEs. Reciprocally, two adjacent HEs have systematically an interface.

Darcy’s equation applied on Interface 3 between A and B is expressed as:
Qasp = KintAintV H (3.1)

where Q4_,p (m3/s) is the water flow between A and B, K;,; (m/s) the hydraulic conductivity applied

on the interface, A;,; (m?) the surface area of the interface and ?H (-) the hydraulic gradient between

L An hydrologic element is equivalent to a “model unit” described above. The two terms were alternatively used in the
module development (Branger, 2007; Jankowfsky, 2011) depending on context.
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Figure 3.1 — Illustration of two adjacent Hydrologic Elements and their interfaces (Branger, 2007).

A and B, calculated as:
v -1 Hs
dap
with (3:2)
dap =dg+dp

where H, and Hp are the hydraulic heads in A and B, and flow path length is approximated by the
distance between the geometrical centers of A and B da4p. dap is approximated by the sum of the
distances between the geometrical center of the interface and that of the HEs. The groundwater level
within an HE is assumed to be uniform and represented by the groundwater level at its geometrical center.
Aint is calculated by Lins X (Hint — Hpottom ), Where Lin; is the length of the interface, H;,; the groundwater
level at the interface, and Hpoiom the elevation of the substrate of the interface. Hj,; is variable and

calculated at each time step by a linear interpolation of the hydraulic gradient between A and B:

Hp — Hy
Hy,; = —— xd H 3.3
int dA+dB X aa+ Hap ( )

Branger (2007) carried out multiple tests in the LIQUID framework and showed that the module WTI
was robust in the computation of water flows. The implementation of WTI within a distributed model
for peri-urban catchments labeled as PUMMA (Jankowfsky et al., 2014), through the LIQUID platform
as well, proved to be satisfying. The landscape of a suburban catchment was discretized into parcels for

urban areas and irregular hydrological response units for rural areas.
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Figure 3.2 — Estimation of parameters of the WTI flow: (a) distance between the interface and the
centers of the hydrological elements (b) water depth on the interface (Branger, 2007).

3.2.2 Methodology for the module integration in URBS

The integration of the WTI module into URBS during the present thesis is inspired by the works of
Branger (2007) and Jankowfsky et al. (2014) presented in the last section.

The main idea is to introduce, between every adjacent UHEs, an interface (cf. Section 3.2.1), through
which horizontal groundwater flow between the UHEs is calculated by Darcy’s equation. In terms of
geometry, the interface is a delimited line viewing from the top (Figure 3.3 (a)), and a surface in the soil

column (in the plan (x,y), not shown in the figure).
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Figure 3.3 — Plan view and profile view of the principle of WTI in URBS. Axes in black represent
the NGF system in which all elevation variables are expressed. Axes in blue is the initial system of
URBS in which saturation deficit is expressed. The calculation of WTT is based on this system, but
the analysis of modeling results will base on the NGF system.

At every time step, water flow between the UHEA and UHEgR is computed by Equation 3.1 and 3.2.
In URBS, the hydraulic conductivity at saturation is subjected to an exponential decrease from ground

surface to the soil depth (cf. Chapter 2, Section 2.5). From a compatibility point of view, it makes sens
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to keep this feature in WTI. On the other hand, as explained in Chapter 2, Section 2.5, the soil in URBS
is not limited at bottom, i.e. there is not a substrate of the subsurface layers. The groundwater level is
represented be means of the concept of saturation deficit of which the reference is the ground surface. As
a consequence, the interfaces of the UHEs do not have the bottom neither, and it is delicate to estimate

a mean value for the hydraulic conductivity to be assigned on the interface K.

This was one of the major difficulties during the implementation of WTI. To solve the problem, a
method has been worked out which consists of writing Equation 3.1 in an integrated form. The “elemental
volume” for the integration is the flow volume through an elemental surface area of the interface, as
illustrated in Figure 3.3. The upper border of the integration is the groundwater level at the interface,

and the lower level is infinity.

Here a tough problem is related to the direction of the z axis. As a matter of fact, during previous
development of URBS, z was oriented downwardly, in a context where it was the saturation depth that was
handling through the variable saturation deficit, not the groundwater level in the NGF system. And each
UHE had in fact its own 0 level, which was the ground surface of the UHE. However, a saturated module
(in this case WTI) models the horizontal water flow between the UHEs driven by the hydraulic gradient,
it seems more convenient to work with the NGF system with a uniform reference 0 level. Meanwhile, if
we work with the NGF system, the exponential decrease equation (2.2) will be no longer validate. And
there is no way (to the author’s knowledge) to transform this formulation from one coordinate system to

another.

Consequently, we face a dilemma: either we keep the downward z for the WTI flows, but shift to the
NGF system while analyzing simulation results; or we abandon the z-downward system and do everything
in the NGF system. In the first case, the 0 level will be at ground surface, thus defined individually for
each interface. In the second case, we have to find a proper way to express Equation 2.2 in the new
system. Further more, the second option may cause unexpected problems to other processes that has

been till now simulated in the z-downward system.

Ultimately, we have chosen the first solution. As illustrated in Figure 3.3, for WTI calculations, we are
placed in a z-downward system (axes in blue and noted with “’”) where the 0 level of each interface is at
its ground surface. This level is calculated by the distance-weighted elevation (thus in the NGF system)
of UHEs and UHEgR. The groundwater level at the interface zye: is calculated by the distance-weighted

groundwater level of the two UHEs, but will be expressed in the z-downward system (2.,

The integration is written in the z-downward system and from 2/, to infinity:

QA—>B - KzntA'mteH
o0 Hjs— Hp
= Kt —2 /M. =22 A
/w s eap(=2 [M). g e

e Hy—H
B eup(—2' IM).d2! (3.4)
B
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where ;s (m) is the length of the interface and M is the scaling parameter of the hydraulic conductivity.
If we write the antiderivative of Equation 3.4 in doing the approximation that the hydraulic gradient

between the two UHEs is a constant in depth, we have:

> nat Hy— Hp / ,
Qasp = K it ————.exp(—2'/M).dz
Zhet da+dp
Hys—H e
= K2 A2 [ (= e (35
zZ

wet

= —Kgat.lim.M.[ea:p(—z’/M)];’?w

t

/

! et)/M towards 0 when 2! ., approaches infinity, the antiderivative is ultimately given by:

Since exp(—z

Hjs— Hp

= KNt —z' /M).I.M.
QA*)B S 6xp( Zwet/ ) dA+dB

(3.6)
Equation 3.6 is the final equation by which water flow between two adjacent UHEs is computed at
their interface. Hereinafter, “saturation depth” is referred to land surface and is actually a direct modeling
output, related to the concept of “saturation deficit” in URBS. “groundwater level” is in the NGF system.
The WTI module is activated, in each time step, after the groundwater drainage flux (thus after the
“production” computation for the profiles, Figure 3.4).
The computation of WTT flow is applied with a loop on the interfaces. As illustrated in Figure 3.5,
for any interface int of a given UHE u, Equation 3.6 is applied to compute the exchanged water volume
it oAt (m3) on this interface, always preceded by a sign (+ for receiving water or — for giving water).

Once the loop is done, the exchanged water volumes of all the interfaces of u is summed to assess the
total gain (+) or lost (-) of water Vi%p; (m®) of the UHE:
Vivrr = Z QU pAt) (3.7)

int=1

where n,, is the number of the interfaces of u. Then the saturation depth of u is updated by Vij,;:

wt _ ut, Ywrr
zs = 24" + yon, (3.8)
Vs

where A% (m?) is the surface area of the UHE and 6 is the moisture content at saturation (see Equation
2.1).

The approach described above for computing horizontal water flows between the model units (UHESs)
based on Darcy’s equation and volume conservation laws is not, strictly speaking, a coupling of a ground-
water model with URBS. But it makes the modeling of water transfer between the units of URBS to be

possible, and has several advantages:

1. Tt keeps the spatial discretization of URBS based on parcels (UHEs).
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Figure 3.4 — Diagram of the WTI module within the temporal discretization of URBS.

2. It keeps the soil representation in URBS, thus assures maximally the compatibility with URBS.

3. It is an simple approach based on Darcy’s law, without introducing supplementary model parame-

ters.
4. It does not bring major structural problem.

The “new” model of URBS with the WTI module integrated in will be described by “URBS-WTI”

hereinafter.

3.3 Modifications to the initial model of URBS during the WTI mod-

ule integration

3.3.1 Purpose of the modifications

During the introduction the WTI module, numerous modifications have been brought to the initial code.

These modifications are for various purposes. Some are necessary for the functioning of the introduced
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Figure 3.5 — Groundwater flow between an UHE and its five adjacent UHEs through the interfaces.

module. Some are to make the routines more rigour. Others are more “essential” which are for detecting

and correcting errors.

The first type of modifications are fore the correct functioning of the WTIT module. If the module
has been introduced as a “plugin”, i.e. it does not request any change in the other parts of the program,
some small modifications of the initial script are inevitable. For example, the name or dimension of some
variables or parameters need to be adjusted in such a way that they can be used within and outside the
WTI module. These modifications are classified as for the functioning of the introduced module and are

detailed in Appendix C.1.

The second type of modifications concern the “capillarity fringe” defined in the soil. As shown in
Chapter 2, Section 2.5, the capillarity fringe is a particular layer separating the vadose zone and the
saturated zone. In URBS, the capillarity fringe is modeled by a uniform layer that has saturated moisture
content, but the layer “behaves like an unsaturated medium” (Rodriguez et al., 2008). The thickness of
the capillarity fringe Az, is set to be constant equaling to the air entry suction V., and the moisture

content is W, x 6.

The formulations of the subsurface flux imply that the layer of the vadose zone must exist, i.e. the
storage in the vadose zone S.,,s can not be zero, otherwise there will be numeric problems. Meanwhile,
the water table is free to vary and updated by percolation from the vadose zone and infiltration to sewer
networks. It can happen that the water table rise to a critical level where the capillarity fringe at the

ground surface, i.e. no space left for the vadose zone. Although this configuration is totally possible in
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the real-life (surface soil saturation), it is not mathematically accepted by the program. As a matter of
fact, this situation has never occurred during previous model development, for some unknowing reasons
(which worth further examination but is out of the scope of the present work). With the introduction of
the WTI module, the surface soil saturation appeared, involving numerical problems.

To solve this problem, the technique that we take consists of limiting the rise of the saturated zone
by the thickness of the capillarity fringe Az.s: the soil is considered to be saturated once the surface
of the saturated zone is raised to Az, below the ground surface, and all supplementary recharge is
to be discharged as surface runoff. With this consideration, the capillarity fringe does not exceed the
ground surface level, and the vadose zone always exists and its minimum height is Az.; : when the soil
is saturated, the storage in this vadose zone is equivalent to the saturated moisture content.

This pragmatic approach allows to avoid numerical problems caused by the excess of the capillarity
fringe to ground surface and by the vadose zone removal. The quantity conservation law is also maintained,
which guaranties the coherence of water balance. The modifications according to this configuration are
detailed in Appendix C.2.

The third type of modification is for the purpose of verifying water balance. Making sure that no
water quantity is added or lost by the model routines is believed to be essential. As a new module has
been introduced, some configurations have been changed, and the computing of the flux has very high
spatial and temporal complexities, checking the quantity conservation is a fundamental methods to avoid
errors while we brought change to the model.

This work, seeming easy, requires actually great programming effort, due to the complexity of the soil
representation and the large number of variables which are heterogeneous in dimension and unity. But
this contribution makes the computation of water balance to be possible in future model development.
The major model modifications related to this issue is given in Appendix C.3.

Another type of modifications is for the purpose of programming rigour, and is given in Appendix C.4.
Some errors existing in the program have also been found during the present thesis and were corrected.
These modifications are given in Appendix C.5.

For evaluating the behavior of the introduced WTI module (Chapter 5), the anisotropy of hydraulic
conductivity, which did not exist in the model, has been introduced. A new parameter K'* has been

introduced to represent the lateral hydraulic conductivity (Appendix C.6).

3.3.2 Methodology

A large number of modifications are thus needed to be brought into the initial code, in addition to the
introduction of the new module. A suitable work method is needed to be predefined in order that the
modifications are brought in conveniently, e.g. no new error is created while eliminating old errors.

The work method that we defined was: For any modification in the code, we take a new model run and
examine the entire modeling outputs, in order to see if the change in the results is consistent with what

we expected with the modification. If it is not the case, we must find out why. Every time a significant
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modification is taken, we create a new model version, in such a way that the final program is established
stage by stage from the initial one with a clear track. 12 versions have been created and enumerated by

vl - v12. Future model developers can review easily the modifications during the present work.

Conclusion

In this chapter, we detailed the development of the modeling of the saturated layer in the model URBS.
The Water Transfer Interface is integrated as a module that computes horizontal groundwater flow be-
tween the model units UHE. This Darcy’s law based approach allows the computing of groundwater
flow in a simple but physically meaningful manner, without disturbing the spatial discretization and soil
configuration of the URBS model.

The functioning of the WTI module is based on a particular geographical feature, interface, and needs
a new series of geodata related to it. The construction of the interface input file will be presented in the
next chapter.

In addition to the module introduction, numerous additional modifications were brought into the
initial program script because of their necessity. Fither serve as back-up of the new module, or aim to
make the program to be more rigour in computing water balance and checking computation errors, these
modifications are believed to be an important contribution to the development of URBS. Although all
the modifications are not easily valued from a scientific point of view, great effort was exerted in order to

assure the reliability of this work.
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Introduction

The Water Transfer Interface module, integrated into the URBS model, simulates saturated soil water
flow between the modeling units UHEs. If the newly integrated module does not require new physical
parameters, it needs a new geodata input file for the interfaces, which serve as the geometric support
to WTI. Meanwhile, the interfaces is not an urban landscape object included in Urban DataBanks. A

geodata pre-processing is therefore necessary to create the interfaces and the associated geodata input

file.

50
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The interfaces are limitrophe surfaces of adjacent UHEs and which appear as lines on a two-dimensional
map. The drawing of interfaces should base on vector objects (polygons) of the UHEs. Up till now
however, if the conception of an UHE is easily understood and accepted, the polygons of the UHEs has
not yet been created. Consequently, the drawing of interfaces makes it necessary to implement the drawing
of UHE polygons.

The GIS layer construction of both Interfaces and UHEs require manipulations of existing datasets
such as spatial analysis, geometric editing and table queries. Errors existing in the datasets can preclude
the processing. This is the reason for which a pre-treatment of initial datasets parcels and streets is
compulsory for correcting all errors .

This chapter describes the geodata pre-processing for the Pin Sec catchment (Nantes, France), which
is the application site of the model URBS-WTTI (cf. Chapter 5). GIS softwares that are used during
this work are firstly described. After a brief recall on the required geodata in the URBS-WTI model, the
error-correction work is presented, following by the construction of the vector maps of UHE and Interface,

and of the geometrical parameters.

4.1 GIS softwares used in the geodata pre-processing

During our work three open-source GIS softwares have been mainly used: QGIS, GRASS and OrbisGIS.
QGIS was initialized in early 2002 (by Gary Sherman), who became an incubator project of Open Source
Geospatial Foundation (OSGEO, 2014). QGIS is a cross-platform free and open source desktop GIS that
provides data viewing, editing and analysis applications. GIS deals with both raster and vector layers and
allows users to create maps assembled in different formats and using different projections. QGIS runs on
a multiple of operation systems including Linux and MS Windows. One of the advantages of QGIS is the
user-friendly graphic interface and its efficient node-correction tool, as illustrated in Figure 4.1. Another
feature of QGIS is that it allows integrations of plugins developed by people around the world, which
contributes to a rapid evolution of the software.

GRASS was initially developed by the Environmental Division of the U.S. Army Construction En-
gineering Research Laboratory as a general-purpose spatial modeling and analysis package. GRASS
development and management is now being directed by the GRASS Project Steering Committee, a multi-
national team consisting of developers at numerous locations (PSC, 2014), which had released GRASS
6.4 on 3rd September 2010. As QGIS, GRASS is an official project of the Open Source Geospatial Foun-
dation. GRASS is highly interactive and graphically oriented, providing tools for developing, analyzing
and displaying spatial information. Under the UNIX/Linux environment, GRASS can run both through
a command line window or a graphic user interface. GRASS has multiple capabilities for raster and
vector data manipulations: reclassification of vector labels, superimposition of layers, geometry options,
vector /raster conversion, attribute management, vector queries, etc. GRASS offers also correction tools

of topology errors. GRASS integrates a Python shell which allows users to run python command directly
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Figure 4.1 — Graphic interface of QGIS desktop.

in the GRASS environment, as illustrated in Figure 4.2. GRASS is incorporated into QGIS desktop as a
plugin, which makes it possible to access the functionalities of both on a common platform (Figure 4.1).

OrbisGIS (Bocher et al., 2014) is a French open-source GIS desktop being developed by the IRSTV!
institution of the CNRS. One leading feature of OrbisGIS is an integrated powerful and user-friendly SQL
shell, as illustrated in Figure 4.3.

These softwares work with both raster and vector data and have many common functions. But each
of them has its own features and advantages. For example, while GRASS deals well with topological error
detection and correction, QGIS offers a more user-friendly graphic interface and vector correction tools.
OrbisGIS provides a handy console to support efficient treatment. In the present study, pre-processing of

geodata files were conducted in combining tools provided by the three GIS softwares.

RSTV: Institut de Recherche en Sciences et Techniques de la Ville, Nantes, France
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4.2 Geodata required by URBS-WTI

Geometrical features of an interface are listed in Table 4.1. This information will be summarized the
attribute table of the layer Interfaces. Adjacent relationship among UHEs and interfaces are also to be

assessed: which are the two UHEs adjacent to an interface.

Table 4.1 — Geometrical parameters of an interface. Elevation values are in the NGF system.

abbreviation signification unit
idint interface identity -
z'd{j, idf identity of the adjacent UHE and UHEg -
lint length of the interface m
Zint elevation of the ground surface of the interface m
da, dp distance between the gravity centers of the m
UHEs and that of the interface
z;;l, zf elevation of the gravity centers of the UHESs m

4.3 Collection and correction of existing data

Purpose

Urban DataBanks of Nantes Métropole provides all geodata that have been used in URBS, including
vector maps (parcels, streets, trees, stormwater systems), MNT and aerial photographs. Geodata input
files of URBS, which are in .txt format, are derived from attribute tables of these vector layers. Although
URBS is based on GIS, the latter acts as a pre-treatment procedure of the model, and does not require
modelers to investigate in geometrics processing, or only at a relatively superficial level.

On the other hand, the Urban DataBanks has been established for administrative or engineering
purposes, and rarely at the intention of scientific research (at least to the author’s knowledge). If the
attribute values are more or less credible, errors in the vector maps is not something rare. A typical
example is the spatial errors' that are recurrent. Detection and correction of these errors has already
become a specific study subject (Yao et al., 2012).

In the geodata sets used in URBS, spatial errors exist with a non ignorable quantity. These errors
had not been detected during prominent model development (or maybe detected but did not prevent
the model from functioning, thus ignored by the developers). They were, however, detected at the very
beginning of the work for constructing the UHE vector map, which were based on an automatic procedure
of fusion (presented in Section 4.4) of parcels and street surfaces. If the parcel layer was relatively reliable,

this was not the case of the street surface layer, as it was derived from the information of street line.

L Spatial error is a specific notion in GIS science related to the topology rules. For more information, please refer to
<http://help.arcgis.com/en/arcgisdesktop/10.0/help/index.html>
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An option consisted in doing everything by hand in looking at the aerial photographs and without
using the automatic procedure. Considering the number of UHEs that we dealt with (more than 800
in the case of Pin Sec, cf. Chapter 5), this seemed to be impossible. On the other hand, high-quality
datasets with no error can certainly be benefit for people working on the same catchment, and maybe
afford relevant information to urban database constructors in terms of data quality. Moreover, if the
automatic procedure program proved to work well, it could afford a great potential utility for modeler
successors. Based upon the reasons above, a error-correction campaign was undertaken during the present

study.

Work method

Errors detected in the vector maps that we have are numerous. Making an exhaustive list of all the errors
with an suitable classification requires high-level knowledge of GIS science and goes beyond the scope of

the present thesis. Here we only refer some typical topology errors that we found in the data:

e Overlap: area belonged to two or more polygons (Figure 4.4a).

Gap: void between adjacent polygons (Figure 4.4b).

Overlap with: polygons in one feature class overlapped with polygons in another class (Figure 4.4c).

For example, a polygon of building class overlapped with a polygon in parcel class.

Dangle: endpoint of a line not touched any another line (Figure 4.4d).

Self-intersect: feature that cross or intercept itself (Figure 4.4e).

Duplicate feature: feature that is replicated two or more times.

The names of error defined above are based on the guideline on the geodatabase topology rules
compiled by ArcGIS® (ESRI, 2014). What has been mentioned in the list does not cover all the errors
that we met in the datasets.

Ultimately, the great part of errors is lied to the problem in vertices, i.e. vertices that are wrongly
drawn who damage lines and polygons. The GIS softwares integrate tools for the detection or/and
correction of topology errors in automatic ways. QGIS’s Geometry Validity function and Topology Checker
Plugin look over vector files and check the topology with several topology rules (QGIS, 2014). GRASS’s
toolset v.clean is designed to correct topological errors in an automatic way. This tool should be used in
combination with other command lines.

After several tests on these tools, we found:

e Neither QGIS nor GRASS were capable of detecting all errors.

e There was not tool in QGIS for automatic error correction.
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Figure 4.4 — Illustration of typical topological errors in GIS data.

e OrbisGIS did not have topology tools.

e GRASS’s tools, if powerful, required high-level understanding of GIS philosophy in order to well
define the options and parameters in the command lines. And wrongly defined option or parameter

value, which was normal for a no-expert level user, could lead to drastic results.

Following the statements above, we defined double-filter procedure:

e A vector map is firstly checked by QGIS (Geometry validity), which renders the number and locations
of the detected errors. These errors are then corrected manually, before a new check by QGIS and

so on, until no more error is detected.

e The QGIS-corrected vector map is imported in GRASS, which can render new errors that have not

been detected during the first stage. A second round of manual correction is then taken out.

This double-filter procedure has always been completed by visual inspection. Due to the complexity of
the errors and the limited software capacities, this procedure is highly time-consuming. But it is the only

way to make sure to hunt down all errors and get everything clear.
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Results

By this error-correction work, the initial GIS datasets have been “cleared” in such a way that no more
topological error existed in the vector maps. These clean vector maps permit to create new maps of UHEs

and Interfaces.

4.4 Construction of UHEs

The pre-processing for the creation of UHESs is based on an automation program written by Paille (2010),
during his master’s thesis. The program was initially developed in the purpose of generating a geodatabase
for hydrological modeling for suburban catchments on the LIQUID® platform (Jankowfsky, 2011). During
the present thesis, the program was modified and adapted to meet the requirements of URBS. Based on
tools of GRASS, the program is designed to run in Python (Python, 2014) environment. The advantage
of coupling Python is that it offers the possibility to execute automatically an entire program of GRASS
scripts, instead of executing the command lines one by one in GRASS interface.

The entire procedure covers two stages, each of which is based on a script. The first stage, based on
the program adjacent.py, consists of segmenting street surfaces in such a way the adjacent street surfaces
of any parcel is identified. The second stage, based on the program UHFE.py, consists of making the
fusion of the parcels with their adjacent street surfaces. The two programs are outlined briefly below. For

detailed scripts, please refer to Appendix A.2.

adjacent.py

This program splits up the street surfaces in order that they can be attributed later to adjacent parcels,
according to the spatial description of urban catchment by UHEs introduced in Rodriguez et al. (2008).
Two vectors are required: street line (line) and parcel (polygon). The process can be resumed in four

steps (Figure 4.5):
1. identify the borders between parcels and street surfaces;
2. locate the intersection points of the parcels on the borders;
3. make an orthogonal projections on the street line for the intersection points;

4. construct polygons for the areas surrounded by the border, the projection lines and the street line

and make it a vector layer labeled as adjacent.

UHE.py

This program finalizes the UHE construction by making the fusion of the parcels and their adjacent street
surfaces defined above. Figure 4.6 shows the principles of the fusion of parcels and street surfaces. The

whole code is in Appendix A.2.
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Figure 4.5 — Definition of adjacent relationship between parcels and street surfaces by the program
adjacent.py.

4.5 Construction of Interfaces

Once the UHEs are created with polygons properly identified by their id number, their interfaces are
drawn by the category adding function of GRASS (v.category). This function extracts border lines of
the UHE polygons and convert them to a separate vector map, termed interface. The association of the
UHEs with their interfaces are established based on their identity numbers. The constructed Interfaces

are illustrated in Figure 4.7. The detailed code is in Appendix A.3.

4.6 Geometrical features

4.6.1 UHEs

The attribute table of the parcels has already been constructed during prior development of URBS (for
Pin Sec catchment, cf. Chapter 5). The same table was used for the UHEs (cf. Table 2.1), as the UHEs

and the parcels match one-to-one.

4.6.2 Interfaces

During his master’s thesis, Zhou (2013) developed a program for creating automatically the attribute table
for parcels (for URBS model as well) with the SQL tool in OrbisGIS. The program for the construction
of Interfaces attribute table presented here is inspired by the work of Zhou (2013). Here we only outline
briefly the process. Detailed SQL commands can be found in Appendix A.4.
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Z'dimf

The identity numbers id;,; of the interfaces have been generated automatically during their creations by
GRASS (cf. Section 4.5).

d4q and dp
The computation of the distances d4 and dp includes two steps:
1. Add the centroids of the parcels.

2. Compute the distance between each parcel centroid and the geometry center of each interface, by

the spatial SQL function ST_Distance.

A B
Zint Zg and Zg

The elevation of a UHE z, is represented by that of the centroid of the UHE. These elevations are
computed with the Digital Elevation Model (DEM) of the Pin Sec catchment. The vector-based primary
DEM dataset is at a 20-meter resolution. The function ST interpolate build a raster DEM by interpolating
the primary DEM dataset based on Delaunay triangulation. Then the geometric function ST_Z returns
the elevation Z of the defined point.

The elevation of an interface z;,; is represented by that of the centroid of the interface. This elevation

is computed by the the distance-averaged elevation of the adjacent UHES.
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lint

The geometry function ST_Length allows to return the length of a geometry, i.e. of an interface in this

case.

4.7 Flow routing map

The flow routing of the URBS model is composed of two stages: i) flow from each UHE to the inlet
of stormwater sewer systems; ii) flow inside sewer pipes (Section. 2.3). The flow routing file contains
thus information on i) geometrical parameters of each segment of streets and of the sewer networks; ii)
upstream /downstream relationships of the segments. This map has been constructed during previous
model development (Le Delliou, 2009).

Finally, 875 UHESs, 2481 Interfaces and 392 segments of flow routing segment are obtained for the Pin
Sec catchment. They are illustrated in Figure 4.7.
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Figure 4.7 — UHEs, interfaces and the flow routing map of Pin Sec by geodata pre-processing.
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Summary and conclusion

This chapter has described the geodata pre-processing for the Pin Sec catchment, of which the purpose
is to construct three geodata input files for the model URBS-WTI: UHEs, Interfaces and flow routing.

The vector map of the UHEs is created by a series of two Python programs embedding command lines
of GRASS. The vector map of the Interfaces is created by an extraction of border lines of the UHEs,
always in GRASS environment. Geographical parameters of the Interfaces are generated with tools in
OrbisGIS. Due to numerous errors existed in the vector maps or in their attribute tables, great effort
has been exerted to correct the errors. This work is inevitable for the application of the newly developed
module WTT in URBS. The fruit of this time-consuming geodata pre-processing can be however useful:
clear GIS layer of parcels, street lines and surfaces; correct attribute values; and the newly constructed
UHEs and Interfaces.
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Introduction

The work of integrating the saturated module WTI in the model URBS was presented in Chapter 3.
For evaluating this integration and the behaviour of the module, the integrated model URBS-WTI was
applied and evaluated on the small urban catchment (31 ha) of Pin Sec within the city of Nantes in
the west of France. With a separated sewer networks, Pin Sec is an experimental catchment monitored
by the IFSTTAR and TRSTV. It has various hydrological observation data: rainfall, discharge rate and
groundwater level, which serve as input of the model and underpinning for the result evaluation.... In
this chapter we give a detailed presentation of this case study.

Section 5.1 outlines the climatic and hydrogeological characteristics of the Pin Sec catchment. The
available hydrological datasets are presented in Section 5.2. Data of land use is provided by Nantes
Métropole! and prepared for the use of the URBS-WTI model by GIS pre-processing. Given the impor-
tance of this work, it has been presented separately in Chapter 4, and recalled in Section 5.3. Section 5.4
outlines the principles of a model base-run on Pin Sec. The results of the base-run is given in Section
5.5. Section 5.6 details the processes by which we calibrated manually the model based on a parameter
sensitivity analysis. For each parameter, both URBS and URBS-WTTI are studied and their results are
compared. Section 5.7 shows the results of the calibrated modeling. In the last section (5.8), we discuss

a test of artificial forcing of the WTI module by introducing a parameter.

5.1 Urban catchment and hydrogeological catchment of Pin Sec

5.1.1 Geography

The urban catchment of Pin Sec (31ha, dotted line in Figure 5.1) is located in the east of Nantes city
in France, between the rivers Loire and Erdre. It is delimited by a separated sewer networks for storm-
and wastewater. Within the catchment, land cover is shared by small collective and individual dwelling
areas. The current impervious ratio is about 45%. Mean slope is 1.1% from north-west to south-east.
The highest and lowest elevation is 28 m and 17 m NGF respectively (Ruban et al., 2007; Mestayer et al.,
2011).

Nantes Métropole: The Urban Community of Nantes, inter-communal structure gathering the city of Nantes and some
of its suburbs.
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Figure 5.1 — Location of the urban catchment of Pin Sec (dotted line) and the larger hydrogeological
catchment (solid line). Stormwater network, rain gauge and the network of eight piezometers are
shown over an aerial photograph. The unique outlet of the stormwater sewer networks is located in
the south-east of the urban catchment.

The outlets of the storm- and wastewater sewer networks are situated to the south-east of the catch-
ment with a distance of 300 m (Figure 5.1). Total length of the stormwater sewerage network is 4 km,
and that of the wastewater is 7.3 km. The outlet of the stormwater network is an underground pipe
that drains into the Les Gohards stream. The wastewater network is connected to the WWTP of Tougas
10 km to the west.

The urban catchment is contained within a hydrogeological catchment, defined by a ridge line. With
an area of 133 ha (zone delimited by red solid line in Figure 5.1), the hydrogeological catchment of Pin
Sec is located between 13 m and 29 m NGF, with a weak mean slope of 0.9%.

5.1.2 Climate

The city of Nantes is located at 47°13’N, 01°33’W, 80 km from the Atlantic coast. Dominant climate type
is oceanic featured by dispersed low-intensity annual rainfall. According to Météo France (French national
meteorological service), the long term average annual rainfall for the period of 1971-2000 is 797 mm, with
10 rainy days per month in average. The average annual temperature for the same period is 12.2°C, with
a relatively narrow range of variation. The lowest daily mean temperature is 5.8°C in January, and the
highest is 19.4°C in July and August. The prevalent wind comes from the south-west and north-west
(Le Delliou, 2009).
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5.1.3 Hydrogeology

Pin Sec is underlain by the Massif Armoricain formation which has complex geological conditions. Three
layers can be distinguished: silt, alluvium and mica schist. A detailed description of these formations can
be found in Le Delliou (2009).

An unconfined aquifer nappe de socle lies in deeper ground. In this type of formation, water is mainly
stored in altered rocks, moving through rock cracks and fissures, according to Wyns et al. (2004) and
Mougin and Conil (2005). These authors studied the aquifer within the city of Nantes and observed
that the groundwater table fluctuated between -2.5 m and -5.7 m during winter. Within Pin Sec, the
groundwater table is lower, fluctuating between -3 m and -4 m. Mougin and Conil (2005) indicates that

the aquifer is naturally drained by the rivers Loire and Erdre.

5.2 Hydro-climatic data

With a separated sewer network for storm- and wastewater, the urban area of Pin Sec is an observa-
tion catchment of ONEVU (Observatoire Nantais des EnVironnements Urbains), in-situ environmental
observatory in hydrology, micro-meteorology, climatology, air, water and soil quality. With OPUR? and
OTHU?, ONEVU is one of the three main national environmental observatories in France and benefits
financial support from European Regional Development Fund and INSU*.

Hydrological measurements on Pin Sec include rainfall, flow rates at the storm- and wastewater outlets,
and groundwater monitoring by a network of piezometers. Observational data series used in the present

study include:
e rainfall intensity for the 5-year period of 01/01/2006 - 31/12/2010 at 5-min time step

e daily average potential evapotranspiration (PET) rate for the same period provided by Météo France

(calculated by the Penman-Monteith equation (Monteith, 1981))

e discharge measured at the outlet of the stormwater sewer network for the same period at 5-min time

step
e piezometric records for the period 01/06/2006 - 31/12/2010 at 20-min time step

The hourly PET rate is estimated from daily average PET using an approximated diurnal cycle. Instan-
taneous PET is assumed to be zero before sunrise and after sunset. Beginning at sunrise, the PET rate
is assumed to follow a sinusoidal form that peaks at solar noon.

The piezometers are installed at the depth of altered mica schist (Rodriguez et al., 2013). There is

no impermeable layer between ground surface and the measured depth. The measured level is thus the

20PUR: Observatoire des Polluants Urbains en 1le-de-France
30THU: Observatoire de Terrain en Hydrologie Urbaine
4INSU: Institut National des Sciences de 'Univers.
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shallow free water table. As shown in Figure 5.2 and 5.3, groundwater table varies between -4.5 m and
-0.5 m, with high level in winter and low level in summer.
The hydro-climatic data series have been subjected to a pre-treatment for eliminating some “obvious”

errors, such as abrupt increasing and decreasing limbs or long-time flat in the curves.
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Figure 5.2 — Recorded time series of groundwater level of Pin Sec for the period of 01/06/2006 -

31/12/2010 at 20-min time step.
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Figure 5.3 — Mean groundwater level of Pin Sec for 01/01/2006 - 31/12/2010.

5.3 Land use and geodata

The hydrogeological catchment of Pin Sec, with a total area of about 133 ha, is composed of 875 parcels
ranging from 1.54 m? to 117 724 m?. The total surface area of the parcels is 114 ha. The last 20 ha are
street surfaces, as illustrated in Figure 5.4. Within the parcels, buildings occupy a total area of 25 ha
(Ahow) " a little less than 1/5 of the total area. Pavements occupy about 16 ha. Their areas are accounted
in the street land use (A%'"), assumed by the model. Natural surface occupies about 72 ha (A™). 1/3 of
the natural surface, about 21 ha, are covered by trees (A% ). This percentage is much weaker on streets
(Aif?;), only 5777 m?, about 1.6% of A”™P. The roofs and streets are totally connected to sewer networks,
while the natural surfaces have a coefficient of connection of 0.2 to the sewer networks.

The geodata is provided by the Urban Databanks of Nantes Métropole. Based on these data, the

input geodata files were prepared (cf. Chapter 4, Section 4.3).
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Figure 5.4 — Vector map of Pin Sec and land cover classification assessed by the geo-data pre-
processing. The catchment encompasses 875 parcels and 9.6 km of stormwater drainage linear.

5.4 Methodology for the module evaluation through a model base-run

The behaviour and performance of the WTI module are examined through a model base-run of URBS-
WTTI on Pin Sec catchment. The base-run is conducted continuously on the 5-year period of 01/01/2006
- 31/12/2010 at 5-min time step.

The measured series of rainfall intensity and potential evapotranspiration (PET) rate are uniformly
applied on the catchment. The hourly PET rate has been referred to each time step of 5 minutes under
an assumption that the daily PET profile is sinusoidal.

In order to overcome the difficulty in defining boundary conditions of groundwater flow for the urban
catchment, of which we had little information, the model is applied at the whole hydrogeological catch-
ment, with a zero-flow subsurface boundary condition. (Rodriguez et al., 2013) has estimated that the
average soil flow out of the catchment of Pin Sec is only 0.023 mm/day, which is non-significant in front
of the other fluxes in the water balance.

Two urban catchments in the neighborhood of Pin Sec, the Rezé and les Gohards, have been subjected
to model application of URBS by Morena (2004) and Rodriguez et al. (2008). Physical model parameters
have been calibrated on these catchments. Since the geology conditions of Pin Sec are the same as Rezé
and les Gohards, the same parameter values are used for the model base-run. However, since the geology in

URBS-WTI is parametrized in a simple way (cf. Chapter 2), reasonable parameter values can be different
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from one catchment to another. Thus, the parameters for soil, especially the ones operating directly on
the WTT flux (Equation 3.4) is subjected to a sensitivity analysis, which is presented in Section 5.6. The
concerned parameters are listed in Table 5.1. For the description of the whole set of model parameters,
please refer to Morena (2004) or Rodriguez et al. (2008).

Saturation depth is uniformly initialized (z0) through the catchment. There is no information on
groundwater level on the beginning of the simulation period (01/01/2006). In a prominent model applica-
tion of URBS on the same catchment for the period 2009 - 2010 (not published), the average groundwater
level of the catchment on 01/01/2010 has been estimated at -0.65 m. This value has been chosen for the
initial condition of saturation depth 20, which is also subjected to the sensitivity analysis.

Modeling outputs at every time step include:
e flux (infiltration, evaporation, transpiration, surface runoff, etc.) at catchment scale and for each
type of land use, expressed in water depth (meter or millimeter)

e storage in the reservoirs at catchment scale: tree, surface, vadose zone and saturated zone, expressed

in water depth (meter or millimeter)

e continuous discharge rate at the catchment’s outlet and in every pipe of the stormwater sewer

network, expressed in volume (m?) or water depth (meter or millimeter)

e groundwater level of every UHE, expressed as a saturation depth (cf. Chapter 2)

For evaluating the model performance, these outputs will be analyzed in a throughout way. Three

comparison criteria will be used:

e Bias error (%, which indicates the general deviation of the simulated series as regard to the observed

series, calculated as (where D is a hydrological variable):

Ob _ Z?:l(Dzim — ‘Df)bs)
E?:l D(tjbs

€ [—o0,+x] (5.1)

Table 5.1 — Values and variation ranges of the parameters that can influence the WTT module. The
variation ranges are drawn from Rodriguez et al. (2008).

Unit Description Value Range
Knat
“a.  m/s  Hydraulic conductivity at satura- 1.3 x 107 [1.3x 1078, 1.3 x 1074
(K™) tion at ground surface level
M - Scaling parameter of the hydraulic 0.2 [0.1, 3]
conductivity
A - Coefficient of groundwater infiltra- 4 [0, 100]
tion to sewer networks
20 m Initial saturation depth of the catch- -0.65 [-0.05, -10]

ment
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e Coefficient of determination R?, defined as the squared value of the coefficient of correlation, calcu-

lated as: . . . ,
R2 _ [thl(Dsim - DSim)(Dobs - DObS)]
Z?:l(Déim - Dsim)2 Z?:1(Df,bs - Dobs)2

It estimates the combined dispersion against the single dispersion of the observed and simulated

e [0,1] (5.2)

series. The range of R? lies between 0 and 1 which describes how much of the observed dispersion

is explained by the simulation.

e Nash-Sutcliffe efficiency Ci,qs, (Nash and Sutcliffe, 1970), hereinafter referred to as “Nash criterion”,
defined as one minus the sum of the absolute squared differences between the simulated and observed
values normalized by the variance of the observed values during the simulation period, calculated
as: . , A

2zt Dsim = Do) (5.3)

2 i1 (D = Dovs)?

The normalization of the variance of the observation series results in relatively higher values of

Cnash =1-

Chash in catchments with greater dynamics and lower values in catchments with lower dynamics.

The range of C,,qsp lies between 1 and -oo.

where D?

L .m 1s the simulated value of the output D at time ¢, D!, = the observed value of the same variable

t .
stm

at time ¢, Dg;p, the mean of DY, ~and D,ps the mean of D!, . The modeling quality is as better as Cj, is
close to 0, R? and C,,,4p, are close to 1.

The so-called model “base-run” includes in fact two modeling series: one by the initial URBS model
without the WTI module, and one with URBS-WTI. Comparison between the modeling results of URBS
and URBS-WTI can indicate the impacts of the WTI module on the model behaviour. For the sake of
clarity and simplicity, hereinafter the term “URBS-WTI” will be used referring to the model with WTTI,
and the term “URBS” without WTI.

In order to evaluate the impacts of the WTI, especially in smoothing groundwater levels between
adjacent UHESs, a simple criterion is the temporal variation of the standard deviation ¢ of the simulated

groundwater levels of the UHESs, calculated for each time step ¢ as:

o —
Lut — Lt)2
cGWL! = \/ 2uz1 (G GWLY) (5.4)

U

where cGW L is the standard deviation of the groundwater levels, GW L%! (m) the groundwater level
of UHE u in the NGF system, GW L! the mean groundwater level of all the UHEs and U the number of
UHEs. A lower value of cGW L! indicates a more homogeneous groundwater table through the catchment.

To compare the simulation with the observation, groundwater level simulated at each piezometer is
represented by the area-averaged groundwater level of the UHEs in the vicinity of the piezometer, with a
50m distance threshold. Since the geometry of the UHEs are irregular, the numbers of UHEs concerned

may vary along the piezometers.
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5.5 Results of the base-run

5.5.1 Water balance

Table 5.2 shows the simulated water balance at the catchment scale by the base-run of URBS and URBS-
WTI, with each component as being the quantity of:

— Qhev, @3t Qmat: runoff of the three land use types (house, street, natural land)
— Q%ein: groundwater infiltration to sewer networks

— FE: surface evaporation

TR: transpiration
— Astorage: storage variation in the soil between the end and the beginning of the simulation period
— P: rainfall

The catchment water balance equation is written as:
P=Q""+ Q" +Q"" + Q""" + E + TR+ Astorage (5.5)

The first observation is that URBS-W'TT estimates the same water balance as URBS. The WTI module
simulates flow in the saturated zone and the results indicate that it does not change the global water
balance of the catchment.

Table 5.2 — Simulated water balance of Pin Sec both by URBS and URBS-W'TT for the period of

01/01/2006 - 31/12/2010. All the flow and storage components are expressed in percentage of total
rainfall.

Qhou Qstr Qnat erain E TR Astorage P
URBS 16.6 13.9 13.6 9.9 11.5 334 0.8 100
URBS-WTI 16.6 139 13.6 9.9 11.6 33.2 0.8 100

More than 40% of total rainfall P returns to the atmosphere by evapotranspiration (E4+TR). About
30% of P is transformed into impervious surface runoff, with half from roofs (Q"*") and half from streets
(Q*'), despite the larger surface area of streets. This can be explained by the different hydraulic conduc-
tivities assigned to these two surfaces: while roofs does not permit any infiltration to the soil (K% = 0),
streets have a weak infiltration capacity (K" = 7.5 x 107® m/s). A suprising component is the nat-
ural surface runoff (Q™*), which accounts for 13.6% of P. This is caused by saturation overland flow
(see Section 5.5.3). This great natural surface runoff is questionable, even if it is in similar with the
results of the Rezé catchment (Morena, 2004), where natural surface runoff represents 10% of the total

rainfall. Groundwater drainage by sewer networks Q% %" represents 9.9% of P, as divided into 6.6% to
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wastewater and 3.3% to stormwater networks (for the explication of this fraction, see Chapter 2, Section
2.5). Rodriguez et al. (2013) estimated that the groundwater drainage by the storm- and wastewater
sewer networks of the Pin Sec accounted for 24% and 8% of the total annual rainfall. Compared to these
reported values, the estimated values by the model seem to be too weak. Considering the high surface
runoff produced by natural surface, and the low groundwater drainage by sewer networks, it seems that
the value of the coefficient of groundwater drainage A = 4 is not optimal. A calibration on this parameter

Seems necessary.

5.5.2 Discharge

Table 5.3 shows the comparison criteria values calculated on the simulated and observed continuous
discharge rates at the outlet of the stormwater sewer network. The total discharge volume is well predicted
by the models with a low bias error C, = 0.20%. But the dynamics in the discharge rates is not as well
simulated, with relatively weak values Chasn = 0.50 and R? = 0.59. But these low criteria values are
partially related to the small time step (5 min) of the data series. Besides, the results on discharge confirm

the fact that the WTI module does not affect the global water balance of the catchment.

Table 5.3 — Comparison criteria values for simulations of continuous discharge rates at the outlet of
Pin Sec by model base-run. The criteria are computed for the period of 01/01/2006 - 31/12/2010.

C'b (%) Cnash R2
URBS 0.20 0.502 0.589
URBS-WTI 0.21 0.502 0.592

5.5.3 Saturation depth

Figure 5.5 plots the simulated saturation depth at each of the piezometers by the model base-run. Table
5.4 gives the values of comparison criteria. Both the models URBS and URBS-WTT overestimate the
groundwater levels. While the observed average saturation depth for the studied period is -2.55 m, the
simulated one is about -0.60 m. For some of the piezometers (Pz3, Pz4, Pz7 and Pz8), the simulated series
contain numerous periods where the soil is saturated (Figure 5.5). This uniform overestimation supposes
that the initial condition for saturation depth z? = -0.65 m needs to be re-examined. The seasonal
variations are relatively well reproduced: the simulated rising and descending limbs of groundwater level
are in line with the observation. The criteria R? is however quite weak (around 0.3).

Related the great difference in the simulated and observed saturation depths, Cqs, are very poor.
More importantly, great dispersions are observed in C.s, of the piezometers, confirming the spatial

heterogeneity of the groundwater level.
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Figure 5.5 — Time series of simulated groundwater level of Pin Sec (dotted line) by model base-
run, compared with measured series (solid line). Due to the similarity of the results by URBS and

URBS-WTI, their curves are superimposed.
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Table 5.4 — Modeling results on saturation depth of Pin Sec by model base-run, for the period of
01/01/2006 - 31/12/2010 at a 20-min time step.

(a) mean annual saturation depth (m)

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 mean error
Obs. -2.86 -2.28 -2.86 -2.40 -2.33 -2.63 -2.36 -2.78 -2.55
URBS -0.56 -0.82 -0.62 -0.54 -0.58 -0.48 -0.55 -0.55 -0.59 -77%
URBS-WTI -0.56 -0.82 -0.49 -0.54 -0.58 -0.48 -0.55 -0.55 -0.57 -78%
(b) Cnash
Pzl Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 mean
URBS -136.5 -30.9 -61.6 -17.1 -12.0 -16.2 -30.6 -6.6 -38.9
URBS-WTI -136.6 -309 -66.9 -17.0 -12.0 -16.1 -30.6 -6.6 -39.6
(c) R?
Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 mean
URBS 0.308 0.277 0.348 0.292 0.282 0.339 0.362 0.378 0.323
URBS-WTI 0.308 0.277 0.279 0.292 0.282 0.338 0.361 0.378 0.314

5.5.4 Smoothing effect of the WTI module on simulated groundwater levels

Figure 5.6 shows the standard deviation o of the simulated groundwater levels GW L of the UHEs by
URBS and URBS-WTI. Generally speaking, high values are observed in wet season and low values in dry
season. In winter, the higher groundwater level is more influenced by land use types and their spatial
heterogeneity. The spatial variation of the groundwater level is thus more pronounced than in summer.
If the WTI module can not change the season trends of cGW L, dominated by climate forcings, it

reduces its magnitude. But the reduction is light with regard to the seasonal variability.

5.5.5 Summary of the model base-run

The model base-run of URBS-WTI (as well as URBS) on the Pin Sec catchment has not shown satisfying
model performance: water balance is not convincing with great runoff generated on natural surface and
weak groundwater drainage; piezometric levels are overestimated. Only the simulated discharge series
shows a relatively good fit with measured data.

The integrated module WTI has not shown significant effect on groundwater level — the simulated
groundwater level series by URBS and URBS-WTT are almost identical. If the reduced cGW L signifies
slighter dispersions of the groundwater levels among the UHESs; it seems that the effects of lateral saturated

flow are obscured by vertical flux under climate forcings. On the other hand, the (almost) same results
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Figure 5.6 — Standard deviation of the simulated average groundwater level series (elevation in the
NGF system) of Pin Sec by model base-run for the period of 01/01/2006 - 31/12/2010.

in water balance and discharge given by URBS and URBS-WTTI signify that the new module does not
change the global model behaviour, nor deteriorate its performance in flow simulating. From a modeling
point of view, this is relatively assuring: the low model performance is not caused by the integration of
the WTI module, but a priori linked to the parameters, which have been validated on other sites and
applied on Pin Sec.

Thus, a sensitivity analysis on the parameters is necessary, which can show:

1. how the model URBS-W'TT is sensitive to the parameters and if this sensitivity is different from
URBS

2. if an optimal set of parameter values can be found for Pin Sec, for both URBS and URBS-WTI

3. if URBS-WTT has better performance than URBS in groundwater level simulation

This study is described in the next section.

5.6 Sensitivity analysis and model calibration

5.6.1 Methodology of the sensitivity analysis

Morena (2004) studied the model sensitivity for the whole set of physical parameters of URBS on the

Rezé catchment. In the present study, it is thus not compulsory to re-examine all the physical parameters,



77 5.6. Sensitivity analysis and model calibration

but the several ones that influence the WTI module: i) saturated hydraulic conductivity at the natural
soil surface K™ ii) scaling parameter M of the exponential decrease of K74 and iii) coefficient of
groundwater infiltration to sewer networks A. K and M operate directly on the WTI flow (Equation
3.6). A does not operate directly on the WTI equation, but it impacts the storage in the saturated zone
by regulating the sewer infiltration flux, thus has indirect impact on the lateral saturated flow.

The initial condition for saturation depth 20 should not alter saturation patterns after a model “warm-
up” period. And this stability should not be deteriorated by the WTI module. However, the overestima-
tion of groundwater levels made it necessary to take a test on z0. The tested parameters and their values
are listed in Table 5.1.

We introduced anisotropy to the model (Chapter 3, Section 3.3), which allowed us to examine exclu-
sively the sensitivity of the lateral component of K. The simulations have proved to be quite time and
memory consuming. The sensitivity analysis was based only on one-year simulation of 2010.

The entire modeling outputs were studied in order to have a precise idea on how URBS-WTT reacted
to changes in parameters: i) flow components in the water cycle, ii) discharge and iii) saturation depths.

For the results of i), the reference was the model base-run of initial URBS (without WTI). No obser-
vation data was available for evaluating the simulated water balance. For the results of ii) and iii), results
of URBS and URBS-WTI were compared between them, and both to observation series. We also compare
the model sensitivity assessed here with the study by Morena (2004), which is the only study on model
sensitivity for URBS until now. But the comparison needs to be carried out with caution, as the model
outputs examined in the two studies are not exactly the same. As an example, in the present study, we
analyse the discharge rate in the stormwater network and compare them to observation, while Morena
(2004) compared the generated total runoff (before routing in the sewer network) in different model run.

The one-factor-at-time method (Morris, 1991) was used to evaluate the influence of the parameters.
This method consists of computing the model outputs by varying an input parameter individually from
other parameters. The evaluation of the outputs were based on the three criteria C, R? and C)qsp.

During the analysis, we referred to the assessment in the work of Morena (2004), which is the only
study on model sensitivity for URBS until now. But this comparison was taken with caution, since the
outputs examined in the present study were not exactly the same as in Morena (2004). For example,
we analyzed the discharge rates in stormwater network and compared them to observation series, while

Morena (2004) takes the total produced runoff and compared it with a reference modeling.

5.6.2 Sensitivity on flow components of the water balance

Figure 5.7 shows the sensitivity to each of the tested parameters of the main flow components: surface
runoff Q" , Q" Q" surface evaporation E*¥"/ | transpiration T'R and infiltration to sewer pipe Q™.

As seen in Figure 5.7a, the lateral saturated hydraulic conductivity K% influences significantly the flow
components: Cj, varies between -100% and more than 100% for K’ between 1.3x 1078 and 1.3x10™* m/s.

The high sensitivity of Q%" is expected, as K'* operates directly on this flux. As for the surface runoff
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and evapotranspiration, although they are not regulated directly by K!*, they are closely interactive with
lateral flux such as Q¥ %" and the WTI flux through the updating of saturation depth. For example, if
storage in the vadose zone is increased and groundwater table raised due to weaker Q4™ (smaller K!),
then surface infiltration will be constrained because of reduced receiving capacity of the soil, and there will
be more runoff produced on land surface and more surface evaporation. At the mean time, transpiration
of trees will be hold by excess storage on surface. Note that assumed by URBS, the transpiration process
is activated only if land surface is dry. Q" is extremely sensitive to variation of K!%*. This could be
explained by the more active interaction of natural land surface with subsoil layers compared to covered
land (streets and houses).

The criteria C,,,p is rapidly deteriorated when Kﬁat increases or decreases, especially for Q"* and
Q7@n This signifies a modified K'* is susceptible to alter greatly the original dynamics in the model,
thus should be avoided or used with caution.

The parameter M has high influence on Q% ®™: Cj, varies between -50% and 300%, Chash between 1
and -8 (Figure 5.7b). M is the scaling parameter of the exponential decrease of K with soil depth: the
stronger the M, the less rapidly K, decreases with depth. Strong values for M lead to higher average
hydraulic conductivities, and vice versa. That is why Q%™ has a similar trend with M as with K,
The other fluxes do not seem very sensitive to M, except Q"*, of which C} can increase or decrease up
to 40%. Morena (2004) showed that URBS was not sensible to M, in basing on simulated total produced
runoff. Our results here confirm what has been found by Morena (2004), and provides a couple of further

information:
e The infiltration to sewer network flux is extremely sensitive to M, compared to other fluxes.

e The apparent no-sensitivity based on total produced runoff can be caused by the balance effect of

certain flows, e.g. Q" and Q9.

As with M, the coefficient of groundwater drainage A shows less influence to the flow components,
except Q7™ and Q" (Figure 5.7c). Here again, the two fluxes reveal an opposite trends: while Q%™
is enhanced by stronger \, Q™ plots a decreasing limb that counter-balances Q% %™, On the other hand,
from a point of view of the dynamics, Q¥ *" is much more disturbed by the variation of A\ compared with
Q": Chash of Q%™ is altered much more rapidly and heavily (Figure 5.7c).

The initial condition of saturation depth z¥ has also substantial impacts on the flow components
(Figure 5.7d). All the fluxes have a decreasing trend with increasing 22, especially Q"* and Q™" of

which Cj, vary between 40% and -80%. Chash also degrades rapidly with varying 2°, especially for small
0 0

values. Figure 5.8 plots the simulated average saturation depth of Pin Sec in 2010 against z;. For z

weaker than the reference value -0.65 m, the model needs a “warm-up” period about 3 months. Beyond 3
months, the model assessed the same saturation depth. But for 22 > 1 m, the effect of 20 is not only seen

at the beginning of the simulation period, but the whole time series, which confirms the great impact of

0

Zs

on the simulation results. Especially when 20 > 2 m, the model needs almost one year to “warm-up”.
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Figure 5.8 — Simulated average saturation depth of Pin Sec under different initial conditions.

A suitable value for 20 for one-year simulation should be inferior to 1 m.

5.6.3 Sensitivity on discharge

Figure 5.9 plots the evolution with changing parameters of the comparison criteria between simulated
and observed stormwater discharge rates. Results of both URBS and URBS-WTI are compared with
observation data at the outlet of the stormwater sewer network.

The parameters by default (K!%=1.3 x 1075 m/s, M=0.2, A=4, z9=-0.65 m) can reproduce very
well the total discharge volume at annual scale, with very weak bias (C, = -2% and -0.8% for URBS and
URBS-WTI respectively). R? and Cqsp, are less good, around 0.5 and varies in small ranges.

The discharge shows an overall non-sensitivity to K é“t (Figure 5.9a): Cj, varies between -10% and 10%,
R? and C,,44, also vary in small ranges. This result can be in conflicting with what is shown in Morena
(2004): the model is found sensitive to K™ with a C, varying between -15% and 70%. The curve of
Cy is interesting: higher K% are expected to increase groundwater drainage by sewer networks Q4 ",
but Cj shows a decreasing trend. This implies that the enhanced Q%" is offset by the reduced surface
runoff, which must be related to enforced infiltration and percolation (between the vadose zone and the
saturated zone), signifying that the model dynamics has been increased, despite the fact that K% does
not operate directly on vertical fluxes.

The sensitivity of discharge to M is not very high (Figure 5.9b), generally in agreement with Morena
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(2004). Cj, varies between -4% and 19% for M between 0.1 and 3, R? and C,,,4, remain constant almost.
While strong M degrade the overall bias (Y, they tend to improve Cqsh, at least for M inferior to 1. But
Chash 1s limited around 0.5, whatever the value of M. If the simulated discharge rates by URBS-WTI
are slightly more sensitive to that by URBS, seen on the curve of Cy, their R? and C),qg, are better than
that of URBS.

Cy for the coefficient of groundwater drainage A\ varies between -10% and 25%, with a monotonic
decreasing limb (Figure 5.9¢c). But the decrease is not significant for A > 10, which is consistent with
what was found by Morena (2004). This result affirms again the counter-balance effect of Q9" and
Q™ as seen previously: the stronger the X, the higher the Q¥ *™ but the weaker the Q"%. R? and
Chash have the same patterns as for M, and are constrained in a narrow range of variation.

The curve patterns of the criteria for 20 (Figure 5.9d) are quite similar to that of . C} decreases
linearly from 15% to -25% when 20 increases from 0.1 m to 2 m. Deeper initial groundwater table reduces
both infiltration to sewer network and runoff produced on natural surface. The overall effect of these two
mechanisms is the shrinking of discharge at the stormwater outlet. R? and Cl,,sp are not sensible to the

changes of A, with always very small variation ranges around 0.50.

5.6.4 Sensitivity on saturation depth

Figure 5.10 plots the variations to parameter changing of the comparison criteria between simulated and
observed saturation depths at the piezometers. The criteria computed at the piezometers are averaged,
which gives an overall performance of the model to fit the observed groundwater level. This series of
modeling results serves not only to evaluate the model sensitivity, but also to calibrate the parameter
values.

The saturation depths are sensible to K% (Figure 5.10a) and matches what was found by Morena
(2004). URBS-WTI has nearly the same performance as URBS: the curves of the both are superim-
posed. The groundwater level are always overestimated with overall negative Cp and poor Chuspn. The
overestimation tends to be corrected by large K': Cj is shifted from -78% to -65% when K@ rises from
1.3 x 1078 m/s to 1.3 x 107* m/s, R? from 0.67 to 0.79, and C,,44, between -40 to -27. This implies the
necessity to strengthen the WTI flow for improving the simulation quality. We limited the rise of K é‘” to
1.3 x 107* m/s in considering the physical sense of the parameter.

The parameter M also has strong impacts on saturation depths (Figure 5.10b): C} varies between
-80% and -40%, R? between 0.65 and 0.90, Ch,sn between -40 and -15. The evolutions of Cp and Cpash
are monotonic, with improved values for large M. The trend of R? is actually also increasing, if we ignore
the weak fluctuations for M > 1. Note that Morena (2004) showed that M had little impact on the
simulation of saturation depths at the UHE scale.

As mentioned before, strong M lead to strong mean hydraulic conductivity and subsequently enhance
the simulated fluxes. Looking at the curves of the criteria for K' and M, it assumes that the fluxes

computed need to be strengthened to improve the model performance in modeling groundwater levels.
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The curves of A (Figure 5.10c) confirms this hypothesis: simulation quality gets better when A rises,
enforcing the infiltration flux to sewer Q¥ ™. It confirms also the importance of the drainage process,
declared by Morena (2004) and Rodriguez et al. (2008).

Deeper initial conditions 20 lead to better Cj and C,qq, (Figure 5.10d), but degrade drastically R2.
As a matter of fact, with 20 > 1.5 m, the simulated saturation depths lose their temporal variations and

remain constant during the simulation period (curves not shown here).
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5.6.5 Summary and discussion

During the sensitivity analysis for the integrated model URBS-WTI, physical parameters that operates
directly on the WTI module, K éat, M and X, were tested, as well as the initial saturation depth of the

catchment z0. This study had three main objectives, as being to:

1. evaluate the model sensitivity to these parameters and if it was changed by the WTI module.
2. calibrate manually the parameter values.

3. see the extent to which the WTI module can improve the model performance, in particular to the

simulation of groundwater levels.

For evaluating the sensibility of URBS-WTI (Objective 1), a series of modeling outputs were explored
including flow components in the water balance, discharge at the catchment outlet and groundwater
levels. The results of both URBS and URBS-WTI were examined and compared. For calibrating the
model (Objective 2) and estimating the role of WTI on model performance (Objective 3), three comparison
criteria, Cp, R? and C),qsh, were computed between simulated and observed series for each model run.

Looking at the overall results, the model sensitivity is not impacted by the WTI module. This assures
us that the WTI module does not affect the general model behaviour. Water balance was systematically
examined, which afforded an insight into what was really happening in the model with each parameter
change. This is crucial for understanding the behaviour of the model (module), especially when ground-
water is dealt as an integrated compartment. The water balance established in this study could serve as
a reference for future study of URBS. All the tested parameters proved to have great impact on the water
balance, especially on the runoff on natural surface Q"* and groundwater drainage by sewer networks
Q% ¥n  These two fluxes have, in most of the case, an opposite trend with the varying parameter (except
for z¥), thus can neutralize the overall change in the flow balance. Examining solely the total runoff
over the catchment would easily lead to the conclusion that the water balance is not much impacted by
parameter change, although it is just one part of the story. Other flow components (Q**", E5*"f and TR)
are less reactive to the parameter values, and it seems that the model dynamics is dominated by Q"%
and Q¥ " on the study case of Pin Sec.

In terms of discharge, continuous simulated flow rates at the outlet of stormwater network were
compared with measured data. The most sensible parameters were K é“t, M and 22; X\ impacted the
discharge simulation in a less extent. The modeled discharge volume fits well the observation with weak
overall bias Cy. R? and C,,,,, were weak. Note that the Nash coefficient is very sensitive to the time step.
The 6-min time step assigned here is not favorable.

Previous study on model sensitivity made by Morena (2004) was referred to during the study. Since
the examined outputs were not exactly the same in the two studies, it was not always possible to realize
meaningful comparisons. In confirming certain points claimed in Morena (2004) and questioning some

others, the present study offers supplementary information about the model behavior.
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Even the main objective was to evaluate WTI, studying the module in an isolated way was not only
technically arduous (linked to model structure) but also inadequate: we believed that supervising the
entire modeling outputs was essential during the module implementation in order to assure that it did

not bring much side-effect to other processes.

The study on saturation depths served both for analysing model sensitivity and for calibrating the
parameter set. The simulated saturation depths showed high sensitivity to K éat, M and ), not to z{ when
this is inferior to 1 m. When 2! was set deeper than 1 m, the model was no longer able to replicate the

temporal variation of the groundwater levels.

Since the modeling of discharge rates is not impacted greatly by the parameters, the model calibration
was based mainly on the saturation observation. But it is not always easy to observe clear trends of the
simulation quality. For example, while strong values for M and A improve C and Cpasn, R? shows an
opposite trend. There seems to be a balance effect between “magnitude” and “dynamics”: if a change in
parameter tends to get closer the simulated level to observed level, it may erase the dynamics and give

flat curves.

On the other hand, since the analysis on parameters was conducted with a one-factor-at-time method,
saying that the best parameter set is the combination of the best value of every parameter in a logic
of “1 +1 = 2” can be rash: if two parameter changes can both improve the simulation quality by
impacting the modeled fluxes in a similar way or in an opposite way, their coupling can possibly lead to
an over-correction or an offset. For example, high values of K é“t and 2 correct both the overestimation

of groundwater levels, but the combination of a large K and a large 20 will lead to an underestimation.

Another difficulty lays in the heterogeneity in the piezometric observations, linked probably to the
complexity of urban land. During our test, amelioration of simulation on certain piezometers was al-
ways at the detriment of the others: the most suitable parameter is not the same for all the observed
series. Distributing spatially the parameter values into the UHEs could be a valuable subject for future

development of the model.

For the reasons above, the tricky work of defining the “best” parameter set obliged us to make a
choice. Basically, we based on the criteria on groundwater levels in considering the physical sense of the
parameters and without ignoring the water balance and discharge. The calibrated values are shown in
Table 5.5.

A regrettable result is that the WTI module did not show much effect, despite the numerous tests that
have been undertaken. The overall impression that we have is that the WTI flux is not intense enough
facing other fluxes, especially vertical fluxes by climate forcings. At the mean time, the plots are the
average of the piezometers, and are maybe not the most suitable criteria for evaluating the WTT module.

Thus, it makes sense to do a calibrated model run with the selected parameter sets and see what happens.
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Table 5.5 — Calibrated parameter values for Pin Sec by sensitivity study.

Parameter Unit Initial Calibrated
Klat m/s 1.3x107°  1.3x107°
M - 0.2 2
A - 4 30
29 m -0.65 -2.0

5.7 Calibrated modeling on the Pin Sec catchment

A calibrated modeling for the Pin Sec catchment was conducted with the calibrated parameter (Table
5.5). Since the parameters were calibrated on 2010, the calibrated modeling was carried on the unique
year of 2010, considering the quality of the data sets beyond this period. This one-year period might
be too short to show long-term trends of the hydrological variables, but it allowed to make comparisons

between the model base-run and the calibrated modeling.

5.7.1 Saturation depth

Given the fact that the parameter calibration has been based on the simulation of groundwater levels,
this result is firstly examined for the calibrated run. Figure 5.11 plots the simulated saturation depths
both by URBS and URBS-WTTI against observation data. The assessed criteria values are given in Table
5.6.

Compared to the base-run, the quality of groundwater level simulation is remarkably improved: if
the simulated series still do not fit completely the observed ones, the previous over-estimation has been
reasonably corrected.

In looking more closely, we can distinguish several cases:

e For Pz3 and Pz5, the simulation curves suite quite well the observation curve, both in magnitude
and temporal evolution. While the WTI module (dotted line, triangle marker) tends to raise the

groundwater level at Pz3 (discontinued line, circle marker), it shows an inverse tendency at Pz5.

e Variations at Pz8 is also relatively well reproduced by the models, if we ignore the abrupt limbs in
the curve, which can be seen as an “atypical” piezometric behaviour. The simulated curves fit well
the observed level during the wet half of the year (November - May), but are less good during the
dry season, where the model can not predict the lowering of the groundwater table. The curve of
URBS-WTIT seems to slightly better fit the observation curve than that of URBS.

e Pz1, Pz4, Pz6 and Pz7 remain to be overestimated by the models. But the WTI module is able
to slightly correct this problem: compared the curves of URBS, that of URBS-WTI are closer

to observation. Pzl is over initiated, and this over-initiation has not been corrected during the
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simulation period. The initial levels of Pz4, Pz6 and Pz7 are approximately equal to, or lower than

the measured levels, but their decreasing limbs during dry season are not reproduced by the model.

The comparison criteria confirm the better performance of the calibrated model: Cj is reduced from
-T1% to -14% and -8% for URBS and URBS-WTI respectively, C,,qsn are also much better than the base-
run, though remain negative. But R? are reduced, implying that the model dynamics are less predicted
by the calibrated run than the base-run. The module WTI seems to, however, be able to mitigate this
deterioration.

Generally speaking, the dynamics simulated by the model are weaker than the observation: the
magnitudes of variation seen in the observation curves are not all predicted by the model. Certain
piezometers show relatively abrupt variations. This could be due to local soil characteristics (compactness,
materials, ...), which are highly variable in urban settings, and to possible preferential flow paths in the
soil, which are not represented in the model.

Compared to the sensitivity analysis, the WTI module shows much more significant impacts. Except
Pz2 for which URBS-WTI and URBS give exactly the same results, the simulated series by URBS-WTI
are, to a greater or lesser degree, different to that by URBS. The comparison criteria of URBS-W'TT are
also better than that of URBS.

Table 5.6 — Comparison criteria (mean) between simulated and observed groundwater levels at

the piezometers for the period of 01/01/2010 - 31/12/2010, by the calibrated model of URBS and
URBS-WTIL

Cb (%) Cnash R2

base-run URBS -71 -33  0.77
base-run URBS-WTI -71 33 0.77
calibrated URBS -14 -4.5  0.64
calibrated URBS-WTI -8 -29  0.72

We plotted the standard deviation of the simulated groundwater level cGW L for the calibrated
modeling. Compared to the base-run (Figure 5.6), groundwater levels seem less influenced by climate
forcings, with smoother trend, explained perhaps by deeper groundwater level. URBS-W'TT shows different
behaviors from URBS: if there remain some peaks in the curve of URBS as reply to rainfall, these curves
are not observed at all in the curve of URBS-WTT.
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Figure 5.11 — Simulated groundwater level series by model calibrated-run for the year 2010. Both
the results of URBS (triangle) and of URBS-WTTI (circle) are depicted and compared with observed
series.



Chapter 5. Case study on Pin Sec catchment and module evaluation 92

:3-(juwvwl_w_m" L '” f‘ U ”'"' L T "W ’ l'1 W 1 }
3.55 N || W A M 0
— - = _1-0 :E\
E ) =
=350 . <
5 60 E
g =
9 r
3.4 o B
@
o
100
3.35 [==- URBS —— URBSWTI —— Rainfal| 120
L% R & ".)
S Q S O Q Q Q QS Q
S 3> N > 5 A A
L R f@\@ P S

Figure 5.12 — Standard deviation of the simulated groundwater level series of Pin Sec by model
calibrated-run for the year 2010.

5.7.2 Water balance

We then examined the water balance and discharge assessed by calibrated modeling of URBS and URBS-
WTT (Table 5.7 and 5.8). The two major fluxes, Q™ and Q% ¥ have been largely modified compared to
the base-run: Q" is reduced from 8.0% to 0.4% of the total rainfall, Q9" is raised from 8.4% to 30.9%.
The percentage of groundwater drainage by sewer networks is consistent with the results obtained in an
observation study on the Pin Sec catchment (Rodriguez et al., 2013). Linked to the deeper groundwater
table, the evapotranspiration (E + TR) is also reduced.

Table 5.7 — Simulated water balance of Pin Sec by model base-run and calibrated run of URBS and
URBS-WTT for the period of 01/01/2010 - 31/12/2010. All the flow and storage components are
expressed in percentage of total rainfall.

Qhou Qstr Qnat Qdrain B TR Astorage P
base-run 16.7 128 8.0 8.4 8.9 40.5 4.4 100
calibrated URBS 16.7 103 0.1 279 5.7 319 6.8 100
calibrated URBS-WTI 16.7 103 0.4 309 59 31.3 4.1 100
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5.7.3 Discharge

Table 5.8 shows the comparison criteria on continuous flow rates at the stormwater network’s outlet
given by calibrated modeling of both URBS and URBS-WTI, compared to that of the model base-run.
Chash are improved compared to base-run, while R? are degraded. But both the improvements and the
deteriorations are slight. The remarkable difference locates in the values of Cp. Compared to base-run, the
models gave less better simulation on the continuous flow rates with higher values of Cy. The deterioration
by URBS, -7.58%, is however remarkable.

Table 5.8 — Comparison criteria between simulation and observation on continuous discharge rates at
the stormwater network outlet of Pin Sec for the period of 01/01,/2010 - 31/12/2010, by the calibrated
model of URBS and URBS-WTI.

C’b (%) Cnash R2

base-run URBS 0.20 0.502 0.589
base-run URBS-WTI 0.21 0.502 0.592
calibrated URBS -7.58 0.562 0.515

calibrated URBS-WTI  -0.93  0.567 0.516

5.8 Forcing of the WTI module

In looking at the results of the sensitivity analysis and of the calibrated model, we had a feeling that
the horizontal saturated flow modeled by the WTT module was too weak to allow the module to show its
impacts. However, the results of the calibrated modeling gave us some promising signs of the possibility
for WTI to improve modeling qualities. For this reason, we made a test of forcing manually the WTI
flow, by introducing a coefficient Cyyrr into the equation of the WTT flow (Equation 3.4).

We started with Cy7r=100. The saturation depths were better simulated: for some of the piezometers,
the simulated curves were brought closer to observed ones compared to the calibrated modeling. Then
we tried a range of values from 30 to 700 for the coefficient, and found that this could greatly influence
the simulated saturation depths.

The “best” Cyry is different along with the piezometers. Figure 5.13 plots the simulated curves by
the best set of values for Cyry (see the legend of the figure).

Table 5.9 — Comparison criteria (mean) between simulated and observed groundwater levels at the
piezometers for the period of 01/01/2010 - 31/12/2010, by the manually forced WTI module.

Cb (%) Cnash R2
calibrated URBS -14 -4.5 0.64
WTI forcing URBS-WTI -3 -0.26 0.75
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Figure 5.13 — Groundwater level simulated during the supplementary test with a coefficient for the
flux WTI. The “best” value of the coeflicient is variable according to piezometer: 500 for Pz4; 300
for Pz2, 200 for Pz1, 30 for Pz6 and Pz7; 1 (calibrated run) for Pz3, Pz5 and Pz8.
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For Pzl, even if the simulated groundwater level remains higher than the observation during several
months at the beginning of the simulation period, it lands finally at a level that is very closer to the
observation. For Pz2, Pz6 and Pz7, the results are much better than the calibrated modeling. For
Pz4, of which the results of the calibrated modeling were already relatively good, we observed still an
improvement. For Pz3, Pz5 and Pz8 where the calibrated run gave already relative good results, there
is no need enforce the WTI flow. This reflects the highly variable soil characteristics in space, which is
a specificity of urban areas. Table 5.9 shows the average criteria values assessed with the best coefficient
values of each piezometer, compared with the calibrated run by URBS. All of the three criteria have been
improved.

The value of Cyrr which gave a general best performance is 500. Figure 5.14 shows the evolution
with time of the standard deviation of simulated groundwater levels cGW L with the Cy; equal to 500.
Compared to URBS, URBS-WTI reduces significantly cGW L with the strengthened WTI flow, starting

from a certain moment after a period of model warm-up.
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Figure 5.14 — Standard deviation of simulated groundwater level (elevation in the NGF system) of
the Pin Sec catchment by for the period of 01/01/2010 - 31/12/2010, by the test with a coefficient of
500 on the WTT flow.

We examined the simulated discharge rates and water balance with Cy7r=500 (Table 5.10). As seen
from Table 5.10a, the modeling of discharge is not much changed with Cyyr; compared to that of the
calibrated URBS-WTI. But the water balance is more different (Table 5.10b). Both surface runoff on

natural surface Q™ and groundwater drainage by sewer networks Q% %" are greatly increased, equaling
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to 10.7% and 54% of the total rainfall respectively. Groundwater table is much lowered with Astorage =
-32% of P. As a result of the groundwater table lowering, TR is notably reduced.

Apparently, the model needs to release a large quantity of water out of the modeling domain (catch-
ment) in order to correctly predict the observed groundwater levels. Without Cyry, this has not been
able to be realized. With Cyyry, the WTI flux have been strengthened, which has led to a general increase
in the model dynamics. Thanks to this increased model dynamics, the model has successfully released
the quantity of water, by Q™ and Q¥ *™, that was necessary for lowering the groundwater level in order
to approach the observations. This questions about the zero-flow boundary conditions for groundwater
flow that we have assigned to the catchment, especially for the downstream border (south-east): The
quantity of groundwater flowing out of the modeling domain is maybe not negligible, as we presumed.
The fact that we restrain the groundwater flow between the modeling domain and its outside leads to a
cumulation of groundwater at the south-eastern border of the catchment, reason for which groundwater
levels have always been overestimated. This statement can be confirmed by the curves of Pz7 that locates
at the vicinity of the south-eastern border. However, estimating the groundwater flow out of (or into) the
catchment is complicated due to insufficient available information. Rodriguez et al. (2013) have given an

estimation of 0.023 mm/day, which should be non-significant in front of vertical fluxes.

Table 5.10 — Modeling of flow rates (a) and water balance (b) with the coefficient of 500 on the WTI
flow.

(a) comparison criteria on continuous flow rates at the stormwater network’s outlet.

C’b ( % ) Cnas h R2

calibrated URBS -7.58 0.562 0.515
calibrated URBS-WTI -0.93 0.567 0.516
500x QW -4.45  0.538 0.495

(b) water balance

Qhou Qstr Qnat erain E TR Astorage P

URBS 16.7 103 0.1 279 5.7 319 6.8 100
URBS-WTI 16.7 10.3 04 309 59 313 4.1 100
500x Qvt 171 154 10.7 54 6.8 27.3 -32 100

Another error origin may be related to the leak of water main. The quantity of leak is estimated to
be 10% of total annual rainfall for the year 2010 Rodriguez et al. (2013). This process is not simulated
in the model. There may also be other unknown sources of groundwater recharge, such as irrigation of
gardens and parks, of which the information is not available.

This test confirms our hypothesis that the module performance of WTI can be improved by the
introduction of parameters. Although the results are delightful, the question of the physical signification

of Cwrr needs to be addressed. It is supposed that the spatial heterogeneity of soil properties has a link
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with this. The boundary condition for soil flow also needs to be further studied.

Summary and conclusion

In this chapter, the model URBS with the saturated WTI module integrated has been applied on the
experimental urban catchment of Pin Sec. The modeling was carried out continuously for the 5-year
period of 01/01,/2006-31/12/2010 at 5-min time step. The entire work contained three stages: (i) model
base-run, (ii) sensitivity analysis and model calibration; and (iii) model calibrated run. All analysis of
modeling outputs was based on comparative approaches, including comparison between simulation series
and observation series, comparison between new simulations and the referential one, and comparison
between URBS and URBS-WTI. For assuring the model stability after the implementation of the WTI
module, a variety of modeling outputs were examined including water balance, discharge and saturation
depth.

An accent has been put on the sensitivity study, work through which we have obtained detailed
information on the module (model) behaviour. Some results obtained in the present analysis confirmed
what have been found in earlier studies, others contradicted them. The disagreements can be linked,
among others, to studied areas, examined variables, and in a less extent, to data errors. The parameter
calibration has been mainly based on groundwater level simulation through a curve-fitting approach
between simulated series and observed series. The such calibrated parameter set is not the one which
permits the best simulation/observation fitting for every piezometer, but the one which allows an average
good fitting, giving the heterogeneity in the piezometric observation series and the current limited model
capability to deal with this heterogeneity.

If the models could reasonably well estimate the water balance and discharge rates, the groundwater
levels have been overestimated by all the simulations, whatever the tested parameter values. Besides, the
WTI module was incapable to show significant effect. We believe that these two phenomena are linked
and infer the supremacy of climate forcings on the simulated hydrological processes. This issue is worth
rigorous studies.

The last test of forcing the WTT flows provided some hopeful signs. If the physical meaning of the WTI
coeflicient deserves further reflections, it shows the possibility to improve the quality of the integrated
model URBS-WTIL.



Part IV

Application of URBS-WTI on the future

urban campus of Moulon
& Evaluation of impacts of urban

development on catchment hydrology

98



Chapter

Urban development project Paris-Saclay

and Moulon sub-project

Contents
6.1 Context . . . . . 99
6.2 The Saclay plateau - Historical development and today . . . . . ... ... ... ... 100
6.3 Urban campus project at Sud du Plateau . . . . . . . . ... ... .. ... ... ... 102
6.3.1  University program . . . . . . . . .. ... 102
6.3.2  Project stakes and strategies of the EPPS . . . . . .. ... ... .. ... .. 105
6.4 Landscape and Eco-territory . . . . . . . . . ... Lo 105
6.5 Other programs . . . . . . . . . .. e 108
6.6 Urban development of the Moulon area . . . . . .. . ... ... ... ......... 108
6.6.1  Natural conditions of the site . . . . . . . .. ... ... ... L. 108
6.6.2 Programsat Moulon . . . .. .. ... ... Lo oo 114
6.6.3 Stormwater management at Moulon . . . .. .. ... ... ... ... .. 117
Conclusion . . . . . . . . L e 121

6.1 Context

The future development of Paris metropolitan beyond its present political and physical limits is a national
priority. The project “Opération Campus”, launched by the French government in 2008, aims to raise the
competitive power of Paris’ university system. Home to 23 French universities and Grandes Ecoles, the

Saclay plateau is one of the twelve campus selected by the Opération Campus. In 2010, the Etablissement

99
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Public Paris-Saclay, EPPS, was founded by Law of Grand Paris', with the objective to build an inter-
national scientific and technological cluster on the Saclay plateau that can compete with other high-tech
business districts around the world, such as Silicon Valley or Cambridge, and enhance the attractiveness
and influence of universities in France.

An area of 7700 ha, including the entire Saclay plateau and its surrounding business areas, was defined
by the Decree N°2009-248 on 3rd March 2009 for the operation OIN? Paris-Saclay, led by the EPPS. In
order to involve regional development in the project, the action perimeter of the EPPS is enlarged to an
area of 17 km x 14 km. This broaden area covers the departments of Essonnes and Yvelines with 49
French communes grouped in 6 Communautés de communes, 657 000 inhabitants and 350 000 employees.

Within this vast area, the vocation of the EPPS is to led all actions in favor of economic, industrial,
educative and innovative development and create the scientific and technological cluster Paris-Saclay. The
project consists in the relocation of several Grandes Ecoles onto the plateau and the restructuring of the
University Paris-Sud 11, to form a unique University Paris-Saclay, which will be the largest university in
France and one of the most multidisciplinary universities in Europe.

In this chapter we give a succinct description of some key components of the project. Most of the

figures and maps shown below are produced by the EPPS, thus not referred to specifically.

6.2 The Saclay plateau - Historical development and today

Located approximately 20 km in the south-west of Paris (Figure 6.1), the Saclay plateau is a large territory
3.5 times of Paris Intramuros. It is a raised belvedere, with broad visual perspectives, and subjected to
high winds. Its edges have wooded steep slopes that shape the development of towns and rail lines
(commuter train RER B and C) in the low perimeter around the plateau.

Before the end of the 17th century, the plateau was a vast swampy area. When Louis XIV occupied
the Chateau of Versailles in 1670, his engineer Thomas Gobert constructed a series of hydraulic systems
to bring water to the fountains and parks. The result was a system of channels, viaducts, water towers
and reservoirs, many exist today, which drained the swamps and created a rich agriculture area.

In the 1950’s, the plateau itself began to develop firstly for defense industries (CNRS, CEA, ONERA),
and later universities and research institutions (the University Paris-Sud 11, HEC, Ecole Supérieure
d’Optique). In the 1970’s, Ecole polytechnique and Supélec settled on the plateau. The Moulon farm,
which houses currently genetics and plant breeding, was restored in 1978. At this time, institutions on
the plateau began to join together.

At the beginning of the 21th century, research centers of private companies settled on the campus. In
2000, Danone firstly chose to establish a R&D center in Palaiseau, joined in 2006 by Thales laboratories,
and in 2009 by Kraft Foods. Two thematic advanced research fields are present on the plateau with the

'Loi N° 2010-597 du 3 juin 2010
20IN: Opération d’Intérét National
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Figure 6.1 — Location of the Saclay plateau (red zone), in comparison with the limit of Paris (red
line).

creation of Digiteo and Triangle (de la physique) in 2006. Synchrotron Soleil was inaugurated the same

year. The neuroimaging center NeuroSpin was also launched in 2006.

Today, with some 350 000 employees, both public and private, the Saclay plateau focuses 13% of
national workforce in R&D, as being the second largest high-tech cluster in France, following Paris In-
tramuros. The University Paris-Sud 11, the largest university in France, has six of its schools located in
the valley and on the plateau. The existing Grandes Ecoles and research institutions are widely scattered
across the plateau and function as isolated “islands” without holistic planning. With the implantation of
a new campus, the intention of the project is to create a dense R&D cluster together backed up on a real
community, in order to “break through the traditional institutional boundaries and create new synergies”
(Mr. Pierre Veltz, CEO of the EPPS).

As a part of the Seine catchment which was formed during the Lutetian and later during the Pliocene
Epoch, the Saclay plateau is one of the most fertile territories in Ile-de-France. Intensive agricultural
exploitation dates back to the 17th century, with the accomplishment of Louis XIV’s hydraulic chan-
nel system, which turned the plateau to a drained area. At the beginning of the 20th century, while
other suburbans of Paris experienced intensive industrial transformation and urban expansion, the Saclay
plateau was kept out of the industrialization and conserved its agricultural identity. Today the plateau is

primarily used for wheat farming.
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Figure 6.2 — Perimeter of the OIN and the enlarged operation area of the EPPS.

6.3 Urban campus project at Sud du Plateau
6.3.1 University program
Within the operation zone of EPPS, two geographical entities have been identified:

e the southern edge of the plateau, between Ecole Polytechnique in the east and CEA in the west
(7 km), labeled “Sud du Plateau” (south of plateau)

e the urban chain Versailles — Satory — Saint-Quentin-en-Yvelines — La Miniere

The Sud du Plateau is home to the future Paris-Saclay University. In 2025, this campus will have
20 000 students and 15 000 researchers. The list of participants to the Paris-Saclay University is given
in Annexe E. In order to increase the reception capability and enhance the attractiveness of the campus,

the project focuses on a compact urban development composed of inter-connected core parts, termed:

e ZAC? of Ecole Polytechnique to the east (Palaiseau town) (Figure 6.3)

e ZAC of Moulon in the center (Figure 6.3)

3ZAC: Zone d’aménagement concerté, signifies a defined zone dedicated to urban development.
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e Orme area of CEA to the west

Existing facilities at the Moulon area include an education center for the police, Supélec and the
TUT school of the University Paris-Sud 11, with 1160 persons including 860 students. Ecole Centrale
Paris and Ecole Normale Supérieure de Cachan will be newly settled at the campus in a near future.
Existing facilities at the Polytechnique area include Ecole Polytechnique, ENSTA ParisTech, ONERA
and Ecole Supérieure d’Optique. Coming institutions include Agro ParisTech, ENSAE ParisTech and
Télécom ParisTech. These programs are illustrated in Figure 6.4. Together with the University Paris-Sud
11, these Grandes Ecoles and institutions will form the future Paris-Saclay University.

The zone of Sud du Plateau includes not only the two ZAC. Four other districts located at the
southern edge of the plateau (Corbeville area, CEA area and Camille Claudel area) are also considered in

the development planning of Sud du Plateau, but the programs are not presented in the present document.
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Figure 6.3 — Aerial view of the “Sud du Plateau”. (Sources: ESRI, DigitalGlobe, GeoEye, i-cubed,
USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community,
BD TopoPays® /IGNO-Paris-2007)
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Figure 6.4 — Schematic of the campus Paris-Saclay in 2025.
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6.3.2 Project stakes and strategies of the EPPS

The University Paris-Sud 11 and other existing institutions have historically come and settled on
the plateau (and in the valley area) one after another without any implementation of common
planning. Consequently each entity has only thought of its own needs and functions still today in
isolating with the exterior. The suggestion of the EPPS is to break this historical enclosing culture
by creating an open educational and economical aggregation. The new campus will be constructed

fur the purpose of:

e Proximity. Schools and departments are to be organized in such a way that real scientific

synergy can be created.
e Unity. The spatial scattering of institutions must be avoided.
e Collectivity. Contact and exchange are promoted and facilitated in the campus environment.
e Compactness and mixture.

Beyond the objective of setting up a world-class cluster, Paris-Saclay is also of economic, polit-
ical, environmental and societal importance. Cooperation between university and industry is to be
cemented to propel job creation. The campus design itself must inspire this dynamics and increase
economic productivity. The agricultural singularity and the natural feature of the territory must
not be scarified for urban development, but preserved. This is the reason why the EPPS and its
partners have adopted a principle of density and compactness for the construction of the future
campus. At least 2300 ha of farmland will be conserved on the plateau center. Innovative tech-
nology is to be explored making the campus an exemplar of eco-friendly urban development. In
addition to university installation, a large variety of facilities are projected ranging from student
and family housing, business hub, sportive compound, to public plaza. The aim is to construct a
real urban campus where work and life exist in good mixture.

Connecting the plateau and the valleys as well as other parts of Ile-de-France is also one of the
priorities of Paris-Saclay. With the underpinning of the enlarged regional railway network Grand
Paris (cf. Appendix E.2), the automatic express line 18 in particular, the public transport grid on

the plateau will be radically modified towards to greater capacity and improved convenience.

6.4 Landscape and Eco-territory

A group of designers have been selected for the planning of the new campus, represented by land-
scape architect Mr. Michel Desvigne, associated with three architects - urban designers XDGA
(Belgium), FAA (Germany) and AREP (France) and four thematic consultancies ALTO - SETP
(environment), TRITEL (transport), SOGREAH (hydraulic) and SETEC (infrastructure).
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One of the ambitions of Paris-Saclay is to contribute to urban ecology. Resting on the urban
mesh, the campus’ landscape develops an urban nature that is accordance with the need of con-
necting the different spaces. The palette of open spaces defined by the city mesh are the main
spaces for the mobility. In this term, the landscape of the campus constitutes a space of daily life
for the people on the plateau. By various development program of public spaces, the objective of
EPPS and its partners is to enforce the legibility of the campus structure in terms of landscape.

Another value of the landscape design is sustainable and resilient management for water, in a
dimension beyond flood risk. Rain water are to be soaked in where possible, flows are to be slowed
down, and storage facilities are designed for extreme events. The landscape of the campus, with
the meshed opened spaces, is an efficient indicator for natural dynamics in the city. The water
management strategies are detailed in Section 6.6.3.

Facing the multiple challenges in the cluster constructing and territorial development, the EPPS
and its partners plot their operation strategy around the building of a “park-campus” on the
plateau.

The park system stretches out from Moulon to Ecole Polytechnique, an area of about 500 ha
over ten kilometers, between the wooded edge and the agricultural landscape. The park serves as
links for the plateau and the valley, as well as for different sectors of the campus.

As an integrated part of the campus on the Sud du Plateau, the Moulon area aims at balancing
and harmonizing the campus and the plateau, in terms of geography, landscape, activity, transport,
and development. Backed on the park system, the urbanization of Moulon pursues creating a real
urban ecosystem with equilibriums among its inhabitants, environment and natural resources.

In 2012, EPPS launched a strategical deliberation to make the environment issue the core
element in the campus project. The reflection was conducted in cooperation with the CAPS* and
materialized in the form of Eco-territory. A workshop was organized between November 2012 and
April 2013 during which priority issues were investigated: energy, nature - agriculture - biodiversity,
material and waste, mobility. Below outlines the strategies defined for the thematics Energy, Water
and Waste.

Energy

Paris-Saclay is an opportunity to realize, in a local scale, the energy transition. Three clues are
identified:

e Energy sobriety. Global consumption of energy in future campus will be limited to meet the
HQE™ standard.

e A part of energy needed in the campus is expected to be produced locally, in favoring renew-

able energy and energy recycling.

1CAPS: Communauté d’Agglomération du Plateau de Saclay, is an agglomeration community composed by 11
communes on the Saclay plateau.



107 6.4. Landscape and Eco-territory

LA CHAINE DES LIEUX MAJEURS S'ASSOCIE AU SYSTEME DE PARCS

Figure 6.5 — Illustration of the park system with key places in the campus (Michel Devisgne
Paysagiste, 2013).

e Smart energy distribution systems by pioneer technology for a better production/consumption

balance. The scientific and technological communities on the plateau will be mobilized.

The EPPS works on the planning of innovative energy infrastructures which promote renewable
energy, both for electricity and heat supply. Solar panels are to be widely adopted in the campus.
A low-temperature heating system will be settled in order to value locally produced geothermal and
recycled heat. Buildings will also be equipped by a communication system to optimize consumption

and production.

Water management

Located at the junction of several catchments, the Saclay plateau is a complex territory in terms
of water management. From 2010 to 2012, a thorough study on the hydrological system of the
plateau was led by the EPPS, which has defined the strategy of integrated water management on

the plateau: storm, sewage, supplying and aquatic bodies.
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Material and waste

For any construction, the environmental and energy impacts in its whole life cycle of the material
utilized must be evaluated preliminarily. Waste recycling and reuse are encouraged. The waste
recycling will be structured, and a resource center for waste reuse will be built. The possibility of a
biological treatment plant by Anaerobic digestion is being studied. Detailed studies on transport,

collection, sorting, recycling and reuse are also in progress.

6.5 Other programs

Paris-Saclay is a large campus and urban development project which will have long-term impacts in
numerous sectors, including education, research, industry, business, society, agriculture, landscape,
environment, etc. The overall programs led by the EPPS include also transportation (creation of
new roads and restructuring of the transport grid, construction of future stations of Grand Paris
Express and of the TCSP lane®, creation of pedways and cycling pistes...), installation of public
and security equipments, reconciliation of large infrastructures: electricity, gas, heat, telecom...,
etc. These programs are as important as the campus installation and the water management,
and constitutes key elements for the success of the future urban campus. But giving a exhaustive
description of all the programs in the present document goes beyond the objective of the Ph.D

present dissertation. In the annexe, some other main programs of Paris-Saclay are described.

6.6 Urban development of the Moulon area

As an extension of the CEA, located on the edge of the plateau, the ZAC of Moulon covers the
current area of Moulon and Orme. It is one of the main fields to be developed on the Sud du
Plateau. With an area of about 300 ha, Moulon is today mainly occupied by the University Paris-
Sud 11 (the TUT school), Supélec, SOLEIL, which present one third of the total surface area. The

rest is cereal farming, most of which for experimental use.

6.6.1 Natural conditions of the site
Geography and topography

The Saclay plateau is one part of a larger plateau series belonging to the Région Naturelle de France
(Fénié and Benie, 2000) of Hurepoix, to the south-west of Paris. It is delimited in the north by the
Bievre River and in the south by the Yvette River (and its affluent La Mérantaise), each of both
rivers shaping a densely-urbanized valley. The Saclay plateau has an overall inclination from west

to east.

5TCSP: Transport en Commun en Site Propre, is a bus-only lane that will be settled on the plateau and go
through the campus
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The Moulon area is located on the southern edge and delimited by a small slope in the east,
the channel Rigole de Corbeville in the north and Saint-Aubin town in the west. The abrupt and
wooded hillside forms a transition between the plateau and the valley of Yvette. From the plateau
at an altitude of about 150 m NGF to the valley at about 60 m NGF, the hillside is constituted by
two parts: a first abrupt drop of 60 m at 15° inclination, and a second descent much more gentle
through a height of 40 - 50 m.

The slope on the plateau is very weak, generally smaller than 3%o. A great part of Moulon dips
slightly to the Rigole de Corbeville in the north. A fringe in the south-eastern part inclines towards

to the valley, as shown in Figure 6.6.

ALTITUDES
Equiditance sntre
wourbesd m

180m

158m
150 m
A

Figure 6.6 — Topographic map of Moulon.

Climatic condition

A great part of North and Center France is under oceanic climate progressively moderated by
continental conditions to the east. Located in the center of this region, Ile-de-France features warm
summer, cool winter, with a narrow annual range of temperature of about 15°C and high humidity
throughout the year.

Generally controlled by this climate, the Saclay plateau has a specific micro-climate linked to
its elevation. According to the records of two weather stations (Toussus-le-Noble and Trappes)
of Météo France on the plateau, annual average temperature varies between 6.5°C and 14.8°C,
lower than that of Paris which is between 8.5°C and 15.5°C. This difference is caused by the dense
urbanization in Paris as well as by the altitude of the Saclay plateau. For the period of 1971 -
2000, monthly average temperature in July is between 13°C and 24°C, and between 1°C and 6°C in
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January.

Annual rainfall in Paris region is about 650 mm, lower than the national average which is
850 mm. But precipitation is averagely distributed throughout the year, with 111 rainy days (>
1 mm) recorded during the period 1971 - 2000. The Saclay plateau is slightly more humid than
regional average, with 700 mm of rainfall and about 118 rainy days per year.

Dominant wind direction is north-east during summer and south-west the rest of the year. But
the strongest wind (> 20 km/h) in winter is from the north-east. The speed of wind on the plateau
is not very high, 12 km/h in winter and 8.3 km/h in summer. Annual probability of a gust more
than 100 km/h is 0.3 day/year.

A particular character of the Saclay plateau is the frequent fog. An average of 41 foggy days
were recorded for the period 1991 - 2001, concentrated in autumn and winter, while the regional
average is 20 - 30 days. The prevalent fog is narrowly linked with the impermeable soil of the

plateau and a layer of shallow ground water (cf. Section 6.6.1).

Hydrology

Paris and the Saclay plateau are both located within the Seine catchment. The Seine and its
tributaries drain an area of 78 910 km? of North France. They are monitored and governed by
the Agence de I’eau Seine-Normandie, a public institution of the Ministry of Ecology, Sustainable
Development and Energy. The Saclay plateau is located between the Bievre River and the Yvette
River, with a majority of its site draining into the Bievre River and a small portion drained into the
Yvette River. The Bievre River flows from Guyancourt up till to Seine in Paris where it is connected
to the stormwater network of the city. The Yvette River is a left tributary of the Orge, which is a
tributary of the Seine. It flows for 39.3 km and has a catchment of 286 km?. Annual average flow
speed is 1.34 m/s (measured at Villebon-sur-Yvette), but with high seasonal variations.

The Saclay plateau inherits a historical network of collectors for surface water, as shown in
Figure 6.7. As time goes on, it has obtained, in addition to its hydraulic function, a patrimonial,
natural and landscape value. Initially designed for supplying water for Chateau of Versailles, this

network is composed of:

e a network of channel collectors
e ponds for storage

e aqueducts for water convey to the castle

This hydraulic system had been being operational until the middle of 20th century before being
altered due to lack of maintenance and highway constructions. But the supply function for Chateau
of Versailles of the channels has been kept till today. A channel rehabilitation program is being
conducted by SYB®, with the purpose of restoring and improving their hydraulic function. The

SSYB: Syndicat Mixte de I'Yvette et de la Bievre
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Figure 6.7 — Hydrographic network of the Saclay plateau.

Moulon area is concerned mainly by the Rigole de Corbeville. The interruption at the highway
N118 will be reconnected.

In the Rigole de Corbeville, water flows from east to west, in taking resource near the Ecole
Polytechnique. Since the construction of N118, the eastern upstream section has been connected
to stormwater system of the road. The western downstream section goes alongside Moulon until
the storage pond of the CEA (nuclear institution). Overflow of the pond is directed to the Etang
vieux de Saclay by the aqueduct of Mineurs.

Current surface runoff of Moulon is organized as in Figure 6.8:

e The green part, about 200 ha, discharges into the Rigole de Corbeville. The Orme area in

purple discharges also ultimately into the channel.
e The yellow part discharges ultimately to the stormwater system of N118.

e The orange part is, via existing underground collectors, connected to the stormwater system
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of Orsay town.

The final destination of the water from the yellow and orange catchments is the Yvette River, the

rest of the catchment is drained into the Biévre River.

Figure 6.8 — Current catchments of the Moulon area.

Hydrogeology

The Saclay plateau is located in the central part of Paris Basin, the largest sedimentary basin of
Western Europe. The landscape of Paris Basin was shaped during the Quaternary Period by the last
glaciation. Superficial formations were also formed in this period by erosion. The Saclay plateau is
located at the border of two geological entities Brie Frangaise and Hurepoix, which constitute the
substratum of the plateau. Superficial geologic formations covering the Saclay plateau are identified
as (BRGM, 1999; Dumont et al., 2013):

e Limons (silt) des plateaux: thin clayey sandy sedimentary deposition formed during the

Quaternary (1.8 myr), ocher and reddish, at a thickness of 0.5 - 3 m, locally reaching 9 m.

e Sables (sand) de Lozeére: complex mixture of sand and clay, fluvial deposits formed in the
Mio - Pliocene (20 - 5.3 myr), in the form of quartz and feldspar observed only at the left

bank of the Seine, 2 - 5 m in thickness.
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e Argiles (clay) & meuliere de Beauce: ball clay of Miocene and Pliocene, grey or reddish, ferrug-
inous and dominated by kaolin montmorillonite, forming compact and cavernous gritstones,

1 - 6 m in thickness.

la-Bicle /

Figure 6.9 — Geologic map of Moulon.

These formations cover the entire Saclay plateau with a thickness between 1 and 18 m. Under the
Moulon area, this superficial layer is relatively thick, between 10 and 18 m. Below these superficial
formations is the layer Sables (sand) de Fontainebleau, composed by siliceous sands (97% to 99%
of quartz). This layer has a thickness of 44 - 73 m and contains a large aquifer. It is separated
from deeper aquifers by an impermeable layer of clay, varying between 2 - 18 m. For the sake of
clarity, we will keep using the original appellations (in French) of these geological formations.

In summary, the perimeter of the Saclay plateau defines an aquifer system, constituted of two

superposing reservoirs:
e Fontainebleau sands aquifer, beard in the Sables de Fontainebleau formation

e superficial aquifer, composed by the Limons des plateaux and the Sables de Lozére and based

by the Argiles & meuliére de Beauce

The Bievre River and the Yvette River break the Saclay plateau from other plateaus at the north
and south. The only communication is observed at the upstream of the Bievre, where the Sables
de Fontainebleau is in contact with the alluvium aquifer of the river. The Fontainebleau sands

aquifer lays throughout the Saclay plateau, flowing mainly from north-west to south-east, and
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discharges at the Yvette valley where the aquifer is exposed. The aquifer is recharged mainly by
its outcrop parts. It is also supposed to be recharged subordinately by infiltration through the
superficial layers, especially below the ponds (Cojean, 1975). But the recharge locations are till
nowadays unidentified, and the recharge quantity undefined (BRGM, 1999; Dumont et al., 2013).
The Fontainebleau sands aquifer is not supposed to be impacted by the development of Paris-Saclay,
thus beyond the scope of the present study.

The matrix constituted by superficial layers is not a real aquifer strictly speaking, but an
ensemble of water lenses with great spatial variations in extension and thickness, and of which
the hydraulic continuity is not clearly known (BRGM, 1999). The great geological heterogeneity
creates contrastive hydraulic conductivity of these water lenses in which water movement is mainly
vertical. Channels existing in the Sables de Lozere constitute preferential places for water stay and
flow paths. Due to the great heterogeneity, it is difficult to define the hydraulic conductivity of
this superficial aquifer (BRGM, 1999; Dumont et al., 2013). According to divers technical reports
(GEOTHER, 2014; SAGA, 2014b,a), locally measured permeability varies between 1x1077 m/s to
1x107° m/s.

This discontinued shallow aquifer is of high interest of our study because it is supposed to
be impacted by the campus development. A groundwater monitoring has been conducted by the
CEREMA since June 2012. This work is presented in Chapter 7, Section 7.1.2.

6.6.2 Programs at Moulon

As mentioned above, the main programs within the Moulon area include Ecole Centrale de Paris,
ENS Cachan, new installations for the University Paris-Sud 11 (departments biology, medicine,
chemistry, IDEEV, physics). The Learning center, a multimedia library and auditorium, will be
constructed which will serve as a documentation&information center with a variety of facilities
such as hotels, restaurants and conference halls. Other installations include office plazas, sport
compound, student housings, restaurants and shopping centers. Figure 6.10 shows the location of
the main installations.

In terms of building, the program in the Moulon area is fixed at 870 000 m?, with a floating
possibility of 10%. The program is composed of:

e 40.2% of university buildings, around 350 000 m?

23.0% of company buildings, around 200 000 m?

2.9% of public equipment, around 25 000 m?

2.9% of service and stores, around 25 000 m?

31.0% of housing, around 270 000 m?, with 160 000 m? for families and 80 000 m? for students



115 6.6. Urban development of the Moulon area

zone agi'

f Neurosc:ences f‘

B Opdrations achevées ou en cours . —
: "~ e .
! opmzimsa engager : e — s g PARIS-SACLAY

I Sl A GO e
et S it rConite 11 S o4 20 0150

Figure 6.10 — Construction programs in Moulon.

An indicative spatialization of the different programs is shown in Figure E.4 in the appendix.

Two campus poles are defined. The first one, labeled “Métropolitain”, is located in the east
surrounding the future station of Grand Paris Express. This pole is home to the department of
Pharmacy-Bio-Chemistry of the University Paris-Sud 11, the Learning Center, business installations
and residences. This area is also an important district for stormwater management. A hydraulic
system is to be installed which conveys water towards the Rigole de Corbeville.

The second one, labeled “Joliot-Curie”, is located in the west, surrounding a future stop of the
TCSP. Ecole Centrale de Paris will site here and coexist with existing Supélec and IDEEV’. A
mixture of housings and tertiary installations are also planned. Natural landscape dominates this
pole, which articulates the wooded plateau edge to the south and farmland to the north.

Relationships of people is a core element in the conception of the campus. Spaces among the
block of programs play a crucial part and need to be clearly identified and organized with hierarchy.
They are the places where people meet and share their campus life. The concept of public space

chain is translated, at Moulon, into three large emblematic places (Figure 6.11):

e A generous public square, oriented east - west, around the pole Métropolitain and along

"Institut Diversité Ecologie et Evolution du Vivant
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with the future TCSP lane, labeled “Deck”. Featured by its large size of 70 m x 80 m
and metropolitan landscape, it is designed for the future station of Grand Paris Express and

Learning Center.

e Around the pole of Joliot-Curie, with Supélec, Ecole Centrale de Paris and ENS Cachan,
a public space labeled “Carré des sciences”. Incorporated in the park system, this place is
featured by a green landscape: a rain garden in the north, a park in the middle, a gravel

square and a meadowland in the south.

e A large sport plain to the west of Joliot-Curie dedicated to sport and leisure activities.

0 WG MM 300 40 m
B e

T ;‘.Carré des
sciences

Figure 6.11 — Public space chain in the Moulon area.

The morphology of the future Moulon area is defined by its grid street plan, constituted of
vehicle roads as well as pedways, as shown in Figure 6.12. This network structures spatially the
campus and draws the future urban blocks, each of which provides a spatial unit for a specific
program. Each urban block measures approximately 150 m x 150 m, and may be divided into
subunits.

In a principle of mixture and compactness, the service and public equipments are to be con-

structed in proximity, e.g. at ground floors, extended by outdoor public spaces, in order to provide
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Figure 6.12 — Urban grid of the Moulon area.

an immediate and convenient service, which is believed the key for the success of the campus

project.

6.6.3 Stormwater management at Moulon
6.6.3.1 Principles of water management on the plateau defined by EGGE

The Saclay plateau is located on the intersection of several catchments: Bievre, Yvette and Mauldre.
Each of the catchments has its own governing structures and regulation. The zone is set of a
complex hydraulic system composed by channels and ponds. As a consequence, water management
of the territory of Paris-Saclay is technically and administratively complex. It is thus essential to
federate the territory with a common principle for water management. In this context, a specific
study Etude Globale de Gestion des Eaux (general feasibility analysis of stormwater management),
EGGE, was launched by region’s prefect and led by EPPS from 2010 to 2012 in cooperation
with water organizations. The study outlined current state of water management on the plateau,
identified challenges with the arriving of the campus, and formulated guidelines for water managing

at the territory scale.
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Stormwater

The policy defined by EGGE is to maintain the at-source management for stormwater on the plateau
in order to lower the risk of flooding in the densely-urbanized valleys. To meet this objective, a

three-scale management approach has been adopted (Section 6.6.3.2).

Wastewater

Wastewater originating on the plateau is today conveyed by municipal collectors (of Orsay, Gif-
sur-Yvette and Sain-Aubin) and treated in the WWTPs of Ile-de-France. According to the EGGE,
wastewater is to be treated on the plateau as far as technically possible and cost-effective. Besides
the benefits regarding to the downstream area, tackling wastewater on the plateau can also provide
an opportunity to exploit locally wastewater by innovative techniques (such as reuse or energy

recovery). The possibility of constructing a WWTP on the plateau or in the valley is being studied.

Water supply

Drinking water on the plateau is today supplied by water treatment plants of the Seine and managed
by local water syndicates®. The need on drinking water is going to rise as the campus develops. The
syndicates have already planned works aiming to strengthen the capacity of their supply network.
The strategy of water supply for future campus defined by EGGE is to create a network based
on existing supply lines. Fire water is provided by the water supply system. New constructions
are asked to limit and reduce their request on water. Landholders and constructors must take

appropriate measures to this purpose such as installing facilities for rain water reuse.

Natural and historical heritage

The surface water quality on the plateau is currently classified as fair or poor. The water bodies
generally suffer from hypertrophication. The problem becomes even severer if we takes into account
the fact that three large-scale ponds (Etang de Saint-Quentin-en-Yveline, Etang vieux, Etang neuf )
and numerous wetlands are existing on the territory, which have high biological and environmental
importances.

Improving the quality of these water bodies is one of the objectives of the EGGE. To achieve
this goal, natural water assimilation must be systematically considered in all new projects, and
quality measuring for rain water is required. Maintenance of public spaces have to be done without
any phytosanitary product.

The conservation and protection of natural, agricultural and forest zones on the Saclay plateau

is written in the Law of Grand Paris. EPPS is actively working on an action plan pursuing a

8In France, a water syndicate is a local water authority.
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ecologically friendly governing on the plateau and to incite environment-respecting agricultural

practices.

6.6.3.2 Three-scale stormwater management in the Moulon area

In terms of stormwater management, the Moulon area covers the responsible perimeters of STAVB?
(north) and STAHVY!? (south), two inter-communal water syndicates. Each of them has its own
rules on stormwater discharge based on different reference rainfall events.

A flood prevention plan was established in 2006 for the catchment of Yvette. Areas under flood
risk are located in the valley and the Moulon zone is not concerned directly. However, the plateau
has a major role in preventing flood risk in the valley areas because its discharge is ultimately
conveyed into the Yvette River. In addition, the soil of the plateau is not much permeable and the
hillside is abrupt, which intensifies surface flow during rainfall events.

In order to control efficiently discharge from the plateau, the EGGE gives recommendations
for storm anticipation and defines a strategy of three-scale management that adapts to different

rainfall events.
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Figure 6.13 — Principles of stormwater management at three scales.

As illustrated in Figure 6.13, discharge due to regular rainfall events is managed within parcels.
“Regular” corresponds to an indicative 20-year storm event with a 2-hour duration and 37 mm
cumulative height. This referential event was selected from a panel of recorded events at weather
stations of Météo France. For all event below this reference, landholders are requested to propose
water-retaining solutions to achieve the objective of zero flow out of the parcel, in favoring surface
detention facilities to underground basin. They are also encouraged to install purification systems

for rain water. For events that exceed the reference, the parcels are authorized to release excess

9STAVB: Syndicat Intercommunal pour 1’Assainissement de la Vallé de la Bigvre
0STAHVY: Syndicat Intercommunal pour I’Aménagement Hydraulique de la Vallée de 1'Yvette
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water to public management systems. In the center of Moulon where it is technically difficult to
separate the rain water collection between existing and new buildings, storage facilities will be
designed in taking into consideration of the discharge from existing roofs. For the areas which
are already urbanized and have their own systems for stormwater drainage, the area of Orme in
particular, the current drainage mode will be retained.

Public spaces of the campus are dedicated to manage events below an indicative “exceptional”
events: 50-year storm event with a 2-hour duration and 60 mm cumulative height. Storage basins,
wetlands and swales are existing or will be newly designed for storing water temporally during the
storm and releasing it later in a regulated way, to Rigole de Corbeville. Accidental pollution is
taken into account in the design of the drainage systems. Extreme events which exceed the 50-year
event are managed on the plateau scale, by plains and parks that are designed for flooding purpose.

In terms of regulation on discharge rate (to the channel or to municipal sewer systems), a
threshold value of 0.7 liter per second per hectare (1/s/ha) has been defined. This value is actually
executed by STAVB and is the most demanding regulation existing on the plateau.

For meeting and sustaining these objectives, the envisaged measures are:

e Favoring moderate (non-forced) infiltration. Permeable or semi-permeable materials should

be chosen for ground covers.

e LID facilities are to be installed: swales, storage structures under green spaces, streets and
parkings, specifically designed depressions that can be landscape amenity and have supple-

mentary functions to hydraulic ones (park, parking, sports equipment).
e Setting up natural purification solutions: settling, filtration, phytoremediation.
e Reducing flow concentrations by privileging diffused flow in order to diminish pollution.
e Encouraging rain water reuse.

The drainage system of stormwater in future Moulon area is thus composed of two types of

systems:
e classic underground pipes based mainly on the existing network

e A network of storage and infiltration swales in the direction north-south, connected to storage

basins or to the Rigole de Corbeville, as illustrated in Figure 6.14.

It is forbidden to use existing channels for storage purpose (according to the SYB). But the
edge zones of the Rigole de Corbeville could be used to create an expanding flood zone for the
extreme case of 100-year storm. This expanding zone is projected to have a size of 4 ha, with a

preserved perimeter of 9 ha.
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Nota : Ces ouvrages comespondent au stockage 50 ans + defta (50-20) ans issus des jlots.
Les valeurs numérigues se lisent de 1a fagon suivante:
langueur de Fouvrage 1 largeur {Haut de talus+aceotements)

Figure 6.14 — Planned facilities for 50-year stormwater management in Moulon. In red,
the existing underground pipelines; in blue, the projected stormwater network composed of
underground pipelines, swales and basins.

Conclusion

Paris-Saclay is a national-wide urban-campus project that has profound educational, economic
and social influences at regional scale as well as at national scale. As the home to the project, the
morphology and landscape of the Saclay plateau will be radically updated in the coming years. The
EPPS, as the leading actor in this project, is engaged in sustainable development of the plateau in
supervising the setting up of innovative technology and facilities for a eco-friendly campus.

Face the great challenge of flooding risk in the valley areas, a low-impact management system
for stormwater management is of central consideration of the EPPS and the water partners. A large
variety of LID facilities will be adopted in the campus in order to balance the hydrological impacts
of the urban development. It makes sens to draw an estimation of these possible impacts before
suitable planning could be made. On the other hand, the hydrogeological condition of the subsurface
does not favor surface infiltration. Therefore, the efficiency of the devices needs to be preliminarily
evaluated. The next two chapters address these two issues: what is the current hydrological regime
of the site and how it will be affected by the land use change and the stormwater management
devices. The study focuses on the Moulon area, one of the two main ZAC to be developed in the

coming years.
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Introduction

As one of the core components of the future campus Paris-Saclay, Moulon is going to host dense
development programs during the coming fifteen years. These programs will have inevitable impacts

on local hydrology:

e Morphology and land use change. While some zones will be sealed for installations and traffic

roads, others will be transformed to gardens or rain-storage terrains.

e Underground cellars are programmed for some installations, interacting with the superficial

aquifer.

e Stormwater sewer network, as well as wastewater sewer network, is going to be radically
changed. A part of existing underground pipes are to be removed, while a system of swales
will be set up. Discharge out of Moulon will be regulated to meet the discharge threshold
defined by the EGGE study (0.7 1/s/ha).

e Other LID infrastructures will also be constructed, impacting both quantitatively and quali-

tatively storm runoff.

The overall effect of the urban development and LID devices need to be preliminarily evaluated
to help urban planners (EPPS and partners) in their decisions. Our modeling tool URBS-WTI,
which is capable of modeling the water cycle in an integrated way in considering both surface flow
and groundwater flow, offers a possibility to achieve this purpose.

In order to evaluate the impacts, it is necessary to know the hydrology of the area under its pre-
development conditions. This is why a modeling study has been taken out for the pre-development
(current) state of Moulon. This study is presented in this chapter. Section 7.1 and 7.2 outline
the hydro-climatic and geographical datasets, and the geodata pre-processing for Moulon. As a
newly created area for urban development, geodata of Moulon was cluttered and incomplete. The
geodata pre-processing is not only necessary for the present work but also beneficial to future
studies. Section 7.3 states the modeling framework. The physical parameters are difficult to

estimate due to limited understanding on hydrology of the study area. A model base-run has been
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done with a raw parameter estimation. The results of the Moulon base-run are given in Section 7.4,
followed by a sensitivity analysis and calibration based on the same procedure as for the Pin Sec
catchment (Chapter 3). The originality of the sensitivity analysis is the fact that only piezometric
levels were available in this catchment for evaluating the relevance of the simulation. The results
of calibrated run are shown in Section 7.6, followed by a discussion (Section 7.6.4). These results,
although not totally validated due to few observation data, serve as a reference for evaluating the

impacts of urbanization in Chapter 8.

7.1 Hydro-climatic and geodata

7.1.1 Rainfall and potential evapotranspiration

Measured rainfall intensity and potential evapotranspiration (PET) rates for the period of 2011-
2013 are provided by the weather station of Météo France in the town Trappes. The rainfall
intensity is at 6-min time step. PET is at daily time step and estimated by Penman-Monteith
method (Choisnel, 1988).

Figure 7.1 plots the monthly rainfall and PET for the three-year period. Cumulative rainfall
of the hydrological year 2011-2012 and 2012-2013 (Oct. - Sep.) is respectively 605 mm, lower
than average (650 mm) and 710 mm, higher than the average. Abundant precipitation has been
recorded during autumn-winter of 2012-2013, with 108.9 mm recorded in October 2012, the most
rainy month of the entire period, and 95.0 mm in December 2012, which makes the winter 2013
relatively wet. At the same time, the lowest monthly PET (8.4 mm) has been recorded in January
2013.

7.1.2 Groundwater monitoring and piezometric data

In partnership with EPPS, the public research institution CEREMA - Direction territoriale Tle-
de-France (CEREMA hereinafter)! carried out a hydrogeological study in the Moulon area since
2012 (Dumont et al., 2013). This study was part of the research project Mystic funded by the
region of Ile-de-France, and aimed at constructing a hydrogeological model for Moulon and to
enhance knowledge of the superficial aquifer. A literature review was put through in the first phase
of the study. The second phase consisted of a geological investigation by borehole drilling and
groundwater monitoring. Ten survey points has been defined for the borehole drilling (PzA - PzJ,
Figure 7.2). Auger drilling was conducted continuously with portable trailer mounted rigs of 150
mm in diameter. The soil samples were than studied for precise descriptions for the superficial
layers (cf. Chapter 6, Section 6.6.1). More detailed survey results are given in Appendix D.
During the borehole drilling (March - June 2012), water has been found in seven of the ten

boreholes, in which were installed standpipe piezometers. The piezometer are of PVC type and 50

"http://www.cerema.fr/
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Figure 7.1 — Monthly rainfall amount (in blue) and potential evapotranspiration (in red) rate
of 01/01/2011-31/12/2013 recorded by the weather station of Météo France (in Trappes).

mm in diameter, sealed by bentonite grout to prevent surface water infiltration. Characteristics
of the installations are listed in Table 7.1. Groundwater monitoring started in June 2012, with
water pressure and temperature records. The sensors were provided by two manufacturers and

have similar functioning:

Table 7.1 — Description of the piezometers installed in Moulon by CEREMA.

piezometer PzA PzB PzC PzD PzE PzG Pzl
borehole depth (m) -10.3 -90 -86 -6.0 -74 -10.5 -9.0
perforation upper (m) -4.3 -3.0 -2.6 -00 -14 -20 -1.7

e PzA, PzB and Pzl are equipped with “Mini-Diver” sensor of Schlumberger Water Services?.

These sensors offer a pressure precision of 0.5 cmH50O and a temperature precision of £0.1°C.

e PzC, PzD, PzE and PzG are equipped with “Levelogger Edge” sensor of Solinst3. These

sensors offer a pressure precision of 0.5 cmH2O and a temperature precision of £0.05°C.

Manual measurement was conducted during every maintenance of the instrument, and little dif-

ference has been found between the piezometric records and the manual measurement (< +£0.02 m).

*http://www.slb.com/services/additional /water.aspx
3http://www.solinst.com/
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Figure 7.2 — Location of geological survey points and piezometers at Moulon area lead by
CEREMA.

Existing piezometers installed earlier in the area (not monitored by CEREMA) were also measured
at intervals for being compared with the continuous records.
The piezometric records of the period 06/06/2012 - 17/12/2013 are shown in Figure 7.3. We

can identify three categories of curve patterns:

e PzA, PzB, PzC, PzD and Pzl show a “typical” pattern: high level during winter and low

level during summer, in a range of -3 m to -0.5 m.

e PzE starts with a low level (-4 m) and keeps decreasing up to December 2012, then jumps
to -2 m (but still lower than the average). After a stagnant period of about one month, it
joins the other piezometers during Spring 2013. From July 2013, the level begins to decrease

rapidly and finally meets the initial low level at -4 m.

e PzG has a complete “atypical” pattern. The abrupt limbs observed in this curve can not
be a priori explained by climate forcings, and suggests there may be anthropogenic activities

impacting the aquifer, such as pumping. But further information is not available.
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7.1. Hydro-climatic and geodata
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Figure 7.3 — Variation of groundwater level observed in the piezometers of Moulon for the

period 06/06/2012 - 17/12/2013.

7.1.3 Geodata

Geospatial data of the Moulon area that are available for the present study include (Figure 7.4):

e vector maps of:

parcels (polygons), provided by DGFIP*

— existing installations (buildings) (polygons), provided by DGFIP

streets (lines), provided by IGN®

vegetation covers (polygons), provided by IGN

e master plan of the site (land uses, installations, etc.) in the form of CAD file (.dwg), made

by AutoCAD®

e an elevation file at 10m resolution, provided by IGN

e aerial photographs taken in 2012 at 5m resolution, provided by EPPS

ADGFIP: Direction Générale des Finances Publiques de France
’IGN: Institut national de I'information géographique et forestiere de France



Chapter 7. Modeling for current Moulon 128

= parcel
[ building

~ — street line

I vegetation

Figure 7.4 — Initial GIS datasets for the Moulon area

7.2 Geodata pre-processing

Departure from the datasets listed above, a pre-processing was conducted in order to prepare three
geodata input files needed by our model: (1) UHESs, (2) Interfaces and (3) Flow routing map. This
work was fulfilled by Zhou (2013) during his master’s thesis supervised by both E. Berthier (of
CEREMA) and me.

Topological and value errors were examined and corrected throughout the pre-processing. The
work method and technique used are similar with that employed for the Pin Sec catchment (Chap-
ter 4).

7.2.1 Parcels and buildings

The datasets of parcels and buildings are organized by towns. The Moulon area covers one part of
each of three towns: Saint-Aubin, Gif-sur-Yvette and Orsay. The fragmented polygons are unified
with the Union tool of QGIS.
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7.2.2 Streets

The dataset of street lines has a satisfactory quality. Still some corrections and completing have
been made based on the aerial photographs. The street polygons needed for constructing UHESs
were constructed during this work. The technique consists in making a geometry difference between
the whole Moulon area and the polygons of parcels, in such a way that no gap lefts between parcels
and the generated street surfaces (Figure 7.5). With this procedure, we consider that the street

covers the whole ”public” area not included in the parcels.

Figure 7.5 — Rendering of street surface construction (Zhou, 2013).

7.2.3 UHESs and Interfaces

The objects (polygons) of UHEs and Interfaces are constructed with the technique presented in
Chapter 4, Sections 4.4 and 4.5. The processing is fulfilled with the SQL shell OrbisGIS. The entire
SQL scripts are given in Appendix A.5. 379 UHEs are finally obtained, with 1092 Interfaces, as
illustrated in Figure 7.6.
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Figure 7.6 — UHEs and Interfaces of current Moulon obtained by geodata pre-processing.

7.2.4 Definition of geometrical parameter values

Geometrical parameters of UHEs, Interfaces and flow routing segments are in Table 2.1, 4.1 and
2.2 respectively. Some parameters are existing in the datasets of parcels, buildings and street lines,
such as surface areas or street segment lengths. Others need to be calculated, such as coordinates
and elevation of feature points, area of tree-cover, etc. This work is fulfilled with SQL shell of
OrbisGIS, coupling with tools provided by QGIS and GRASS. The detailed SQL script is given in
Appendix A.6.

7.2.5 Land use of current Moulon assessed by geodata pre-processing

Table 7.2 shows the surface areas of the land cover assessed by the geodata pre-processing. The
total area A%’ of 338 hectares is composed by 291 hectares of natural land surface A" and 47
hectares of impervious land surface AP which is divided into 20 hectares of buildings A% and
27 hectares of streets A", This land use type includes the impervious surfaces within the parcels,
which have been estimated, for each parcel, based on the aerial photographies. The impervious

surface ratio is 0.14. Tree-cover on natural lands (A7) is 80 hectares, about 27%, and 2 hectares
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tot )

on streets (A7), Tree-cover represents overall 24% of the total catchment of Moulon (A%,

tree

The hydraulic conductivities and storage capacities of the land covers are derived from previous
studies (Rodriguez et al., 2008), except the hydraulic conductivity of natural surface K" which
is estimated based on the hydrogeological study (Dumont et al., 2013) and on the literature (Sec-
tion 7.3). Noted that a storage capacity of 0.5 mm for a roof corresponds to a slopping roof or to
a flat roof having quick downspouts drainage (Azzout et al., 1994). The connection coefficients of
the land uses to sewer networks are supposed to be the same as in Pin Sec (Chapter 5), as precise

information is not available.
Table 7.2 — Land cover of Moulon at its pre-development conditions assessed by geodata

pre-processing, and parameters of the different land use in URBS — hydraulic conductivity at
saturation K™ storage capacity (S) and coefficient of connection to sewer networks.

symbol area (ha) signification K" (m/s) S (mm) connection coef.
Anat 291 natural surface area 1x10°6 5 0.2
Ahou 20 roof surface area 0 0.5 1
Astr 27 street surface area 7.5x10°8 3.5 1
Aimp 47 total impervious surface - -

area
Anat. 80 tree cover on natural - -

surface
Almp 2 tree cover on streets - -
Alot 82 total area of tree cover - -
Atot 338 total surface area of the - -

catchment

7.2.6 Construction of flow routing map

Flow routing network of URBS is composed of buried stormwater drainage network and streets
(cf. Chapter 2). The construction of flow routing map consists in aggregating these two layers
by establishing the connections between the segments (street to street, street to sewer, sewer to
sewer), as explained in Chapter 2, Section 2.3. However, GIS layer of the stormwater networks is
not available for the Moulon area. Data of the storm- and wastewater sewer networks is included in
two types of files: (i) maps of drainage networks provided by the municipalities, in .pdf format; (ii)
geotechnical survey reports by engineering consultancies missioned by EPPS; in .dwg (AutoCAD)
format, as illustrated in Figure 7.7.

The flow routing map is thus constructed based on these two data sources. This work is
composed of two main parts: (i) convert the objects in the .dwg files into GIS format (shape file);
(ii) build geographical parameters for the drainage segments. The softwares (both AutoCAD and

GIS softwares we use) have poor capabilities for layer conversion (from .dwg to .shp). Consequently,
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the objects conversion is realized by a succession of steps in combining the functions of all the
softwares. This work will not be detailed here.

A second difficulty is always related to the data quality: missing information and conflicting
feature values are recurrent in the datasets, as illustrated in Figure 7.7. No process has thus been
able to be deployed for automatically assigning geometrical parameter values. The work is done
manually (segment by segment). The obtained layer of drainage network is shown in Figure 7.8.

The layers of streets and stormwater network are then merged to form the flow routing network.
Connections of street segments to sewer segments are established according to the approach pro-
posed by Rodriguez et al. (2003): if a sewer segment exists at a street intersection, the downstream
of a street is a sewer segment, otherwise it is another street.

According to the current hydrological functioning of the area (cf. Chapter 6, Section 6.6.1), the

stormwater outlets of Moulon are resumed by four points (Figure 7.8):
e outletl is the channel Rigole de Corbeville
e outlet2 and outlet3 correspond to the connections to downstream municipal sewer networks

e outlet4 is the connection to the stormwater system of the road N118

7.3 Modeling framework

7.3.1 Simulation period

There is no flow rate measurement for the Moulon area. Piezometric measurement is the only
observation data with which we can compare the simulation results. The piezometric data covers the
period of 06/06/2012 - 17/12/2013. The modeling is undertaken through the period of 01/01/2011
- 31/12/2013, period for which data of rainfall and potential evapotranspiration is available.

7.3.2 Boundary and initial conditions

Flow rates of the shallow groundwater is not clearly known (Chapter 6, Section 6.6.1), but the
hydrogeological study driven by CEREMA (Section 7.1.2) shows that underground inflow and
outflow of Moulon should not be significant. During the present study, a zero-flow boundary
condition is defined at the lateral of the soil. No boundary condition is assigned on the bottom.
There is not information on the shallow groundwater level at the beginning of the modeling
period (01/01/2011), as there was not groundwater monitoring before the piezometers of CEREMA
were installed on the area. The average saturation depth on 01/01/2013 of the piezometers was

-1.2 m. This value is applied as a uniform initial condition for saturation depth z0.
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Figure 7.7 — Illustration of initial data of stormwater drainage network.
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- — stormwater sewage network
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== Rigole de Corbeville

Figure 7.8 — Flow routing network of current Moulon constructed by geodata pre-processing.

7.3.3 Groundwater drainage by sewer networks

In the model, the groundwater infiltration flux of an UHE to its contiguous storm- and wastewater
network segments are calculated with Equation 2.12. As explained in Chapter 2, Section 2.5, only
the stormwater sewer networks are included in the model input, not the wastewater sewer networks.
The fraction of groundwater drainage between the two networks are estimated approximately by
their linear ratio. This ratio has been estimated as 1:2 for the Pin Sec catchment (Chapter 5).
For the Moulon catchment, we do not have exploitable information on the linear ratio between the
storm- and wastewater sewer networks. We remain to use the same ratio (1:2) as for the Pin Sec

catchment.

7.3.4 Physical parameters

Due to the geological heterogeneity of the subsurface, it is very difficult to define the hydraulic
conductivity of the superficial aquifer (Dumont et al., 2013). The fluctuations of this aquifer
seems to be strongly controlled by rainfall. An area with dry subsoil at the end of summer can

become completely saturated in winter. The agricultural drainage system over the northern part
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is connected to Rigole de Corbeville and complicates the hydrogeological situation.

The permeability of the superficial soil layers estimated by historical pumping tests is between
6 x 107° and 7 x 1075 m/s (BRGM, 1999). In the present study, the initial hydraulic conductivity
at saturation Kj is defined at 1 x 1075 m/s.

The value of the scaling parameter M has been calibrated at the Pin Sec catchment to 2. This
parameter characterizes how K is reduced by the soil compacting in depth. Assigned on Moulon,
M is a simplified parameterization of the soil condition which is composed of multiple layers. It is
thus difficult to estimate the value of M, and M = 2 has been kept. A sensitivity study (Section 7.5)

will allow to calibrate its value for this catchment.

The groundwater drainage coefficient A has been calibrated to 30 during the study at the Pin
Sec catchment. But a high A value signifies a high leak rate by the sewer networks. Not having
information about the conditions of the sewer networks at Moulon, we selected A\ = 4.

The physical parameters and initial saturation depth discussed above are summarized in Ta-
ble 7.3. The other physical parameters are derived of previous model development (Morena, 2004;
Rodriguez et al., 2008). With such estimated parameters, a first modeling is carried out on Moulon,

labeled as “Moulon base-run”, which is the reference for the sensitivity analysis later.

Table 7.3 — Values of physical parameters applied for the Moulon base-run.

signification unit initial Value variation range
K hydraulic conductivity at satura- m/s 1 x 1076 [1x 10781 x 1077]
tion
M  scaling parameter of the hy- - 2 [0.1, 25]
draulic conductivity
A groundwater drainage coeflicient - 4 [0, 100]
20 initial saturation depth of the m 1.2 [0.2, 3]
catchment

7.3.5 Modeling results evaluation

Three categories of modeling outputs are examined for evaluating the Moulon base-run:

e Water balance

e Discharge at the outlets of the catchment

e Saturation depth
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7.4 Results of Moulon base-run

Water balance

Table 7.4 shows the water balance simulated by the Moulon base-run. A total rainfall of 1962
mm has been recorded during the entire simulation period. 2% is intercepted by tree covers and
98% is non-intercepted rainfall P. The low interception rate is correlated with the low level of tree
coverage on this catchment (8% over street surfaces and 27% over natural soil). Evapotranspiration
(E 4+ TR) accounts for more than 70% of P. Runoff generated on impervious surfaces (Q"* +
Q%' equals to 8.2% of P. Considering the weak impervious surface ratio (0.14), this result is not
surprising. However, natural surface produces a relatively high quantity of runoff Q"%, equaling
to 11.0% of P. At the same time, groundwater drainage by sewer networks Q%™ represents only
1.2% of P. The high contribution of natural surface and low contribution of groundwater drainage
are similar to what was found in the base-run on Pin Sec (Chapter 5, Section 5.5). Apart from the
fact that the natural surface ratio is high on Moulon (86% of total surface area), the parameter
values, such as the groundwater drainage A, should be partially the reason and should be reviewed.

The overall recharge to groundwater is positive (Astorage) and equivalent to 4.7% of P.

Table 7.4 — Simulated water balance of current Moulon by the base-run of URBS-WTI. All
the flow and storage components are expressed in percentage of total rainfall.

Qhou Qstr Qnat erain E TR Astorage P
5.0 3.2 11.0 1.2 11.9 63.3 4.7 100

Discharge at catchment outlets

The discharge volumes at the outlets simulated by Moulon base-run are shown in Table 7.5. A
total volume of 1,353 103m? (Q?) is discharged from the catchment during the simulation period,
equivalent to 400 mm in water depth. 41.2%, about 557 10>m? (165 mm) is discharged to the Rigole
de Corbeville (Q°U*!). 28.5%, about 386 103m? (114 mm) is discharged to downstream municipal
sewer networks (Q°“2T°u3)  Another 30.3%, about 410 103m3 (121 mm) is released to the road

ditch of N118 (Q°u#3).

Table 7.5 — Simulated discharge of current Moulon by Moulon base-run — volumes (103m?),
fraction (%) and equivalent water depth (mm).

Qoutl Qout2+out3 Qout4 Qtot

volume 557(41.2%) 386(28.5%) 410(30.3%) 1353
height (mm) 165 114 121 400
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Saturation depth

Comparisons between observed and simulated saturation depths at the seven piezometers are shown
in Figure 7.9. The simulated saturation depth at each piezometer has been calculated by the average
of the simulated saturation depths of the UHESs near (< 50 m) the piezometer. And the comparison
criteria are in Table 7.6. The groundwater levels are overestimated for all the piezometers, the same
as the base-run on Pin Sec (Chapter 5). For several piezometers (PzA, PzB, PzC and PzD), the
simulated soil is totally saturated during spring 2013. The overestimation leads to poor values of
Chnash-

For the piezometers PzA, PzC and PzD, which have “typical” patterns with high level in winter
and low level in summer, the simulated curves are comparable with the observed ones, with good
R?. For the other piezometers, it is expected that the model can not reproduce their “atypical”

patterns.

Table 7.6 — Comparison criteria (Cyqs, and R?) for groundwater levels by Moulon base-run.
The criteria are computed for 06/06/2012-17/12/2013, period for which piezometric data is
available.

Criteria PzA PzB PzC PzD PzE PzG PzI
R? 0.748 0.428 0.825 0.840 0.762 0.510 0.163
Chrash 2.7 -3.4 -3.8 -2.6 -2.3 -1.9 -2.3
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Figure 7.9 — Time series of simulated groundwater level at the seven piezometers by Moulon

base-run, compared with measured series.
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7.5 Sensitivity analysis and manual parameter calibration based

on groundwater level simulation

The results of Moulon base-run suggest that we might face to a similar case as for the Pin Sec
catchment (cf. Chapter 5): overestimation of the groundwater levels caused by weak dynamics of
the flows, especially infiltration flow of groundwater to sewer networks. In the case of Pin Sec,
raising the value of the parameters M and A has been able to solve to some extent this problem.
Nevertheless, given the fact that the multi-layer subsurface at Moulon is not analogous to that of
Pin Sec, it is not rigorous to assign the same methodology as for on Pin Sec. In this section, a
sensitivity study is conducted, with a manual parameter calibration based on groundwater level
simulation.

The same parameters as for Pin Sec are chosen to be tested (Table 7.3): (i) hydraulic con-
ductivity at saturation K (ii) scaling parameter M and (iii) groundwater drainage coefficient .
The initial condition of saturation depth z¥ was also selected given that the groundwater levels are
overestimated by the base-run.

The sensitivity analysis is undertaken with one-parameter-at-time method, i.e. a new simulation
for every change of each parameter. As groundwater level is the only observation data series we have,
the sensitivity analysis is based on the modeling results of groundwater level. The modeling quality
is evaluated with the comparison criteria C,4,, and R?, calculated on the simulation/observation
of groundwater levels, accompanied by visual examination of the curves when necessary. Due
to the fact that the recorded groundwater level series are highly heterogeneous, investigating the
piezometers one by one can be confusing and not lead to tangible conclusions. We have chosen to
study the sensitivity from a general view on the piezometers: the criteria are calculated for each

piezometer, and we examine the average of the criteria values.

Initial saturation depth

As the Moulon base-run overestimated the groundwater level, which questioned the initial condition
on saturation depth 20, this initial condition is firstly examined. As shown in Figure 7.10a, the
criteria Cpqqp, and R? display reverse trends: while C),,4p, increases with deeper initial zg, expressing
better fitting of simulated levels with to observed ones and corrected overestimation to some extent,
R? decreases, signifying that the level dynamics has been damaged. The model sensitivity to 20 is

notable, announced by the relative large variation range of Cqs, and R2.

Hydraulic conductivity at saturation

As shown in Figure 7.10b, Cpqe, and R? show non-monotone patterns for K. Especially Chash,
which can be improved both by stronger and weaker values of K, with a “worst” value at 5x1077

m/s. Noted that the plot criteria is the average of the piezometers and that the piezometers can
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have different sensitivity to a same parameter, this non-monotone trend is not so surprising, which
confirms furthermore the heterogeneity existed in the observed series. Small values of K reduce
the dynamics of groundwater level, expressed by R?. For values beyond 5x107 m/s, R? tends to

be stable. As for 22, the model is significantly sensible to K.

Scaling parameter

The model is not very sensitive to the scaling parameter M of hydraulic conductivity for values
larger than 1, as illustrated in Figure 7.10c. But below this value the modeling quality can be

dramatically damaged. C,4sp trends slightly to be improved by large values of M.

Groundwater drainage coefficient

The criterion Cpqsp is sensitively variable with A, with a variation range of -6 to -1. But it is not
the case for R?, as shown in Figure 7.10d. Stronger values of A can improve the modeling quality

of groundwater level for values between 0 and around 50. Beyond 50 the improvement is limited.
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Figure 7.10 — Sensitivity to physical parameters of groundwater modeling at Moulon.
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Selection of “best” parameter values

The model sensitivity in terms of groundwater level modeling measured by the criteria Cqs, and
R? presented above provides useful information on the model behaviour. However, how to define
the “best” set of values for the tested parameters is a more complicated task that can not be based
uniquely on the sensitivity analysis. First, the criteria values examined above are average values
of the seven piezometers, which do not necessarily have a trend of evolution with a parameter.
Second, for three parameters in four, Cyqs, and R? exhibit totally a reverse trend, i.e. while some
parameter values permit a better fitting between the simulated and observed groundwater levels
(correcting the initial overestimation among others), they deteriorate also the model capacity to
well reproduce the dynamics observed in the groundwater level variation. Third, we must take in
consideration of the physical meaning for the parameters in such a physically-based model.

Strong hydraulic conductivity K lead better values both for C,qs, and R2. Meanwhile, a too
large K, e.g. 1x107° m/s, is not consistent with the results given in geological survey reports.
We selected ultimately 2.5x10¢ m/s for K. Same as for K, large scaling parameter M seems to
improve the modeling quality, at least seen from the C,,sp curve. But a too large M is conflict
with the conception for soil in the model, i.e. hydraulic conductivity decrease in depth due to soil
compacting. Furthermore, the trends of the criteria are not significant for M > 2. We chose M = 3.
Strong values for the groundwater drainage coefficient A can notably improve C,qq, (even if it is
always negative) without too much impacting R?. But a too large \, 100 for example, suggests
that the sewer networks have a very high level of leaking, which seems to be unrealistic, even we
do not have further information on the real condition of the sewer networks. We selected 35 for
A. The selection of the initial saturation depth 20 has proved to be troublesome. Deeper z¥ can
reduce the bias error of simulated groundwater level with observed one, but the expense is highly
reduced dynamics, e.g. for z = 3 m, we have obtained totally flat groundwater level curves (not
shown here), although the overestimation has been corrected. Ultimately we chose a small value
for 20, 0.5 m, aiming to keep the dynamics in the simulated groundwater level.

The calibrated parameter values are listed in Table 7.7. With such selected values for the

parameters, a calibrated modeling has been carried out. The results are shown in the next section.

Table 7.7 — Calibrated parameter values for the Moulon catchment.

Parameter Unit Initial value Calibrated value

K, m/s 1x107° 2.5 x 1076
M - 2 3
A - 4 35
20 m 1.2 0.5
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Figure 7.11 — Evolution of R? of the seven piezometers with the parameters.
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7.6 Final modeling with calibrated parameters

7.6.1 Saturation depth

Figure 7.12 plots the simulated series of saturation depths at the piezometers by the calibrated
modeling, against the observed series. Table 7.8 gives the values of comparison criteria C,,qs, and
R2.

For PzA, PzC and PzD, the simulation quality of groundwater levels is largely improved. The
levels as well as their temporal variations are close to the observations, especially for PzC and PzD.
Only the lowest levels in September have not been reproduced and overestimated about 0.5 m. For
PzB, the temporal variation is relatively well reproduced, but not the abrupt fluctuations in the
observed curve. The fluctuations are a priori generated by other factors than climate forcings, such
as agriculture drainage, but the model does not represent these processes. For PzE, PzG and Pzl
which have “atypical” observation patterns, the agreement between simulation and observation

remains poor.

Table 7.8 — Comparison criteria (Chqsp, and R2) for groundwater levels by Moulon calibrated
run. The criteria are computed for 06/06/2012-17/12/2013, period for which groundwater
observation data is available.

Criteria PzA PzB PzC PzD PzE PzG Pzl
R? base-run 0.748 0.379 0.845 0.849 0.654 0.546 0.714
R? calibrated 0.689 0.443 0.899 0.886 0.389 0.503 0.684
Chash base-run 27 34 -38 -26 -23 -19 -23
Chash calibrated 0.57 -0.36 080 083 -0.16 -1.16 0.40
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Figure 7.12 — Time series of simulated groundwater level of current Moulon at the seven
piezometers by model calibrated run, compared with measured series.
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7.6.2 Water balance

We examined then the catchment-wide water balance and discharge volumes assessed by the model
calibrated run. Table 7.9 shows the simulated water balance, with flow and storage components
expressed as percentage of the total rainfall.

Total rainfall P during the three-year simulation is 1962 mm. Evapotranspiration (F + T'R)
remains high and equals to to 69.1% of the total rainfall (75.2% by base-run), composed of 7.0%
of evaporation and 62.1% of transpiration. E is reduced compared to the Moulon base-run (7.0%
vs. 11.9%), implying that storage on the surface is reduced and that the soil saturation occurs less
often than the base-run.

Table 7.9 — Estimated water balance of current Moulon by the calibrated run of URBS-WTI,
compared with the water balance assessed by the model base-run.

Qhou Qstr Qnat erain E TR Astorage P
base-run 5.0 3.2 11.0 1.2 11.9 63.3 4.7 100
calibrated 5.0 2.6 2.2 30.3 7.0 62.1 -9.4 100

Surface runoff (Q"* 4 Q" + Q") is reduced to 9.9% of the total rainfall, with 5.0% from
building roof, 2.6% from streets, and 2.2% from natural surfaces. Compared to the base-run, runoff
on natural surface is largely cut. Groundwater drainage Q%" is raised to 30.3% of the total
rainfall, split into 10.1% in stormwater network and 20.2% in wastewater network. Linked to the
enforced Q@™ the groundwater level is lowered (Astorage).

Figure 7.13 shows, in a detailed manner, the catchment water balance estimated by the cali-

brated modeling.
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Figure 7.13 — Simulated water balance of the Moulon catchment at its pre-development
(current) state, by the calibrated run of URBS-WTI. All variables are expressed in percentage
of the gross rainfall. For a sake of convenience, fluxes are detailed for natural soil and are
omitted for street and roof.

7.6.3 Discharge

Flow volumes at the outlets of the catchment simulated by the model calibrated run are shown in
Table 7.10, in comparison with Moulon base-run. A total discharge of 1323 103m? is discharged
from the catchment during the simulation period, equivalent to 391 mm in water depth, 9 mm less
than Moulon base-run. 487 103m?, about 36.8% is released into the Rigole de Corbeville (Q°U!).
406 10°m3, about 30.7% is released into municipal sewer networks (Q°%2T°u3). The left 32.5%,
430 103m3 is discharged to the road ditch of N118 (Qo%4).
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Table 7.10 — Simulated discharge of current Moulon by calibrated run — volumes (10°m?),
fraction (%) and equivalent water depth (mm), compared with Moulon base-run.

Qoutl Qout2+out3 Qout4 Qtot

base-run volume 557(41.2%) 386(28.5%) 410(30.3%) 1353
height 165 114 121 400

calibrated run  volume 487(36.8%) 406(30.7%) 430(32.5%) 1323
height 144 120 127 391

7.6.4 Spatially distributed simulation of groundwater level

One leading feature of the URBS model is its capability to simulate spatial distribution of hydro-
logical variables (Rodriguez et al., 2008). Figure 7.14 illustrates the seasonal cycle of the spatially
distributed groundwater level simulated by URBS-WTI. The illustration period is from 01/09/2012
to 01/10/2013, covering a whole hydrological year.

After its seasonal descent during summer 2012 (Figure 7.12), the groundwater attains low
levels in many of the parcels (01/09/2012), before rising again during winter 2012 (01/12/2012
and 01/03/2012). Then, by high evapotranspiration rates in summer 2013, the groundwater level
goes down to attain, on 01/10/2013, a level similar to that on 01/09/2012. The east and south
parts are highly covered by vegetations, thus show higher seasonal contrasts, while in the urbanized
center zone, the variation of groundwater level is less pronounced. These results affirm the high

importance of the evapotranspiration process in the evolution of groundwater level.
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Discussion and conclusion

In this chapter we described the modeling study for the Moulon area at its pre-development (cur-
rent) state. Coarse datasets have been treated and new data layers created with GIS-based tools
in order to prepare the geodata input of Moulon for the model.

Initial parameter values applied in the base-run have been estimated in coarse way, in a context
that information of the studied area is limited and that the formulations for subsurface flow is
a conceptual parameterization of the soil. These estimated parameters have lead to mediocre
modeling quality with high overestimation on groundwater level. Following the first results, a
sensitivity analysis has been undertaken for several physical parameters for the subsurface. The
modeling quality has been fully evaluated on groundwater level simulation, which is relatively
original in urban hydrology, but which has ultimately conducted to plausible results.

Here again, the parameter calibration has been delicate due to both the heterogeneity shown
by the piezometric observation series and physical meanings exhibited by the parameters. But the
ultimately selected parameter values have permitted to relatively satisfying results.

Due to limited time, the integrated model URBS-W'TI, validated at Pin Sec, has been directly
applied on the Moulon catchment, and we did not test simulations without WTI. But the spatially
distributed patterns of groundwater level on the several selected date seem to be sound.

The parameter set obtained with this “calibrated” simulation has been finally kept, and the
modeling results with these calibrated parameters are considered to be “real” and reflective of the
hydrological functioning of the Moulon area. This result series will be the reference for the study

for post-development of the area described in the next chapter.
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Introduction

Pre-development hydrological regime of the Moulon catchment was studied through a modeling
approach by the URBS-WTI model, and presented in the last chapter. This regime will be altered
by the urban development in the coming decades. Meanwhile, devices for low-impact stormwater
management are planned to be implemented to minimize the impacts of the urbanization and
control the flooding risk in the valley areas of Yvette and Bievre.

In order to investigate urbanization effect on the hydrological response, as well as the efficiency
of the LID devices, a scenario study has been conducted for the post-development state of the
Moulon area.

For the sake of simplicity, the post-development state Moulon is described as “future Moulon”,
and scenarios of urban development are described as “scenarios of urbanization”. This chapter is
composed of five sections. Section 8.1 outlines the preparation work of geodata input files based on
future geomorphological features of the site, considered to be the referential land use configuration
of future Moulon. A referential modeling based on the referential land use is detailed in Section
8.2. An analysis on this result is presented in Section 8.3. After outlining the methodology for the
scenario study in Section 8.4, the modeling results at catchment scale and urban block scale are

presented in the last two sections.

8.1 Preparation of geodata input for future Moulon

This work has been realized by (Farias, 2013) during his master’s thesis supervised by me.

8.1.1 Construction of flow routing map

The flow routing map of future Moulon is composed of two types of objects (cf. Chapter 2, Section
2.3): (i) street network, (ii) stormwater management and drainage network. The last refers to three

types of devices (Chapter 6):

e buried sewer pipes
e storage basins

e swales and filter drains
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Most of existing sewer pipes will be kept, a small part of them are to be withdrawn. Since precise
information on the sewer pipe withdrawing is not available, we suppose that the entire existing
sewers used for the current state modeling is kept. Existing and projected storage basins play a
major role to runoff control of the future campus. But for instance the model URBS-WTI does
not include any suitable module of storage basins. In the present modeling, the storage basins are
replaced by swales. The layers of storage basins, swales and filter drains are drawn manually in QGIS
preceded by an overall exploration of planning documents of every district of the campus provided
by EPPS. Figure 8.1 shows an example of the reference document serving for the construction of

these layers.
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Figure 8.1 — An example of the documents referred to which the GIS layers of stormwa-
ter management devices (swales, filter drains and storage basins) are constructed: feasibility
analysis of Joliot Curie district.

As well as the map of stormwater management devices, the street map of the future Moulon
is not available, and is constructed during the present work based on information included in
miscellaneous planning documents of EPPS. This map includes two types of objects: polygons of

street surfaces serving for constructing UHES, and lines of street segments.
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Once all the GIS layers (sewer pipes, swales, filter drains, streets) are ready, the hydrological
flow routing map of stormwater is built by linking all the objects with the same methods as before

(Pin Sec and current Moulon):

e The upward/downward connection between two objects of the same layer is established by
MNT!.

e A street segment is connected downwardly either to an underground sewer pipe, a filter drain,

a swale, if any of them exists, or to another street segment if not.

e If such established connection is in conflict with logical flow direction (towards storage basins

or swales), it is corrected manually.
The outlets of the future Moulon are defined in the master plan of the Paris-Saclay project
(Figure 8.2):
outlet 1 : the channel Rigole de Corbeville
outlet 2 : the channel along the road RN118

outlet 3 : a eastern connection to the sewer systems of the city of Orsay

outlet 4 : a southern connection to the sewer systems of the city of Orsay

In this way, stormwater originating in Moulon is conveyed finally into the Bievre River (outlet 1
via the channel network of the plateau) in the north and Yvette River (outlet 2, 3 and 4) in the

south .

8.1.2 Urban blocks and UHEs

The parcels of the future campus of Moulon are not yet defined today. Only urban blocks are
outlined by the street network. An urban block may in reality contain more than one parcel.
However, as our model does not have any constraint on the size of an UHE, an urban block can
act as a parcel. The spatial discretization of the future Moulon is based on the urban blocks, and
an UHE is consequently composed of an urban block and its adjacent street surface.

The UHEs are drawn based on the network of streets. The geometrical parameters of the UHEs
are assessed with the same methods as Pin Sec and current Moulon (Chapter 4, Section 4.6.1 and
Chapter 7, Section 7.2.3). 87 UHEs are finally obtained (Figure 8.2). Buildings within the UHEs

are obtained by combining the existing buildings and available data for new buildings.

8.1.3 Interfaces

Interfaces are drawn from the UHEs with the method presented in Chapter 4, Section 4.5.

!The future topography of the site is considered to be little modified. The current MNT is thus used.
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8.1.4 Assumptions on pavements within UHEs and on tree covers

No information is available on the allocation of impervious surfaces and tree covers within the

urban blocks. Assumptions have been made on these surfaces:
e In addition to buildings, 15% of surface within urban blocks is supposed to be impervious.
e 5% of the natural surface as well as impervious surfaces are supposed to be covered by trees.
e These ratios are uniformly applied to all the UHEs.

The spatial pattern of land use of the future Moulon such obtained is shown in the map of
Figure 8.2, with a land cover summary in Table 8.1. Compared to the current Moulon, natural
surface area is reduced from 86% to 66% of total catchment’s surface, and impervious surfaces
(buildings + streets) are extended from 14% to 34% of the catchment’s surface, an expansion of 1.5
times. Tree covers on natural surfaces are largely reduced from 80 ha to 11.1 ha. This questions
the realness of the assumptions. Tree covers on streets are increased from 2 ha to 3.2 ha, which
should favor the transpiration flow on the street land use. The physical parameters of the land uses

as well as their connection coefficient are the same as for the current Moulon (Table 7.2).

Table 8.1 — Land cover of future Moulon, compared with current Moulon — land cover fractions
and deviation.

current (ha) future (ha) A (ha) A(%) connection coef.

Anat 291 (86%) 223 (66%)  -68 -23 0.2
Ahou 20 (6%) 51 (15%) 31 155 1
Astr 27 (8%) 64 (19%) 37 135 1
AP AT (14%) 115 (34%) 68 146 -
Anat 80 (24%)  11.1 (3%) -69 -86 -

Astr o 2(0.6%) 3.2 (1%) 1.2 60 -

tree

Alot 82 (24.6%)  14.3 (4%)  -67.7  -83 -
Ato! — 338 ha
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Figure 8.2 — Vector map of future Moulon by geodata pre-processing.
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8.2 Referential modeling of future Moulon

A first modeling for the future Moulon is taken on with the morphological configuration obtained
above. This first modeling is the reference of comparison for the following scenario study. Parameter
values calibrated during the study for current Moulon (Table 7.7) are applied. Climatic inputs used
are the same as that used in the modeling for current Moulon: rainfall intensity of the 3-year period
of 01/01/2011 - 31/12/2013 with 6-minute time step and potential evapotranspiration for the same
period with 1-hour time step.

Swales is a default option for stormwater management in the district level that will be con-
structed in Moulon (cf. Chapter 6). This device is thus not subjected to the scenario tests, but
applied by default in the modeling. The swale module in URBS has been outlined in Chapter 2,
Section 2.7.4. A swale is integrated in the flow routing network for which the model can assess the
flow rate of any segment at any time. In addition to its water routing function, a swale also allows
water to infiltrate within the surrounding soil. The infiltrated water is added into the vadose zone
of adjacent UHESs.

A preliminary test has been carried out in order to see the impact of the infiltration function
of the swales. The results show that with or without the infiltration function of the swales, the
modeled results (water balance, groundwater levels and discharge) are not much different, as shown
in the following. This could be related to: (i) the small density and linear of the swale grid (swales
will only be set up in the northern part of Moulon); (ii) the swale module itself (performance
and realness of the module), in particular the process of infiltration below the swales. This issue
will be subjected to future work and is not included in the present study. In all the modeling of
future Moulon (reference modeling and scenario modeling), the infiltration function of the swales

is systematically implemented.

8.2.1 Water balance

Table 8.2 shows the simulated water balance of future Moulon, compared with current Moulon.
Total rainfall P during the three-year simulation is 1,962 mm. Runoff of rooftops Q"*" and streets
Q3" represents 13.4% and 6.3% of P, respectively, compared with 5.0% and 2.6% in current state,
associated with the expansion of buildings (by 155%) and streets (by 135%). Runoff produced on
natural surface Q™ is also multiplied by three, equaling to 7.1% of P. This increase is caused by
the increased groundwater level: the decrease in water storage in the soil between the end and the
beginning of the simulation period Astorage is equivalent to 2.5% of P, while in current state it
was 9.4%. The total surface discharge is thus estimated as 25.4% of P, more than two times of
the discharge at current state. The increased groundwater level is directly linked with the decrease
almost by half of groundwater drainage by sewer networks Q% %" (see Section 8.3). Evaporation

loss E is thus increased due to more available water on surface. At the same time, transpiration
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loss TR is significantly reduced, from 62.1% of P in current state to 51.7% in future state. This
reduction is caused by two factors: i) increase in impervious surface area ii) high retention of water
on surface, which deactivates the transpiration processes, assumed by the model.

Compared to the case where the infiltration function is modeled (with swale), the “no swale”

case only assesses slightly differences (in Q"*, E and TR).

Table 8.2 — Simulated water balance of future Moulon, compared with current water balance.
All the flow and storage components are expressed in percentage of total rainfall. In the “no
swale” condition, only the convey function (in the flow routing network) of the swales are
modeled, while in the “with swale” condition the infiltration function is also modeled.

State Qhov  Qstr et Qdrein TR Astorage P
current 5.0 2.6 2.2 30.3 7.0 62.1 -94 100
future (no swale) 134 6.2 5.8 180 7.3 534 -2.6 100
future (with swale) 134 6.3 7.1 183 81 51.7 -2.5 100

8.2.2 Saturation depth

The simulated groundwater level (Figure 8.3) confirms the Astorage component in the water bal-
ance. Compared with the current state, the mean groundwater level is about 1 m higher during
the simulation period, both for the simulations “no swale” and “with swale”. This difference is
generated at the beginning of the simulation period and lasts during the rest of the time. While
surface sealing reduces surface infiltration, it reduces also losses by evapotranspiration, which is
one of the reasons of the groundwater level arise. Another reason is groundwater drainage by sewer

networks Q%" A deeper analysis on this issue is given in Section 8.3.
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Figure 8.3 — Simulated average groundwater level of Moulon under its future state (solid line),
with (no marker) or without (circle marker) the infiltration function of the swales, compared
with current state (dashed line).

8.2.3 Discharge

Table 8.3 shows the estimated discharge volumes at each of the catchment outlets at the post-
development state. A total volume of 1902/2040 103m? is generated throughout the catchment,
depending on if there is infiltration below the swales. Compared with the current state (1,321
103m?), it is an increase of 44%/54%. The rainfall /runoff ratio is raised to 28.6%/30.7%, compared
to 20% at current state. 904/983 103m3, 47.6%/48.2% of the total volume, is discharged into
the Rigole de Corbeville (outletl). Compared to the current state, it is a significant rise both in
volume and in fraction. The discharge fractions of other outlets have all been reduced compared

with current state, in spite of the increased volumes.

Swale is the only LID device that has been implemented in this modeling, with uniquely its
conveyance function represented but not the infiltration function. Another major facilities for
stormwater management that will be set up in the area, storage basin, has not been represented
due to the model capacity. Therefore, it has been expected that the overall discharge volume at

the catchment scale is increased under future conditions caused by higher surface imperviousness.

Compared to the case “non swale”, the swales with infiltration function permits to reduce both

the discharge volume of the catchment (by 7%), and at each outlet.
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Table 8.3 — Simulated discharge of future Moulon, in comparison with current Moulon — runoff
volume (10°m?) at the outlets, their fraction (%) and equivalent water depth (mm).

Qovil Qout2+out3 Qout Qtot

current volume  487(36.8%) 406(30.7%) 430(32.5%) 1323
height 144 120 127 391

future (no swale) volume 983(48.2%) 438(21.5%) 619(30.3%) 2040
height 290 130 183 603

future (with swale) volume 904(47.6%) 431(22.6%) 567(29.8%) 1902
height 267 127 168 562

8.3 An analysis on the groundwater level increase

According to the referential modeling for future Moulon, the mean level of the shallow groundwater
is about 1 meter higher than the current state (Figure 8.3). At the annual scale, the part of rainfall
contributing to groundwater recharge can be coarsely estimated basing on a mass balance of the
soil surface :

R=P—-(Q""+Q" +Q"" + E+TR)

In applying this equation with the flux complaisant in Table 8.2, we can see that R equals to 21.1
for the current Moulon, and around 13.5 for the future Moulon, i.e. the recharge quantity in the
future state is less than that of the current state. Consequently, the groundwater level increase
can not be explained by R. At the mean time, groundwater drainage by sewer networks Q%"
has been sharply reduced by half (18.0% vs. 30.3%). This reduction in Q% %" retro-acts on the

groundwater level: less drainage, higher groundwater level.

In theory, higher groundwater level should result in stronger groundwater drainage. Apparently
this is not the case here. Why is it? As the values of the physical parameter (K", M, \) are the
same in the two modeling, the groundwater drainage decrease can only be caused by the geometrical
features in the two states. In looking at Equation 2.12 (below) that computes the groundwater
infiltration fluxes to the drainage network, two geometrical parameters of the drainage segments
defines the groundwater drainage volume Q%% (i) their depths (zsoi — Znet — Zs); and (ii) the
parameter d;ﬁ which reflects the influence radius of the drainage segments. The mean depth of sewer
network in current and future states are not much different: current -2.58 m and future -2.49 m.
Thus the decrease in Q% %" is not, a priori, caused by the depth of the drainage network. The
sum of d§, however, are significantly different: current 158 m and future 265 m. In addition, dy
appears with the square form in the denominator, which must be the main reason of the reduction

in erain.
— A
_ K;mte—zs/MW
f

u 1
Idrain (Zsoil — Znet — Zs)
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The parameter dljﬁ is the distance of the deepest point of the parcel P1 to its point of projection on
the drainage network, which is an approximative estimation of the flow distance of u. This feature
is in fact highly dependent on the spatial discretization of the model. As illustrated in Figure 8.4,
suppose a rectangular UHE perpendicular (the simplest configuration) of area Al, perpendicular
to the drainage segment, with the point of projection C,1. df1 equals to the length (or width) of
the UHE. If we divide P1 evenly into two parcels P2 (A2) and P3 (A3), then P2 and P3 share the

point of projection Cp1, and for the parameter d%, we have:
1
df2 = §df1 and df3 = dsl (8.1)

which signifies that for the same drained surface area, we have increased the parameter dy. Conse-
quently, for the same catchment, the thiner its spatial discretization is, the larger the sum of d;ﬁ is.
And this is the case for Moulon: number of discretization units has been reduced from 379 parcels
in the current state to 87 urban blocks in the future state, which explains the drastic reduction in

the sum of d;ﬁ.
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Figure 8.4 — An example of the impact of spatial discretization to the simulated drainage flow
of groundwater by sewer network.

This analysis shows the high importance of spatial discretization on the modeling results in the
model URBS, and questions consequently the reliability of the approximation made for calculat-
ing I} ... This important issue should be paid full attention in future model development and
application of URBS.
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8.4 Methodology for scenario study

The valuation of hydrological impacts of the urban project of Moulon is done through a scenario

study. Working with EPPS, we identified two types of scenarios that would be studied:

1. Urbanization. Scenarios for different land use and imperviousness density were generated as
different possible future conditions of landscape surface. These scenarios are implemented by
modifying directly the input table of the UHEs. The scenarios derived here consider uniform

changes in the ensemble of UHEs:

[ pav+50% | increase by 50% of impervious pavements area within urban blocks (buildings not
included)

[ pav+80% | increase by 80% of impervious pavements area within urban blocks (buildings not
included)

[ hou+50% | increase by 50% of buildings area
[ hou—50% | decrease by 50% of buildings area

Note that i) the total surface area of the catchment should be kept unvaried; ii) the three
assumptions on the ratios of impervious pavements and tree covers (Section 8.2) remain valid
for the scenarios hou+50% and hou—50%. Consequently a change in the area buildings brings

also changes in streets. A summary of the land uses under these scenarios is in Table 8.5.

2. Low impact development (LID). Today, the model allows to introduce the following LID devices:
flat roof, green roof, permeable pavement with storage structure and swale (Chapter 2, Section
2.7). Swales are implemented by default in the flow routing and is not tested in the scenario
study. The modules of flat roof, green roof and permeable pavement with storage structure were

reviewed in the present study and modified when necessary. The tested scenarios are termed:

[ flat roof 50% ] 50% of sloping roofs converted to flat roofs, which are connected to stormwater

drainage network

[ flat roof 100% | 100% of sloping roofs converted to flat roofs, which are connected to stormwater

drainage network

[ flat roof - garden | 100% of sloping roofs converted to flat roofs, same as above, but with the

roof downspouts directed into adjacent soil, thereby the shallow aquifer

[ green roof 50% | 50% of sloping roofs converted to green roofs , connected to stormwater

drainage network

[ green roof 100% | 100% of sloping roofs converted to green roofs, connected to stormwater

drainage network
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Table 8.4 — Parameters of LID devices used in the scenario modeling.

Device Parameter Signification Value
flat roof S/;;Z;E maximum storage 70 mm
S(’;‘,Zm threshold for drainage 1.5 mm
af™ coefficient of orifice drainage flow 10 /mm/s
green roof S maximum storage 70 mm
29T thickness of substrate layer 0.15 m
S maximum storage in the drainage layer 40 mm
ad’” coefficient of orifice drainage flow 104 /mm/s
permeable pavements KP¥ hydraulic conductivity of reservoir 0.7 m/s
Sk-p. retention capacity 160 mm
D.p. .
Sm”? threshold for drainage flow 80 mm
KY% hydraulic conductivity of pavement 10 mm/s

[ permeable pav | permeable pavements with storage structure for all the streets

The structure and mechanism of these devices and how they are represented in the model have
been described in Chapter 2, Section 2.7. The parameter values for the devices are listed in Table
8.4. The flat roofs are set to have a storage capacity of 70 mm with a drainage threshold at 0.5 mm.
These values are representative of bared (without gravel) flat rooftops with drain inlets installed
just above the roof surface (Coornaert, 2014). The orifice coefficient a/""=10"* \/mm/s corresponds
to a drainage flow of 0.4 mm/h under a storage height of 70 mm (Azzout et al., 1994). The green
roofs are set to have a storage capacity of 70 mm. The thickness of the substrate layer (z97) is
). The hydraulic
conductivity of the pavements are set as 10 mm/s (Azzout et al., 1994), and that of the underlying

set to 15 cm. And the drainage layer is set to have a thickness of 4 cm (Sg;zm
storage reservoir at 0.7 m/s. The retention capacity of the reservoir is fixed at 160 mm. Taking
account of a porosity of 0.33, this corresponds to a layer height of 480 mm. The threshold for the

. . . D.D-
activation of drainage flow S, ="

is set at mid-height 80 mm. The land cover configurations under
these scenarios are given in Table 8.8.
The scenario study is carried out on two levels: catchment level and urban block level. The

evaluation of each scenario is based on the three types of modeling output:

e Water balance. Flow and storage components in the water balance simulated for each scenario

are compared to that of the referential modeling.
e Saturation depth. The focus is laid on the average groundwater level of the catchment.

e Discharge. Flow-duration curves (FDCs) are plotted for hourly discharge. An FDC describes
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the percentage of time in which a given flow is equaled or exceeded over a period of time
(Vogel and Fennessey, 1995).

8.5 Scenario study at catchment scale

8.5.1 Urbanization

Water balance

Table 8.6 shows the simulated catchment-wide water balance of future Moulon for the scenarios of
urbanization. Table 8.5 summarizes the surface areas of the land uses under each scenario. With
the assumptions made in Section 8.1.4, the street area is larger in [hou—>50] than in [hou+50], which

seems not realistic, and should be re-examined in future studies.

Table 8.5 — Land cover under scenarios of urbanization.

Area (ha) | A"t At Agbou | apet agr At
Reference | 223 64 51 11.1 3.2 14.3
pav+50% | 203 84 51 10.2 4.1 14.3
pav+80% | 192 95 51 9.6 4.7  14.3
hou+50% | 201 60 77 101 3.0 13.1
hou—50% | 245 68 25 122 34 156

Att = 338 ha

Table 8.6 — Simulated water balance of future Moulon for the scenarios of urbanization. The
components are expressed in percentage of total rainfall.

Scenario ~ Qhev Qs Qret Qden TR Astorage P

Reference 134 6.3 7.1 18.3 8.1 51.7 -2.5 100
pav+50% 13.4 8.8 7.8 19.5 94 46.1 -24 100
pav+80% 13.4 104 8.0 20.1 10.1 42.9 -2.3 100
hou+50%  20.1 5.9 6.3 17.7 8.5 46.7 -2.7 100
hou—-50% 6.7 6.8 7.9 19.5 7.8 56.2 -2.6 100

Extension of impervious pavements leads to increase of surface runoff (Q*"). 50% or 80% of
extension increases Q%" by 40% and 65% respectively. Surface evaporation is also slightly increased
due to more available water on surface. Due to the shrink of natural surface (A"%'), transpiration
TR is reduced by 11% and 17%, despite the large tree-covered area on street surface (A5 ). The
balance effect of reduced surface infiltration and transpiration loss is an increase in soil storage,
despite the enforced drainage by sewer networks Q%" This increase leads probably to more

frequent soil saturation, seen from the increased natural surface runoff Q™.
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An extension (or a shrink) by 50% of the building area results in 50% more (less) rooftop
runoff Q. The degree of influence of the building area is thus higher than that of the streets.
This is explained by the hydraulic conductivity attributed to the two types of surface: K" =0
while K" = 1077 m/s. Runoff on natural land and streets are also modified, as a consequence of
the changes in the two surface area (A" and A®'") along with the building area. Transpiration
is reduced (enforced) correspondingly. In the case of | hou+50% |, the balance effect of reduced
surface infiltration and reduced transpiration loss is a decrease in soil storage, and in Q% %", In the
case of [ hou—50% ], the balance effect of enforced surface infiltration and enforced transpiration
loss is an increase in groundwater level, and in Q™.

In summary, four points are revealed by the assessed water balance:

e The extension of impervious surfaces (streets or buildings) increases the runoff generated on
these surfaces. Although the surface area of the streets are larger than that of the buildings,
the latter have more impact (in terms of runoff volume) than than the first, related to their

assumed permeability.

e Due to the dominance of natural surface area than streets (2-3 times larger), the transpiration
flux is impacted mainly by the change in natural surface area, at the expense of tree-covers.
It is to noted that the transpiration process occurs over all the natural surfaces, while on

streets it occurs only on tree-covered parts.

e The transpiration is a key factor influencing the groundwater, in counter-balancing the re-
duction in infiltration due to surface sealing. The balance of the two processes is variable

from one case to another.

e Groundwater drainage by sewer network is highly correlated with the groundwater level. But

its role is dominated by the balance between transpiration and infiltration.

Saturation depth

Figure 8.5 plots the simulated groundwater level series for the scenarios of urbanization. During
dry period (June-October), an extension/shrink of building area (brown/green lines) leads to high-
er/lower groundwater level compared to the reference, while the reverse trend is observed for wet
period (November-May). This observation confirms the different recharge regimes at different sea-
sons. In winter, the dominant process is precipitation and infiltration, as evapotranspiration rate
is weak. The extension/shrink of building area reduces/enforce the infiltration, thus lowers/raises
the groundwater level. In summer, the process of evapotranspiration has the predominant role.
While an extension of building ([ hou+50% |) area reduces infiltration, it also reduces the loss by

evapotranspiration. If the reduction in evapotranspiration dominates the reduction in infiltration,
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Figure 8.5 — Simulated catchment-wide mean groundwater level of Moulon under the scenarios
of urbanization, compared with the reference modeling.

the resultant groundwater level will be raised (observed in the brown curve). The same reasoning
can be given to [ hou — 50% ].

The patterns of impervious pavements are slightly different: their expansions conduct to higher
groundwater level, during both dry and wet periods. And the larger the impervious surface is (blue
line), the higher the groundwater level tends to be. This is probably the result of two mechanisms:
i) the “impervious” pavements are in fact not absolutely impervious in the model, but have a weak
permeability, so infiltration is not totally stopped, compared with the case | hou+50% |; ii) the

reduction in evapotranspiration by extended impervious surfaces, which dominates the infiltration.

Discharge

Figure 8.6 shows the catchment-wide discharge FDCs for the urbanization scenarios, and Table 8.7
shows the corresponding discharge rates of the exceeding probability 0.1%, 1% and 10% (noted
Qo1%, Qo and Q1gy%). These percentages correspond to 9 hours, 3.6 days and 36.5 days at a
duration of one year. The lowest discharge is around 10 m?/s. This values corresponds to the
groundwater drainage flux by sewer networks.

Figure 8.6 shows that both extension of pavements and built area can increase high flow rates,
as could be expected. With 50% and 80% more impervious pavements on the catchment, the

high flow Qg 19, rises from 1.8 to 2.9 and 3.5 m?/s respectively, and Q;¢, from 0.5 to 0.8 and 0.95
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m?/s. The low flow Q¢ does not change with the impervious surface area. Changes in built area

conduct to similar variations: an increase/decrease of 50% in building area will shift Qg9 from

1.8 to 2.6/1.6 m3/s, and Q¢ from 0.5 to 0.7/0.4 m3/s. The degrees of variation seem, however,

slighter than for impervious pavements.
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Figure 8.6 — Flow-duration curves determined from hourly mean discharge volume of Moulon,
for the scenarios of urbanization.

Table 8.7 — Characteristic discharges of the scenarios of urbanization given by the flow-

duration curves at catchment scale of Moulon.

Scenario  Qoay (m*/s) Qi (m®/s)  Qioy (m*/s)
Reference 1.8 0.5 0.013
pav+50% 2.9 0.8 0.013
pav+80% 3.5 0.95 0.013
bui+50% 2.6 0.7 0.013
bui—50% 1.6 0.4 0.013

8.5.2 LID

Water balance

Table 8.9 shows the simulated catchment-wide water balance of future Moulon for the scenarios of

low impact development (LID). Table 8.8 summarizes the surface areas of the land uses under each

scenario.
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Table 8.8 — Land cover under LID scenarios. f.r is for flat roof, g.r. for green roof.

Area (ha) Ahou Alow | Ahou | Astr - ASE
Reference 51 - - 64 -
flat roof 50% 51  25.5 - 64 -
flat roof 100% 51 51 - 64 -
flat roof - garden | 51 51 - 64 -
green roof 50% 51 - 25.5 | 64 -
green roof 100% 51 - 51 64 -
permeable pav 51 - - 64 64
At = 338 ha

Table 8.9 — Simulated water balance of future Moulon for LID scenarios. The components
are expressed in percentage of total rainfall.

Scenario Qv Qtr Qret Qdem  E TR Astorage
Reference 13.4 6.3 7.1 18.3 8.1 51.7 -2.5
flat roof 50% 125 6.3 7.1 18.6 9.0 51.6 -2.5

flat roof 100% 11.5 6.3 7.1 18.6 10.0 51.6 -2.5
flat roof - garden 0 6.8 134 234 12.0 494 -2.0
green roof 50% 119 63 7.1 186 7.0 528 -2.5
green roof 100% 104 6.3 7.1 18.3 6.0 53.9 -2.5
permeable pav 134 1.8 11.1 21.3 9.3 479 -2.3

With the sloping roofs converted to flat roofs, the catchment-wide water balance does not change
much. Rooftop runoff Q"% is reduced, and surface evaporation F increased, both in slight manners.
As explained in Section 8.4, the flat roofs tested here have the features of bared roofs which release
water in regulated rate (orifice flow) once the storage exceeds 1.5 mm. The performance of the
device is therefore more in the reduction of peak flow, and the no-significant effect on the flow
volume could be expected.

In the case where all the flat roofs are disconnected from drainage systems and release water onto
natural land ([flat roof - garden]), natural surface runoff is increased by two, causing consequently
a higher groundwater level due to enforced surface infiltration, seen from Astorage. But the total
surface runoff (Q""+Q%"+Q") is reduced to 20.9% of the total rainfall P. As a consequence of
the raised groundwater level, drainage by sewer networks is enforced (from 18.3% of P to 23.4%).
In taking account of this component, the total discharge (Q"*+Q%" +Q"*+Q%*™) is equivalent
to 44.9% of P, almost the same as in the reference (45.1%). Besides, transpiration T'R is slightly
reduced, probably due to the soil surface saturation that occurs more often (transpiration process

is stopped when there is stagnant water on surface, as explained above).
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With 50% and 100% of roofs converted to green roofs, rooftop discharge is reduced respectively
to 11.9% and 10.4% of P. Green roofs can evaporate 31% of the rainfall, which seems to be
weaker than the values in the literature (VanWoert et al., 2005; Dietz, 2007; Hathaway et al., 2008;
Carpenter and Kaluvakolanu, 2011; Razzaghmanesh et al., 2012).

When the altogether streets are converted to permeable pavements with storage structure, the
total produced surface runoff are notably reduced from 6.3% of P to only 1.8%, a reduction of
71%. On the other hand, the permeable pavements lead to an increase of natural surface runoff
Q™ (11.1% vs. 7.1%). In fact, compared to conventional impervious asphalt, the permeable
pavements absorb more surface water, which infiltrates to the subsoil after being temporarily stored.
Consequently the overall quantity of water arriving into the soil is increased, which makes the soil
saturation to be more recurrent. As shown by Astorage in Table 8.9 and confirmed by the curve
in Figure 8.7 below, the average groundwater level has been raised with the presence of permeable
pavements. Due to more frequent saturated soil, transpiration loss T'R has been reduced in the

favor of surface evaporation F.

Saturation depth

The average groundwater level is affected for the scenarios [flat roof-garden| and [permeable pav],
which conduct both to higher mean groundwater level, as shown in Figure 8.7. Both devices favor
retention and infiltration for the purpose of runoff reduction, the rise in groundwater level in the
two cases can thus be expected. Especially in the case [flat roof-garden], the maximum difference
with the reference curve reaches to 0.3 m. And the impacts seem to be more pronounced during

high-water period in winter than in summer.

Discharge volumes

Figure 8.8 shows the flow-duration curves of the produced discharge volume under the LID scenarios.
All the LID systems have an effect of lowering the extreme discharge magnitude. Flat roofs (the
red and blue lines) are more efficient in this than green roofs and permeable pavements, except
when they are disconnected from sewer systems (the pink line). For the low magnitudes, all the

scenarios increase their frequency, except the two green roof scenarios.
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Figure 8.7 — Simulated catchment-wide mean groundwater level of Moulon under the scenarios
of [ flat roof-garden | and | permeable pav |, compared with the reference modeling.
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Figure 8.8 — Flow-duration curves determined from daily mean discharge volume of Moulon,
for LID scenarios.
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8.6 Scenario study at urban block scale

A Dblock of the future campus of Ecole Normale Supérieur has been chosen to be studied (UHE 5 in
Figure 8.9). This block locates at the center-east of Moulon and has a surface area 3.78 hectares,
with 37% of buildings, 16% of streets, which make an impervious ratio of 53%. The left 47% is
considered to be natural land. The ratio of tree covers on the (natural and street) surfaces were
the same as the whole catchment: 5% on natural land and 1.5% on street.

This morphological configuration is considered to be the reference for the study at this urban
block. Tested scenarios are the same as for the study at catchment scale: four scenarios of urban-
ization and six scenarios of LID. The surface areas of the land covers under each scenario are shown
in Table 8.10 and 8.11.

In terms of modeling domain, we have two options:
(a) Run the model at only UHE 5 by defining subsurface boundary conditions for it.
(b) Run the model at the entire catchment and analyze the results for the UHE.

Compared with Option (a), Option (b) can take into account the interactions of the studied UHE
with adjacent UHEs and show if it has analogical behaviour with the entire catchment. It is thus

this option that has been chosen.
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Figure 8.9 — UHE 5 chosen for the scenario study at urban block scale. Land cover is sum-
marized in the table. Underground stormwater network associated to this UHE (not shown in

the figure) is situated at -0.5 m.
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Table 8.10 — Land cover of UHE 5 under the scenarios of urbanization.

Area (ha) | At 9 | Ahow g | Astr 9 | Alet %
Reference | 1.77 47| 1.39 37| 0.62 16 | 0.12 3.2
pav+50% | 1.61 43 | 1.39 37 | 0.78 20| 0.12 3.2
pav+80% | 1.52 40 | 1.39 37 | 0.87 23| 0.12 3.2
hou+50% | 1.18 31| 2.09 55| 0.51 14| 0.08 2.2

hou—50% | 2.36 62| 0.70 19 | 0.72 19 | 0.15 4.1
Aot = 3.78 ha

Table 8.11 — Land cover of UHE 5 under the scenarios of LID.

Area (ha) Ahow Alow | Abow | AT ASE
Reference 1.39 - - 0.62 -
flat roof 50% 1.39 0.70 - 0.62 -
flat roof 100% 1.39  1.39 - 0.62 -
flat roof - garden | 1.39 1.39 - 0.62 -
green roof 50% 1.39 - 0.70 | 0.62 -
green roof 50% 1.39 - 1.39 | 0.62 -
permeable pav 1.39 - - 0.62 0.62
Aot = 378 ha

8.6.1 Water balance

Table 8.12 shows the simulated water balance of the UHE 5 by the reference modeling. Compared

to the water balance at the catchment scale, slight differences are observed, including:

e Rooftop runoff is higher (31.9% vs. 13.4% ), due to higher proportion of buildings (37%) in
UHE 5 than the catchment average (15%).

e Runoff originated from streets and natural surface is 6.3% and 6.0% respectively, similar to

the catchment-wide values.

e Groundwater drainage by sewer networks Q%" is weaker, due to probably the depth of the

sewer segment (-0.5 m vs. -2.49 m for the catchment).
e Surface evaporation loss is the same as that of the catchment (10%).

e Transpiration loss equals to 42.4% of P, weaker than catchment average (51.6%), due to the

smaller ratio of natural surface (47% vs. 66%).
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Table 8.12 — Simulated water balance of the UHE 5 by the reference modeling.

Qhou Qstr Qnat erain E TR
31.9 6.3 6.0 6.4 10.0 42.4

The simulated water balance under the scenarios of urbanization and LID devices are in general

agreement with that of the catchment, thus not detailed here.

8.6.2 Saturation depth

The simulated groundwater level series under the scenarios of the block UHE 5 (Figure 8.10 and
8.11) have similar trends as that of the catchment (Figure 8.5 and 8.7).

Compared with the mean groundwater level of the catchment, the groundwater level of UHE
5 show that this block suffers from more recurrent overland flooding?. Especially during winter
2012-2013, the soil is under saturation during more than four months (10/11/2012 - 20/02/2013)
under all scenario. Imperviousness expansion ([pav+50%], [pav+80%)] and [hou+50%]) seem to
have the trend to aggravate the situation: the soil is saturated during winter 2011-2012 under these
scenarios, while this is not the case under reference condition. The phenomena of the enforced
recurrence of soil saturation is even more visible in the two LID scenarios: while the soil is not at
all saturated during the winter 2011-2012 under the reference condition, it is saturated early under
the scenarios [flat roof-garden| and [permeable pav] and last for about four months. Especially
in the first case, notable groundwater rise is observed short after the beginning of the simulation
period. The issue of “overcompensation” in groundwater recharge in the stormwater management
by infiltration devices has been addressed in certain studies (Morris et al., 1997; Gdobel et al.,
2004). Here, although we can not quantify the soil saturation and subsequent overland flooding by
“overcompensation”, as there is no reference for defining a “natural recharge regime”, the results
do question the possible side-effects of certain LID practices, in terms of impact on groundwater

recharge.

2The phenomena of saturation in the modeling of URBS-WTTI has been discussed in Chapter 3, Section 3.3.
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Figure 8.10 — Simulated mean groundwater level of UHE 5 under the scenarios of urbanization.
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Discussion and conclusion

This chapter describes our study for the post-development state of the Moulon area. The study
objective is to estimate both the hydrological impacts of urban development and the efficiency of
certain LID devices. The study is conducted by scenario modelings with the model URBS-WTTI.
The reference modeling is the one with the land use derived from the programs defined in Paris-
Saclay urban project. The associated information has been collected and analysed as objectively
as we can, but assumptions are always necessary and the land cover defined in the study can be
slightly different from the final layout of the area.

The results of the reference modeling show a change in the runoff fraction of the impervious
surfaces, the natural surfaces and the groundwater drainage by sewer networks. The total pro-
duced runoff volume is only slightly increased compared with the pre-development state: while the
expansion of impervious surfaces increases surface runoff to the detriment of evapotranspiration,
groundwater drainage by sewer networks is cut by half. The spatial discretization in the model has
an important role in this reduction (Section 8.3) and worths further examinations. The increase
in groundwater level estimated by the model should be interpreted and used with caution. As a
consequence of the increased groundwater level, which favors the drainage by sewer networks, the
simulated entire discharge quantity at the outlets is increased by 50%. But it is important to note
that the storage basins and discharge regulation devices planned in the project are not implemented
in the model for instance, and all produced runoff volume is free to be conveyed till the outlets. The
real future discharge volumes of the campus could be different with the estimation by modeling.

Four scenarios of urban development and six scenarios of LID have been evaluated and compared
with the referential modeling results. Studies are carried out at two spatial scales: catchment
scale and urban block scale. The outputs at the two scales are in general accordance. Impacts
of urban expansion are clearly observed: enhanced runoff volumes on impervious surfaces and
reduced evapotranspiration. The evapotranspiration, coupling with the surface infiltration, controls
the variation of groundwater level. The two processes are counter-balanced, and the resultant
groundwater level depends on the dominating one. Besides, the modeling result highlights the
different recharge regime between summer and winter, related to different evapotranspiration rates.
The impacts of surface sealing on groundwater level are conditioned by this seasonal difference.
Groundwater drainage by sewer networks is highly correlated with the groundwater level: in all the
tested scenarios the drainage flux varies along with the mean groundwater level. Contribution to
urban runoff of the natural land is not neglected in any case. Especially with at-source stormwater
management devices implemented, such as garden-directed rooftops, local excess infiltration can
lead to frequent soil saturation and overland flooding, as shown by the results on the urban block
scale. This phenomena is of course highly associated with the underlying hydrogeological setting.
All the LID scenarios could reduce the magnitude of extreme discharge: some of them are also

efficient in reducing the durations of low flow, especially the green roof structure.
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This study for the pre-development state of Moulon through hypothetical scenarios shows the
possibility for the model URBS-W'TT to provide sound information for stormwater management,
through its capability of simulating divers hydrological variables at scales ranging from parcel to
catchment. However, for being a suitable and robust decision-making tool for urban projects, which
is a long-term objective of the model development, several aspects of the model need to be reviewed
and developed. The model is quite demanding in terms of geodata input: both land uses within
urban parcels and geometrical features of sewer networks need to be well documented. These types
of information are relatively easy to obtain for areas that are already urbanized, thanks to the
developing urban databanks, but this is not the case for new developed areas. If the difficulty in
achieving information on land uses can be overcome through hypothesis, which is the case in the

present study, the lack of detailed information on sewer networks seem more problematic.
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Main results and achievements

During this Ph.D work, two main objectives have been achieved: a scientific one, with the en-
hancement of an urban hydrological model, and a more operational one, with the application of the
model to a real urban planing scenario. In a first step, the saturation flow module Water Trans-
fer Interface (WTI) has been implemented into the distributed urban hydrological model URBS
as an optional module that can be activated according to the modeling need. Both URBS and
WTI have been adapted to the service of the module integration. This choice for the saturated
flow module in URBS is a suitable approach, as it allows to build the saturation flow modeling in
URBS based on physical formulation (Darcy law) without changing the feature soil configuration
neither the spatial discretization in the initial model. The integrated model URBS-W'TT has been
evaluated on the well documented urban catchment of Pin Sec. Continuous modeling have been
carried out for the 5-year period of 01/01/2006-31/12/2010 at 5-min time step. Different modeling
outputs, including catchment water balance, stormwater discharge, and groundwater levels, have
been examined. The module has proved to be able to improve significantly the model performance,
in particular for the simulation of groundwater levels. The capacity of the model to consider the
atmosphere-surface-groundwater interactions has been confirmed.

The model has been applied on a real urban development zone, the Moulon area on the Saclay
plateau, in taking account of the shallow aquifer low. The model evaluation on this case study has
been undertaken based uniquely on groundwater observation data, which forms an originality of
the study. Water balance of the site under its pre-development conditions has been estimated by
the model. This is the first time that the water balance of the territory is estimated in a detailed
manner (evapotranspiration, infiltration, runoff, recharge, etc.). Even if it concerns only a small
part of the Saclay plateau, the results should be relevant for similar studies in the future.

The scenario study for the post-development Moulon area has allowed to give a first estimation
of the impacts of the urban-campus development on local hydrology. Impacts have been assessed
for different hypothesis of both urbanization density and stormwater management techniques. The
reduction effect of sealed surfaces on the infiltration and evapotranspiration has been studied. Be-
cause of the complex interactions between the processes, the overall impact on the water balance
can not be predicted easily. The seasonal differences in the regime of groundwater recharge has
been illustrated. Several LID devices have been integrated in the modeling, and have shown their
beneficial function to runoff control. Moreover, the infiltration-based devices influence the ground-
water recharge regime. Excess recharge quantity can be the origin of local soil saturation flooding,
which have been observed in the scenario modeling for an urban block. It is thus recommended to
estimate the impact on groundwater recharge preliminarily to the setting up of infiltration-based
LID devices. This study shows, to some extent, the feasibility, interests and limits of the application
of URBS on a new developing area. The model calibration for Moulon has be carried out only on

groundwater monitoring data, and the simulated discharge rates have not been validated because
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of lack of measurement data. Flow regulation devices that are planned in the project Paris-Saclay
have not been integrated in the model. The assessed results of discharge should thus be used with

caution.

Analyzing the components of the water balance has proved to be essential for knowing the
mechanism in the model and for understanding the other type of results. This is particularly true
when the groundwater flow is represented in the model. It has been demonstrated that the overall
water balance and groundwater recharge are conditioned by the balance effect of the different
processes. The process of evapotranspiration has shown great importance in the water cycle, as
well as groundwater drainage by sewer networks, which represents about 30% of the annual rainfall
in both case studies, although this has not been validated for Moulon. The model has shown great
sensibility to soil parameters; the sensibility depends on both the study case and the examined
variable, which shows the necessity of doing sensibility analysis for future model applications of
URBS. The complexity in fitting the observation and simulation groundwater curves due to different
behaviors of these observation series implies the heterogeneity of soil properties in urban settings.
The interest of the distributed model URBS for modeling hydrological variables in urban catchments

has been confirmed.

Beyond the initial objective of study, a series of programs for geodata pre-processing via GIS
softwares have been developed or adapted and ready-to-use for model application on other catch-

ments. These established programs and their methodology should be beneficial to future studies.

Limits of the study

The integrated WTI module has been evaluated on a variety of modeling outputs. The relatively
good quality of groundwater level modeling has allowed the module to be validated. The homog-
enization effect of the module has been evaluated by a simple criterion: the standard deviation
of groundwater levels between the UHEs. The simulated WTI flux seems to be predominated by
vertical fluxes by climate forcing : a manual forcing through a coefficient has been necessary for the
simulated groundwater levels to fit the observations. It will be interesting to analyze the physical
signification of this coefficient. The zero-flux boundary condition assigned on the soil flow may not
to be totally adequate, especially at the downstream boundary of the system. The model probably

needs to evacuate water out of the modeling domain in order to meet the piezometric observations.

Due to limited information of land use of the future Moulon, hypothesis have been made on the
imperviousness of surface, as well as tree-covered areas. It is recognized that these hypothesis are
not totally “reasonable”. Furthermore, assigning a uniform impervious ratio to all the urban blocks
is obviously a simplified approach. With the progressing of the campus project, a re-examination

of these hypothesis should help to assess more realistic results.
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Comment on the model

As a distributed and physically-based urban hydrological model, URBS-WTT has shown its adapt-
ability to the modeling of small urban catchments. It represents the urban stormwater cycle in
an integrated way, in taking into account both the natural atmosphere - surface - groundwater
interactions and the buried sewer networks. It is capable of carrying long-term continuous simu-
lations at small time steps. The utilization of urban parcels as spatial units allows to simulates
hydrological behavior at fine spatial level. It provides a variety of modeling outputs permitting to
understand the catchment response to rainfall in a detailed manner. All these features make the
model a convenient choice for developing physically-based modeling tool for decision making.

As a research model, URBS-WTTI has also shown limits during the present work. The most
evident one relies on its high exigence on geodata details (parcels, streets, sewer networks). The
model application on the catchments of Pin Sec and Moulon has required great quantities of GIS
pre-processing work that have been subject to two master thesis. In the case where the quality
of initial GIS data is mediocre, the difficulties for generating the geodata files are significant. We
believe that this can be a constrain for the model to be applied on large catchments. In the case
of new urban projects, detailed descriptions for land use and sewer networks are probably not
available at the first stages. The fact that the model requires these data as input seems to be
contradictory with the its long term objective to be a decision-making tool. Another weak point of
the model is related to the structural organization of the program. All the main simulated processes
are currently organized in a unique file of 5000-6000 lines, which make the verification of problems
quite tedious and error-prone. We believe that the program needs to be re-organized if we want to
set ambitious objectives for the model development. But this may require important investigations

in terms of programming.

Perspectives

It will be valuable to compare the results of Moulon (water balance and discharge) with other
studies within the Saclay plateau. To the author’s knowledge, this type of studies is currently
rare, but things can change with the rising interests of researchers on the plateau, evoked by the
Paris-Saclay University project.

The model URBS-W'TT is now ready to be applied at other catchments, which may have more
available observation data. This can help to further evaluate the performance of the saturation
module. Some questions have been raised about the model during the thesis, such as its capacity
to take into consideration of the spatial variability of soil properties and the influence of spatial
discretization on modeling results. These questions deserve further examinations.

The cooperation between the EPPS, CEREMA and IFSTTAR has been renewed for three

years. One of the defined program is to reinforce the hydrological modeling of Moulon, in order
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to provide more tangible results that can be used in the urban planning. Following this objective,
the development of URBS-W'TT in the short term consists of the implementation of two elements
in the model: (1) a module for taking account of basement drainage, and (2) representation of flow

regulation devices in the drainage network, particularly at the outlets of the swales.



Appendix

GIS processing on geodata

A.1 Difficulties encountered during the geodata error correction

The first difficulty in this procedure locates in the error messages that are not always meaningful
to the user. Figure A.l is a screen shot of the geometry validity verification for the parcel layer,
the numbers of segments which have problem (e.g. 12 and 15 in the first line) are interior identities
of the Geometry validity procedure itself and do not mean anything for the end user (maybe useful
for software developers). Two lines below, it indicates that the geometry has eight errors nothing
more precise. In fact, the error mentioned in this line is the same as that of the first line and the
number “8” is absolutely meaningless. As to GRASS, it gives nothing but the quantity of errors.
In summary, the only way to understand the real problem is to check by eyes every point at the
problem location indicated by the table. Since the errors exposed in the table could be related
and thus be corrected unconsciously, the Geometry validity function needs to be launched following

every correction in order that the error list is renewed.

The second difficulty lies on the correction process itself. In fact, among the errors, many are
situated in a infinitesimal spatial scales (on order of 1 meter or even smaller), with points that have
been drawn inappropriately. To understand the error and correct it, it is compulsory to largely
zoom in the map. Sometimes even with the maximum zoom possibility afforded by the software,
hardly the problem could be seen clearly. In case the problem should be analyzed in association with
surrounding features (e.g. in taking account of the entire polygon), it is obviously needed to zoom
out, with the possibility to lose the error location...Nothing but this repetitive zoom manipulation

for understanding the problem is quite time consuming.

This double-filter checking is carried on each of the three vector layers (parcel, street surface
and street line). When no error is detected neither by QGIS nor by GRASS in any of the vectors,
it is possible to launch the automation program for UHEs creation (presented below in section 4.4).

And there, unfortunately, we have to deal with new problems that have not been detected by the

183
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Couche vectorielle en entrée

| utiliser uniguement les valeurs sélectionnées

Erreurs de géométrie

Entité Erreur(s)
. 11 Les segments 12 et 15 de la ligne 0 s'entrecroisent & 308567.087636, 257029.841895 | |
11 Les segments 13 et 15 de la ligne 0 s'entrecroisent & 308567.087636, 257029.841895
11 La géométrie a 8 erreurs.
23 Les segments 1 et 3 de'la ligne 0 s'entrecroisent a 308541.882796, 256684.421017

23 I a:nénmétrio a 1 srraurs

Nombre total d'erreurs rencontrées |44

Copier les lignes choisies dans le presse-papier (Ctrl+C)

|| Enregistrer l'emplacement des erreurs

Fichier de points en sortie
e | cose | [NGERN

Figure A.1 — Error message given by Geometry validity of QGIS for parcel layer.

checking tools but appear with the automation program.

The “new” problems concern, in most of the time, relationships between the vectors. For
example, a border line of a parcel (polygon) must have, in theory, the same points with the border
line of the adjacent street surface (polygon). Another example is the incoherence between the
segments of the street surface layer and that of the street line layer.

If they can not be characterized as an “error”, the automation program can not run properly
with them, which is normal. Given that the automation program covers multiple stages, this kind
of problem can be detected at any stage. Once a problem is detected by the program, the vector
concerned needs to be reviewed and corrected with the process presented above, after which used

again for testing the automation program, until no error is felt.

A.2 Python program for UHFE vector map

1 #lusr/bin/env python

113

3 Created on mai 2010
4  @author: paille

5  Modified by yinghao Li for Pinsec application

s

7  import grass.script as grass

8  “Affiche le contenu du mapset”
o  "Display the mapset™

10 env = grass.gisenv()

11 printenv
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185 A.2. Python program for UHE vector map

vectors = grass.read’command(”g.list”, type="vect’)
print vectors

’1. Merge street surface sections’™

grass.run’command(’v.dissolve”, input="voirie’, output="voirie'd’, column="extraction’, overwrite=True)
2. selecting street’s parcels, masked parcels and all of entities that touch the street”

grass.run’command(’v.select”, ainput="parcelles’, binput="voirie’, output="parcelles viaires’, overwrite=True)
grass.run’command(’v.overlay”, ainput="parcelles’, binput="voirie’, output="parcelles'masquees’, operator="not’, overwrite=True)
grass.run’command(’v.select”, ainput="parcelles’, binput="voirie’, output="elements viaires’, overwrite=True)

"’3. merging 'voirie ‘dissolve’ with ‘elements 'viaires’ to obtain, after,
boundaries by neighbour analysis””’
grass.run’command(’v.overlay”, ainput="elements viaires’, binput="voirie'd’, output="temp’, operator="or’, overwrite=True)
grass.run’command(’v.build.polylines”, input="temp’, output="temp1’, cats="multi’, overwrite=True)
4. indentifying common boundaries and neighbour’s categories”
grass.run’command ("v.category”, input="temp1’, output="category’, layer="2’, type="boundary’, option="add’, overwrite=True)
grass.run’command ("v.db.addtable”, map="category’, layer="2", columns="left integer, right integer’, overwrite=True)
grass.run’command(”v.to.db”, map="category’, option="sides’, col="left, right’, layer="2’, type="boundary’, overwrite=True)
5. extracting boundaries of the adjacent parcel to the street”
grass.run’command(’v.edit”, map="temp’, tool="create’, overwrite=True)
liste"col=grass.read’command(’v.db.select”, map="temp1’, columns="cat’, where="b"extracti = 'route”)
print liste col
for i in liste'col.splitlines():
grass.run’command(’v.extract”, input="category’, output="temp2’, layer="2’, where="left j;, -1 AND right = %s"%i ,overwrite=True)

grass.run’command(’v.extract”, flags="t’, input="category’, output="temp3’, layer="2’", where="left = %s AND right =! -1"%i, overwrite=True)

grass.run’command(’v.patch”, input="temp,temp2,temp3’, output="temp4’, overwrite=True)
grass.run’command(’g.remove”, vect="temp,temp2,temp3’, overwrite=True)
grass.run’command(’g.rename”, vect="temp4,temp’, overwrite=True)
grass.run’command(’v.category”, input="temp’, output="extract’, type="boundary’, overwrite=True)
grass.run’command(’v.db.addtable”, map="extract’, layer="1", overwrite=True)
6. extracting points situated between boundaries’’
grass.run’command(’v.to.points”, flags="nt’, input="extract’, output="temp2’, type="line,boundary’, overwrite=True)
grass.run’command(’v.clean”, input="temp2’, output="temp3’, type="point’, tool="rmdupl’, overwrite=True)
grass.run’command(’v.category”, input="temp3’, output="temp4’, option="del’, type="point’, overwrite=True)
grass.run’command(’v.category”, input="temp4’, output="temp5’, type="point’, overwrite=True)
grass.run’command(’v.db.addtable”, map="temp5’, overwrite=True)
grass.run’command(’v.select”, ainput="temp5’, atype="point’, binput="voirie'd’, output="temp6’, overwrite=True)

5 s

7. creating a line between extracted points and centerline
grass.run’command(’v.distance”, ‘from="temp6’, from'type="point’, to="filvoirie’,

to'type="line’, output="distance’, upload="dist’, column="cat’, overwrite=True)
grass.run’command(’v.edit”, map="distance’, type="point’, tool="delete’, ids="1-99999’, overwrite=True)
8. merging the street, the centerline of the street and lines of v.distance to obtain the layer ‘trottoir’ ™
grass.run’command(’v.category”, input="voirie'd’, output="temp1’, type="boundary’, option="add’, overwrite=True)
grass.run’command(’v.extract”, input="temp1’, output="temp2’, type="boundary’, overwrite=True)
grass.run’command(’v.type”, input="temp2’, output="temp3’, type="boundary,line’, overwrite=True)
grass.run’command(”v.patch”, input="distance,temp3,filvoirie’, output="temp4’, overwrite=True)

grass.run’command(’v.clean”, input="temp4’, output="temp5’, type="line,point’, tool="snap,break,rmdupl,rmline’, thresh="0.1", overwrite=True)
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grass.run’command(’v.type”, input="temp5’, output="temp6’, type='"line,boundary’, overwrite=True)
grass.run’command(”v.centroids”, input="temp6’, output="temp7’, overwrite=True)
’8.1. extracting unwanted polygons from the layer ‘trottoir’ (the topology have maked polygons in gaps)™
grass.run’command(’v.overlay”, flags="t', ainput="temp7’, binput="voirie’d’, output="temp8’, operator="and’, overwrite=True)
grass.run’command(’v.category”, input="temp8’, output="temp9’, option="del’, type="boundary’, overwrite=True)
grass.run’command(’v.db.addtable”, map="temp9’, col="id uhe integer, area double precision’, overwrite=True)
grass.run’command(”v.to.db”, map="temp9’, option="area’, units="meters’, columns="area’, overwrite=True)
grass.run’command(’v.extract”, flags="r’, input="temp9’, output="temp10’, type="area’, where="area = 0”, overwrite=True)
’’8.2. updating neighborhood relation between street’s polygons and street’s parcels polygons to create UHE™
grass.run’command(’v.distance”, ‘from="temp10’, from type="centroid’, from’layer="1", to="elementsviaires’,
to'type="area’, to'layer="1", upload="cat’, column="id 'uhe’, overwrite=True)

’”8.3. reclassing polygons and merging common boundaries + calculating total area of each street’s polygons”™
grass.run’command(’v.dissolve”, input="temp10’, output="temp11’, column="id"uhe’, overwrite=True)
grass.run’command(’v.db.addtable”, map="temp11’, col="id uhe integer, area double precision’, overwrite=True)
grass.run’command(’v.db.update”, map="temp11’, layer="1’, column="id uhe’, gcolumn="cat’, overwrite=True)
grass.run’command(’v.to.db”, map="temp11’, option="area’, units="meters’, columns="area’, overwrite=True)
grass.run’command(’g.rename”, vect="temp11,trottoir’, overwrite=True)
grass.run’command(’g.remove”, vect="category,extract,distance,temp,temp1,temp2,temp3,
temp4,temp5,temp6,temp7,temp8,temp9,temp10’, overwrite=True)

A.3 GRASS commande for interface vector map

v.category input=uhe_update2_tt_2 output=interfaces_uhe layer=2 type =boundary option=add --o
v.db.addtable map=interfaces_uhe layer=2 {columns=left integer,right integer} --o

v.to.db map=interfaces_uhe option=sides {col=left,right} layer=2 --o

A.4 OrbisGIS SQL commande for generation of attribute table

for the Interfaces

-

create table uhe_center_g as select ST_Centroid(uhe_finale.the_geom) as center, interfaces_fusion.

2 the_geom as geom_interfaces, interfaces_fusion.gauche as gauche,

3 interfaces_fusion.droite as droite from uhe_finale , interfaces_fusion
4 where uhe_finale.cat=interfaces_fusion.gauche;

5

6 // for computing the distances between UHE centroid and interfaces

7 create table uhe_center_g as select

8 ST_Centroid(uhe_finale.the_geom) as center, interfaces_fusion.the_geom
9 as geom_interfaces, interfaces_fusion.gauche as gauche,

10 interfaces_fusion.droite as droite from uhe_finale , interfaces_fusion
11 where uhe_finale.cat=interfaces_fusion.gauche;

12 alter table uhe_center_g add column distance double ;

13 update uhe_center_g set distance = ST_Distance(center, geom_interfaces);

-
'S

create table dist_temp_1 as select a.*, b.distance as distanceA

Jun
o

from interfaces_fusion a, uhe_center_g b where a.gauche=b.gauche
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16 and a.droite=b.droite;

17 create table temp2 as select * from interfaces_fusion where

18 interfaces_fusion.gauche=-1;

19 alter table dist_temp_2 add column distanceA double;

20 create table dist_temp_3 as select *

21  from dist_temp_1

22 UNION

23 select *

24 from dist_temp_2;

25 create table uhe_center_d as select ST_Centroid(uhe_finale.the_geom)

26 as center, interfaces_fusion.the_geom as geom_interfaces,

27 interfaces_fusion.gauche as gauche, interfaces_fusion.droite as droite
28 from uhe_finale , interfaces_fusion

29 where uhe_finale.cat=interfaces_fusion.droite;

30 alter table uhe_center_d add column distance double;

31 update uhe_center_d set distance = ST_Distance(center, geom_interfaces) ;
32 create table dist_temp_d as select a.*, b.distance as distanceB from
33 interfaces_fusion a, uhe_center_d b where a.gauche=b.gauche

34 and a.droite=b.droite;create table dist as select dist_temp_3.*,

35 dist_temp_d.distanceB as distanceB from dist_temp_3, dist_temp_d

36 where dist_temp_3.gauche=dist_temp_d.gauche and

37 dist_temp_3.droite=dist_temp_d.droite;

38 // for computing the elevations

39 create table alti as select * from

40  ST_Interpolate("mnt_grandpinsec_point",1, ’ALTI’);

41 create table alt_templ as select a.*, b.center as ct_parA from dist a,
42  uhe_center_g b where a.gauche=b.gauche and a.droite=b.droite;

43 create table alt_temp2 as select * from dist where dist.gauche=-1;

44 alter table alt_temp2 add column ct_parA geometry;

45 create table alt_temp3 as select *

46 from alt_templ

47  UNION

48  select *

49 from alt_temp2;

50 create table alt_temp2 as select * from dist where dist.gauche=-1;

51 alter table alt_temp2 add column ct_parA geometry;

52 create table alt_temp3 as select *

53 from alt_templ

54  UNION

55 select *

56 from alt_temp2;

57 create table alt_temp4 as select a.*, b.center as ct_parB from dist a,
58 uhe_center_d b where a.gauche=b.gauche and a.droite=b.droite;

59 create table alt_tempb as select a.*, b.ct_parB as ct_parB from alt_temp3 a,
60 alt_temp4 b where a.gauche=b.gauche and a.droite=b.droite;

61 create table alt_temp6 as select a.*, ST_AddZFromRaster(a.ct_parA, b.raster)
62 as ct_parA_raster, ST_AddZFromRaster(a.ct_parB, b.raster) as ct_parB_raster
63 from alt_temp5 a, alti b;

64 alter table alt_temp6 add column ct_parA_z double, add column ct_parB_z double;
65 update alt_temp6 set ct_parA_z=st_z(ct_parA_raster),

66  ct_parB_z=st_z(ct_parB_raster);

67 // for computing the length of the interfaces

68 create table altitude_length as select *, ST_Length(the_geom) as length
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A.5 OrbisGIS SQL commande for constructing polygons
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from alt_temp

and Interfaces of the Moulon catchment

of UHESs

SQL("create table parcel_fil as select a.IDOBJ, a.gravity_center, a.gravity_z, b.NUMOBJ
as NUMFIL, b.the_geom as fil_geom from parcel_caract_3 a, " +filvoie+ " b where
st_intersects(a.the_geom, st_buffer(b.the_geom,45)); ");

SQL("alter table parcel_fil add column projection geometry;");

SQL("update parcel_fil set projection=st_nearestpoints(gravity_center, fil_geom);");
SQL("create table parcel_fil_1 as select a.IDOBJ, a.gravity_center, a.gravity_z,
a.NUMFIL, a.fil_geom, ST_AddZFromRaster(a.projection, b.raster) as projection from
parcel_fil a, alti b;");

SQL("alter table parcel_fil_1 add column diff_z double;");

SQL("update parcel_fil_1 set diff_z=(gravity_z-st_z(projection));");

SQL("create table parcel_fil_2 as select IDOBJ, max(diff_z)as max from parcel_fil_1
group by IDOBJ;");

SQL("create table parcel_fil_3 as select a.* from parcel_fil_1 a, parcel_fil_2 b where
a.IDOBJ=b.IDOBJ and a.diff_z=b.max;");

SQL("alter table parcel_fil_3 add column length_fil double;");

SQL("update parcel_fil_3 set length_fil=st_length(fil_geom);");

SQL("create table parcel_fil_4 as select IDOBJ, max(length_fil)as max from parcel_fil_3
group by IDOBJ;");

SQL("create table parcel_fil_5 as select a.* from parcel_fil_3 a, parcel_fil_4 b where
a.IDOBJ=b.IDOBJ and a.length_fil=b.max;");

SQL("drop table parcel_fil, parcel_fil_1, parcel_fil_2, parcel_fil_3, parcel_fil_4;");
SQL("create table isol as select IDOBJ from parcel_fil_5;");

SQL("alter table isol add column code double;");

SQL("update isol set code=1;");
SQL("create table isol_1 as select
SQL("alter table isol_1 add column
SQL("update isol_1 set code=0;");

IDOBJ from parcel_caract_3;");
code double;™");

SQL("create table
SQL("create table
IDOBJ;");

SQL("create table
parcel_caract_3 b
SQL("create table
parcel_caract_3 b

SQL("create table

isol_2 as select

isol_3 as select

isol_4 as select
where a.code=0 a;
isol_5 as select
where a.code=1 a;

isol_6 as select

b.gravity_z) as diff_z from isol_4

b.the_geom); ");
SQL("create table
SQL("create table

a.diff_z=b.max;");

SQL("create table

isol_7 as select

isol_8 as select

isol_9 as select

parcel_fil_5 b where a.other_par=b
SQL("drop table isol, isol_1, isol

SQL("create table isol_10 as select a.*, b.the_geom as fil_geom from isol_9 a, "

* from isol union select * from isol_1;");

IDOBJ, sum(code) as code from isol_2 group by

a.IDOBJ, b.the_geom, b.gravity_z from isol_3 a,
nd a.IDOBJ=b.IDOBJ;");
a.IDOBJ, b.the_geom, b.gravity_z from isol_3 a,
nd a.IDOBJ=b.IDOBJ;");
a.IDOBJ as isol, b.IDOBJ as other_par, (a.gravity_z-

a, isol_b b where st_intersects(a.the_geom,

isol, max(diff_z) as max from isol_6 group by isol;");

a.*x from isol_6 a, isol_7 b where a.isol=b.isol and

a.isol as IDOBJ, b.NUMFIL from isol_8 a,
.IDOBJ;");

_2, isol_3, isol_4, isol_5, isol_6, isol_7, isol_8;");
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46 +filvoie+ " b where a.NUMFIL=b.NUMOBJ;");
47 SQL("create table isol_11 as select a.*, b.gravity_center from isol_10 a, parcel_caract_3
48 b where a.IDOBJ=b.IDOBJ;");
49  SQL("alter table isol_11 add column projection geometry;");
50 SQL("update isol_11 set projection=st_nearestpoints(gravity_center, fil_geom); ");
51 SQL("create table isol_12 as select a.IDOBJ, a.NUMFIL, a.fil_geom, a.gravity_center,
52  ST_AddZFromRaster(a.projection, b.raster) as projection from isol_11 a, alti b;");
53 SQL("create table parcel_fil_6 as select IDOBJ, NUMFIL, projection from parcel_fil_5
54 union select IDOBJ, NUMFIL, projection from isol_12;");
55 SQL("create table parcel_caract_4 as select a.*, b.NUMFIL, b.projection from
56 parcel_caract_3 a, parcel_fil_6 b where a.IDOBJ=b.IDOBJ;");
57 SQL("drop table isol_9, isol_10, isol_11, isol_12, parcel_caract_3, parcel_fil_5,
58 parcel_fil_6;");
59  SQL("alter table parcel_caract_4 add column proj_x double;");
60 SQL("alter table parcel_caract_4 add column proj_y double;");
61 SQL("alter table parcel_caract_4 add column proj_z double;");
62 SQL("update parcel_caract_4 set proj_x=st_x(projection);");
63 SQL("update parcel_caract_4 set proj_y=st_y(projection);");
64 SQL("update parcel_caract_4 set proj_z=st_z(projection);");

A.6 OrbisGIS SQL commande for defining geometrical parame-
ters of UHEs and Interfaces of the Moulon catchment
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// calculate the built area of the parcels
SQL("create table built_area as select a.IDOBJ, b.the_geom as built_geom,
st_area(b.the_geom)as built_area from " +parcelles+ " a," +batidur+ " b where

st_contains(a.the_geom, b.the_geom);" );

SQL( "create table built_area_1 as select IDOBJ, sum(built_area) from built_area group

by IDOBJ;");

SQL("create table built_area_2 as select IDOBJ from " + parcelles+";");

SQL("alter table built_area_2 add column built_area double;" );

SQL("update built_area_2 set built_area=0;");

SQL("create table built_area_3 as select * from built_area_2 union select * from
built_area_1;");

SQL("create table built_area_4 as select IDOBJ, sum(built_area) as built_area from
built_area_3 group by IDOBJ;");

SQL("drop table built_area_1, built_area_2, built_area_3;");

//compute the gravity of parcels. If there exist several building in one parcel, choose the

gravity of the biggest building

SQL("create table built_gravity as select IDOBJ, max(built_area) as max_area from
built_area group by IDOBJ;");

SQL("create table built_gravity_1 as select a.IDOBJ, a.built_geom from built_area a,
built_gravity b where a.IDOBJ=b.IDOBJ and a.built_area=max_area;");

SQL("create table built_gravity_2 as select IDOBJ, st_centroid(built_geom)as
gravity_center from built_gravity_1;");

SQL("create table parcel_gravity as select IDOBJ from " + parcelles+";");

SQL("alter table parcel_gravity add column gravity_center geometry;");

SQL("create table parcel_gravity_1 as select * from built_gravity_2 union select * from

parcel_gravity;");
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28

29  SQL("create table parcel_gravity_2 as select IDOBJ, st_union(gravity_center)as

30 gravity_center from parcel_gravity_1 group by IDOBJ;");

31 SQL("drop table built_area, built_gravity, built_gravity_1, built_gravity_2,

32 parcel_gravity, parcel_gravity_1;");

33 //integrate the tables

34 SQL("create table parcel_caract as select a.*, st_area(a.the_geom) as surface, b.built_area
35 from "+ parcelles+" a, built_area_4 b where a.IDOBJ=b.IDOBJ;");

36 SQL("create table parcel_caract_1 as select a.*, b.gravity_center from parcel_caract a,
37 parcel_gravity_2 b where a.IDOBJ=b.IDOBJ;");

38 SQL("update parcel_caract_1 set gravity_center=st_centroid(the_geom) where

39 built_area=0;");

40  SQL("create table parcel_voie as select a.IDOBJ as IDPAR, st_area(a.the_geom) as

41 parcel_area, b.NUMOBJ as IDVOIE, ST_Area(b.the_geom)as voie_area from "

42  +parcelles+ " a, " +surfvoie+ " b where ST_Intersects(st_buffer(a.the_geom,0),

43  st_buffer(b.the_geom,0));");

44 SQL("create table voie_parcel as select a.NUMOBJ as IDVOIE, b.IDOBJ as IDPAR,

45 ST_Area(b.the_geom)as parcel_area from " +surfvoie+ " a, " +parcelles+ " b where

46 ST_Intersects(st_buffer(a.the_geom,0), st_buffer(b.the_geom,0));");

47 SQL("create table voie_parcel_1 as select IDVOIE, sum(parcel_area) as

48  total_parcel_area from voie_parcel group by IDVOIE;");

49 SQL("create table parcel_voie_1 as select a.*, b.total_parcel_area from parcel_voie a,
50 voie_parcel_1 b where a.IDVOIE=b.IDVOIE;");

51 SQL("alter table parcel_voie_1 add column street_adj double;");

52  SQL("update parcel_voie_1 set street_adj=voie_areaxparcel_area/total_parcel_area;");
53  SQL("create table parcel_voie_2 as select IDPAR, sum(street_adj)as street_adj from

54 parcel_voie_1 group by IDPAR;");

55 SQL("create table parcel_voie_3 as select IDOBJ as IDPAR from "+parcelles+";");

56 SQL("alter table parcel_voie_3 add column street_adj double;");

57 SQL("create table parcel_voie_4 as select * from parcel_voie_2 union select * from

58 parcel_voie_3 ;");

59 SQL("create table parcel_voie_5 as select IDPAR, sum(street_adj) as street_adj from
60 parcel_voie_4 group by IDPAR;");

61 SQL("drop table parcel_voie, parcel_voie_1, parcel_voie_2, parcel_voie_3,parcel_voie_4,
62 voie_parcel, voie_parcel_1;");

63 SQL("create table parcel_caract_2 as select a.*, b.street_adj from parcel_caract_1 a,
64 parcel_voie_5 b where a.IDOBJ=b.IDPAR;");

65 SQL("alter table parcel_caract_2 add column gravity_x double;");

66  SQL("alter table parcel_caract_2 add column gravity_y double;");

67 SQL("update parcel_caract_2 set gravity_x=st_x(gravity_center);");

68 SQL("update parcel_caract_2 set gravity_y=st_y(gravity_center);");

69 SQL("drop table parcel_caract, parcel_caract_1, built_area_4, parcel_voie_5,

70 parcel_gravity_2;");

71  //generate the layer of altitude raster

72 SQL("create table alti as select * from ST_Interpolate("+mnt+",1, ’ALTI’);");

73 SQL("create table parcel_caract_3 as select a.the_geom, a.IDOBJ, a.surface, a.built_area,
74 a.street_adj, ST_AddZFromRaster(a.gravity_center, b.raster) as gravity_center,

75 a.gravity_x, a.gravity_y from parcel_caract_2 a, alti b; ");

76 SQL("alter table parcel_caract_3 add column gravity_z double;");

77 SQL("update parcel_caract_3 set gravity_z=st_z(gravity_center);");

78  SQL("drop table parcel_caract_2;");

79 //SQL("alter table parcel_caract_3 drop gravity_center;");

80 //connection between parcel and street
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81  SQL("create table parcel_fil as select a.IDOBJ, a.gravity_center, a.gravity_z, b.NUMOBJ
82 as NUMFIL, b.the_geom as fil_geom from parcel_caract_3 a, " +filvoie+ " b where
83 st_intersects(a.the_geom, st_buffer(b.the_geom,45)); ");

84 SQL("alter table parcel_fil add column projection geometry;");

85 SQL("update parcel_fil set projection=st_nearestpoints(gravity_center, fil_geom);");

86 SQL("create table parcel_fil_1 as select a.IDOBJ, a.gravity_center, a.gravity_z,

87 a.NUMFIL, a.fil_geom, ST_AddZFromRaster(a.projection, b.raster) as projection from

88 parcel_fil a, alti b;");

89 SQL("alter table parcel_fil_ 1 add column diff_z double;");

90  SQL("update parcel_fil_1 set diff_z=(gravity_z-st_z(projection));");

91  SQL("create table parcel_fil_2 as select IDOBJ, max(diff_z)as max from parcel_fil_1

92  group by IDOBJ;");

93  SQL("create table parcel_fil_3 as select a.* from parcel_fil_1 a, parcel_fil_2 b where
94 a.IDOBJ=b.IDOBJ and a.diff_z=b.max;");

95 SQL("alter table parcel_fil_3 add column length_fil double;");

96  SQL("update parcel_fil_3 set length_fil=st_length(fil_geom);");

97  SQL("create table parcel_fil_4 as select IDOBJ, max(length_fil)as max from parcel_fil_ 3
98 group by IDOBJ;");

99 SQL("create table parcel_fil_5 as select a.* from parcel_fil_3 a, parcel_fil_4 b where
100 a.IDOBJ=b.IDOBJ and a.length_fil=b.max;");

101

102 SQL("drop table parcel_fil, parcel_fil_1, parcel_fil_2, parcel_fil_3, parcel_fil_4;");
103 SQL("create table isol as select IDOBJ from parcel_fil_5;");

104 SQL("alter table isol add column code double;");

105  SQL("update isol set code=1;");

106 SQL("create table isol_1 as select IDOBJ from parcel_caract_3;");

107 SQL("alter table isol_1 add column code double;");

108  SQL("update isol_1 set code=0;");

109 SQL("create table isol_2 as select * from isol union select * from isol_1;");

110  SQL("create table isol_3 as select IDOBJ, sum(code) as code from isol_2 group by

111 IDOBJ;");

112 SQL("create table isol_4 as select a.IDOBJ, b.the_geom, b.gravity_z from isol_3 a,

113 parcel_caract_3 b where a.code=0 and a.IDOBJ=b.IDOBJ;");

114 SQL("create table isol_5 as select a.IDOBJ, b.the_geom, b.gravity_z from isol_3 a,

115 parcel_caract_3 b where a.code=1 and a.IDOBJ=b.IDOBJ;");

116  SQL("create table isol_6 as select a.IDOBJ as isol, b.IDOBJ as other_par, (a.gravity_z-
117  b.gravity_z) as diff_z from isol_4 a, isol_5 b where st_intersects(a.the_geom,

118 b.the_geom); ");

119  SQL("create table isol_7 as select isol, max(diff_z) as max from isol_6 group by isol;");
120 SQL("create table isol_8 as select a.* from isol_6 a, isol_7 b where a.isol=b.isol and
121 a.diff_z=b.max;");

122 SQL("create table isol_9 as select a.isol as IDOBJ, b.NUMFIL from isol_8 a,

123 parcel_fil_5 b where a.other_par=b.IDOBJ;");

124 SQL("drop table isol, isol_1, isol_2, isol_3, isol_4, isol_5, isol_6, isol_7, isol_8;");
125

126 SQL("create table isol_10 as select a.*, b.the_geom as fil_geom from isol_9 a, "

127 +filvoie+ " b where a.NUMFIL=b.NUMOBJ;");

128  SQL("create table isol_11 as select a.*, b.gravity_center from isol_10 a, parcel_caract_3
129 b where a.IDOBJ=b.IDOBJ;");

130 SQL("alter table isol_11 add column projection geometry;");

131 SQL("update isol_11 set projection=st_nearestpoints(gravity_center, fil_geom); ");

132 SQL("create table isol_12 as select a.IDOBJ, a.NUMFIL, a.fil_geom, a.gravity_center,
133 ST_AddZFromRaster(a.projection, b.raster) as projection from isol_11 a, alti b;");
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SQL("create table parcel_fil_6 as select IDOBJ, NUMFIL, projection from parcel_fil_5
union select IDOBJ, NUMFIL, projection from isol_12;");

SQL("create table parcel_caract_4 as select a.*, b.NUMFIL, b.projection from
parcel_caract_3 a, parcel_fil_6 b where a.IDOBJ=b.IDOBJ;");

SQL("drop table isol_9, isol_10, isol_11, isol_12, parcel_caract_3, parcel_fil_5,
parcel_fil_6;");

SQL("alter table parcel_caract_4 add column proj_x double;");

SQL("alter table parcel_caract_4 add column proj_y double;");

SQL("alter table parcel_caract_4 add column proj_z double;");

SQL("update parcel_caract_4 set proj_x=st_x(projection);");

SQL("update parcel_caract_4 set proj_y=st_y(projection);");

SQL("update parcel_caract_4 set proj_z=st_z(projection);");

//furthest

SQL("alter table parcel_caract_4 add column furthest geometry;");

SQL("update parcel_caract_4 set furthest=ST_FurthestPoint(projection, the_geom);");
SQL("create table parcel_caract_5 as select a.the_geom, a.IDOBJ, a.surface, a.built_area,
a.street_adj, a.gravity_x, a.gravity_y, a.gravity_z, a.NUMFIL, a.proj_x, a.proj_y, a.proj_z,
ST_AddZFromRaster (a.furthest, b.raster) as furthest from parcel_caract_4 a, alti b;");
SQL("alter table parcel_caract_5 add column fur_x double;");

SQL("alter table parcel_caract_5 add column fur_y double;");

SQL("alter table parcel_caract_5 add column fur_z double;");

SQL("update parcel_caract_5 set fur_x=st_x(furthest);");

SQL("update parcel_caract_5 set fur_y=st_y(furthest);");

SQL("update parcel_caract_5 set fur_z=st_z(furthest);");

SQL("alter table parcel_caract_5 drop furthest;");

SQL("drop table parcel_caract_4, alti;");

--generate the new layer of th UHE

——create table trottoir_UHE as select ST_Union(the_geom) as the_geom, cat from trottoir
group by cat;

--create table par_UHE as select the_geom, cat from parcelles;

--create table par_trottoir as select * from par_UHE union select * from trottoir_UHE;
—-create table UHE as select ST_UNION(the_geom) as the_geom, cat from par_trottoir
group by cat;

--EXECUTE Ezport(UHE, ’D:\Documents and Settings\qingziao\result\UHE.shp’);

--create table inter_par as select a.*, b.ID AS NUMPAR, b.centroid, b.Zcenter as
ct_par_z from UHE a, parcelles_58 b where a.cat=b.cat;

--create table inter_par_2 as select * from inter_par;

—-create table interface as select st_intersection(a.the_geom, b.the_geom) as the_geom,
AUTONUMERIC() as ID, a.NUMPAR as NUMPAR_A, b.NUMPAR as NUMPAR_B,
a.ct_par_z as ct_parA_z, b.ct_par_z as ct_parB_z, a.centroid as a_cent, b.centroid as
b_cent, a.cat as gauche, b.cat as driote from inter_par a, inter_par_2 b where
st_intersects(a.the_geom, b.the_geom) and a.cat!=b.cat;

--create table interface_1 as select ID, NUMPAR_A, NUMPAR_B, st_distance(a_cent,
the_geom) as distanceA, st_distance(b_cent, the_geom) as distanceB, ct_parA_z,
ct_parB_z, ST_Length(the_geom) as length, gauche, driote as droite from interface;
--select ID from interface where st_dimension(the_geom)=2;

--create table test as select the_geom, ID, gauche, driote as droite from interface;
--create

table

interface_2

as

select
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187 iD,

188 NUMPAR_A,

189 NUMPAR_B,

190 (distanceA*ct_parB_z+distanceB*ct_parA_z)/(distanceA+distanceB) as altInterface,

191 distanceA, distanceB, ct_parA_z, ct_parB_z, length, gauche, droite from interface_1

192  where length>0;

193  --create table interface_3 as select length, min(gauche) as gauche from interface_2 group
194 by length;

195 --create table interface_4 as select a.* from interface_2 a, interface_3 b where

196  a.length=b.length and a.gauche=b.gauche;

197 --select distinct gauche from interface_2;

198 --update interface set length=st_length(the_geom);

199  --create table orbis_func as select * from FunctionHelp();

200 --create table interface_q as select the_geom, ID from interface;
201 --alter table interface_5 add column bed_interfac double;

202 --alter table interface_5 add column bed_parA double;

203 --alter table interface_5 add column bed_parB double;

204 --update interface_5 set bed_interfac=-99;

205 --update interface_5 set bed_pard=-99;

206 --update interface_5 set bed_parB=-99;

207 --create table interface_6 as select ID, NUMPAR_A, NUMPAR_B, altInterface,

208 bed_interfac, distanceA, distanceB, ct_parA_z, ct_parB_z, bed_parA, bed_parB, length,
209 gauche, droite from interface_5;

210 --create table interface_7 as select a.the_geom, AUTONUMERIC() as ID,

211 b.NUMPAR_A, b.NUMPAR_B, b.altInterface, b.bed_interfac, b.distanceA, b.distanceB,

212 b.ct_parA_z, b.ct_parB_z, b.bed_parA, b.bed_parB, b.length, b.gauche, b.droite from

213 interface_4 a, interface_6 b where a.ID=b.ID;

214 —-create table boundary as select ST_Boundary(st_union(the_geom)) as the_geom from
215  UHE;
216 —-create table boundary_1 as select ST_INTERSECTION(a.the_geom, b.the_geom) as

217  the_geom, b.cat as droite from boundary a, UHE b where ST_INTERSECTS(a.the_geom,
218 b.the_geom);

219 --alter table boundary_1 add column distanceAd double;

220 -—alter table boundary_1 add column distanceB double;

221 --update boundary_1 set distanced=0;

222  --create table boundary_2 as select a.centroid, a.Zcenter as ct_parB_z, b.* from

223 parcelles_58 a, boundary_1 b where a.cat=b.droite;

224 --update boundary_2 set distanceB=st_distance(centroid, the_geom);
225 --alter table boundary_2 add column ct_parA_z double;

226  —-update boundary_2 set ct_parAd_z=ct_parB_z;

227 --alter table boundary_2 add column length double;

228  --update boundary_2 set length= st_length(the_geom);

229 --alter table boundary_2 add column gauche double;

230 --update boundary_2 set gauche=-1;

231 --alter table boundary_2 add column NUMPAR_A text;

232 --alter table boundary_Z2 add column NUMPAR_B tezt;

233 --alter table boundary_2 drop column NUMPAR_B;

234  --create table boundary_3 as select a.*, b.ID as NUMPAR_B from boundary_2 a,
235 parcelles_58 b where a.droite=b.cat;

236 ——alter table boundary_3 add column altInterface double;

237  --update boundary_3 set altInterface=ct_parA_z;

238 /*alter table boundary_3 add column bed_interfac double;
239 alter table boundary_3 add column bed_parA double;
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240
241
242
243
244
245
246
247
248
249
250
251

alter table boundary_3 add column bed_parB double;

update boundary_3 set bed_interfac=-99;

update boundary_3 set bed_pard=-99;

update boundary_3 set bed_parB=-99;

create table interface_8 as select the_geom, NUMPAR_A, NUMPAR_B, altInterface,
bed_interfac, distanced, distanceB, ct_pard_z, ct_parB_z, bed_parA, bed_parB, length,
gauche, droite from interface_7 union select the_geom, NUMPAR_A, NUMPAR_B,
altInterface, bed_interfac, distanced, distanceB, ct_parA_z, ct_parB_z, bed_par4,
bed_parB, length, gauche, droite from boundary_3;*/

--create table interface_9 as select the_geom, AUTONUMERIC() as ID,NUMPAR_A,
NUMPAR_B, altInterface, bed_interfac, distanceA, distanceB, ct_parA_z, ct_parB_z,
bed_parA, bed_parB, length, gauche, droite from interface_8;




Appendix

Theory of water flow in the soil

B.1 General three-dimensional saturated-unsaturated groundwa-

ter flow equation

The general three-dimensional saturated-unsaturated flow equation is written as:

0 oh 0 oh 0 oh oh
%(Km(h)%) + @(Ky(h)@) + %(Kz(h)(& +1))+Q = [C(h) + SwSS]E (B.1)

where K is the component on the direction ¢ of the hydraulic conductivity tensor, h the hydraulic
head, C'(h) = % the specific moisture capacity (the slope of the moisture retention curve), S, the
saturated fraction of the porous medium (S, = % with 1 the porosity), Ss the specific storage rep-
resenting the volume of water released per unit volume of aquifer per unit decline in pressure head,
(@ a volumetric source or sink term. Equation B.1 is called the “modified Richards equation” and

obtained by combining the continuity equation and the Darcy equation, under several assumptions:

e The aquifer and water are slightly compressible in the saturated confined zone but incom-

pressible in the unsaturated zone and in the unconfined saturated zone;
e The principle axis of anisotropy is aligned with the principle axis of flow;
e Water density does not vary spatially.

In the saturated zone, we have:

06
K(h) = K4 = constant
o?
n
and
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h > hair entry

Therefore, in the saturated zone, equation B.1 becomes

0 Oh 0 Oh 0 Oh Oh

%(Ks(h)%) + @(Ks(h)@) + @(Ks(h)(g +1))+Q = Ssar (B.2)

In the unsaturated zone, we have:

C(h) #0 and C(h)> S,Ss
Sw = o <1
n

h < hair entry
and

K (h) = function of h

Therefore, in the unsaturated zone, equation B.1 becomes

SIS0 + 5,5 + 5L (G + 1) +Q = Clh 3 (B3)
S UG + S ) g + 5 UG + D) +Q = (B.4)

Using the term 060/0t converts the pressured-based modified Richards equation into a mixed form
of the modified Richards equation. Celia et al. (1990) showed that the modified Pcard iterative
procedure for the mixed form of the Richards equation is fully mass conserving in the unsaturated
zone.

The hydraulic conductivity K is constant with respect to time and equal to the saturated
hydraulic conductivity K in the saturated zone. The hydraulic conductivity in the unsaturated
zone is defined as a function of the pressure head, which can be derived from moisture-retention
curves, h versus §. Various references exist about the relationships K (h) and 6(h), among which
we can cite the Brooks and Corey (1964) equations and the van Genuchten and Nielsen (1985)

relations.



Appendix

Modifications to the initial model of
URBS during the WTI module

implementation

The modifications brought to the program during the work of introducing the WTI module are
listed below. Classification of the modifications are based on their purposes, as described in Chapter
3, Section 3.3. Every modification requires naturally to add, delete, or change in more than one
code in the program in order to keep the coherence (in equations, variables and so on). So the list

given above is by no means exhaustive. The line numbers are also indicative.

C.1 Type 1: For the introduction of the WTI module

e Add an option of activation or deactivation of the WTI module, 1 for activation and 0 for

deactivation.

e Add the computing of cGW L and write it in the output file ”production” (line 1527).

C.2 Type 2: Modifications related to the problem of capillarity

fringe

o Check if deficit < Az (thickness of the capillarity fringe), instead of deficit < 0 (ground)
(line 3204).

e The storage of the capillarity fringe is considered in the balance of the vadose zone. The

modified code include:

— Initialization of Syuq (line 426 - 428).
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— Check the excess of water in the vadose zone in taking into consideration of the capillarity
fringe (line 3214).

— Take into consideration of the capillarity fringe in the computing of the infiltration flux
I (line 3287) and the flux between the vadose zone and the saturated zone F' (line 3398).

C.3 Type 3: For computing water balance and error-check

e Compute water balance in the end of each time step (line 1275).

e Supplementary variables necessary to the computing of water balance: PertePar[p], ET[p],

Sspar[0][p], Sspar[1][p].

e Add an output file ”test_deficit” for verifying if "deficit” could be negative (between line 771
and 772).

C.4 Type 4: For the purpose of rigour

e In the computing in surface reservoirs, add a check condition for the case where no building

exists in the parcel (line 2771).

e Resolve the problem of warning message by correcting the output format of ”springf” (in each

output file creation).

C.5 Type 5: Error correction in the initial model

e The total transpiration volume of a UHE should take into account of the transpiration flux

on street surface (line 896).

e Take into account of the tree-covered pavement area (par[3|[p]) in the computing of tree

evaporation, which was initially missing (line 986).

e Az of Equation (18) in Rodriguez et al. (2008) was missing (line 3373).

C.6 Type 6: Introduction of anisotropy to the model

e Introduce the variable K
e Replace K% by K' in the equation of Q.

e Set the option for activating/deactivating the anisotropy.
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Hydrogeological survey at Moulon lead
by the CEREMA

Table D.1 — Superficial geological formations in the Moulon sector investigated by the
CEREMA.
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Besides the piezometers by CEREMA (PzA - PzG), all other piezometers in the sector of Moulon
were subjected to occasional measurements. The data were compared with the continuous observed
series of the piezometers by CEREMA. Figure D.1 shows the location of all existing piezometers

in the sector in December 2013.
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Figure D.1 — Piezometers installed and monitored by CEREMA and all other existing

piezometers in the sector of Moulon in December 2013.



Appendix

Information about Paris-Saclay

E.1 List of partners of Paris-Saclay project

The list below, no exhaustive, gives the mains partners in the project Paris-Saclay.

Université Paris-Sud 11
Ecole Centrale Paris
ENSTA ParisTech

HEC Paris

Supélec

Ecole Supérieur d’Optique
CEA

CNRS

INRIA

THES

Digitéo-Triangle de la physique

Synchrotron Soleil

Agro ParisTech

ENSAE ParisTech

Ecole Polytechnique

I0GS

Ecole Normale Supérieure de Cachan
Institut Télécom

Université Versailles-Saint-Quentin
INRA

ONERA

Fondation de Coopération Scientifique

Pole de compétitivité System@tic

E.2 Transport

The transport issue is one of the major challenges in the project Paris-Saclay. Backed up on the
general transport network of the future Grand Paris, in particular the Grand Paris Express which go
through the Saclay plateau, the campus Paris-Saclay will be equipped by a level-classified transport

network both for motorized transportation and soft mobility. Below are several illustrations of the
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future transport network of Paris-Saclay.
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Figure E.1 — Paris-Saclay in the future Grand Paris, with: current commuter train network
RER (line A-D), the Parisian airports Roissy-CDG and ORLY, major economic and educational
districts of the Paris region (red bold label), and the enlarged transport network of Grand Paris
(red bold loop).



Hiérarchie du réseau viaire en 2020
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Figure E.2 — Illustration of the level-classified mobility network in the Moulon area in 2020, with: highway N118 (in red), primary roads (in orange),
secondary roads (in green), local roads (in blue) and shared space (in violet).
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Figure E.3 — Network of cycling and pedestrian paths in the Moulon area in 2020.
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E.3 Construction program in Moulon

Existing installations in the Moulon area are as the following:
e housing: 1500 students housings and 200 family housings
e business district: about 60,000 m? spreading over three business parks

e university and research: 240,000 m? including Synchrotron Soleil, Orme area of CEA, Supélec,
a part of Université Paris-Sud 11, CNRS, Digiteo Labs, INRA, and LGEP

The education and research feature of the territory will be kept for the future campus, but will
be converted to a campus more open and more mutualising. 870,000 m? of construction program

is planned in the ZAC:

Table E.2 — Construction program in the Moulon area.

Programme M2 SPC
Enseignement supérieur et recherche et 350 000 m?
équipements liés

Développement économique 200 000 m?
Logements étudiants 90 000 m?
Logements familiaux 180 000 m?
Services commerces, equipements 50 000 m?
TOTAL 870 000 m?




Figure E.4 — Spatial organization (indicative) of the construction program in the Moulon area.
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Résumé

La gestion des eaux pluviales urbaine se développe
vers des contrbles « at source » via la mise en place de
techniques alternatives (TA). La modélisation
hydrologique en milieu urbain tend vers des approches
distribuées, intégrées, et a base physique. Ce travail de
thése consiste a contribuer au développement du
modeéle distribué URBS. La contribution scientifique
s’articule sur I'intégration du module de la zone saturée
WTI. Le modéle URBS-WTI est évalué sur un bassin
versant expérimental & Nantes. La qualité de simulation
est satisfaite pour les niveaux de nappe et les débits de
sortie. L’effet antagoniste entre certains processus
explique la complexité dans I'estimation du bilan
hydrologique et de la recharge de nappe en milieu
urbanisé. La difficulté rencontrée lors de la calibration
du modéle est liée a variabilité spatiale des propriétés
du sol urbain. Une fois validé, le modéle URBS-WTI est
appliqué sur un réel projet d'aménagement. Des
simulations continues sont menées a des pas de temps
fins sur un quartier du futur campus Paris-Saclay. Le
régime hydrologique actuel du site avant aménagement
est estimé, ce qui met en avant 'importance des
processus de I'évapotranspiration et du drainage d’eau
du sol par les réseaux d’assainissement et leurs
tranchées de pose. Puis une étude de scénarios est
menée pour I'état futur du site aprés aménagement.
L’étude montre que I'imperméabilisation des surfaces
peut conduire a 'augmentation de ruissellement de
surface et la réduction d’évapotranspiration. Tous les
scénarios de TA testés ont montré leurs capacité
d’atténuer les débits de pointe. L’inondation locale
causeée par la saturation des surfaces du sol est
observée. De maniére générale, I'introduction du
module WTI a permis d’améliorer la robustesse du
modeéle URBS, en particulier pour la simulation des
écoulements dans la zone saturée.
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Abstract

Urban stormwater management is developed towards to
at-source controls through low impact development
(LID) practices. Urban hydrological modeling turns
towards to distributed, physically-based, integrated
approaches. This Ph.D consists of contributing to the
development of the distributed model URBS. The
scientific contribution focuses on the implementation of
the saturated flow module WTI, and the model URBS-
WTl is evaluated at an experimental catchment. The
simulation of both groundwater levels and discharge
rate with the calibrated model is satisfying. The
contradictory effect of some processes explains the
complexity in estimating water balance and groundwater
recharge in urban areas. The difficulty in model
calibration shows the spatial variability of soil properties.
Once validated, the model URBS-WTI is applied on an
urban development area of the future Paris-Saclay
University. Continuous simulations are carried out with
small time steps. The pre-development hydrological
regime of the site is estimated, emphasizing the great
importance of both the evapotranspiration and
groundwater drainage by sewer networks. Then a
scenario study for the post-development hydrology is
undertaken at both the catchment and urban block
scales. This study shows that surface sealing can
increase runoff volume and reduce the
evapotranspiration loss. All tested LID practices can
reduce peak discharge. Overland flow caused by soil
saturation is observed locally. Generally speaking, the
WTI module has improved the model robustness of
URBS, in particular in the modeling of groundwater flow.
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