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Abstract

ABSTRACT

In developed countries, the level of urbanizat®mcreasing and should reach 83% in
2030 (United Nations, 2002; Antrop, 2004). Incregsirbanization generates a series of
issues, that could reduce the quality of life itiesi for their inhabitants and lead to an
exploitation of natural resources. The transfororatf vegetated areas into impervious
surfaces, such as roads, parking lots, and busdimgsults in fragmentation of the
landscape, which negatively impacts the flora anth& and the roles that they play in the
ecosystem. The combined effect of urbanization @mdate change resulted in increased
vulnerability of urban areas and a disruption & ttatural water cycle (Piro et al., 2012).
The increasing imperviousness of urban areas reduttee infiltration and
evapotranspiration capacity of urban catchments m@asdlts in increased runoff and

reduced groundwater recharge (Piro et al., 2012).

Increases in the incidence of flooding and combiseder overflows (CSOs) in urban
areas demonstrate that the traditional approadhadequate for managing stormwater.
Conversely, thd.ow Impact Developmer(LID) approach aims to preserve and restore
natural features, minimize the imperviousness dfanrcatchments, and increase their
infiltration and evapotranspiration capacities. Li€chniques include bio-retention cells,

grass swales, porous pavements, green roofs, amygl attzer measures.

Among these recent Low Impact Development (LIDatgtgies for urban stormwater
management, vegetated roofs appear to be particuidevant especially given the huge
amount of unused roof in urban area. Several Relsdave been conducted on run-off
mitigation by green roofs (Beattie & Berghage, 20CQ4rter & Jackson, 2007). Several
studies have shown that green roofs may have gigntf effects on retaining rainfall
volumes (DeNardo et al., 2003; VanWoert et al.,2@Better et al., 2007; Simmons et al.,
2008; Gregoire & Clausen, 2011; Gromaire et all30delaying the peak flow rate
(Bengtsson et al., 2005; Carter & Rasmussen, 2806tek 2008) and reducing the runoff
volume discharged into the combined sewer syst€d®&S§) (Lipta, 2003; Berndtsson,
2010; Voyde et al.,, 2010; Stovin et al., 2012). Theef's hydrological response to
precipitation events is highly variable and relateda particular set of climate conditions
and changes with vegetated roof design.

The above considerations suggest that if vegetaigid have to be widely deployed as
part of stormwater management strategies, it ichaslerstand how specific roof systems

will respond to specific rainfall events; this regs reliable modeling tools that enable to
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optimize the performance of the vegetated roofesgstover a wide range of design types

and different operating conditions.

From this premises derive this research work, withtitle: “Vegetated roofs as a Low
Impact Development (LID) approach: hydrologic anglfaulic modeling for stormwater
runoff mitigation in urban environmentiyhich concerns the performance of green roof, as
a LID system, focusing on the hydrologic and hyticamodelling. Since hydrological-
hydraulic performance of a green roof is influended various factors, such as the
weather-climatic and structural characteristicthefvegetated cover, the main objective of
the research will be to define, improve and impletre& methodology for the design of
green roofs by using data from two different gepbieal areas and climate conditions
(Cosenza in Italy and Lyon in France, respectiveliediterranean and Temperate area),
in order to identify some key factors for the cluéeazation of the response of green roof

system.

More specifically, after a general introduction aard overview of the benefits that the
adoption of the LID provides to the stormwater ngemaent in urban areas, compared to
conventional systems, in Chapter 1 the main ohjestof the research project are defined.
Green roofs represent one of the most widesptead Impact Developmertechniques,
and in Chapter 2 are described its stratigraphypoomants and are discusses the major
benefits achieved by the installation of vegetatmuofs, with particular attention to their

contribution in stormwater control.

In Chapter 3, the literature review is organizedeiation to the research objectives: (1)
the first part provides an overview of the modelsthe analysis of the hydraulic behavior
of green roofs, as a support tool for quantitat@mwater management; (2) in a second
phase was carried out a survey of the scientitidies carried out to analyze the influence
of different parameters on the hydraulic and hyalyadal performance of extensive
vegetated roof. These considerations suggest thheigreen roof must be part of the
stormwater management strategies, it is fundamémtahderstand how specific green roof
system responding to specific rainfall events; tlaquires reliable modeling tools that
allow to optimize the performance of green roofteys on a wide range of design types
and in different operating conditions. As a resflthese considerations, the Chapters 4

and 5 are relate to the experimentations condudted two different models.



Abstract

The Chapter 4 investigates the reliability of a a@ptual model of green roof,
developed jointly by e Prieuréand INSA Lyon, to simulate the behavior of a sfiegre-
fabricated green roof technology (Hydropack® & &téc Flow®). The model idealizes
the green roof as a system consisting of four carnse reservoirs in series, each
characterized by a specific hydrological and/or rayllc process represented by
conceptual or semi-detailed equatiolméerception reservoir, substrate reservoir, alueol
reservoir and last additional storage reservoifhe model has been applied to two
different experimental sites: 1) a * mxperimental Pilot Scale green roof at Le Prieuré,
Moisy, France and 2) a 282.5°rRull Size green roof at the Congress Center innl.yo

France.

The model is calibrated with a non-linear leastasgqualgorithm for the substrate water
depth and the total outflow for the Pilot Scale ahe Congress Center green roof
respectively. The Nash-Sutcliffe (NS) criterion ghd Root Mean Squared Error (RMSE)
are used as model performance indicators. Simulagsults show that the model has a
high ability to replicate the behavior observed tfog substrate water depth during rainfall
events, either with one peak or even in complexsveith several peaks, as confirmed by
high NS values (above 0.6 for 78 % of the cases,adove 0.97 for 46 %) and low RMSE
values. The first results of the sensitivity analyadicate that the response of the model is
strongly determined by the initial substrate watemtent, which requires to be considered
as one of the key parameter in the model when asétk event scale. Simulation results
for the full size roof globally show the model atyilto reproduce the dynamic behavior of
the roof total outflow in case of continuous lomgnt simulations which are much more
challenging than event scale simulations as in Mol e model provides good results
during months with significant rainfall events aodtflows (NS = 0.74 for November
2012) while it performs less accurately during drieonths with low rainfall amounts and
very low outflows close to the limits of detectiofh the used flowmeters (NS = 0.25 in
February 2013). Nevertheless, NS = 0.59 for th&@esipieriod of nine months calibrated
globally.

In the Chapter 5, theSIGMA DRAIN Model, developed during the project
PONO01_02543 to simulate the hydraulic behavioheféxtensive vegetated roof installed
at the Unical experimental site, is propose. TheNBA DRAIN (SD) model uses the
calculation engine of EPA-SWMM (Storm Water ManagemModel) software for the

simulation of the hydrological and hydraulic phemora, while being completely
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independent of the user interface. The SD moddllizks the green roof as a system
consisting of three components in series, eachhefnt corresponding to the main
technological modules of the roof: the top layevered by vegetation is conceptualized as
sub-catchment, while the soil and drainage layeessahematized through two storage
tanks, describing respectively the percolation dbglo the growing medium and the
transport through the drainage layer. A mass balaguation is applied to each block,
taking into account the specific physical phenomiéad occur in each module; the flow is

instead regulated by the Richard’s equation.

In order to estimate the reliability of the modelyas first calibrated and then validated
with the software HYDRUS-1D. Since the hydraulidhylogic behavior of a green roof is
most influenced by soil layer characteristics (esgdly at event scale), the surface layer
has not been considered in the modelling. Lookindp& results in terms of outflow of the
individual rainfall events, it has been possibl@tde that the SD model approximates well
the model HYDRUS-1D for precipitation above 20 mwhile for events with lower
rainfall depth, the performance of the model aré¢ satisfactory; such behavior is
attributable to the fact that in the mo&¢gma Drain differently from HYDRUS-1D, not
taken into account the initial water content of thebstrate. To confirm this, the
simulations carried out by combining more conseeuttvents (at multi-event scale),
showed an average NS index value of 0.8, demomgjrtitat the inter-event conditions are

considered to be relevant in the assessment abmsspmodel.

After validation procedure, the model was loadedhwdatasets collected in two
different sites (Unical, in Italy and Lyon, in Fi@), in order to analyze the influence of
the hydrologic parameters on the green roof efiicye A similar behavior for both
scenarios (Unical and Lyon) is evident by comparihg results provided by SIGMA
DRAIN in terms of runoff: the two sites area follothe same trend and it has been
estimated a threshold rainfall depth of 13 mm, Wweldhich the green roof retains almost
the totality of the event. For event higher thanm®, it is possible to notice a strong
proportionality between rainfall and runoff depitts small events with redoubt rainfall
depth correspond law runoff depth values) and annvedue of SRC equal to 46% and
38% for Unical and Lyon dataset, respectively.

Furthermore, to statistically determine the siguifice of the hydrological parameters

on the hydraulic efficiency of the experimental greroof, a multiple linear regression
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analysis, using the rainfall data collected frone #xperimental site at University of
Calabria, was evaluated. The multi-regressionimlahips, are then validated by using the
rainfall data recorded at Congress Center in Lybhese equations can be used to
preliminarily predict the runoff depth and the rdten capacity, for a given rainfall events,
when more advanced model are not available.

From these results it clearly emerges that a tlergroof package, developed at
University of Calabria, under Mediterranean climatnditions, has a good hydraulic
performance also in a different climate, as the pemrate one, in which the Lyon data were

recorded.

Finally, in Chapter 6 are exhibited general conidlis on the research project and

possible future developments.

In conclusion, this research aims to promote theemrroof, not only as a tool for
environmental mitigation, but specifically as a tausable urban drainage solution to

restore the fundamental natural water cycle pr@sessthe urban environment.
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SOMMARIO

Nei paesi sviluppati, il livello di urbanizzazioree in continuo aumento e dovrebbe
raggiungere 1'83% nel 2030 (United Nations, 2002irAp, 2004). Il notevole incremento
della popolazione comporta una continua espansiceede delle citta che si traduce nella
progressiva cementificazione di aree vegetate sempir grandi. L’effetto combinato di
urbanizzazione (che riduce la disponibilita di spegurali e allo stesso tempo modifica la
rete di scorrimento superficiale) e cambiamentnalici (che incrementano la frequenza e
I'intensita delle precipitazioni) (Piro et al., Zf)lha comportato una maggiore vulnerabilita
delle aree urbane ed uno sconvolgimento del carologico naturale. Durante gli eventi
di pioggia intensi, i tassi di infiltrazione ed @adraspirazione si sono notevolmente ridotti,
e di conseguenza si € verificato un incremento a#lme di deflusso delle acque
meteoriche che sovraccarica il sistema di drenagdgano (Piro et al., 2012).

In un’ottica di sviluppo ambientale sostenibilesoa quindi I'esigenza di potenziare la
rete di deflusso superficiale mediante l'introdunaali soluzioni sostenibili che consentano
di rispristinare, per quanto possibile, le conduziadrologiche che caratterizzavano |l
bacino prima dello sviluppo urbano (Cannata, 1994psieme di queste tipologie di
interventi a basso impatto che, seguendo un apipr@mmlogicamente basato, consente
una gestione delle acque piovane direttamentdail@ cosi da prevenire molti problemi
che possono accorrere lungo il percorso di trasperene identificato in letteratura con
I'acronimo LID (Low Impact Development

Tra queste, la tecnica del verde pensile che pgetegipristina o imita il ciclo
idrologico di pre-sviluppo e, sfruttando gli spadisponibili sulle coperture a tetto
(altrimenti inutilizzate), puo essere applicata lencn ambienti urbani densamente
edificati, e di particolare interesse ambientale ljpesieme dei benefici che comporta su
scala del singolo edificio e del comprensorio utbaircostante (Tillinger, et al., 2006).
Diversi studi hanno evidenziato come le copertuggetate possano avere effetti sulla
ritenzione degli eventi di pioggia (DeNardo et 2D05; VanWoert et al., 2005; Getter et
al., 2007; Gregoire and Clausen, 2011), riducehdmlume di deflusso e la portata al
colmo (Berntsson, 2010; Palla et al., 2010; Voytdeale 2010; Stovin et al., 2012) e
ritardando il picco di piena (Carter e Rasmuss8062Spolek, 2008).

Da queste premesse nasce il seguente lavoro dictesiha riguardato lo studio del
Verde pensile come sistema a basso impatto amk@em@r la mitigazione dei deflussi
nell'idraulica urbana, focalizzando I'attenzionellsuModellazione Idrologico-Idraulica:
“Vegetated roofs as a Low Impact Development (LI&)proach: hydrologic and
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hydraulic modeling for stormwater runoff mitigatiam urban environment”ll principale
obiettivo della ricerca € stato quello di definirmigliorare ed implementare una
metodologia per la progettazione dei tetti verdiiazando i dati provenienti da diverse
aree geografiche (nel caso specifico sono statizaaéi i dati provenienti da due diverse
realta geografiche: Cosenza in Italia e Lione iar€ra), al fine di individuare alcuni fattori
chiave per la caratterizzazione della rispostandsigtema a verde pensile.

Piu nello specifico, dopo un’introduzione generateuna panoramica sui benefici che
I'adozione delle LID offre alla gestione delle aequeteoriche in ambiente urbano rispetto
ai sistemi convenzionali, nel Capitolo 1 sono siafiniti i principali obiettivi del progetto
di ricerca. Tra le soluzioni naturalistiche che @@ il controllo della formazione dei
deflussi superficiali mediante i processi di riteme e detenzione, quella del Verde
Pensile viene particolarmente trattata nel Capitilovengono descritte le componenti
stratigrafiche ed illustrati i piu importanti effebenefici conseguibili dall'installazione di
coperture vegetate, con particolare attenzionemaiributo nella regimazione delle acque
meteoriche.

Dal momento che la risposta idrologico-idraulicaida copertura vegetata e influenzata
da diversi fattori quali le condizioni meteo-clintdie e le caratteristiche costruttive della
copertura vegetata, la revisione della letteratGapitolo 3) e organizzata in relazione agli
obiettivi della ricerca: (1) la prima parte forresana panoramica dei modelli per I'analisi
del comportamento idraulico dei tetti verdi, vistime strumento di supporto alla gestione
guantitativa delle acque di pioggia; (2) nella set parte € stata eseguita una
ricognizione degli studi scientifici effettuati peanalizzare l'influenza dei suddetti
parametri sulle prestazioni idrologiche ed idradicdi una copertura vegetata di tipo
estensivo. Tali considerazioni suggeriscono chié wserde pensile deve essere parte delle
strategie di gestione delle acque piovane, e foredsale capire come specifici sistemi di
copertura rispondano ad eventi pluviometrici spegcifquesto richiede strumenti di
modellazione affidabili che consentano di ottimizzée prestazioni dei sistemi a verde
pensile su una vasta gamma di tipi di costruziomediverse condizione operative. Come
risultato di tali considerazioni, i capitoli 4 erluardano le sperimentazioni condotte
utilizzando due diversi modelli.

In particolare il Capitolo 4 indaga I'affidabilidi un modello concettuale di tetto verde,
sviluppato congiuntamente dallae Prieuré e I'INSA di Lione, per simulare il
comportamento di una specifica tecnologia di te#ode pre-fabbricato (Hydropack® &

Stock&Flow®). Il modello si basa sul percorso dmdjua attraverso quattro serbatoi
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disposti in serie, ciascuno caratterizzato da yneeifico processo idrologico e/o idraulico
rappresentato da equazioni concettuali o semigletta: Serbatoio di Intercettazione

Substrato Serbatoio Alveolareed un Serbatoio di Raccoltall modello, adattabile a

qualsiasi tipo di copertura attraverso l'attivazfisattivazione di serbatoi e funzioni
opzionali, intende simulare il comportamento dinamdel tetto verde a diversi intervalli
di tempo, indagarne l'affidabilita ed ottimizzatagrestazioni.

Il modello e stato testato e calibrato utilizzandie database raccolto su due siti
sperimentali, rispettivamente per un anno e novsi,nmaisurati al passo temporale di 1
minuto:

1) per l'unitd prefabbricata di 1 m(Hydropack®) prodotta ed installato a Moisy
(Francia) da Le Prieuré, la calibrazione € statadotia a scala d’evento per
valutare il contenuto idrico nel substrato;

2) per il tetto verde a grandezza naturale di 28pnmesso il Centro Congressi di Lione
(Francia),la calibrazione e stata condotta a seadasile per valutare il deflusso
totale in uscita dal tetto verde.

Tutte le simulazioni del modello sono state effatu utilizzando il linguaggio di
programmazione MatLab. Come indicatori delle penance del modello sono stati
utilizzati il criterio di Nash-Sutcliffe (NS) e iRoot Mean Squared Error (RMSE). |
risultati delle simulazioni effettuate sull’'unitaydropack hanno mostrano che il modello
ha una elevata capacita di replicare il comportamesservato per il contenuto idrico nel
substrato durante eventi piovosi, come confermatyi @lti valori di NS (sopra 0,6 per il
78% dei casi, e sopra 0,97 per il 46%) e valori EMfassi. | primi risultati hanno inoltre
indicato che la risposta del modello e fortemergéeninata dal contenuto iniziale di
acqua nel substrato (HsO) che andra consideratee aomo dei parametri chiave del
modello quando é usato a scala di evento. Per guaiarda le simulazioni mensile
effettuate sul tetto verde a scala reale, i prigiltati hanno mostrato una buona capacita
del modello di replicare il comportamento osseryago la portata in uscita dal tetto, solo
per alcuni eventi; prestazioni inferiori si osseaper alcuni eventi a causa di dubbia
affidabilita dei dati o nel caso di eventi con pp&@azioni molto piccole.

Nel Capitolo 5 viene proposto un modello concedy@81GMA DRAIN)sviluppato nel
corso del progetto PONO1 02543 per simulare il comaynento idraulico della copertura
vegetata di tipo estensivo installata nel sito ispemtale dell’'Unical. SIGMA DRAIN
utilizza, per la simulazione dei fenomeni idrolagicidraulici, il motore di calcolo del

software EPA SWMM (Storm Water Management Model; pssendo completamente
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svincolato dall’interfaccia utente del software.nllovo modello idealizza il tetto verde
come un sistema costituito da tre componenti digpws serie, ognuna caratterizzata da
uno specifico processo idrologico-idraulico, cqrasdenti ai tre moduli tecnologici
principali della copertura: lo strato superficiaeconcettualizzato come un sottobacino
mentre i successivi strati di terreno e di accumsbmo schematizzati attraverso due
serbatoi lineari che descrivono rispettivamentepéacolazione attraverso il substrato
colturale e il trasporto attraverso lo strato dreeaUn’equazione di bilancio di massa
viene applicata a ciascun blocco, tenendo contofeledmeni fisici specifici che si
verificano in ciascun modulo; il flusso é invecgatato dall’equazione di Richards.

Al fine di stimarne I'affidabilita, il modello e ato prima calibrato e poi validato con il
software HYDRUS-1D, che modella linfiltrazione Hatqua nel sottosuolo; visti i
parametri idraulici richiesti dal software, taleeogzione ha riguardato essenzialmente lo
strato di terreno piuttosto che quello di vegetagied accumulo. Osservando i risultati in
termini di deflusso dei singoli eventi di pioggi@, possibile constatare che il modello
Sigma Drainapprossima bene il modello HYDRUS-1D per precidai al di sopra dei
20 mm, mentre per eventi con altezza di pioggiariafe le performance del modello non
risultano soddisfacenti; tale comportamento élatibile al fatto che nel modellS8igma
Drain, differentemente da HYDRUS-1D, non si tiene cotb contenuto idrico iniziale
del substrato. A conferma di cio, le simulaziorfebiate in continuo, hanno mostrato in
media un valore dell'indice di NS pari a 0.8, a dgtrazione che le condizioni idrologico-
idrauliche antecedenti I'evento considerato sotevanti nella valutazione della risposta
del modello.

Particolare attenzione € stata riposta all’anal&icoefficiente di deflusso e ai fattori
idrologici che sono determinanti nelle performandet tetto quali: la precipitazione,
l'intensita e la durata di pioggia, nonché il peaointra-evento che intercorre tra due
eventi indipendenti. A seguito delle simulazionifegiate conSIGMA DRAIN dal
confronto dei risultati ottenuti in termini di deflso tra gli eventi di pioggia registrati con
passo temporale di 1 minuto sul sito sperimentad®’Uhical e presso Lione, si e
evidenziato per entrambi gli scenari un comportamanalogo, stimando un valore soglia
delle precipitazioni di 13mm, al di sotto del qudléetto verde trattiene la quasi totalita
dell’evento. Per eventi con altezza di pioggia sigpe a 13 mm, € stata rilevata, invece,
un coefficiente di deflusso che si attesta in mettiarno al 46% e 38% rispettivamente per
il set di dati regisrati all’'Unical e a Lione; egxibile osservare, inoltre, I'esistenza di una

proporzionalita diretta tra precipitazione e deflus
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Per analizzare al meglio l'influenza dei singolirgraetri idrologici sull’efficienza
idraulica del tetto verde, € stata poi ricavata icdati di pioggia dell’Unical, un’equazione
statisticasulla base di analisi di regressione lineare mlaltipuccessivamente validata con
i dati di Lione, che consenta di avere una printaagtella capacita di ritenzione del tetto
verde in funzione della durata dell’evento e déltzza di pioggia. In definitiva & possibile
osservare che ogni singolo parametro, sia esséogico o fisico, apporta un’influenza
significativa sulle prestazioni idrauliche di unapertura vegetata. Risulta, dunque,
approssimativo valutare I'efficienza di una copaatuegetata mediamente su scala annuale
o0 stagionale, in quanto ogni singolo evento di giag in funzione delle proprie
caratteristiche e di quelle della copertura stesma, trattenuto in maniera differente.

| risultati ottenuti dalle sperimentazioni hannadewnziato come la copertura vegetata di
tipo estensivo, progettata e realizzata all’Unigallima Mediterraneo, presenti un ottima
efficienza idraulica anche considerando i dati idiggia di un’altra realta come Lione,
caratterizzata da un clima Temperato.

Infine, nel Capitolo 6 vengono esposte le conchisi@nerali sul progetto di ricerca € i
possibili sviluppi futuri.

Con questo lavoro di tesi, che fornisce indicaziatili alla realizzazione di una
pianificazione urbanistica sostenibile che conseltattuare una gestione integrata della
risorsa idrica, si intende promuovere il verde pgenson solo quale strumento di
mitigazione e compensazione ambientale in genaraeajello specifico quale soluzione di
drenaggio urbano sostenibile per il ripristino pecessi fondamentali del ciclo idrologico

naturale nel’ambiente urbano.

12



Table of Contents

TABLE OF CONTENTS

ACKNOWLEDGMENTS
= 1 I 7 o 3
SOMMARIO . e e e e e 8
TABLE OF CONTENT S Lottt it it e et e e e e e e e e e e e et e a e aenens 13
Capitolo 1 - BACKGROUND AND THESIS OBJECTIVES .....coviiiiiie e 15
00 OO {10 [ o 1o o 15
1.2. The hydrological CYCIe. .. ... e e e e e 16
1.3. Combined effects of Urbanization and Climate Change.....................cooeve 19
1.4. Low Impact Development (LID) for Stormwater Managam........................c....... 23
1.5, AIM Of the reSEarCh ... ... e e e 28
G T L =T 1= o =T 30
Capitolo 2- VEGETATED ROOFS OVERVIEW ... e 33
2.1. Vegetated Roofs as sustainable solution................c.ccoiiii i e 33
2.2. Vegetated ROOIS (Y PBS. ...t tiiieeeee ee e 35
2.3. Components of an extensive vegetated roof.............cooeiii i i, 38
2.4. Advantages of Vegetated roofS..........ccoiiiiii i 45
2.5. Role of Vegetated Roofs in Stormwater management....ceeee..voveeiiiiiiine e iennns 49
2.8, R B BNCES . .. ettt e e e 54
Capitolo 3- VEGETATED ROOF MODELING AND LITERATURE REVIEW .............. 59
G 700 U |11 0 T ¥ o3 1 0] o 59
3.2. Literature Review on vegetated roofs models ............... oo e veiieiie e, 61
3.3. Hydrologic factors influencing the Vegetated Refifciency............................... 64
3.4. Hydraulic and physical parameters influencing tleg&tated Roof behavior............... 67
3.5. The subsurface runoff coefficient of an extensiggatated roof......................cenee 70
3B, R BIBNCES. et e 73
Capitolo 4- LYON CASE STUDY: Development and Calibration of agreen roof conceptual
hydrological MOGEL...... ... e e e e e e 77
s O | 1 0 T ¥ o3 1 0] o 77
4.2. Material and method. ... ... 78
4.2, 1EXPErMENtal SILES. ...ttt it e 78
4.2.1.1. HYDROPACK pilot scale green roof............ccooviiiiiiiiiiiiiiii s 78
4.2.1.2. Lyon Congress Center gree€n roof..........ovviiirii i e 81
4.2.1.3. HYDROACTIVE SYStEM.....ciiiiiiiieie i it e e v e eee e 83
4.2.2The MOdEl. ... .o 84
4.2.3Model Calibration. ... ..o e 91
4.3. RESUILS @Nd DiSCUSSION. .. ...ttt ittt e et et e e e et et e e e ae e 92
4.3.1Hydropack event scale modelling............ccoviiiii i 92
4.3.2Lyon Congress Center monthly continuous modelling............................ 97
4.4. Conclusions and PreSPeCHIVES. ... v it e et e e e e 102
4D, RO OIBNCES. . et e e 104

13



Table of Contents

Capitolo 5- UNICAL CASE STUDY: Development of SIGMA DRAIN Model for an

extensive Vegetated ROOE. ..ot 106
.2 INtrOAUCTION. .. e e e e e e e e e e e e e e e 106
5.2. Materials and method....... ... 107

5. 2. 1EXPerimental SIte.......ocoii it 107
5.2.2Data ANAlYSIS. ..o e 110
5.2.3SIGMA DRAINMOAEL. .. ..ot e e e e e e e e e e 113
5.2.3.1. Hydrus-1D model for vegetated roof................cceveiiii i, 118
5.2.3.2.  Model calibration............ccouii i 120
5.2.3.3. Model performance evaluation................cc.cooeiiiiiiii i 124
5.2.4Multi linear regression analySiS.........couviiiiiie i e e 126
5.3. ReSUItS and DISCUSSIONS ......uutiuitiie ittt et et e et e e e 127
5.3.1Model validation results.......... ..o 128
5.3.1.1. Eventscale modelling...........coouiiiiiii e 128
5.3.1.2. Multievent modelling..........ccooiiiiii i, 133
5.3.2Analysis of hydraulic efficiency of green roof bdsen event scale data............ 136
5.3.3ReEQreSSION @N@lYSIS. .. ... ettt e e 138
5.4. Conclusions and PerspectiVeS..........ov i i e e e e 142
DD RO B ENCES. .. et e e 144
Capitolo 6 — GENERAL CONCLUSIONS ..ottt e e e e 147
00 I o o Tod 113 (0] L= 147
6.2. Possible Future Developments. .. .. ..o e e e 150

14



Chapter 1 — Background and Thesis objectives

Chapter 1 - BACKGROUND AND THESIS OBJECTIVES
1.1 Introduction

At the turn of the millennium, a historic milestowas reached when the global population
passed the six billion mark, doubling since the [E850s (Sustainability Reporting Program.,
2007).

During the last sixty years the urban areas ofatbdd are growing at an alarming rate and
an extreme and rapid increase in the urban popul&tas occurred. The process in which the
total urban population increases with 70 millionopke annually, while the rural area
population is about static, is called urbanizatfoiN 2008). In 2001, the total world’s urban
population was 48% and UN (2008) predicts that0B& more than 60% of the total world
population will live in urban areas. It is preddtehat the world population will be
concentrated in urban areas, reaching by 2050 7t8088% in more developed countries
(Dept. of International Economic and Social Affaig)07). As a matter of fact, ongoing
changes to the natural physiographic charactesisice a result of urbanization.
Consequently, the effects of urbanization are icat concern due to the unprecedented rate
of growth and scope of urban centres.

Urban infrastructure often cannot keep up withdeenands of population influxes. While
population increase can be a positive driving foofechange, there are also numerous
negative effects. Among the numerous economic,agoeind political consequences of
urbanization, environmental impacts have been asingly significant, demonstrated by the
evident signals of change. Increasing urbanizagenerates a series of issues, that could
reduce the quality of life in cities for their inhitants and lead to an exploitation of natural
resources. The transformation of vegetated ardasvast tracts of impervious surfaces such
as roads, parking lots, and built structures resultfragmentation of the landscape, which
negatively impacts the flora and fauna and thesrdleat they play in the ecosystem.
Noticeable changes has been seen in terms of eljrsignificant natural resources have been
depleted, and increased forms and amount of potistare constantly being released into the
air, water, and land. Consequently, issues reladegrban environmental sustainability are
finding their way into top level discussions witmmany governments worldwide. One such
issue is the role of water in urban areas (Marselel., 2006).

Several researches identify that ongoing urbaminatave changed several characteristics
of water systems in urban areas. Deforestatioaetsty pavements and traditional roofs have
increased the rate of total impervious area. Sarcanpervious area does not allow water to
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penetrate into the soil, the increase of impervi@gsons from urban sprawl leads directly to
considerable increase of storm water volume regcmuanicipal storm sewers, and ultimately
local waterways.

An important hydrological effect that results frothese changed characteristics are
changes in the rainfall-runoff relation. First, thembined effect of increased input from
precipitation and an increase in total imperviawsa, reduce the overland flow times and
drain flow times cause an increase in urban runoliimes (Marsalek et al., 2006). As more
land is cleared, natural vegetation and depressi@aisntercept rainfall and temporarily store
water are lost, and as a result alter the locatdigdic cycle (Bradford & Gharabaghi, 2004).
This effect results in higher runoff peaks duringracipitation event and lower base flows
during dry spells.

In the past decade, a rising number of severetoapdsc weather events have struck urban
areas in a detrimental manner. This brought neantaitin to the current urban environment,
its drainage infrastructure and its inability ta\8ue these hydrologic events and perform its
functions. Recently, due to the degeneration obmrivater resources, a paradigm shift is
occurring where the principles of sustainabilite &éne driving force for developments, both
new and old. The new philosophy is that urban eemal be built in a holistic manner where
characteristics such as drainage and transportatfaastructure will be integrated with the
natural landscape and habitats. This evolving pagmadshift focuses on the taking an

integrated approach to urban water management.

1.2The Hydrological Cycle

Hydrology is the study of the movement and stoiafggater over and under the surface of
the earth. The movement of water over the teredgtart of the earth’s surface is a continous
process known as the hydrological cycle. Dunnelaewpold (1978) extend the definition of
the hydrologic cycle to include the movement offwater and its constituents.

Any discussion on stormwater related issues mugfinb&ith a discussion of the
hydrologic cycle. Understanding the hydrologic eycbncept is essential if there is to be any
understanding of cause and effect as it relatssotonwater management. For the purpose of
this study, the principle of the hydrological cyeed the introduced terminology, can be of
great value though. It gives a theoretical fouratatior later green roof research steps and
understanding. Figure 1.1 illustrates, in a veng@istic form, the essential elements of the
hydrologic cycle.
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Figure 1.1. - The Natural Hydrological Cycle

The water cycle arrows make the point of continumesement and transformation. Of all
aspects of the water cycle, its dynamic qualitye mever ending cycling from atmosphere to
the land and then to surface and groundwater aok again to the atmosphere, must be
emphasized. The concept of continuous movemenssengial in order to understand the
hydrologic cycle system.

Solar energy is one of the main force behind thérdipgical cycle (van der Akker &
Savenije, 2006). It drives the cycle by evaporatirader from the surface of the earth storing
it as vapour in the atmosphere. As atmosphericitond change, water vapour can condense
and fall back to the ground as precipitation.

Precipitation, that reaches the first separatiantpan the earth’s surface as snow, rainfall
or hail, will first be temporarily stored on theogind, vegetation, buildings and paved area. A
portion of the water that lands on vegetation Wwél intercepted, returning to the atmosphere
through evaporation without ever having reacheddgteind. Direct evaporation from this
temporary surface storage is called interceptiaaoet al. (2000) report interception losses
of approximately 20% of the total annual precipitatthat falls in forested areas, while
Dunne and Leopold (1978) found that the median ntedainterception loss from forests in
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North America is 27%. The remaining precipitationpd off leaves and slowly moving
through the layers of vegetation until it reachiesdround and may replenish the soil water as
infiltration.

As long as the rate of water delivery to the swefcsmaller than the infiltration capacity,
the process is supply controlled (Hillel, 1982).isTmeans that water infiltrates as fast as it
arrives. When the rate of water delivery startseexing the infiltration capacity of the soill,
the process is surface controlled or profile cdiado (Hillel, 1982). Excess water that is
beyond the actual rate of infiltration will flow ay as overland flow. A hydrological
expression named evapotranspiration is often used eollection term for the sum of all
fluxes from plant transpiration and evaporatiomfrthe soil and the open water.

Another portion of water that enters the soil caoveneither vertically or laterally through
the soil. Significant lateral movement of waterotigh soil is called through flow or
interflow. Downward movement of water through tleél $s called percolation. Percolating
water eventually makes its way to a saturated awhere all spaces between rock and soil are
filled with water. The water filling the spaces Wwetn soil particles and rock in the saturated
zone is called groundwate. The zone below the ghwater table is called the saturated zone.
In the saturated zone, the pore spaces are almwgtletely filled with water and the pressure
is equal or greater than atmospheric pressure (\&&dbinson 1990). The water pressure in
the unsaturated zone is smaller than atmospheesspre (Ward & Robinson 1990). Water
can leave the saturated zone via capillary risthéounsaturated zone or via groundwater

seepage into water bodies such as seas and oceans.

It is important to appreciate that the systemfitiseh closed loop. What goes in must come
out. Impacts on one part of the cycle create coaiparimpacts elsewhere in the cycle.
Precipitation that infiltrates and percolates deep® the ground can take weeks or months
to reach streams, as opposed to minutes and heutsdaes through overland runoff. This

subsurface flow helps to even out the inconsidtent originating from precipitation events.

To summarize, the route taken by precipitation théé over land can follow one of three
principal paths: it can return to the atmosphem®ugh evapotranspiration; infiltrate the
ground; or, travel across the surface as runofé mixture of each path taken is known as the
water balance. Arnold and Gibbons (1996) generalim in a forested area 40% of
precipitation returns to the atmosphere througlpetranspiration, 50% infiltrates the ground
and only 10% runs off continuing its path backhe bcean. A more dramatic shift can be
seen when examining the water balance of a paatiouhtershed.
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1.3 Combined effects of urbanization and climate change

The increase in urban areas has important impdicatfor flood risk because compared to
all other land use changes affecting an area’sdhygy, urbanization is by far the most
forceful (Leopold, 1968). Urbanization is the pregavhere natural areas are largely cleared
of vegetation and replaced with buildings and paxais (Horner & May, 1998). While the
broader term urbanization is often used to desdtileesource of these changes, the vast
majority of the hydrologic impacts are caused bst jone feature of the urban landscape:
impervious surfaces (Booth & Jackson, 1997). Theeimious surfaces are some of the most
impactful features of land development on the emment (Dunne & Leopold, 1978;
Ferguson, 1994; Arnold & Gibbons, 1996). Fergusii94) defines an impervious surface as
one that alters the hydrologic cycle, preventingewdrom following natural paths and
processes, degrading pre-development storage anwdréigimes. Evapotranspiration from a
forested area accounts for the path taken by appat&ly 40% of the annual precipitation.
Extensive urban development resulting in high Iewélimperviousness reduces this value to
30% of the annual precipitation. The reduction efetation in urban areas reduces the
amount of water returned to the atmosphere thraagipotranspiration by up to 25% as
compared to a forested area. Arnold and Gibbon8g)lihdicate that as a stream catchment
changes from a natural forested condition to lovele of impervious cover (10-20%) runoff
volumes can double. Increasing imperviousness g¢ieni levels (75-100%) can increase

runoff by a factor of five compared to the foreshdition.

In nature, as indicated previously, when rainwéadls on a natural surface, some water
returns to the atmosphere through evaporatiomaospiration by plants; some infiltrates the
surface and becomes groundwater; and some runtheffurface. The relative proportions
depend on the nature of the surface, and varytmite during the storm (Surface runoff tends

to increase as the ground becomes saturated).

Development of an urban area, involving coverirgdhound with artificial surfaces - such
as roads, sidewalks, parking lots, driveways, aadtops (Schueler, 1994) - has a significant
effect on these processes. Figure 1.2 illustratesdramatic changes in the proportion of
precipitation entering different flow pathways whand use changes from native vegetation
to an urban landscape. In particular, the raindddich was previously captured by the land

now falls on artificial surfaces which increase #mount of surface runoff (Roesner et al.,
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2001) in relation to infiltration, and thereforeciease the total volume of water reaching the

river during or soon after the rain.

30% evapotranspitation

55% runoff

35% evapotranspiration

38% evapotranspiration

30% runoff

40% evapotranspiration
1096 shallow infiltration
5% deep infiltration

20% runcff

10% runoff
15% deep Infiltration

T Zi%shallowinfiltration

21% deeginfiltration

25% deep infiltration

Figure 1.2. - Changes to the Water Balance as a tésof different levels of imperviousness

Perhaps the most significant effect of urbanizatisna change in the rainfall-runoff
relation (Carter & Rasmussen, 2006; Leopold, 1988} only is there a change in the total
volume of stormwater runoff from urban areas, Ingt ¢tharacteristics of the runoff change as
shown in the Figure 1.3. Surface runoff travelsclger over hard surfaces and through sewers
than it does over natural surfaces and along Hasi@ams. This means that, for a given
event, both the peak discharge (the peak ratenaffijuand the duration (the amount of time)
that this higher peak flow occurs is increased riban versus rural or forested watersheds.
Combined, these result in larger, more frequenk leavs with more total volume (Jones et

al., 2005; Roesner et al., 2001).
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Figure 1.3. - Effect of urbanization on peak rate brunoff; Q is the rate of runoff

These hydrological changes are often addressedpable safety issue, resulting in the
construction of storm drainage system. The typgtatm drainage system is designed to
convey runoff quickly and efficiently away from ddeped areas to the receiving stream or
water body. Such systems, however, have the comaotreffect of further increasing peak
flows farther downstream unless stormwater detantieethods are used (Hollis, 1975;
Arnold & Gibbons, 1996).

This obviously increases the danger of sudden ffapdt also has strong implications for
water quality. The rapid runoff of stormwater igdly to cause pollutants and sediments to be
washed off the surface or scoured by the riveanrartificial environment, there are likely to
be more pollutants on the catchment surface antierair than there would be in a natural

environment (Butler & Davis, 2004).

An emerging challenge in the field of urban dramag global warming, potentially
leading to climate change. The IntergovernmentateP@n Climate Change (IPCC), a
scientific body responsible for providing assessisi@mn the current state of the climate,
supports the view that the warming of the eartemaperature is indisputable. During the past
100 years the earth’s temperature has risen bgtamated 0.56 to 0.92°C, and it is expected
to increase at a rate of 0.2°C per decade forast llne next two decades (IPCC, 2007a). It is
anticipated that climate change, as it is commoelgrred to, will have many adverse affects
across the planet (IPCC, 2008).

There is broad consensus in the scientific commguitiat atmospheric emissions from
human activities such as deforestation, the condyusof fossil fuels, and intensive
agricultural production, are the main clue to tlaeise of earth's climate changes (IPCC,
2007b). The increase in concentrations of thesenfpeuse gases in the atmosphere has
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corresponded with the rise of the earth’s averaggerature. According to a study conducted
by Giannakopoulos et al. (2009) in the Mediterranesgion, between 2030 and 2060, may

occur an increase in average annual temperatunesdne to three degrees centigrade.

Modifying the global energy cycle directly affedise world's water resources. Global
warming increases the amount of land evapotrarigpir@and ocean evaporation, which in
turn causes longer and more frequent droughtsnreguarts of the world and higher intensity
precipitation in other parts through the increasemoisture availability and cloud cover
(Hengeveld, 2005).

Average precipitation is predicted to increase leetw5-20% in certain regions of the
world and will cause greater extremes in weathan tlve have now, with stronger and more
intense rainfall with more ever short duration (gbton et al., 2001 Groisman et al., 2005;
Madsen & Willcox, 2012).

The rate of heavy precipitation, or rainfall inteysis expected to increase at a greater rate
than that of average precipitation. This will caeg&reme rainfall events to occur more often.
These events that for its heavy impact are caleedreme rainfall events’ are frequently
followed by flash floods and sometimes accomparigdsevere weather such as lightning,
hail, strong surface winds, and intense verticald\ghear (Jones et al. 2004). Escalating flood
hazard may be a widespread global issue becausaehsity of extreme storm events is very
likely going to increase over most areas during2hst century (IPCC, 2008). Their danger is
due not only to their strong impact on cities, tuaaeas and, generally, to the entire
humankind, but also to the fact they are very uneaed hardly predictable (Jones et al.,
2004). Many studies (Berz, 2001; Frich et al., 20@Rly et al., 2002; Kostopoulou & Jones,
2005; Casas et al., 2007) in fact, testify how ¢hegents are extremely dangerous and how
they can have extreme consequences especiallybemwareas where, very often, existing
drainage systems are unable to handle high pewls fitue to these ones, causing occurrence
of surface water flooding. The stormwater infrastitwe of urban areas will fail to control a
greater runoff volume and flooding will become maersistent (Semadeni-Davies et al.,
2008).

Given the negative repercussions that cities areectly experiencing or are expected to
experience, governments have already begun ondheiprocess of implementing measures
to deal with climate change. While mitigation aings reduce greenhouse gas emissions,
adaptation focuses on the implementation of measamd strategies that will help reduce the
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earth’s vulnerabilities to the climate. The figlgainst climate change requires coordinated
actions between mitigation and adaptation: in &oldito the mitigation policies, each country
must add policies for adaptation to climate charigelight of their specific conditions.
Understanding how climate change affects differegtons of the world is imperative for the
implementation of appropriate adaptation strategiesrder to try to reduce their negative
effects.

Although several European governments and comnesndre using Green Infrastructure
(GI) to achieve a variety of environmental and exuit goals, including resilience to climate
change, application of Gl solutions are not yetegpread as adaptation best practices. Many
communities, as ltalian one, either are unawarh®tbenefits of Gl to begin with or believe
it's more expensive or difficult to implement thixaditional grey approaches.

The IPCC (2001) defines adaptation to climate chaag an “adjustment in natural or
human systems in response to actual or expectethtati stimuli or their effects, which
moderates harm or exploits beneficial opporturitiésh adaptation measure that has been
identified as a promising method for providing eélagainst the effects of climate change is
the green roof. Promoting the use of green rodtiénplan for adaptation means taking actions
based on the use of natural solutions, bioengingetechniques, designs based on the
sustainable use of natural resources which, whergssible, are preferred with respect to

traditional cement-based systems.

1.4 Low Impact Development (LID) for Stormwater Management

Stormwater management is a definition that is usedescribe all endeavours to control
runoff in areas affected by urban development (@nip2013). Stormwater management
policy tendencies can be subdivided into two mands:

1. Traditional stormwater management solutions;

2. Low Impact Development.

In the past, the philosophy of stormwater managémes to dispose precipitation runoff
away from buildings and into local waterways aschlyi as possible (Gilroy & McCuen,
2009). These methods typically included end-of-pgoéutions where water was removed
from a site and stored in an off-site, downstreawility (Gilroy & McCuen, 2009). While
these end-of-pipe solutions achieved the objeaiveontrolling downstream peak discharge
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rates, they did not address other important issueh as increased runoff volume, and
preservation of aquatic life (Gilroy & McCuen, 2009

During the past three decades, the practice oimstater management has changed
significantly. By the 1990s, it was recognized thia traditional designs and systems of
stormwater management was out of touch with theiremwmental values of society.
Therefore, new development approaches have bediedtand identified, aiming to abandon
the traditional‘end-of-pipe” approach, introducing mot@atural” and sustainabledrainage
techniques, based on practices such as infiltragimh stormwater storage; these allow peak
flow reduction in the network, time of concentraticncrement and, last but not least,
abatement of stormwater pollutant loads.

Sustainable stormwater management should strimatiaralize the built environment with
the goal of reaching predevelopment flow conditititeugh the conservation of green space,
the use of green infrastructure, and innovativelgireered systems. From this perspective,
use of Sustainable Urban Drainage Systems (SUD$yrowes not only stormwater
management, but even the generic water managemngmnias supply, drainage and treatment.
In addition, these techniques are applicable in development areas but can be still applied
in already urbanized catchments.

The movement towards making better use of natueahdge mechanisms has been given
different names in different countries; the develept and use of terminology has come
about in a more informal manner, driven by locadl aegional perspectives, understandings
and context (Fletcher et al., 2014). These measanesurrently identified in Anglo-Saxon
literature with the term SUDS (Sustainable UrbaaiDage System or Sustainable Drainage
Systems), in American literature with BMPs (Bestnidgement Practices) and LID (Low
Impact Development) while in Australian bibliogrgpas WSUD (Water Sensitive Urban
Design). While each of these terms has their owmitiens and unique nuances, in general,
they are not mutually exclusive and at times aterainanged with each other to suit context
and audience.

The term LID (low impact development) has been ncosatmonly used in North America
and New Zealand (Fletcher et al.,, 2014). The ampratempts to minimize the cost of
stormwater management, by taking a “design withuneatpproach” (Barlow et al., 1977).
The original intent of LID was to maintaining orpteating the pre-development hydrologic
regime through the use of design techniques toteradunctionally equivalent hydrologic
landscape (USEPA, 2000). LID practices are basedthen premise that stormwater
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management should not be seen as merely stormdigparsal; as shown in the figure below
(Fig. 1.4), LID is designed to emulate the predepeient hydrologic regime through both

volume and peak runoff rate controls.

Post-Development

BMPs = Hydraulic Invariance

,‘/ Peak reduction

LID = Hydrological Invariance
Peak Reduction + Infiltration

s LT Y
- .
= =
~—— ®Eaga,

Figure 1.4. - Comparison of the hydrologic responsef conventional BMPs and LID

First implemented in Prince George’s County, MamgldPGCo, 1999a), the LID approach
moves beyond the typical stormwater design andweages more careful site design in the
planning phases.

The fundamental approach of LID is the antithesis conventional stormwater
management. Instead of concentrating surface ramaffquickly conveying it to a centralized
location in the watershed, LID is characterisedsinaller scale stormwater treatment devices
- such as bio-retention systems, green roofs araleswpermeable pavement, located at or
near the source of runoff - and uses decentraliesiyns that seek to control rainwater runoff
at the source (Gilroy & McCuen, 2009; PGCo, 1999a).

LID relies on runoff management measures that medumeperviousness and retain,
infiltrate and reuse rainwater. According to thevitEmnmental Protection Agency's (EPA,
2000) Low Impact Development Center, LID is sité design strategy with a goal of
maintaining or replicating the pre-development hotdgic regime through the use of design
techniques to create a functionally equivalent lyalyic landscape. Hydrologic functions of
storage, infiltration, and ground water recharges aell as the volume and frequency of
discharges are maintained through the use of irgtegt and distributed micro-scale
stormwater retention and detention areas, reductimn impervious surfaces, and the

lengthening of flow paths and runoff tirhe
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Figure 1.5. - LID concepts are scalable to variousized project and land-use types.

Principlesof LID

LID is a green approach for stormwater managemieat $eeks to mimic the natural

hydrology of a site using decentralized micro-scatmtrol measures (Coffman 2002;

HUD2003) by achieving water balance (Davis 20032 Adheres to the following principles
among others (PGCo 1999b; DoD 2004):

Integrate stormwater management strategies in dhly stage of site planning and
design;

Manage stormwater as close to the source as pessith distributed micro-scale
practices;

Promote environmentally sensitive design;

Promote natural water features and natural hydiologctions to create a hydrologic
multifunctional landscape,;

Focus on prevention rather than mitigation and diation;

Reduce costs for the construction and maintenahs®onwater infrastructure;
Empower communities for environmental protectionotiygh public education and

participation.
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Goalsof LID

LID’s approach to urban planning and design aimsiteimize the hydrological impacts of
urban development on the surrounding environmeoth Btormwater management and LID
are directed at providing flood control, flow maeawent, and water quality improvements.
LID recognizes that opportunities for urban desigmdscape architecture and stormwater
management infrastructure are intrinsically linked.

The main goals of LID principles and practices uni@ runoff reduction (peak and
volume), infiltration increase, groundwater rectggrgtream protection, and water quality
enhancement through pollutant removal mechanick asdiltration, chemical sorption, and
biological processes (Leopold, 1968; Gribbin, 20d8nt et al. 2010). This is accomplished
first with appropriate site planning and then byediing stormwater towards small-scale
systems that are dispersed throughout the site thigthpurpose of managing water in an

evenly distributed manner.

LID is a versatile approach that can be appliechéwv development, urban retrofits,
redevelopment, and revitalization projects. Becaué embraces a variety of useful
techniques for controlling runoff, designs can hstomized according to local management
requirements and site constraints. The suitabdity_ID techniques must be evaluated by
designers and developers based on site’s topogragmil climatic conditions that are
appropriate to meet stormwater control requirememd specific project constraints and
opportunities (De Greeff & Murdock, 2011).

Three primary objectives of LID can be summarizedodlows:

* Reduction of the total volume of stormwater rdntbfrough the restoration of deep
baseflow and evapotranspiration by providing higbeels of detention and storage.

» Reduction of peak flow as a result of increas#ltriation and slower surface flow from
urban surfaces.

* Improved water quality due to the retention arssirailation of pollutants on the

landscape.

Benefitsof LID
LID drainage systems have a broad and intercondigetege of benefits and advantages
over the conventional approach. In short, LID isvare environmentally sound technology.

By addressing runoff close to the source througélligent site design, LID can enhance the
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local environment and protect public health. LIDtects environmental assets, protects water
quality, and builds community livability. Other befits include:

* Protects surface and ground water resources

* Reduces non-point source pollution

* Reduces habitat degradation

» Applicable to greenfield, brownfields, and urbawvelepments

* Multiple benefits beyond stormwater (aestheticsality+of-life, air quality, water

onservation, property values)

LID projects have additional indirect benefits, Isuas improving property values in
poverty-stricken neighborhoods, increasing comnyunitvolvement in riparian area
management, and raising community awareness andagolu regarding the stream and
watershed ecology, while still achieving the gaafighe traditional drainage systems (Dunn
2010).

In conclusion, to summarize, if properly implemehtthese green infrastructure practices
can provide stormwater management benefits thadecthe restoration of a more natural
balance between stormwater runoff and infiltratioeduced flooding, water quality and
aquatic ecosystem improvement, wetland creationeartchincement, control peak of runoff
rates, reduced stream bank erosion, and the rastoend enhancement natural ecosystems
(CNT and American Rivers, 2010).

1.5Aim of the Research

Despite the use of LID (Low Impact Developmentstgm water management techniques
has assumed increased importance in recent yeigzsrfeei et al., 2013), and their benefits
are well known, the transition to sustainable urbeminage systems is very slow (Piro et al.,
2012). Due to the lack of adequate modeling andlysisatools, LID systems do not yet have
the strong scientific foundation that conventiosgbrmwater management systems have.
Design and performance prediction are dependemnt tiplal data from LID installations and
effective hydrologic models are needed.

A good understanding of the functioning of LID me@s can contribute to effective large-
scale implementation and design strategies withfithed goal to maintain or re-establish
predevelopment site hydrology. Since roofs accdant20-50% of the total land cover in
urban areas (USEPA, 2008; Gromaire-Mertz et aB9),9green roofs are an interesting LID
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measure with great large-scale implementation piadein existing urban areas as well as in
areas with new housing development.

From this premises derive this research which amsche performance of green roof, as a
LID system, focusing on the hydrologic and hydrauthodelling for stormwater runoff
mitigation in urban environment.

Since hydrological-hydraulic performance of a greeof is influenced by various factors
such as the weather-climatic and structural cheristics of the vegetated cover, the main
objective of the research will be to define, impraand implement a methodology for the
design of green roofs by using data from two défdr geographical areas and climate
conditions (Cosenza in Italy and Lyon in Francespeetively in Mediterranean and
Temperate area), in order to identify some keyoii@ctor the characterization of the response
of green roof system.

More in detail, the primary goal is to formulatalibrate and test a green roof model to
simulate green roof rainfall-runoff. From a praatipoint of view, the model is intended to
provide a tool for practitioners, regulators andigyonakers requiring objective quantitative
performance data, to inform on the developmentaiswater management strategies, and to
improve decision-making and design of sustainalttensvater drainage systems in a
Mediterranean climate conditions.

In addition to this primary goal, specific obje@s/of this study are:

« To develop and calibrate a green roof conceptuaatevhich mimics the physical
structure of an innovative green roof system;

* To determine the quantitative hydrological perfonce of the experimental green
roof installed at Univeristy of Calabria, in Meditenean area;

e To verify that the green roof performance are bdtian those of a conventional
roof, impervious type;

e To establish the influencing hydrological factorstbe hydraulic efficiency of the
Unical green roof;

* To determine multi-regression equations, specdiclifie site of interest, which can
be useful for preliminary design considerationthe case a detailed model of a

green roof is not available

In conclusion, this research aims to promote theemrroof, not only as a tool for
environmental mitigation, but specifically as atausable urban drainage solution to restore

the fundamental natural water cycle processesamthan environment.
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Chapter 2 — VEGETATED ROOFS OVERVIEW
2.1Vegetated Roof as a Sustainable Solution

This introduction aims to provide a general backgabout green roof history and
its evolution as Sustainable Solution. Green Rdafge been in use for thousands of
years, primarily as insulation and for aesthet@soms and, only in the recent years,
scientific and technical research has been focusethe others benefits they could
bring and on the runoff control. Green roofs coblkl a very efficient method to
minimize different problems of modern and futurtes, as several studies have stated
that the level of urbanization will increase in faéure, challenging the quality of urban
life (UN, 2002).

The origin of roof gardens traces back thousandsyedrs to Mesopotamian
civilizations. For example, the Hanging Garden®Babylon constitute an example of
gardens constructed on rooftops (Snodgrass & Saedgl006; Dunnett & Kingsbury,
2004). Europe has recognized and accepted theofolgreen roofs for centuries.
Norway and Ireland utilized sod and thatch roofdhmir homes as insulators from cold
winter weather (Osmundson, 1999). In Italy the pecacof greening roofs was known
and used also during the Roman age and the midéleiato present years, assuming
through the time different values and functionsrf@dson, 1999; Abram, 2006). It is
only on the 28 century, when few vanguard architects - as Gropfuank Lloyd
Wright and particularly Le Corbusier - have pronabthis technology in the modern
architecture, that green roofs started to assumie thirrent role in architecture up to
arrive to the modern-engineered green roof syst@ssnudson, 1999; Appl, 2009).
From the 90s the widely known advantages of gremofsr have encouraged the
expansion of the roof greening strategy in sevawahtries such as Austria, Switzerland
and, in particular, Germany where, green roofshredcl3% of the flat roofs in 2003
(Herman, 2003). Fronthe first roof landscaping guidelines (FLL), crehtBy the
German Landscape Research & Construction Societthédend of the 1®century,
some countries have also released guidelines folemmentation of green roofs like the
UK, USA, New Zealand, Australia, etc. (Locatelli &t, 2014).Despite the growing
interest and research on green roofs, this gredeicignique in ltaly is relatively new
and the scientific findings about their effectivemen the Mediterranean areas are
deficient (Fioretti et al., 2010). Recently two iamfant steps in green roofs policing
came through the production of a national standagililation for green roofs (UNI
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11235:2007) and the inclusion of green roofs inthgonal legislation (D.P.R.59/09);
these regulations bring greater awareness to theouthis non-traditional techniques
for the stormwater management in urban areas, laséue sustainable urban drainage
concept (Lanza et al., 2009).

The accelerated urban growth has affected manyefetrth’'s natural processes;
vegetation that originally provided interceptiordagvapotranspiration is removed, and
natural depressions in the landscape, which noynddtain 50% of the runoff, are
eliminated (Dunne & Leopold, 1978). Impervious sods like asphalt, concrete
rooftops, roads, and parking lots are replacingunaatsurfaces affecting ecological
balances. The volume and rate at which the rursotfelivered to the receiving water
body is greatly increased (Andoh, 1997), resultimga reduction of the hydrologic
response time and greater recurrence of flood svéntorder to restore balance to
urban ecosystems, there must be ways to bring tiquleted green surfaces.

Best Management Practices (BMPSs) require greeregbat may not be available in
cities. Green roofs are a good Low Impact optiaam alternative BMP, because they
use traditionally impervious and already existingfaces (Oberndorfer et al. 2007,
Moran, 2005; Liptan & Strecker, 2003). Roof surfage cities range from 30% to 40%
of all impervious surfaces, offering a distinct oppinity to convert impervious roofs to
green space without losing functionality (Oberndorét al. 2007; Hutchinson et al.
2003).

In recent years, green roof as Low Impact DevelagnielD) system have been
developed to aid in the improvement of stormwatanagement. Green roofs also have
the potential to reduce urban stormwater pollubgradsorbing particles from wet and
dry atmospheric deposition. Their effectivenesgettuce stormwater quantity and treat
it for water quality has been studied primarily ¢old temperate climates such as
Sweden, Germany, Michigan, Ontario, Oregon, andhn&dwania (Berndtsson et al.,
2006; Van Woert et al., 2005; Liptan & Strecker02 Energy savings gained by
using green roofs has been explored in warmer tisnsuch as the Mediterranean and
the tropics (Theodosiou, 2003; Wong et al., 2068)wever, the effective use of a
green roof as a Low Impact approach for stormwiatan area depends on a number of
hydrological and climatic factors in that partiaulacation.

As specified in the following paragraphs, greenfsocould minimize urbanization
impacts in different ways, including the improvermef stormwater management

practices.
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It must be noted that more efficient results cobkel achieved considering an
integrated approach. This means that green roadsgalwith other stormwater
infrastructures, such as retention basins, shoeldagsociated to obtain stormwater
runoff volume and peaks discharge reductions (Btr@l., 2012). There are several
factors affecting green roof performances, but ukeatures of the different studies, it
is very difficult to generalize the results. Furthere, green roofs performance is
strongly connected with the local climate, so ¥ésy difficult to apply the same system

to locations that are different in terms of tempar, rainfall events and seasons.
2.2Vegetated Roofs Types

Green or vegetated roofs are generally categonatx two types: intensive and
extensive. This splitting between the two systemiate primarily to the level of
maintenance required while are not directly relatethe substrate depth or to the size
of the vegetation. The UNI 11235, in fact, througé following diagram in Figure 2.1,
provides a differentiation of green roofs by meahs) thickness; ii) maintenance costs
and iii) the construction costs of a green roofjuieed to maintain in fully operational

conditions the system and to define it (extensivet@nsive).

Green Roof Types

High maintenance park

wild meadow

’ “English” lawn

05 Sedum Vegetation

R e T ——— e —— A —————— A ———— 1
0 3 2 3 4 5
Maintenance costs

Figure 2.1 — Relationships between maintenance cesind substrate thickness/costruction costs

By analyzing the graph, proceeding to the righttloa abscissa, it is perceived that
the green roofs types gradually change from externtsi intensive, as a function of the

maintenance costs. At the bottom left is located"®edum vegetation”, absolutely the
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most extensive system, while at the top right ther@a "high maintenance park”, a
typically intensive system (Abram, 2006).
The two types are also distinguished through aeasfgcharacteristics that include

purpose, substrate depth, vegetation type and stipgpstructural requirements.

Intensive green roofs are so named because of their “intense” mainteraneeds.
These roofs systems have greater depth of soitavigg medium (over 15cm) which
favors deeper roots and then allows for greateerdity in size and type of vegetation
(ASTM 2008), from lawn and herbaceous perenniadmigl to shrubs and even small
trees (Grant et al., 2003; Dunnett & Kingsbury, 200

Since intensive roofs have greater depth compaveéxtensive roofs, they are
capable of storing water for longer periods; fas tieason, the associated high-saturated
weight requires significant structural supportttog roof.

Many intensive roofs are designed to be at leadiaig accessible (Dunnett &
Kingsbury 2004) thus, being more close to the cphacdé conventional gardens, are
often referred as roof gardens (Grant et al., 2@&nett & Kingsbury, 2004). This
Roof gardens typically require regular irrigatiorechuse of the harsh climatic
conditions that persist in the roof environment #m& same maintenance as gardens on

the ground.

Extensive green roofs are those that are constructed with a relativelglssubstrate
depth - between 8 and 15 cm - and due to theiloshhalepths, are often limited to
grasses and drought tolerant plarfBunnett & Kingsbury, 2004; Snodgrass &
Snodgrass, 2006).

The shallow soil depth and exposure to intensedaseccating sunlight and wind, as
well as the lack of consistent supplemental watgniequire vegetation with an elevated
tolerance to the oscillations in water availabjlitgpable of surviving to these harsh and
dry conditions. Generally, this kind of plants &r@wn as succulents and thedumis
most often used for these conditions.

To minimize weight and maintain acceptable watderon characteristics, the
growing media used is often a specialized lightlwkemixture of organic and inorganic
materials (Martin, 2008). Because of the lighterighe of growing medium and
vegetation, extensive systems may not requiretstralcupgrades of the building where
they are intended to be used and can, therefor&esiseexpensive and well suited for

retrofit applications (Metro Vancouver, 2009).
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Extensive roofs are primarily designed for functiather than form: used for their
environmental benefits such as storm water managemed insulating properties.
Typically they do not require irrigatioexcept during the initial growth period to
establish vegetation, but otherwise is not requiredause plants should be able to
survive solely on the natural rainfall that reactiesroof (Neufeld et al., 2009).

Compared to their intensive counterparts, theyuatelly not accessible by general
public use as a garden or open space, other thacdasional maintenance, and may be
designed for flat or sloped roofs (Dunnett & Kingsjg 2004; FLL, 2008).

Extensive green roofs help overcome some the cigEke associated with intensive
green roofs; due to their minimal requirement fadiional roof structural capacity and
low maintenance, it is believed that the wide spnese of green roofs in an urban area
would most likely be accomplished with extensiveegr roof systems (Martin, 2008).
For this reason, extensive green roofs are the owmsmon option for typical single-
family homes and other buildings only able to ritn@ther than completely remodel.
Figures 2.2, below, shows the cross sections skth&o types of green roofs.

Intensive green roof Extensive green roof

Figure 2.2 — Characteristic Cross Section of Extenge and Intensive Green Roofs

In the following Table (Tab. 2.1) are shown schecadly the advantages and
disadvantages associated with the two main greehtypes, extensive and intensive
green roofs.
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Table 2.1 — Advantages of Intensive and Extensiveagn roof sysems.

INTENSIVE GREEN ROOF EXTENSIVE GREEN ROOF
Greater diversity of vegetation Lightweight
Greater range of design Suitable for large surfaces
Best insultaion properties and Low maintenance costs and may be
stormwater management designed for no irrigation
Greater options for human uses More suitable fiurlbésshment projects
Generally accessible Lower capital costs
Greater biodiversity potential Easier to replace

2.3Components of an extensive vegetated roof

The term green roof is used to describe an engderyofing system that allows
plants to grow on top of buildings while protectitige integrity of the underlying
structure. It is intended to partially replace tregjetated footprint that was destroyed
when the building was constructed.

A typical green roof structure consists of multipdgers, each of which plays an
important role in the overall system function. Teiucture may vary but usually
includes six basic elements, from the bottom, green design starts with (1) the roof
construction and continues with (2) the waterpmgfioot barrier, (3) the drainage
layer, (4) a geotextile filter fabric/membrane, &)lightweight growing media or
substrate, and finally (6) plants or vegetation ifi¢as et al., 2006; Cantor, 2008). It
may also include additional layers such as insahatvapor control or support panels.
All these definitions express different featuregafnique technology. Figure 2.3 shows

the green roof structure with the basic six comptsdescribed above.

1) Vegetation 2) Substrate

P
P |

3) Filter Fabric 4) Drainage

Figure 2.3 — Typical components of an extensive gga roof
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A waterproof barrieris placed on top of the roof construction to prevendesired
leakage. Above the waterproof barrier, a root tasie layer is placed in order to
prevent root penetration through the waterproofiaor roof construction (Peck et al.
1999, Peck 2002, Snodgrass & Snodgrass 2006). édept, a protection layer that
combines the waterproof and root barrier layerreqdently used. Subsequently, a
drainage layeris applied on top of the root barrier. The dramdgyer engineered
coarse media or plastic profiled elements, providgsd drainage for precipitation in
excess of system storage capacity and ventilatesésethe substrate; this prevents the
deterioration of the vegetation layer and leakafjevater through the lower barriers
(WTCB 2006). Afilter fabric is placed on top of the drainage layer; this lgy@vent
clogging by the small particles originating frometblubstratum, and sometimes comes
coupled with the drainage layer. Thebstrateor growing media, where the roots of the
plants grow and the water is absorbed, is the lplared on top of the drainage layer
and filter fabric. It supports the plants and, pdovg sufficient oxygen, water and
nutrients, allow to the roots to settle and devdlogre. The most upper layer is the
vegetationor plant level. Depending on the green roof tygdants used range from
native plants and drought tolerant plants such edu®, to grasses, shrubs and trees
(Mentens et al. 2002).

The components of a green roof can be classifieditasr physical, including the
deck, waterproofing membrane, insulation, root ibarrdrainage layer and the
permeable filter layer, or dynamic, including swatt and vegetation (Weiler &
Scholz-Barth, 2009). Designers have the flexibildychoose among different materials
and technologies in order to achieve the overaligieintent of the project. The order of
the physical layers may vary among projects, howewe general, these layers are
installed in the way that provides the maximum @ctibn to the waterproof membrane

so that the life of the project is maximized.

The waterproofing-root barrier

Primary prerequisite in the realization of a greeof stratigraphy is to predict and
achieve a sure waterproofing, which must satisicige performance characteristics,
and which must guarantee the water tightness amdefistance to the roots and micro-
organisms. The waterproofing layer is the bottoyetasubjected to the other layers that
make up the green roof system; the action of thes#ds can produce the perforation of

the waterproofing membrane and the roots penetratio the layers and, consequently,
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dangerous infiltration to the building. In order ¢ontain this risk are used inorganic
material that the roof vegetation is not able tgrdde or penetrate.

Among the products used to prevent root penetraienethylene propylene diene
monomer (EPDM), polyvinyl chloride (PVC) rolls arkigh-density polyethylene
sheets, or butyl rubber (Dunnett & Kingsbury, 208#pdgrass & Snodgrass, 2006). In
almost all cases, however, the resistance to thts extion is integrated with the sealing

water element.

The drainage layer

Another layer that influences green roof's watéemton is the drainage layer. This
layer represents the heart of the system and iteaarealization largely determines the
good result and the duration of the greening. Thenrfunctions of the drainage layer in
any green roof are i) to drain stormwater and exdesgation, ii) to protect the
waterproof membrane (Connelly et al., 2005), i)nmhaintain the aeration in the root
zone (Snodgrass & Snodgrass, 2006), and iv) to venexcess water as quickly as
possible to prevent over saturation; indeed praddngaturation of a roof can bring
physiological disorders to the plants and couldofathe colonization of pathogenic
organismsin some cases, the drainage layer also providea stdrage as the means of
irrigating the green roof and providing additiomaltrients for the plants grown. All
functions are important in dependence with theraingi effectiveness but, that of airing
of the radical zone, is one that is usually negl@ctalthough could limit the
development of the vegetation if it is not wellibeted.

According to Dunnet & Kingsbury (2004), three maategories of materials can be
used for drainage i.e., granular materials, pormws and lightweight plastic or
polystyrene modules. All these layers vary in thé&rm and water retention
characteristics, all factors that further influeribe water retention capacity of a green
roof and the amount of water available to plantoréMin detail, coarsgranular
materials include: gravel, stone chips, broken clay tilesnker, scoria (lava rock),
pumice, expanded shale and expanded clay grarfblemét & Kingsbury, 2004) with
large amounts of air or pores between them. A layfegranular materials can be
incorporated underneath the substrate profile asing the root space for plants
(Dunnet & Kingsbury, 2004).

Porous matsmade of a range of materials such as recyclathiolp and car seats,

act like sponges that absorbs the excessive wabene materials can negatively affect
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plants since they tend to extract the availableewaecessary for plant growth (Dunnet
& Kingsbury, 2004). Finallylightweight plastic or polystyrene moduleghibit great
flexibility in design and appearance; these sohdiontroduce the advantage of the
lightness, ease of installation and a good resistéam compression, allowing to be used
as a sub-foundation for heavy building elementatemporarily maintaining continuity
and effectiveness of drain. Any given thicknesg, dnainage capacity is significantly
higher than those of the granular materials, vathdr weights.

Usually in these systems the water is accumulatedpiecial hollows, obtained
opportunely modeling the elements. Drainage outtetsst be kept free of substrate
particles at all times in order to maintain thaindtionality (Dunnet & Kingsbury,
2004).

Thefilter fabric

The aim of the filtering layer, installed betweée growing media and the drainage
layer, is to prevent the descent of substrates iarticles in the draining layer, and to
provide anchorage to the radical apparatuses. frerethis layer is responsible for
keeping the substrate in place, and preventingkbalge or damage of drainage outlets.
To ensure an efficient operation both of the salbstiayer, without erosion of its
particles thinnest which may have a negative impaatunoff water quality, and that of
the drainage layer, the filter fabric should havpeameability at least 10 times great
than that of the growing medium.

Materials with appropriate characteristics of regise to the traction, to the cut and
puncturing, and with suitable water permeability amployed. Without use of this kind
of materials there would be the clogging of theefilayer that would reduce or interrupt
the vertical flow of the drainage water and the gashanges between the substratum
and draining layer. It is highly recommended to adéter cloth or mat, such as semi-
permeable polypropylene fabric, to prevent the muent of fine particles from the
substrate into the drainage layer (Snodgrass & §asd, 2006).

The growing media
As a substrate for vegetated roof cannot be useschdmal substrata for gardening
or, even worse, ground. The green roof substratest have particular characteristics.
The substrate used on an extensive green roof kaswn as growing media) is
usually a unique blend of mineral materials, stadil organic matter and stabilized
lightweight aggregates (Weiler & Scholz-Barth, 2))G8esigned to retain water and be
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lightweight. In percentage, typical extensive greeof substrate, is comprised of 80-
90% (by volume) light-weight aggregate (LWA) and-2@% (by volume) organic
matter (Fassman et al., 2013). LWA, usually mixethwand and/or organic materials
in order to provide an adequate proportion of fpeticulate matter to support the
plants, provides pore space for air, water, andegabange, and ensures rapid drainage.
Organic materialmust be present in the substrate mix in ordeufipart plant life by
storing and providing nutrients (especially nitrogeand moisture (Fassman et al.,
2013). It also provides some cushioning and physieaistance to compaction.
Although the organic fraction of an extensive greeaf is small, the generally fine
particle size and high moisture retention typicdl arganic matter contributes
significantly to saturated weight and reduces peiiiiy.

Studies have shown that increased organic cont@mtaid plant growth, but a
predominantly organic medium is not recommendedefdensive green roofs because
introduces a set of potential problems (HoffmanQ3)0 One of the most important
aspects of medium is that the depth should beivelgtconstant over a long period of
time, and a highly organic medium makes this imjpbssits decomposition over time
will increase nutrient leaching from the media,uess moisture, nutrient storage, and
substrate depth. A high proportion of fines incesamoisture storage and may benefit
plant growth but decreases permeability and ine®aseight. Maintaining high
permeability of the substrate media is importanprievent ponding and excess weight.
For all these reasons, it is recommended that thanac material is at most 15% by
volume (Rowe et al. 2006).

Light-weight aggregateshat have typically been used for extensive gremofs
include expanded clay and expanded slate (Fasgn&imcock 2012). Whatever the
media is, thought should be given on the weightcomponents used and their
composite drainage characteristics. Ideally, thewgrg medium or substrate is
recommended to have the characteristic of beingplyigfficient in absorbing and
retaining water while at the same time having file&ning properties. This is generally
accomplished by granular mineral materials thatodbsvater and fine particles to
which water will cling.

The granular products can be roughly classifiednatural minerals, artificial
minerals and recycled or waste materials (DunneKi&gsbury, 2004); the most
ecologically sound materials are those that areveléifrom waste or recycled products

(Mentens et. al, 2006). Recycled clay bricks angloed concrete are used as aggregate
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components in Europe and especially in the UK. Téareynot lightweight, but do have
high permeability where particle size is coarse.ttde porosity and chemical
characteristics for plant growth render bricks arenfavourable growing media than
crushed concrete.

Though a wide media variety is available, the selachowever normally depends
on the requirement of that particular location lolage a number of tradeoff factors.

By following these guidelines the resulting subtgtrshould contain a well-balanced
amount of small and large pores between the inacgaarticles, which in conjunction
with the organic matter, determines the dynamics \ater retention. Indeed,
composition is an important consideration for watgention, plant growth and water
quality of runoff.

The substrate water-holding capacity, defined asathount of water that a substrate
can retain after saturation and drainage, playisn@ortant role in extensive green roofs
(Handreck & Black, 2002). This property is respoftesifor retaining stormwater, and

for continuously providing the air and water reedirfor plant development.

The vegetation

In addition to growing media, plants are also aegdgral component of green roofs.
Plants are important in a green roof system becais@aesthetics, cooling via
transpiration, shading and creating a monolithyetaby holding the substrate in place
with its root system (Cantor, 2008).

In terms of green roofs as a stormwater managepragtice the main function of
plants is their ability to reduce media moistureteat via transpiration and increase
interstitial pore space available for water storages is important because the amount
of storage available for the next storm event ddpemn how much water was released
via transpiration rate of the plants after drainatgps. After a storm, the available
storage volume in the growing media depends onptreent of available volume of
void pores.

When selecting plant material, certain aspects rbastonsidered, for instance: the
design intent, aesthetic appeal, local environmerwaditions, plant characteristics,
disease and pest resistance, and substrate compoaitd depth (Getter & Rowe,
2006). Some of the desirable characteristics faerestve green roof plants include:
easy propagation, rapid establishment, and highurgtocover density (White &

Snodgrass, 2003). It is also important, for sustgira full coverage, that the plants
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possess the mechanisms to perpetuate their propagathe long term, as long as the
environmental conditions are favorable (Getter &ep2006).

An ideal extensive green roof is self-sustaining agquires minimal maintenance,
including irrigation (Snodgrass & Mcintyre, 201@) a consequence, green roof plants
must be able to survive frequent harsh conditiddien the largest stressor is the
summer water deficit, which is exacerbated by em&rdneat and high wind (Butler and
Orians, 2009). High winds and intense solar ragiatihat comes with the exposed
positioning also decrease the survival of plantseré&fore plants that naturally survive
in similar conditions are sought after.

The most adaptable green roof plant species havegtowing habits, shallow and
perennial root systems, and exhibit a high tolezat extreme environmental and
biological conditions (Snodgrass & Snodgrass, 20@&icculent plants adapt well in
these conditions (Getter & Rowe, 2006); for thiss@n, they are widely-used in
extensive green roof projects. Succulent plantsretain significant amounts of water
in their tissues, contributing to the overall sgwaof water on the roof and to the
reduction in annual runoff. Succulents liBedurs andDelospermacontribute to about
40% of the reduction in runoff attributed to theegm roofs they grow in, with the
remaining 60% due to evaporation from the growtldioma (Berghage et al., 2007).
Sedum, in particular, has shown the greatest salrviva wide range of conditions
(Snodgrass & Snodgrass, 2006). Sedums close thelata to maintain adequate water
within the plant during drought conditions. Throu@nassulacean Acid Metabolism
(CAM) photosynthesis (whereby transpiration is @tlduring the day to maintain the
minimum water loss) the plants open their stomateeteive C®@ during the night to
prevent excessive losses from leaves and storeCfbge as an acid to use for
photosynthesis the next day when they close tliemata again to protect against the
hotter day climate (Harper G.E., 2013).

Though different sedum plants are available, selectf a variety in a specific
project normally follows a practice of using theeyipusly tried and tested plants
(Emilsson & Rolf, 2005). It is not appropriate t@euthe same vegetation mixes
everywhere. With this reason, trialing of differespecies for their suitability in a
particular location should be done (Dunnet & Kingsh 2004) before installing a green
roof.

Recently there has been interest in the use ofenapecies in green roof plantings as

they have been shown to provide benefits overttoadil Sedum monocultures such as
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enhanced biodiversity of native insect (Monterusso al., 2005). Furthermore,
introducing non-native species, while beneficiat &iormwater retention, may be
invasive in a specific area and have detriment@ces to the ecosystem as a whole
(Dvorak & Volder 2010). Native plants, instead, imavevolved to grow and survive in
their local microclimatic conditions, and to redstal pests and diseases (Maclvor &
Lundholm, 2011), are generally preferred becausg #re adapted to local conditions
and preserve the natural biodiversity (Oberndaetexrl. 2007).

In conclusion, the individual conditions of a spiecregion and green roof may
determine whether native species or imported seotslwill be better suited for the

environment of the green roof.
2.4 Advantages of Vegetated Roofs

Green spaces in urban areas are often scarcebseayed and this lead cities to have
to deal with many environmental, economic and dogioal issues. Since green roofs
mimic some of the natural systems that are losttdugevelopment, thereby reducing
some of the negative effects of development, tlaeeenumerous reasons for building
green roofs in place of conventional roofs.

Furthermore, compared to traditional grey infrastinces, Green Roofs (GRs), which
incorporate both the natural environment and ergete systems, offer a wide range of
benefits to people and wildlife and preserve edesys/alues and functions (Dvorak &
Volder, 2010)

Vegetated roofs achieve multiple benefits whichrafeeat different scales. Some are
evident only when relatively large numbers of roafs greened in an area, while other
benefits are realized at a single building scalthdugh the entity of individual benefits
varies from roof to roof (according to design ot thystem), several authors have
categorized their benefits according to three naa@as of benefits: aesthetic, economic
and environmental (Dunnet & Kingsbury, 2004).

This section will give an insight into the broacespum of green roof effects, taken
from the literature reviewed. In particular, withgard to the scope of this research, the
main focus is on the influence that green roofsehawv the artificially changed rainfall-

runoff relationship in urban areas.
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Amenity and Aesthetic Benefits

The living comfort or well-being of urban populaties influenced by green roofs in
many ways: green roofs improve the quality of fibe urban dwellers, decrease stress
and create space for relaxation and recreatio. Modetail, the main aesthetic benefits
of a green roof are the following:

- Increased living comfortBoth intensive and extensive green roofs can craate
attractive space increasing possibilities for rattamal activities for building occupants,
and views for those in neighboring buildings. Irdi@e roofs in particular can offer a
place of refuge and relaxation for people who wiarla building, thus reducing stress
and boosting worker productivity.

- Improvement in quality of lifeA natural environment has positive influence on
human’s state of mind and physical well-being (Mentt al., 2002). Kaplan et al.,
(1988) reported that employees who had a view tfrablandscapes were less stressed,
experienced greater job satisfaction, and repdeedr headaches and other illnesses
than those who had no natural view.

- Air quality improvementsThe air quality in urban areas is improved by gresofs
because small airborne particles are absorbedrentdumidity level of the air is kept
more constantly by green roofs (WTCB, 2006). Veg@tabehaves as a sink of
pollutants resulting in the removal of certain pahts from the air through dry
deposition process and microclimate effects (Emnsst al., 2006; Yang et al., 2008).

- Noise reduction benefitsGreen roofs are better in absorbing sound than
conventional and concrete roofs. When used on ingsgdwithout ceiling insulation,
they can reduce the amount of noise transmittedienthe top floors of a building,
particularly in areas with heavy air or automotixafic. Studies on the acoustic effects
have proofed that green roofs reduce external neisds up to 35-60 dB, while normal
roofs reduce noise levels up to 30-50 dB dependmthe roof weight and construction
type (WTCB 2006).

Economic Benefits
The following are the major economic benefits aleesive green roofs:

- Increased roof lifeGreen roofs increase the useful roof life expegtant to two
times the lifetime of an ordinary flat roof (Mengeet al., 2002).

The various components of the green roof, absorimfigred and UV-radiation

which normally deteriorate and break roof matermigphotochemical reactions, protect
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the roof waterproofing membrane (Getter & Rowe, 00urphy, 2007). The
insulating effect played by green roofs, by redgcithe extreme temperature
fluctuations on the roof surface, prevents the mefbrane from experiencing frequent
freeze thaw cycles that also degrade a roof. Bydawyp drastic temperature variations,
the roof membrane does not expand and contradt @scurs in non-vegetated roofs
(Getter & Rowe, 2006).

Therefore, properly designed and installed greefsroan extend the roof membrane
life span (Koehler, 2003; Liu & Baskaran, 2003; Bag et al., 2005, Abram, 2006)
and, in general, the life of a roof by 2 to 3 tintssnormal life.

- Energy Savings and thermal benefi@&een roofs have been shown to impact
positively on a building’s energy consumption bypnoving its thermal performance,
decreasing the desire for air conditioners in sumarel radiator heating in winter
periods (Cantor, 2008, Mentens et al., 2002). Intevi their insulating effect help to
reduce the heat loss from inside the building tghothe roof, consequently reducing
heating needs as compared with black roofs. Theirsailating value is soil specific
and determined by the soil characteristics and ton@scontent (Oberndorfer et al.,
2007, Dunnett & Kingsbury, 2004). In summertimeeagr roofs can also act as an
insulating layer, reducing heat flux, or the tramséf heat from a building’s exterior to
its interior through the roof by up to 72% (Spol@k08). Green roof evaporation and
transpiration provide a natural cooling mechanisnthie building (Oberndorfer et al.,
2007, VanWoert et al., 2005). Summer cooling frareg roofs is the result of the soil
mass absorbing solar radiation that is releasedlglovernight and reduces roof
surface temperatures and ambient air temperatihes, lowering cooling energy
demand (Niachou et al., 2001; Liu & Minor, 2005).

After these considerations, by reducing buildingsergy consumption, green roof
can represent a tool helping the climate changdgatibn on a global scale.
Temperature is one of the main problems connecididet climate change, and in warm
climates, such as the Mediterranean mitigating tatpre, may helps to improve
quality of life and reduce energy consumption tol@mwn indoor environments.

- Cost Optimization.A green roof might have higher initial costs tharosin
conventional roofs, however a full performance wgsial can identify how the roof
benefits at the same time both the building owmat #lhe community. In many cases,
these advantages justify the cost of green roa@idjqularly in densely populated areas

(Kosareo & Ries, 2007). As illustrated by Bantirtgaé, 2005, in Toronto city green
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roofs through their positive benefits can genesat®st reduction by up to 38% for the
stormwater management, 25% for the urban heatdstffiect and 22% for the building
energy consumption. In addition, they have a numifeother economic benefits
including growth in real estate values (Peck etl&®99, and Siegler, 2006).

Green roofs, which are considered green infrasiractcan also create employment

opportunities in production, installation, and mamance of the roof.

Environmental Benefits
The following aspects constitute the major envirental benefits of extensive green
roofs:

- Biodiversity and Habitat creatiorBiodiversity is a measure of the variety of ptant
and animals in an area, this diversity of specas make an ecosystem more resilient.
In high-densely populated urban environments, wiggen spaces are scarce, green
roofs have the potential to reintroduce nature,ctvlgan function as a home for the
many species of plants and animals that disappeanéag urbanization (Cantor 2008).
Invertebrates and birds have been documented iiglgreen roofs, demonstrating
their potential as a biodiversity tool (Brenneis@€003; Gedge, 2003; Kadas, 2006).
Therefore, providing new habitat for plants andhaals in urban areas, as well as for
migrating birds, green roofs can encourage bioditserincreased biodiversity can help
ecosystems continue to operate even when they isi@lted by development or in
other ways.

Dunnett et al. (2010) stated that from both an@giohl and an aesthetic viewpoint,
there are considerable benefits in promoting plspécies-diversity in green roof
vegetation; however, in creating habitat the useative species of local provenance is
advised (Grant et al., 2003). The use of localusses should provide higher guarantees
of suitability and adaptation to the local climaéad its potential must not be
underestimated.

-Reduction of urban heat island effelct.cities, a high portion of the incoming solar
energy is absorbed by the hard, heat-absorberdcasr{Fig.1.1). As a consequence, the
local climate in the city is altered, causing andigant rise of the urban temperature
and other alterations, known as the heat islarece{Alexandri and Jones, 2008; U.S.
EPA, 2005). The urban heat island effect is a phesmon that explains warmer
environmental temperatures in built-up areas coegpw those in surrounding rural or

suburban areas due to the absorption of solartradiby buildings and other man-made

48



Chapter 2 — Vegetated Roofs Overview

surfaces, and the lack of natural cooling from vaen. Higher environmental
temperatures have negative impacts on the socetguse of the increase in energy
consumption, air pollution levels and greater radgdeat related illness (U.S. EPA,
2005).

There are two ways to mitigate urban heat islahdnareasing vegetation, or ii)
increasing surface reflectivity. The Environmentalotection Agency’s Office of
Atmospheric Programs and also the Urban heat igaodp suggest that reintroducing
vegetation to urban areas through green roofsasobrthe most promising solutions to
mitigate the problem of heat islands.

Green roofs absorb less sunlight than dark roofspugh the process of
evapotranspiration and by providing a shading éti@duildings. In the summer, green
roofs cool buildings and the air around them thlougyapotranspiration, or the
movement of water from the soil both by evaporaaod by transpiration, the process
by which water exits through pores in the leaveplahts. This creates a cooling effect
on and around buildings.

Concluding, green roofs accomplish and consequemtiuce both a building’s
energy use (Fang, 2008; and Bass, 2007) and, embam-scale, when combined with
other measures - like street tree planting andrdénge-scale greening efforts - reduce
the urban heat island because increased evapoledips to cool the entire city (Cantor
2008).

As can be noted, vegetated roofs provide a rangeermironmental benefits
addressing many aspects of sustainable develop®iece the focus of this research is
stormwater management, the next section will fosusdy the green roof's capacity to
mitigate urban stormwater runoff. Detailed discossbf the benefits provided by
vegetated roofs in stormwater management, is ptegémthe next paragraph and in the
Chapter 3.

2.5Role of Vegetated Roofs in Stormwater Management

The environmental contribution of a green roof banexamined by testing how the
urban hydrologic cycle is altered by the differefmmdween conventional roof runoff
and green roof runoff. According to paragraph lfjanization increases the total
imperviousness and decreases infiltration ratesyltieg in both increased rainfall-
runoff volumes and peak discharges; these can cdos@stream flooding and can
deteriorate groundwater and surface waters bodaemfiltration of polluted substances
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from the surface area. During small storm eventannurbanized catchment, larger
amounts of runoff are delivered to the stream systban would occur in an
undeveloped or natural catchment. Green roofs hhee ability to retain some
precipitation, in turn reducing the amount of runof

Precipitation falling over a green roof can foll@number of different paths ending
in evaporation, transpiration or runoff. As pretagion falls over a green roof a portion
of the water is intercepted on the surface of thgetation where some evaporates back
to the atmosphere, while the remainder runs downirdiitrates the growing media. By
design, the hydraulic conductivity of a green risafiigh enough that the infiltration rate
exceeds the precipitation rate of the most intestgam likely to be experienced by the
site (Miller, 2003; Beattie & Berghage, 2004; Villeal & Bengtsson, 2005). Achieving
this prevents overland flow - which is not desiealdls it reduces the retention and
detention capacity of the green roof - ensuring #tlamoisture passes into the growing
media. Precipitation infiltrates the substrate lutitie available storage capacity is
consumed; water percolates through the growing anadd filter fabric exiting through
the drainage layer to centralized roof drains.

Water that drains through a green roof is refetoeds runoff; the runoff depth plus
the retained depth of water equals the total depirecipitation. The amount of runoff
is a common variable used to assess the stormwedponse of a green roof. The
portion of water that does not runoff the greerf iedhe quantity retained.

It has been given evidence by several studies dhe¢n roofs can significantly
reduce the amount of stormwater runoff comparetth@ab of conventional roof designs,
with volume retention scores in the order of 40—88Rihe total rainfall volume. From
literature’s data it is also evident that greenfsaater the runoff hydrograph, delaying
runoff starting time,reducing the runoff peak rates (decrease of 60-8@%g
distributing the runoff over a longer period beyothe end of precipitation events
(Kohler et al.,, 2001; VanWoert et al., 2005; Bemghaet al., 2009; Villarreal &
Bengtsson, 2005; Teemusk & Mander, 2007; Tillingeral., 2006; DeNardo et al.,
2005; Mentens et al., 2006; Carter & Rasmussert)200
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Figure 2.4 — Comparison between Conventional and @en Roof Hydrographs

The reduction of stormwater runoff quantity is pbsthe most important benefit of
extensive green roof (Getter & Rowe, 2006). Duriagrainfall event the main
hydrological phenomena operating within a greeri ave (Figure 2.5):

- Interceptionof precipitation by the vegetation lay&vater is used by plants, which
require it for physiological processes, includimgnspiration (this is one of the ways
water is rapidly removed from the green roof sidistiand returned to the atmosphere
(Getter & Rowe, 2006).

- Infiltration and Retentionn the substrateWater can be stored and retained in the
pore spaces of the substrate or taken up by abdongterials in the mix (Dunnet &
Kingsbury, 2004).

- Storage and Detention in the drainage layRainfall detention is defined as water
temporarily detained after a rainfall event to &t released it at a later time; resulting
in both a delay and reduction in the peak flowwfaff from a green roof (Bengtsson,
2005; Bengtsson et al., 2005; Villarreal & Bengtgs?2005; VanWoert et al., 2005), as
well as an extension of the runoff period at thd ehthe rain event (VanWoert et al.,
2005).
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Figure 2.5 — Main hydrological phenomena operatingvithin a green roof

Rainfall retention, instead, is defined as thetfoacof rainfall that is retained on the
roof that eventually is evaporated from the growimgdium or transpired by the plants.
Several studies have reported varying water retentapacities of green roofs.
However it's hard to synthesize the results of ¢hessearches into a general
understanding of the quantitative hydrological efffe of green roofs because the
performances appear to be dependent upon sevieakdt factors as climatology (e.g.,
rainfall events, length and intensity of the eveamtecedent dry weather period),
construction types (e.g. composition of the layersf slope, growing media, drainage
layer size) and green roof age (Berndtsson, 20a4@te€Cand Rasmussen 2006; Getter et
al., 2007; Carpenter and Kaluvakolanu 2010; Hilterd others 2008). Additionally,
apart from these parameters that can influencegtben roof performance, also the
Retention and Detention Performance Indicators eslcannot be directly compared
because of the use of different designs, differemasurement strategies and
measurement locations, with corresponding metegicdb conditions.

Roofs represent a large area of impermeable s@rficéown and their beneficial
effect on stormwater management for a city canhré&8% in savings (Banting et al.,
2005); this explains so much research interesthanfield. These systems can form a
key part of a site-level stormwater management,ptaducing peak flow rates and
increasing the amount of time water takes to flomn a site into the sewer, depending
on the size of the roof and the distance the weadsrto travel.

Considering the various factors affecting runofatiarge, it is important to understand

the response of specific vegetated systems to fgpeainfall events; this requires
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reliable modeling tools that allow to optimize ferformance of GRs system on a wide
range of design types and in different operatingddmns. Based on these objectives,
the next chapter will provide, at first, an ovewief the existing models for the
analysis of the hydraulic behavior of green roafg] in the second part, a survey of the
scientific studies carried out to investigate th8uence of these parameters on the
hydraulic and hydrologic performance of extensiweg roofs.
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Chapter 3 — VEGETATED ROOF MODELING AND LITERATURE REVIEW
3.1Introduction

In spite an increasing awareness and well-knowrefitenof green roofs and other
LID (Low Impact Development) techniques, the tréinsi to more sustainable urban
drainage systems is very slow (Elliot & Trowsd&8(7; Piro et al., 2012). One of the
key limiting factors in the widespread adoptionsath systems is the lack of adequate
analytical and modelling tools; Elliot and Trowselg2007) argue that the availability
of effective LID modelling software that operatdfeetively at the necessary range of
scales, could act to encourage wider uptake ofrbHasures.

Several Research have been conducted on run-affatiiin by green roofs (Beattie
& Berghage, 2004; Carter & Jackson, 2007). Seveadies have shown that green
roofs may have significant effects on retainingifai volumes (DeNardo et al., 2003;
VanWoert et al., 2005; Getter et al., 2007; Simmeinal., 2008; Gregoire & Clausen,
2011; Gromaire et al., 2013), delaying the peak flate (Bengtsson et al., 2005; Carter
& Rasmussen, 2006; Spolek 2008) and reducing theffrwvolume discharged into the
combined sewer systems (CSSs) (Lipt2003; Berndtsson, 2010; Voyde et al., 2010;
Stovin et al., 2012). In terms of percentagesef@ample, Li and Babcock (2014) have
shown that green roofs have a retention efficieraryging from 30 to 86 % and the
capacity to significantly reduce the hydrographikgeiaom 22 to 93 % for most frequent
rainfall events, as well as slowing the contribatio the urban drainage network. These
retention and detention hydrological charactesst€ green roofs are well known and
have been re-visited recently by Stovin et al. @0Inh addition, Li and Babcock (2014)
indicate that over the last two decades, 13 % @frtsearch papers published on green
roofs are dealing with their hydrological behavior.

The hydraulic and hydrologic performance of greeonfs is highly variable and
strongly depends on weather conditions (length mte@dent dry weather period;
season/climate; characteristics of rain event iikensity and duration) and physical
features of the green roof (number of layers; $gie and thickness; technological
characteristics of each single component; slopgetation species and percentage of
roof covered; etc.) (Czemiel Berndtsson, 2010; teltieet al., 2014). This suggests that
it is difficult to predict how specific roof systesmwill respond to specific rainfall

events.
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Because of their morphological complexity, the gsigl of green roofs behavior

requires specific modelling techniques accountorgttie complex physical phenomena

involved and enabling optimizing the green rooffpenance over a wide range of

design types and different operating conditionse Do such many factors affecting

runoff amounts, models to account for each of tivasmbles have been proposed.

Literature review suggests that these modeling aasthwhich are so far successful

in predicting the hydraulic properties of greenfspomainly fall into four categories.

1)

2)

3)

4)

Empirical models though able to make reliable réiestimation, need analogies
between the green roof system and climatic congtigith intended design.

A reservoir model is the simplest model and treatgreen roof system like
combination of linear storage reservoirs elemenitss model considering each
soil layer as a separate storage element assuraeshth flow from each soil
layer is proportional to the amount of water starethat layer. It is based on the
principle that no runoff will take place until tiveater storage capacity of the
green roof is exceeded. When the storage capacrgached, green roof runoff
will take place and will mimic the rainfall flow.

Physical models, developed for groundwater apptinatthat solve the field
equations for unsaturated flow, are capable toigr@attern of two-dimensional
seepage flow through the green roof. The main prablith this model is its
complexity.

Hardin (2006) indicates most of the mass balancdefsoare represented by
complex equations and they need a large numbearidhtes for a solution. As
they are data intensive, these models may not hmllgqand efficiently
applicable in most of the simple green roof sitagifor different locations.

Therefore, in the following chapter it will be cad out, at first an overview of the

existing models for the analysis of the hydrauleh&vior of green roofs, seen as a

support tool for quantitative management of raimmaand then will be performed a

survey of the scientific studies made to analyzeitifiuence of these parameters on the

hydrological and hydraulic performance of an extensegetated roof.
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3.2Literature review on vegetated roofs models

Various models describing the infiltration procelsave been developed and
presented in the literature, with empirical relasibips: the rational method, cascades of
linear reservoirs, and the US Soil ConservatioviSerCurve Number method are used
most frequently. Physically-based models are nalelyi used, even though they are
well-suited for green roof planning and design i@t al., 2012) and may be more
accurate than the conceptual and empirical moddis. physically-based models are
typically based on numerical solutions of the Rrdsaequation (Richards, 1931) for the
description of the unsaturated flow in the porouwrir of the green roof. However, a
complete model to easily predict any green roafisction at various locations has yet
to come to fruition; most models are site-specdimd are not exportable to other

locations.

Initially most of the existing models were mainlyngirical, elaborated on
experimental data trying to identify significant radation between the variables
involved and calibrating their parameters on exéghseries of data. More specifically,
Mentens et al. (2006) collected experimental datagmeen roof hydrological
performance on seasonal and annual bases in Geriviangn et al. (2005) derived the
rational coefficient based on green roof data fidarth Carolina. Carter and Jackson
(2007) used the Curve Number (CN) method of thé Gonservation Service (SCS) to
test green roof performances at different spatales in Georgia, while Getter et al.
(2007) derived CN varying from 85 to 90 for gre@ofs at several slopes in Detroit.
Miller (2002; 2004) indicates that CN and the na@ibrunoff method are based upon the
dynamics of surface runoff a process much diffetéan the through-flow drainage
runoff of a green roof. To predict the responseaajreen roof to precipitation, it is
necessary to base the method on physical processgse to a green roof (Miller,
2002; 2004). Empirical methods are generally lichite predictive power, since their
development requires site specific data and, caresgty, may not be applicable for
roofs of different size, construction type, arealerage, and/or climate.

Conceptual models including linear reservoir modeé&se also developed to test
green roof impacts at multiple spatial scales and &unction of the contextual factors
as well as the green roof design variables (Pdllal.e 2012; Berthier et al., 2010;
Carbone et al., 2014a, 2014b). The response ofi-tayéir green roofs systems is
generally shown schematically with a combinatiotirdar reservoirs in series, each of
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which interpreting the behavior of a specific lay@mmer & Geiger, 1997). To
evaluate the hydrological impact of a green roahimi an urban watershed, Sherrard
(2010) built a simple bucket model for a singleegreoof to test its stormwater runoff
reduction effects. In this study the single gremof model was extrapolated to an urban
scale by simply combining the volume reductiontofmwater from a single green roof
and the available roof area of the urban watersBéerrard found that the city of
Portsmouth, NH, could expect approximately 15,000 ofi stormwater volume
reduction per year if all flat rooftops were cowkmsith vegetated roofs. Similarly, a
bucket model was developed by Lamera et al. (2@@43imulate a rainfall-runoff
relationship for a single green roof with differégpes of drainage layer and different
climate area. Following a stage of validation aafibcation, the model teste d presents
rather good performance both in terms of total n@uand peak hydrograph. Carbone et
al. (2014b), as an evolution of a previous studgrf@ne et al., 2014a), propose a
conceptual model, implemented on software SWMM (ERA02), to predict the
hydraulic behavior of a experimental green rooftaded at University of Calabria
(Unical). A mass balance equation is applied tohdalock, taking into account the
specific physical phenomena occurring in each madLihe results show a good ability
of the model to fit the measured data observed fftermonitoring campaign.

While these models might be useful in estimating thpper bound retention
behaviour of green roofs, it has been shown thaemed rainfall capture is influenced
by antecedent moisture conditions (Stovin et al220¥oyde et al 2010). Other
variations of the reservoir method introduce addiéi parameterizations to resolve
inter-event reservoir conditions by accounting femporal evapotranspiration rates
(Berghage et al., 2007, Berthier et al., 2011).eDthcent research studies have focused
on the measurement and modelling tools of evapspieation (ET) from green roof
systems, to better understanding the behavior efstibstrate moisture content due to
ET. Stovin et al. (2013), arguing that the substrabisture content directly affects the
ET rates, have demonstrated that proper repregenttET processes is critical to the
development of robust models for green roof retentiLocatelli et al. (2014)
implemented a detention model based on nonlinesarveir routing, to explore how
roof configuration affected runoff volume and peimke delay. Vesuviano et al. (2014)
produced and tested a detention model which mdHelprocesses in the substrate and
drainage layer separately so as not to be limiped single configuration. These more

complex reservoir models have shown varying degoéssiccess, but are limited when
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reservoir moisture and evapotranspiration phenona@eaassumed to be linear and/or
invariant with season.

More sophisticated and far less diffused approaaghése literature are mechanistic
models such as HYDRUS-1D (Hilten et al., 2008; &a&! al., 2012) and SWMS-2D
(Palla et al., 2009), based on Richards’ law amd\tan Genuchten-Mualem functions,
that mimic the hydrological and hydraulic processesurring on and inside a green
roof by using a set of equations based on fundamhphysics. More in detail, Hilten et
al. (2008), assessed the hydrologic performanaermbdular block green roof, located
in Georgia (USA), using a packaged soil moistunautation, HYDRUS-1D, and
stormwater data collected at the study site tode#d results in terms of the model
outflow. Palla et al. (2009) applied the SWMS_2Dd®loto simulate the variably
saturated flow within the green roof system; thedelovas calibrated and validated
using rainfall-runoff events observed at the greeof experimental site of the
University of Genoa (ltaly). These models, commamdgd to predict the soil moisture
transport in the green roofs, revealed that rdinflpth strongly influences the
performance of green roofs for stormwater mitigatiproviding a complete retention
for small events and detention for greater ones.

Physical models, despite being theoretically compkre independent from the
specific boundary conditions of the experimentdé sllowing to achieve general
conclusions based on physical phenomena. For exa8i@ and Pang (2010), contrary
to conventional infiltration modeling approachesnstructed a physics-based model, in
FORTRAN, to simulate rain water movement within thedium of green roof. The
study suggests that a portion of rain water wilkdily drain through the substrate to the
under-drain after the field capacity is exceedetbmiore the substrate is completely
saturated. The model was calibrated using data thengreen roof located in Portland,
Oregon. More recently, Carbone et al. (2015a) pedoa physically-based model,
employing the explicit Finite Volume Method (FVMipr modelling infiltration into
growing media. The model, verified against the HYIER1D software, solves a
modified version of the Richards equation usingranulation, which takes into account
the main characteristics of green infrastructurbstates; the comparison of results
confirmed the suitability of the proposed model ¢orrectly describing the hydraulic

behavior of soil substrates.
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3.3Hydrologic factors influencing the vegetated roof #iciency

Storm water performance can be documented in tesfnsunoff or retention.
Retention is taken as the difference between thasored precipitation depth and the
runoff depth once the precipitation event has stdpfDeNardo et al., 2005). The
stormwater performance of a green roof is oftenomep as a percent of total
precipitation or the amount of rain retained, whigh eventually lost by
evapotranspiration. Stormwater response can alsexpeessed as the total depth of
retention. Numerous studies have been performeskamine the retention capabilities
of green roofs and there is a wide range of depthetention performance, while

percent retention remains more constant acrossttiokes.

Table 3.1 - Retention Response of extensive Greendls

Stu_dy thal Retention Substrate .
Period Rainfall [mm (%)] depth Location Study
[months] [mm] [mm]
12 450 207 (46) 30 Malmd, Sweden Bengtsson et al.,
12 658 314 (48) 100 - 115 Portland, Pregon Hutchinson et al.,
24 1099 550 (50) 100 Germany Kohler et al., 2001
450 245 (54) 150 Ottawa, Ontario Lui, 2003
314 173 (55) 100 Releigh, North Carolina Moran, 2004
18 1514 961 (63) 51-102 Goldsboro, North Moran, 2004
14 556 378 (68) 25-60 Michigan State University = VanWoert et al.,

As mentioned above, studies have demonstrated3Rat have a strong impact on
stormwater runoff retention, but their performanees influenced by different factors
such as soil substrate thickness, water conter#, i rainfall event and precipitation.
However the most obvious factor seems to be pitatipn depth, and indeed different
studies found this to be the best single prediofaetention. The correlation between
event size and vegetated roof retention was broswigstigated by different studies
(VanWoert et al. 2005; Moran et al. 2005; Uhl & f&ch, 2008), but it is very difficult
to compare the results and summarize and quarigyexact amount of retention
because of the different features of the studies.

German studies from 1987 to 2003, as summarizelldmtens et al., (2006), have
shown that the annual runoff reduction from inteegyreen roofs is 65% - 85% of the

annual precipitation, while for extensive greenfsae around 27% - 81% (Berndtsson,
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2010).1t is a broad spectrum and typically - as showable 3.2 - the other studies
show results which fall well into such broadly statimits (Berndtsson, 2010).

Table 3.2 - Retention Response of extensive Greendis (Berndtsson et al., 2010)

Rainfall retained in ~ Rainfall retained in
green roofs, average green roofs, average Length of study
Reference . . : . )
during study period  during study period period
(%) (%)
Bengtsson et al (2005) 46 - 17 months
VanWoert et al. (2005) 60.6 - 15 months
DeNardo et al. (2005) 45 19-98 2 months
63 (roof 1) - 18 months
Moran et al. (2005) 55 (roof 2) - 15 months
Carter and Rasmussen (2006) 78 39-100 13 months
Monterusso et al. (2004) 49 - 4 rainfall events
Bliss et al. (2009) - 5-70 6 months

In Portland, Lipté (2003) has found that a tested green roof cowddhreé reduction
of runoff water volume reduction of 10% - 35% dgritne wet season and a reduction
of 65% - 100% in the dry season. Van Seters €209) reported similar values for a
large green roof in Toronto. Carter and Rasmus266§), in Georgia, have found an
inverse relationship between the rainfall depth goredpercentage of water retained: for
small rainfall events (< 25.4 mm) was retained8B@6 of the stormwater volumes, for
an average rainfall (25.4 mm - 76.2 mm) more then34% and for the events higher
than 76.2 mm the 48%. The study conducted by Hideral. (2008) revealed that
rainfall depth per storm strongly influences therf@enance of green roofs for
stormwater mitigation, providing complete retentiohsmall storms (<2.54 cm) and
detention for larger storms, assuming initial soibisture content as 0.1. Similarly,
Simmons et al. (2008), in Texas, have found thatllsrainfall events (<10 mm) were
totally retained by the green roof, and eventstgrehan 10 mm resulted in a range of
responses in line with similar studies elsewheggedding on green roof type (Getter &
Rowe, 2006; Seters et al., 2007); the events withrestant precipitation of 12 mm, 28
mm and 49 mm produced a retention between 26% &%¥d 8% and 43% and 13% and
44, respectively. From that study, it was also ddteat substrate and drainage layer
potentially placed the largest role in detainingiavalt was further observed that the
retention depends on not only the rain event simeation and depth) but also probably

the rain event intensity changes.
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Additional considerations include storm durationd astorm intensity, although
differing conclusions have been published regardimgse factors and no specific
relationship has been established (Moran 2004;e€Cartd Rasmussen 2006; Voyde et
al. 2010; Villarreal & Bengtsson 2005). VillarealdhBengtsson (2005), in Lund, have
observed that the green roof water retention lgrdepended on the rainfall intensity;
in fact, lower rain intensity events produced geeaétention. With a slope between 2%
and 14%, for rainfall intensity of 0.4mm/min wasufl a retention between 39-62%;
instead with an intensity of 1.3 mm/min, the rei@mtwas 10-21% of the simulated
precipitation.

DiGiovanni et al. (2010) was unable to discern aque relationship between
retention and precipitation depth, but did note %0€etention for storms with an
antecedent dry period to precipitation depth rafi@ hr/mm; Moran (2004) also found
consistently high retention related to antecedenpdriod and precipitation depth.

Many studies agree that the green roofs influenseff hydrographs, not only
retaining a quantity of water, but especially byagiang the runoff peak. Considerable
detention variation was measured in the study ofe€and Rasmussen (2006). They
found that runoff from the green roof was delaya¢erage runoff lag times increased
from 17 minutes for the reference roof to 35 misute the green roof, with an average
increase of 18 minutes. While most precipitatiorerds considered were delayed
between 0O and 10 minutes, the longest delay mehsuas approximately 2 hours.
These differences in detention can be attributedatge variations in precipitation
intensity as well as antecedent soil moisture dom (Carter & Rasmussen, 2006).
Prowell (2006) found a 18 minute difference in titbgpeak between the modular green
roof peak runoff and the reference roof peak runginWoert et al. (2005pund a
relative delay time of 15 minutes between the gremof runoff start time and the
reference roof runoff start time for light rainsprbnutes relative delay time for medium
rains and less than 5 minutes relative delay tonédéavy rains. More recently Locatelli
et al. (2014) have noted that the delay of the gkak rate was up to 40 min, while
Getter et al. (2007) and Villarreal and Bengtsse®0b) have found minimal delays.
However, for the majority of studies the delay lud peak flow rate was found to be up
to 30 min compared to conventional roofing (VanWoet al., 2005; Carter &
Rasmussen, 2006; Simmons et al., 200@spite delaying the stormwater peak allows

for greater flexibility in designing stormwater dation facilities and for
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desynchronizing stormwater flows (Carter & Rasmns&©06), many studies do not
mention detention characteristics of green rootsdsl on available detention values, it
can be concluded that, on average, initial and §in@en roof runoff and green roof time

to peak are delayed relative to a reference roof.
3.4Hydraulic and physical parameters influencing the egetated roof behaviour

Green roof substrate is a key component in ovevallg roof design for storm-water
management: substrate characteristics affect ttieeavater storage of rainfall during
storm events, directly influence the ability to tsaurs non irrigated plant life, and drive
evapotranspiration (ET). Growing media provides thajority of the water storage
capacity of a green roof. The storage capacityotsegual to the maximum moisture
level that can be retained by the growing mediae @ariable relating to the storage
capacity that is regularly documented in green siatlies is the field capacity which,
usually expressed as a percent of the growing mediieme, is the maximum amount of
water that can be held by a freely draining sangplgrowing media (Bengtsson et al.,
2005). When the growing media moisture reachesfitid capacity, therunoff will
begin (Bengtsson et al., 2005). Field capacityasgnts the maximum moisture level
the growing media can retain, while the lower linoitthe moisture level is the wilting
point. Vegetation cannot draw water out of the gnmwmedia below this level (Allen et
al., 1998; Bengtsson et al., 2005; Jarrett et2806). With field capacity representing
the maximum water level and the wilting point regaating the minimum water level,
Bengtsson et al. (2005) state that the storagecttgpe the growing media is equal to

the difference between these two values.

In literature, few studies investigated how therabteristics of the soil moisture
affect the water retention capacity of the greesf (DeNardo et al., 2003; Bengtsson et
al., 2005; Hilten et al., 2008). The moisture cohtEgnificantly influence the retention
volume and, in particular, when the substrate aselto saturation at the beginning of
the rain event, only a small portion of water is@ibed (Moran et al., 2005; Connelly et
al., 2005). While Bengtsson et al. (2005) have raefi the storage capacity as the
difference between the field capacity and the wmgitipoint, DeNardo et al. (2005)
observed that the field capacity was correspontbrtfe water retention capacity of the
roof. Hilten (2005) have found that the field capa@and the wilting point for the

engineered green roof media are 0.11 e 0.9gi{volume of water per volume of soil)
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respectively, both less than the values obtaineth fBengtsson et al. (2005) and
DeNardo et al. (2005).

Furthermore, seasons with different weather coomtican influence the regime of
humidity in the substrate; the moisture storaggreen roofs, in fact, is affected by
extrinsic meteorological factors such as air teapge, humidity, wind speed, and solar
radiation, which then influence the evaporation tradspiration (Mentens et al., 2006;
Berndtsson, 2010). Based on literature, climatgspéarole in retention performance of
a green roof, with special note that areas withh higecipitation in winter perform
worse because ET rates are lower and therefore goed retention recovery is slower
as opposed to summer when retention recovery ckeui

However, it is difficult to compare the results abed by different studies because
researchers have defined seasons differently. Asrguized by Mentens et al. (2006),
German studies have classified three differentseas warm (from ¥ May to 3¢
September), cold (From T6November to 18 March), and in-between cool season
(from 16" March to 38' April and from ' October to 15 November) - while others
employed a monthly basis. Despite this, most ofwibeks agree that green roofs have
higher evapotranspiration rates and that storagaaty is renewed faster during the
warm periods of summer (Mentes et. al, 2006; \&ldy 2007). Researchers as
Villarreal and Bengtsson (2005) have shown thattieyaconditions (dry or wet)
affected the retention capacity of the green-r@uftrary to other studies, Voyde et al.
(2010) have not observed a significant seasonalati@m in the vegetated roof
performances; probably this is due to the fact tlhakuckland there are small seasonal
variations. The study conducted by Uhl and Sch{@808) clarifies the influence of
meteorological and seasonal conditions on the furasfficient. Under warm and hot
conditions, in summer, the average runoff coeffitimas 24 %; instead in winter it
range from 40 % to 60 % with an average of 51T¥#e cool conditions in spring and
autumn resulted in a runoff coefficient betweerf2and 51 % and an average of 38 %.
To confirm what already seen in previous studieghe report United States General
Services Administration2011) it is observed that green roofs retain enwater in the
summer months, when the plants are active andaaeiicreases evaporation.

Several studies have recognized that also theagdehe depth of the substrate have
an impact on the stormwater retention as well (Drdbdlat al., 2005; Berntsson, 2010;
Stovin et al., 2012). Monterusso et al. (2002), Waert et al. (2005), and Mentens et

al. (2006) all found that increased media depthresponded to increased retention
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performance. Uhl and Scheidt (2008) obtained, by linear regression analysis,
relationships between runoff coefficient [%] andatodepth of layers (Substrate and
Drainage) [cm]. Storage capacity is, in fact, @éinfunction of pore volume and depth
of the substrate and the drainage layer. The atioel between runoff coefficient and
total depth is strong during warm/hot periods, @ast in cold seasons the retention is
often influenced by the antecedent rainfall becaokehe low evapotranspiration.
Carbone et al. (2015b) have analyzed the hydrawiicblogic behavior of a green roof
changing the depth of the substrate (8, 12 andmipfor constant rainfall events. In
particular, this study has shown that the subsarfanoff coefficient is influenced, with
a linear law, by the depth of the substrate, ireagrent with the results found in the
literature. Indeed, previously, Mentes et al. (2006viewed 18 German studies, have
observed that the relationship between annual gitaton and runoff was greatly
influenced by the substrate depth (as summariz&@dlote 3.3). These values agree well
with those reported by Schmidt (2006) which, basedour years worth of data, found
that a 50 mm green roof retained 63% and a 120 me@ngroof retained 72% of the

annual precipitation.

Table 3.3 - Relationship between substrate depth drannual stormwater retention (Mentens, 2006)

Media Depth Retention
<50 mm 62%
-150 mm 70 %
<150 mm 80 %

Furthermore, different studies were conducted @iuate the influence of slope on
the retention capacity of a green roof. While sashelies did not find a correlation
between slope and runoff (Mentes et al., 2006; Bsog, 2005), others have observed
that the retention of runoff may depend on the slopthe green roof (VanWoert et al.,
2005; Getter et al., 2007). For example, Villarraatl Bengtsson (2005) demonstrated
that green roof slope affects water retention: lhger the slope (and the rainfall
intensity) the higher the retention. However, tlilect of the slope on the retention
capacity is combined with the effect of other fastsuch as the physical properties of
the soil, the duration and intensity of the preeiton, the flow conditions (saturated or
unsaturated), the design of the layers and thecehafi different kinds of materials for

the drainage layer (Berntsson, 2010).
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Many studies agree that the depth and the typeludtsate have a greater influence
on the water retention capacity of the green rdwdnt the type of vegetation
(Monterusso et al., 2002; VanWoert et al., 2005wklver, it was also found that
vegetation plays an important role in water retamtiduring periods with high
temperatures and small rainfall events (Dunnetalgt2008). The main function of
plants is their ability to reduce media moistureteat via transpiration and increase
interstitial pore space available for water storaiges is important because the amount
of storage available for the next storm event ddpan how much water was released
via transpiration rate of the plants after drainat@ps. After a storm, the available
storage volume in the growing media depends onp#reent of available volume of
void pores. Additionally, since green roofs areimkd as being “living roofs”, the
plants must remain viable during the lifetime of tloof. To sustain plant life on a roof,
enoughplant available watemust remain in the soil between storrRtant available
water is defined as the difference between field cagaaid wilting point (Lang S.B.,
2010). Carbone et al. (2015c) evaluated the redluaif subsurface runoff coefficient
on the experimental site at the University of Cakgltaly. The results showed that for
small rainfall events, the green roof was able dduce the stormwater through the
interception by the plants, while for the higheerts there was an increasing runoff in
the substrate, caused by the preferential fluxgpg#imerated by the root apparatus.

Finally, since the vegetation layer of green rosigfers physical and chemical
changes over time, it can be expected that theohggeen roofs influences runoff
dynamics. Not many studies have investigated ttiectsf of time on green roofs
performances and furthermore they have varyingltsesResearchers such as Getter at
al. (2007) evaluated organic matter content andsiphl/ properties of soil on a 5 years
old green roof. It was found that organic mattesutid in increases from 2% to 4% in
5 years, while the pore space doubled, from 419%82%. On the contrary, German
researches, as described by Mentens et al. (2006)onstrated that green roof age did

not affect runoff retention.
3.5The Subsurface Runoff Coefficient of an extensiveegetated roof

The subsurface runoff coefficient, expressed asrdtie between the runoff from
vegetated roof and the rainfall, is strongly aféectboth by the hydrological
characteristics of the rainfall event (intensityration, precipitation depth, intra-event
period) and by the physical characteristics ofgteen roof (substrate thickness, type of
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vegetation, conditions of soil moisture, age of thegetated cover). The runoff
coefficient is an extremely useful index to quantiie hydraulic efficiency of a green

roof, for this reason has been investigated in moogescientific studies.

Uhl and Schiedt (2008), in Muenster, DE, carrietl mmonitoring campaign on 18
green roofs with surface of 12°rand 24.5 mwith different slopes and stratigraphies
(installed on a roof of 500 7h The average annual runoff coefficient obtainearf this
study was 0.32. At the end, they showed that greefs considerably reduce the annual
and seasonal rain runoff : the annual runoff cogffit ranged between 23% and 38%.
Palla et al. (2010) explored the performance afeig roof installed at the University of
Genoa, IT, under Mediterranean climate conditidite retained volumes, calculated as
the percentage difference between the volume of smd the discharged volume,
ranged between 0% and 100%, with an average val6&.5%. From this analysis an
average value of the runoff coefficient 49.8% wabieved. Voyde et al. (2010)
considered 91 events with a minimum rainfall degt® mm and an inter-event time of
6 h, in an area with sub-tropical climate and thaye found that the water retention
efficiency of an extensive green roof in AucklahlZ,, was about 66% on average, with
a subsurface runoff coefficient of 0.34. Stovinakt (2012) analyzed the hydrologic
performance of a test bed in Sheffield, UK, undenperate weather conditions. The
study involved the analysis of 22 significant rawents, in 29 months of observations,
with rainfall depth greater than 5 mm and a minimuotar-event time of 6 h. Analyzing
rainfall data was obtained a cumulative total retenof 50.2%, and, therefore, an
average annual subsurface runoff coefficient etuél48 Gromaire et al. (2013) have
made a study of 6 different green roofs with anaacé 35 m, installed on an
experimental site in the town of Trappes, 30 knmfi®aris. From the analysis of 34 rain
events, with minimum rainfall depth of 1 mm andemévent period of 1 hour, it was
obtained a coefficient of annual runoff less thab fr an extensive green roof.
Locatelli et al. (2014), by analyzing three difflereextensive green roofs in Denmark,
have implemented a model to quantify the hydrolalgresponse of the green roofs
based on 22 years of observations. The averageirsats runoff coefficient obtained
was between 0.43 and 0.68. Wong and Jim (2014)Hamg Kong, obtained a
cumulative total retention between 11% and 14% déipg on the substrate considered
from the analysis of 63 rain events, with a minimtamfall depth of 0.5 mm and the

inter-event time of 6 h. Another study in the hursub-tropical climate was carried out
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by Carter and Rasmussen (2006), which obtainedah camulative retention of 62%
for 72 mm of substrate, for green roof construetethe University of Georgia.
In Table 3.4 it is shown a summary of the subserfamoff coefficient values on a

yearly basis observed in the mentioned literattudiss.

Table 3.4 — Subsurface Runoff Coefficient (SRC) faud in the literature studies

References Climate Condition Subsurface runoff
and Location coefficient
Carter and Rasmussen Humid sub-tropical — Athens (GE) 0.38
Uhl and Schiedt (2008) Continental — Muenster (DE) 0.32
Palla et al. (2009) Mediterranean — Genova (IT) 0.48
Voyde et al. (2010) Sub-tropical — Auckland (NZ) 0.34
Stovin et al. (2012) Temperate — Sheffield (UK) 0.48
Gromaire et al. (2013) Temperate — Trappes (F) 0.36 - 0.50
Locatelli et al. (2014) Ocean - Odense and Copenaghen (DK) 0.43-0.68
Wong and Jim (2014)  Humid sub-tropical — Hong Kong (CN) 0.86 - 0.89

While many studies have analyzed the subsurfaceffraoefficient at seasonal and
annual scales, only few have evaluated it at eseale (Stovin et al., 2012; Palla et al.,
2010). This study will focus on the analysis of thituence of hydrological parameters

on the substrate runoff coefficient at event-séale specific case study.

72



Chapter 3- Vegetated Roof Modeling and Literatue®iBw

3.6 References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Allen R.G., Pereira L.S., Raes [Zmith M., 1998. FAO Irrigation and Drainage Paper,
N.56 - Crop Evapotranspiration (Guidelines for computingp water requirements).
Food and Agriculture Organization (FAO) of the ldditNations, Rome, 300(9), D05109.

Beattie D., & Berghage R., 2004. Green roof medraracteristics: the basics.
Proceedings of the "2 Greening Rooftops for Sustainable Communities €ente
Portland, OR, pp. 2-4

Bengtsson L., 2005. Peak flows from thin sedum-mos$. Nordic Hydrology 36, pp.
269-280.

Bengtsson L., Grahn L., Olsson J., 2005. Hydroklgionction of a thin extensive green
roof in southern Swedenlordic Hydrology 36, pp. 259-268.

Berghage R., Jarrett A., Beattie D., Kelley K., BiunsS., Rezai F., Long B., Negassi A.,
Cameron R., Hunt W., 200Quantifying Evaporation and Transpirational Waterdses
from Green Roofs and Green Roof Media CapacityNeutralizing Acid RainNational
Decentralized Water Resouces Capacity Developnretd.

Berndtsson J.C., 2010. Green roof performance tsvananagement of runoff water
quantity and quality: a revieviecological Engineering36(4), pp. 351- 360.

Berthier E., de Gouvello B., Archambault F., Gallis 2010. Bilan hydrique des toitures
végétalisées: vers de meilleures compréhension cglélisation. Techniques Sciences
Méthodes®6, pp. 39-47. (in French).

Berthier E., Ramier D., de Gouvello B., 2011. Siatioh of green-roof hydrological

behavior with a reservoir model. IRroceedings of the 2nternational Conference on

Urban Drainage Porto Alegre, Brazil, 10-15 Sept., 8 p.

Carbone M., Brunetti G., Piro, P., 2015a. Modellihg Hydraulic Behaviour of Growing
Media with the Explicit Finite Volume SolutiokVater, 7(2), pp. 568-591.

Carbone M., Garofalo G., Nigro G., Piro P., 201Aaconceptual model for predicting
hydraulic behaviour of a green ro®f.ocedia Engineeringr0, pp. 266-274.

Carbone M., Nigro G., Garofalo G., Piro P., 201BRperimental testing for evaluating
the influence of substrate thickness on the sufaserrrunoff of a Green RooRApplied
Mechanics and Materia)3/ol. 737, pp. 705- 709.

Carbone M., Nigro G., Garofalo G., Piro P., 201Green roofs in the Mediterranean area:
Interaction between native plant species and st runoff. Applied Mechanics and
Materials, Vol. 737, pp. 749-753.

Carbone M., Principato F., Nigro G., Piro P., 201Rboposal of a conceptual model as

tool for the hydraulic design of vegetated rodpplied Mechanics and Material641, pp.
326-331.

Carter T., & Jackson C.R., 2007. Vegetated roofsformwater management at multiple
spatial scaled.andscape and Urban Planning§0(1), pp. 84-94.

Carter, T., Rasmussen, T., 2006. Hydrologic behavid vegetated roofslournal of the
American Water Resources Associatidd, pp. 1261-1274.

Connelly M., Liu K., 2005. Green roof research iritiBh Columbia - an overview. In:
Proceedings of Greening Rooftops for Sustainablie€Washington D.C., 4-6 May.
Czemiel Berndtsson J., 2010. Green roof performdoesards management of runoff
water quantity and quality: a revietcological Engineering36(4), pp. 351-360

DeNardo J.C., Jarrett A.R., Manbeck H.B., Beatti¢. [Berghage R.D., 2003. Stormwater
detention and retention abilities of green roofs. Proceedings of World Water and
Environmental Resources CongreBhiladelphia. Pennsylvania, June 23-26, pp. 23-26

73



Chapter 3- Vegetated Roof Modeling and Literatue®iBw

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

DeNardo J.C., Jarrett A.R., Manbeck H.B., Beatti¢. [Berghage R.D., 2005. Stormwater
mitigation and surface temperature reduction byelgreofs.Transactions of the ASAE
48(4), pp. 1491-1496.

DiGiovanni K., Gaffin S., Montalto F., 2010. Gre®&voof Hydrology: Results from a
Small-Scale Lysimeter Setup (Bronx, NY). Proceedings of the 2010 International Low
Impact Development (LID) Conference: RedefiningWatéhe City ASCE, pp. 11-14.
Dunnet N., Kingsbury N., 2004Planting green roofs and living wall§vol. 254).
Portland, OR: Timber Press.

Dunnett N., Nagase A., Booth R., Grime P., 2008uémnce of vegetation composition on
runoff in two simulated green roof experimendsban Ecosystemd.1(4), pp. 385-398
Elliott A.H., Trowsdale S.A., 2007. A review of meld for low impact urban stormwater

drainage Environmental modelling & softwar22(3), pp. 394-405.

Getter K.L., Rowe D.B., 2006. The role of extensigeeen roofs in sustainable
developmentHortScience41(5), pp.1276-1285
Getter K.L., Rowe D.B., Andresen J.A., 2007. Quwirtg the effect of slope on extensive

green roof stormwater retentidacological Engineering31(4), pp. 225-231.
Gregoire B.G., Clausen J.C., 2011. Effect of a nedwextensive green roof on
stormwater runoff and water qualiigcological Engineering37(6), pp. 963-969.

Gromaire M.C., Ramier D., Seidl M., Berthier E.a8aV., De Gouvello B., 2013. Impact
of extensive green roofs on the quantity and thalityuof runoff - first results of a test
bench in the Paris region. IrProceedings of Novatech 2013 - 8th International
Conference on planning and thecnologies for suatd@management of water in the city
Lyon, France, June.

Hardin M., 2006.The effectiveness of a specifically designed gmeefi stormwater
treatment system irrigated with recycled stormwateroff to achieve pollutant removal
and stormwater volume reductiodasters Thesis, University of Central Florida.

Hilten R., 2005. An Analysis of the Energetics @irmwater Mediation Potential of
Greenroofs. Master’'s thesis: University of Georgi2epartment of Biological and
Agricultural Engineering.

Hilten R.N., Lawrence T.M., Tollner E.W., 2008. Madihg stormwater runoff from green

roofs with HYDRUS-1D.Journal of Hydrology358(3), pp. 288-293.

Jarrett A., Hunt W., Berghage R., 2006. Annual dndividual-Storm Green Roof
Stormwater Response Models. IAroceedings of 2006 ASABE: Annual International
Meeting Portland, Oregon, 9to, Vol. 12

Lamera C., Becciu G., Rulli M.C., Rosso R., 2014eédhn roofs effects on the urban water
cycle componentdProcedia Engineeringr0, pp. 988-997.

Lang S.B., 2010Green Roofs as an Urban Stormwater Best Managemedtice for
water quantity and quality in Florida and VirginigdPhD Dissertation, University of
Florida, USA.

Lee J.Y., Moon H.J., Kim T.l., Kim HW., Han M.Y2013. Quantitative analysis on the
urban flood mitigation effect by the extensive greeof systemEnvironmental Pollution
181, pp. 257-261.

Li Y., Babcock R.W., 2014. Green roof hydrologiafpemance and modeling: a review.
Water Science and Technolo®@(4), pp. 727-738.

Liptan T., 2003. Planning, Zoning and Financial Incergifer Ecoroofs in Portland,
Oregon. In :Proceedings of the*1Greening Rooftops for Sustainable Communities
ConferenceChicago, IL, May 29-30, pp. 113-120.

74



Chapter 3- Vegetated Roof Modeling and Literatue®iBw

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Locatelli L., Mark O., Mikkelsen P. S., Arnbjerg-@sen K., Jensen M. B., Binning P. J.,
2014. Modelling of green roof hydrological performea for urban drainage
applicationsJournal of Hydrology519, pp. 3237-3248.

Mentens J., Raes D., Hermy M., 2006. Green roofa &0l for solving the rainwater
runoff problem in the urbanized 21st centukghdscape and Urban Planning7(3), pp.
217-226.

Miller C., 2002. Mathematical Simulation Methods, A Fundation forvBleping a
General-Purpose Green Roof Simulation MoéRaofscapes Inc.

Miller C., 2004.Green Roofs as Stormwater Best Management Prackcelsminary
Computation of Runoff Coefficients Sample Analajdiid-Atlantic States Roofscapes
Inc.

Monterusso M. A., Rowe D. B., Rugh C. L., RusseKD 2002. Runoff water quantity
and quality from green roof systems. Rroceedings of XXVI International Horticultural
Congress: Expanding Roles for Horticulture in Imying Human Well-being and Life
Quality, 639, pp. 369-376.

Moran A. C., 2004A North Carolina Field Study to Evaluate Greerfr&unoff Quantity,
Runoff Quality, and Plant GrowtiMaster's Thesis, North Carolina State University.
Moran A.C., Hunt W.F., Smith J.T., 2005. Green rdgfdrologic and water quality
performance from two field sites in North Carolink: Proceedings of the 2005
Watershed Management Conference-Managing Watersfmddduman and Natural
Impacts ASCE, Reston, VA, pp. 1175-1186.

Palla A., Gnecco I., Lanza L.G., 2009. Unsatur&2dd modelling of subsurface water
flow in the coarse-grained porous matrix of a gresaf. Journal of Hydrology 379(1-2),
pp. 139-204.

Palla A., Gnecco I., Lanza L.G., 2010. Hydrologéstoration in the urban environment
using green roofdNVater,2(2), pp. 140-154.
Palla A., Gnecco |, Lanza L.G., 2012. Comparedgperance of a conceptual and a

mechanistic hydrologic models of a green rdbdfdrological Processe26(1), pp. 73-84.
Piro P., Carbone M., Sansalone J., 2012. Delivery &equency distributions of
combined wastewater collection system wet and degther loads. Water Environment
Research, 84(1), pp. 65-75.

Prowell E.S., 2006An analysis of stormwater retention and detentibmodular green
roof blocks Doctoral dissertation, Athens, University of Cgiar

Richards L.A., 1931. Capillary conductions of lidsithrough porous mediums. Journal of
Applied Physics, 1(5), pp. 318-333.

Schmidt M., 2006. The evapotranspiration of greemueds and facades. Ifroceedings
of the &' Greening Rooftops for Sustainable Communities&ence Boston, MA.

Seters T.V., Rocha L., MacMillan G., 2007. Evalaatdf the runoff quantity and quality
performance of an extensive green roof in Toron&ma@la. In:Proceedings of the's
Greening Rooftops for Sustainable Communities Cenég Minneapolis, MN.

She N., Pang J., 2009. Physically Based Green Rémfel Journal of Hydrologic

Engineering 15, pp.458-464.

Sherrard Jr J.A., 201QJrban to Urban-Green Development: An experimentat a
modeling study in vegetated roofs for stormwateduction Masters Abstracts
International, Vol. 49, No. 02.

Simmons M.T., Gardiner B., Windhager S., Tinsley2008. Green roofs are not created
equal: the hydrologic and thermal performance xfdéiferent extensive green roofs and

75



Chapter 3- Vegetated Roof Modeling and Literatue®iBw

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

reflective and non-reflective roofs in a sub-tr@piclimate. Urban Ecosystems, 11(4), pp.
339-348.

Spolek G., 2008. Performance monitoring of threer@afs in Portland, Oregotdrban
Ecosystemd,1(4), pp. 349-359.

Stovin V., Poé S., Beretta C., 2013. A modellingdgtof long term green roof retention
performanceJournal of Environmental Manageme@81, pp. 206-2015.

Stovin V., Vesuviano G., Kasmin H., 2012. The hydgical performance of a green roof
test bed under UK climatic conditionkurnal of Hydrology414, pp. 148-161.

Uhl M., Schiedt L., 2008. Green roof storm watetenéion-monitoring results. In:
Proceedings of 1 International Conference on Urban Drainagedinburgh, Scotland,
UK, Vol. 31, pp. 8-5.

United States General Services Administration, 20ltie Benefits and Challenges of
Green Roofs on Public and Commercial Buildings.Report of GSA United States
General Services Administration.

Van Seters, T., Rocha L., Smith, D., MacMillian ZBQ9. Evaluation of green roofs for
runoff retention, runoff quality, and leach abilitwater Quality Research Journal of
Canada 44(1), pp. 33-47.

VanWoert N.D., Rowe D.B., Andresen J.A., Rugh CHernandez R.T., Xiao L., 2005.
Green roofs stormwater retentiodournal of Environmental quality34(3), pp. 1036-
1044.

Vesuviano G., Sonnenwald F., Stovin V., 2014. A-stage storage routing model for
green roof runoff detentioVater Science & Technolog§9(6), pp. 1191-1197.

Villareal E.L., 2007. Runoff detention effect ofsadum green roofNordic Hydrology
38(1), pp. 99-105.

Villareal E.L., Bengtsson L., 2005. Response ofealu®n green-roof to individual rain

eventsEcological Engineering25(1), pp. 1-7.
Voyde E., Fassman, E., Simcock R., 2010. Hydrolofjgn extensive living roof under

sub-tropical climate conditions in Auckland, Newaksnd.Journal of Hydrology 394(3),
pp. 384-395.

Wong G.K, Jim C.Y., 2014. Quantitative hydrologerformance of extensive green roof
under humid-tropical rainfall regim&cological Engineering70, pp. 366-378.
Zimmer U., Geiger W.F., 1997. Model for the desigmmultilayered infiltration systems.

Water Science and Technolo@®(8-9), pp. 301-306.

76



Chapter 4- Lyon Case Study

Chapter 4 — LYON CASE STUDY: Development and calibation of a green roof
conceptual hydrological model

4.1 Introduction

As widely shown in the previous chapter, sevenadists have shown that green roofs
have the capacity to significantly reduce runoffuimes and peaks of most frequent
rainfall events, and delay their contribution tbam drainage networks (e.g. Carbone et
al., 2014)However, the hydrological response of vegetatedsrtmprecipitation events
is highly variable and strongly depends on climat@enditions and roof design
(thickness of the substrate, technological charisties of each single component,
slope, vegetation species, etc.) (Czemiel Bernd{s@l0).

Because of their morphological complexity, the gsial of green roofs behaviour
requires specific modelling techniques accountorgttie complex physical phenomena
involved and enabling optimizing the green rooffpenance over a wide range of
design types and different operating conditions.

New green roof technologies are developed, aimmdpdtter control stormwater
hydrological performance, by maximising retentioletention and evapotranspiration
by means of additional layers, storage and waasmsters between green roof layers and
components. Among them, HYDROPAEKjreen roof systems (Vegetal i.D., 2014a)
include an additional alveolus layer under the tabs layer to store additional water
compared to traditional green roofs without incnegshe substrate thickness: the water
stored in the alveolus is then later availableefompotranspiration and reduces the green
roof runoff. More recently, HYDROACTIVE systems (formerly STOCK&FLOW)
(Vegetal i.D., 2014b, 2015) were developed as aiugen of HYDROPACK® with a
supplementary storage reservoir under the alvdales, providing more water storage
and using wicks, which, thanks to capillarity, al® backflow from the storage

reservoir to the vegetation for evaporation.

The aim of the model presented in this part oftlesis is to reproduce at 1 minute
time step the hydrological behaviour of variousetymf vegetated roofs by means of
reservoirs and by activating specific processesvamidbles in the model: i) traditional
extensive single substrate layer roofs, ii) spedif¥ DROPACK® and iii) new
HYDROACTIVE® pre-fabricated green roofs.
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The model, which mimics the physical structureh@se green roofs, is adaptable to
each type of green roof by activating differentiopal reservoirs and functions. The
model will help designing and sizing future systerascording to a set of various
performance indicators including retention effidgn detention efficiency, peak
attenuation, irrigation needs and periods of hysliess.

This chapter presents the first model calibratiesults and performance indicators
obtained for two cases: i) a HYDROPAEKystem, with event calibration and ii) a
traditional single layer green roof, with monthiglibration. Section 2 describes the two
case studies and the complete model. Section Emgesand discusses the results.

Lastly, conclusions are drawn and next researgsstee given.
4.2. Material and Method
4.2.1 Experimental sites

The model has been applied to two experimentasd:sitee pilot scale green roof and
a full size single substrate layer green roof. Agesiments were carried out
independently from the model development, the abel data sets do not perfectly
coincide with the model data requirements. In paléir, some parameters which were
not experimentally measured during the monitoriaghpaigns have been calibrated.
These assuption did not actually affect the validit the main results achieved in this

work.

4.2.1.1 HYDROPACK pilot scale green roof

The first experimental site is a IrlYDROPACK® green roof pilot scale unit.
HYDROPACK® is a prefabricated green roof structure (Figud thanufactured by Le
Prieuré - Vegetal i.D. The pre-cultivated vegetati® composed of sedum growing on
the top of a 60 mm thick substrate layer. The satestis a mix of lightweight
aggregates and organic material, FLL guidelinespdamt (FLL, 2008), that provides
aeration, water retention and drainage. Under thesteate layer, there is first a
geotextile, like in any standard green roof. Undlee geotextile, a plastic box
constitutes the alveolus layer. A fractiBn(3 = 0.30) of this layer is made of alveolus
compartments storing water under the substrate.ldyee water is entering into the
alveolus by gravity from the substrate layer. Thvealus contain clay pellets which are

in contact with the above geotextile, allowing tregetation roots to take water from
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the alveolus. The clay pellets, in fact, represgna (small) water buffer for the roots
which sometimes cross the geotextile filter, aksalitating their the development. The
remaining fraction (33) is similar to the drainage layer in a standard gnef, i.e. it
allows the gravity water from the substrate layeibe evacuated as the roof outflow
through drainage holes. This additional water resen alveolus increases water
retention and drought tolerance of the plants lessiidniting runoff.

]
Vegetation o, Vegetation

Substrate layer

® Substrate layer
Lol
Geotextile filter Geotextile filte

Clay pellets

Figure 4.1. HYDROPACK® green roof structure. Left: lateral view. Dark blue arrows represent the

drainage runoff from the substrate layer; light blue arrows represent the overflow from the

alveolus when they are full; right: global view shwing, from top to bottom, the vegetation, the

substrate layer, the geotextile filter, the alveols for water storage and the drainage layer between
the alveolus (from: http://www.vegetalid.us/mediatnages/).

Figure 4.2. HYDROPACK® pilot-scale experimental installation(in the foreground) in Moisy,
France (photo LGCIE-DEEP).

The pilot scale unit was installed in Moisy, Fraraea lysimeter with a weighing
device (Figure 4.2). Data were collected by Le i#de Vegetal i.D. from March 2011
to March 2012, with a one minute time step. Theghweig system was used to calculate
both the rainfall intensity? (positive gradient of the total mass) and the sfnthe
evapotranspiratioETR (from the vegetated fractiam of the roof) and evaporatidaVv
(from the non-vegetated fractionolef the roof) (negative gradient of the total mass)
Only gradients at one minute time step are avalabthe data set. Consequently, there
are no independent measurement$ aind EV+ETR Water depttH” in the alveolus
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layer was measured independently with a bubblesageand subtracted from the total
mass of the lysimeter to estimate the water I&{/ein the substrate. After processing
raw data files, the final data set contains théo¥ahg information at one minute time
step: i) rainfall intensity, ii) sum of evaporati@md evapotranspiration and iii) water
depthH?® in the substrate. In this study’” data were not used for calibration: it will be
done in future research work with multi-objectiailoration approaches.

In total, the data set initially included 93 railhfavents. After detection of gaps and
missing values (Brimo, 2013), 74 rainfall eventgeriods are available for modelling
purposes between March 2011 and March 2012. Onlgve@ts or periods from May
2011 to February 2012 with sufficient rainfall depd observe significant variations of
the water depttis were selected for model calibration: their dunatand depth are
shown in Figure 4.3 (the Hydrologic Characteristafs Rainfall Events are in the
Annexed Table A-4.1). They range respectively fi&@®min to 392 hours and from 0.9
to 63 mm. Separate successive rainfall events baea grouped together as rainfall
periods when the effects of the successive evanthe substrate water level were not

independent of one another.
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Figure 4.3. Duration and depth of the 50 rainfall ents and periods in the HYDROPACK® data set
used for calibration.
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4.2.1.2 Lyon Congress Centre green roof

The second experimental site is one of the greefsrof the Congress Centre in
Lyon, France. This 282.5green roof was built in 1995 ( Figuse). It is a traditional
extensive green roof planted with sedum growingacsubstrate with a depth varying
between 40 and 140 mm. The substrate rests on mmthigh honeycomb-shaped

drainage structure, with a geotextile filter asitary under the substrate.

————— T e=eaap
Fulusalraf &
BT L

Figure 4.4. View of the Lyon Congress Centre greemof (photo LGCIE-DEEP).

The Congress Centre green roof was monitored by IEGREEP as part of the
ECCLAIRA project (Yalamas, 2013). The following egonent was installed: one
Précis-Mécanique 0.2 mm tipping bucket rain gaugktevo Krohne Optiflux 2000 O to
5.5 L/s magnetic flow meters located along the wedical pipes evacuating the runoff
from the roof. The vertical pipes were modifiedcteate siphons as the magnetic flow
meters need full pipes for measurement (Figure. Ab)data were recorded in a data
logger with a one minute time step. Validated dataavailable from September 2012
to May 2013, including 146 independent storm evenigeriods (two successive events
are considered as independent of one anotherrd that least two hours of dry weather
between them and if the green roof outflow follogvithe first event is back to zero
before the second event starts) (Bertrand-Krajewaski VVacherie, 2014). Duration and
depth of the 146 events or periods are shown iarEig.6: they range respectively from
2 min to 148 hours and from 0.2 to 52.4 mm. Theyést event with a duration of 148
hours from 15 to 21 January 2013 corresponds taick -7 cm snowfall followed by
slow melting during several days. Excluding thisisumal event, the second maximum

duration is 34 hours.
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Figure 4.5. Monitoring of the Lyon Congress Centregreen roof. Left: rain gauge; right:magnetic
flow meter (photos LGCIE-DEEP).
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Figure 4.6. Duration and depth of the 146 rainfallevents and periods in the Congress Centre data
set.

No ETR measurements were done locally at the Ceagtentre green roof during
the monitoring. Daily ETR values have been provideyl the French national
meteorological office Météo France for the Bron thiea monitoring station located 9
km south-east of the Congress Centre. In additionyly values of temperature, wind
speed, atmospheric pressure, solar radiation dativeehumidity were also provided by
Météo France and used to calculate hourly ETR galwe means of the Penman-
Monteith formula as described in Zotaradl al. (2014). The ETR hourly values have

then been i) corrected in such a way that the daily of the hourly values is equal to
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the daily ETR values from Météo France consideretkterence values, and ii) linearly
interpolated at one minute time step.

The final data set then contains one minute tinep secords of: i)n situ rainfall
intensity, ii) calculated potential evapotranspamat iii) total outflowQ,, evacuated by
the green roof. It is organized as 9 monthly faesl one full period containing all data
from September 2012 to May 2013.

4.2.1.3 HYDROACTIVEsystem

The HYDROACTIVE® prototype (formerly STOCK&FLOW) complements the
traditional green roofs solution with a furtherrsige compartment to enable retaining
an additional amount of rainfall. The water captuie HYDROACTIVE® is used to
irrigate the plants above (plants uptake flow) @tslowly being released from the roof
to prepare for the next rain event. Figure 4.7 shive HYDROACTIVE blue-green

roof structure.

("= CONNECTORS

Figure 4.7. HYDROACTIVE ® green roof structure.

1. it is designed to increase the delayed effecaiofall runoff by the presence of the
supplementary storage reservoir, which provide meater storage. This additional
reservoir allows an increase of vegetation liferamfall absence because the water
stored satisfies irrigation requirements.

2. it is designed also to decrease the rainfallvflpeaks thanks to a outflow
controller, with the possibility of modulating trautflow. In this way it possible to

know how much water goes into the sewer system.
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3. through the wicks, it contributes to increase évapotranspiration capacity by
capillarity backflow (as shown in Figure 8 below)e water stored contributes to plants
uptake then reducing needed irrigation demand.

Figure 8. WICKS processes.

4.2.2 The modd

The proposed model aims to simulate the hydrolddiehaviour of various types of
green roofs: i) standard single layer green roidfd${YDROPACK® systems (Vegetal
i.D., 2014a) and iii) newly developed HYDROACTIVEystems which include an
additional underlying storage (Vegetal i.D., 2014b)is a semi-detailed conceptual
model based on water routing through up to fourseoative reservoirs, each reservoir
representing one of the physical layers of realegreoof systems and being
characterized by a specific hydrological and/or raytic process represented by
conceptual or semi-detailed equations. As HYDROPACid HYDROACTIVE®
systems are proprietary systems, no previouslyighdd model was appropriate for our
particular systems and objectives, and a specifidehwas thus developed.

The interception reservoir represents the fractiai the roof covered by vegetation
that intercepts an initial fraction of rainfall, eghintercepted water than leaves this
reservoir by evaporatiorE{/) from the only portion covered by plants. The srdie
reservoir represents the soil where vegetation troivis filled by rainfall and emptied
by 1) both evapotranspiratioB TR from the substrate) and evaporati@/ from the
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fraction la not covered by vegetation), and 2) gravity flowoirthe alveolus and
drainage layer. The alveolus reservoir is filled dravity and emptied by vegetation
roots in contact with clay pellets for evapotrangpon. In case the alveolus reservoir
reaches its maximum capacity, any additional gyawiflow is evacuated as alveolus
overflow. In the additional storage reservoir, it water storage, capillarity backflow
to the substrate reservoir by means of wicks agdlated total outflow occurs. The
schematic diagram of the complete model is showigare 4.9, with notations given
in Table 4.1. The alveolus reservoir and its reldtenctions are activated in the model
only for HYDROPACK® and HYDROACTIVE® systems. The storage layer with
wicks, still under development, is activated ordy HYDROACTIVE® systems.

In this phase of the study, only first applicatiamgh maximum three reservoirs are
presented (interception, substrate and alveolesvess), the part of the model relative
to HYDROACTIVE® system is still in development and will be objedt fature
research. An on-going research project (GEPETQegnowill contribute to develop
and test equations for the backflow through wi€ks and the regulated outflo®ss
for HYDROACTIVE® systems. More in detail, the aim of the GEPETO eubj
(Gestion des Eaux Pluviales En Toityrés to analyze the potential reduction of
stormwater volumes to sewer systems through innav&tiue-green roofs. It aims to
build and monitor the experimental innovative bgreen roofs called
HYDROACTIVE®, to show the efficiency in storage capacity, i wlifferent climatic
contexts in the catchment area managed by the Watency Rhone Mediterranean
Corsica: the Temperate climate of Lyon and the kéedinean climate of Marseille.

The model can be used either at event scale ocdtinuous simulations. At the
present state the model requires local calibrab@ased on experimental data sets, with
rain (P) and evapotranspiration (ETR) as known tnpalues (IV), plus initial
conditions (IC) and parameters to be calibrated) @@&pending on the green roof type,
and substrate water depthjror outflow from the green roof (Q) as outputsiables
(OV) i.e. variables calculated by the model, usedccalibration.
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Figure 4.9. Schematic structure of the complete mad with four reservoirs; the variable Q is only
used for the Congress Center green roof. See notaitis in Table 4.1.
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Table 4.1. Notations

Notations  Unit  Type Definition
Global variables
ETR mm.h* IV Potential evapotranspiration rate
P mm.i* IV Intensity of rainfall
Interception reservoir
a % CP  Percentage of roof covered by vegetation
H' mm OV  Water depth in the interception reservoir
H'o mm IC Initial water depth in the interception negr att = 0
H' o mm CP  Maximum water depth in the interception resier
X mm.i* OV Inflow to the interception reservoir
EV mm.i* OV  Evaporation rate from the interception resarvoi
p p
Q* mm.H® OV  Flow from the interception reservoir into thebstrate reservoir
Substrate reservoir
D mm FP  Depth of the substrate reservoir
CcC mm CP  Field capacity of the substrate reservoir
PF % CP  Wilting point of the substrate reservoir
HE mm OV  Water depth in the substrate reservoir
H% mm IC Initial water depth in the substrate resarapt = 0
HS mm CP  Maximum water depth in the substrate reservo
Ks mm.i*  CP  Hydraulic conductivity
Ker - CP Evapotranspiration correction coefficient
Key® - CcP Evaporation correction coefficient
K=+ - CP  Wilting coefficient
Qs mm.it OV Inflow to the substrate reservoir
ETR mm.i' OV  Evapotranspiration rate from the substratervese
EV mm.i’ OV  Evaporation rate from the part of the substratecovered by vegetation
QS mm.i' OV  Gravity outflow from the substrate layer
Q> mm.i OV  Part of the gravity outflow drained from sulasér to the alveolus reservoir
Q@,SE mm.i® OV  Part of the gravity outflow drained from sulasér to the storage reservoir
Qs mm.i’ OV  Total outflow from the substrate reservoir
Q mm.i* OV  Total outflow from the substrate for the Corag€entre green roof
Alveolus reservoir
8 % CP  Percentage of alveolus surface under theratdseservoir
HA mm OV  Water depth in the alveolus reservoir
H” mm IC Initial water depth in the alveolus resenatit = 0
HA max mm CP  Maximum water depth in the alveolus reservoir
ia mm.hi* OV  Inflow into the alveolus reservoir
o mm.hi* OV  Backflow to the substrate reservoir from theealus reservoir
Q® mm.i* OV  Flow from alveolus reservoir into the storagearvoir
Q& mm.hit OV  Total outflow from the alveolus reservoir
Storage reservoir
H® mm OV  Water depth in the storage reservoir
HE ax mm CP  Maximum water depth in the storage reservoir
2 mm.i* OV Inflow into the storage reservoir
Q¥ mm.i* OV  Backflow to the substrate reservoir from theragie reservoir through wicks
P mm. verflow from the storage reservoir into gu
pe h' OV  Overflow from the st to thet
Qe mm.i* OV  Total outflow from the storage reservoir
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Q"¢ mm.i* OV  Regulated outflow from the storage reservdio iime gutter

The model is developed by assuming that no raiemdrains through the substrate
to the drainage or alveolus layer as long as thieemeontent is less than the field
capacity in the substrate. Only for the HYDROPATHlot scale unit, due to the raw
data availability, evaporation and evapotranspratare neglected during rainfall
events.

At t = 0 for each simulation, initial values (IV) forater depthsH!, H5, H{ are
given respectively for interception, substrate alv@olus reservoirs. For each time step

and each reservoir, water balance is calculatethi$are mass conservation.

Water balance in the interception reservoir

A fraction of the rain is intercepted by vegetatard does not reach the substrate. It
is evaporated later on. The floQ® = 0 until the interception reservoir is ful'(=
H'may; then Q" is equal to the difference between rainfall intghand evaporation
from interception reservoir.

Inflow (i.e. rainfall) Q% (t) is calculated by:
Qé(t) = aP(t) Eg. 1

Evaporation of the intercepted fraction of the rancalculated by (adapted from
Deardorff, 1978)
2
H! (t)>3 60

EVI(t) = mi ETR(t)|—=| ,— H!(t Eqg. 2
(t) = min{a ()<Hrlnax At () q

The second term of Eq. 2 prevents the case whexpoeation rate would exceed

interception storage.

Water balance in the substrate reservoir

The total inflow to the substrate reservjf(t) is the sum of the rain intensity over
the not vegetated fraction (i)} of the roof, the flow leaving the interceptiorseevoir

and the backflows from both alveolus and storager®irs:

Q) = (1 —a) P(t) + Q™() + Q*°(t) + Q%%(1) Eq. 3
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If the water storage in the substrate is lower thanfield capacityl{s(t) < €C), no

water is drained by gravity into alveolus and sgereeservoirs:
Qs4=Q5F =0 Eq. 4

If the field capacity is exceeded {(t) > CC), a fraction of the water is drained by
gravity from the substrate reservoir into alveodusl storage reservoirs while the rest
remains in the substrate reservoir until it becoowapletely saturated. The water flow
drained by gravity is assumed to be proportionahtowater depth in the substrate and

is expressed by the Darcy equation:
K
Q5(t) = o max {0,H5(t) — CC} Eq.5

The gravity flow is distributed in alveolusQ{") and storage reservoirQ{d

according to the alveolus surface fractfbn

Q%) = B Qz(1) Eq. 6

Q7 (1) = (1-P)es(0) Eq. 7

This last portion of gravity flow is therefore dmad into the storage reservoir

through the drainage holes.

Water stress test

The difference CC-PH is the usable soil water reserygR), which is the amount of
water stored in the plant’'s root zone that can asily used by the vegetation. To
prevent plant water stress an allowable depletamtof is used as a percentage of the
total available water which may be safely depldtefibre water stress occurs; this factor
varies but for sedum is usually around 40 % ofttital available water which may be
safely depleted before moisture stress occurssédum, therefore, it is assumed that
when the water depth in the substrate reservdieisw 40 % Ksy= 0.4) of this water
reserve, there is no passage of water from roofdatats and then the transpiration of
the vegetation can be neglected (Rezaei and Ja0@5) and the model considers that
the water depth in the substrate reservoir caredseronly by soil evaporation.
Consequently, it15(t) < Ksy (CC — PF), the vegetation is submitted to water stress
andEV®, ETR, Q,>" andQ,°® are always null, except during dry periods wiiaf is

calculated by:

89



Chapter 4- Lyon Case Study

2
, H5(t)\3 60
EVS = min{ ETR(t) K3y (5—> ‘AT H5(t) Eq. 8

max

Above these 40 %, based on the modified Lazzanatan (Lazzariret al, 2005)

evapotranspiration is calculated by the followingiation:

100

S
max

ETRS(t) = o Kprg <0.0632 H5(t) + 0.4668) ETR(t) Eq. 9

whereas evaporation from the not vegetated fra¢tiem) of the substrate is estimated
by using the same assumption as for the interaepéservoir. Evaporation follows an

exponential decay with water storage during dryqaisr.

EVS(t) = (1 — o) ETR (K5, (%)3 Eq. 10

max

Finally the total outflowQs(t) from the substrate is determinkg the following

equation:
Q3(t) = EVS(t) + ETRS(2) + Q3*(t) + Q3° () Eq. 11

As there is no alveolus reservoir in the Congresst@ green roof, an additional

equation is necessary in this case to estimatmtakoutflowQ(t) leaving the substrate:
Q1) = Q1) + Q3% (1) Eqg. 12

Q(t) will be compared later on to the discha@g4{t) observed at the outlet of the

Congress Centre for model calibration.

Water balancein the alveolus reservoir

The inflow Q4 (t) in the alveolus reservoir is given by the fractadrthe water that is
drained by gravity from the substrate reservoir mvttee macropores of the substrate are
full (the field capacity is exceeded).

The backflowQ45(t) to the substrate reservoir corresponds to thdlirgfof the
substrate reservoir by vegetation roots in contautis clay pellets or immersed in the
alveolus (some roots cross the geotextile filtay) dompensate evaporation and

evapotranspiration which occurred during the presitme step. It is given by:
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045(t) = min {3 [EVS(t — At) + ETRS (¢ — At)], HA(D) %} Eq. 13

Water balance in the storage reservoir
The inflow Q2 (t) into the storage reservoir is given by:
Q2 () = Q3P (1) + Q*5(1) Eq. 14

The backflowQ?5(t) from the storage reservoir to the substrate resewill be
possible by capillarity thanks to wicks. The wick® two plastic supports (their height
is 50 mm and their width is about 25 mm) on whicéré is a particular microfiber that
allow to the water to rise up from the storage ubstrate reservoir. This part of the
model is still under development in the GEPETO gebpand is not part of this study.

The regulated outflov@?¢ is either a constant value obtained by meansspkeaific
small control orifice, e.g. set to 3 L/s/ha or, Bormore a precise approach, a value
varying as a power function &f which depends on the type of control system (power
functions are determined experimentally in the omg GEPETO project).

The total outflow from the storage reservoir istiggven by:
QF () = Q% () + Q*° +QFE () Eq. 15

with Q25 (t) equal to zero, except if the storage reservdilis

4.2.3 Modd calibration

The model is calibrated and tested using the ddtac®llected at both sites. The model
parameters are calibrated i) at event scale usnfpb74) events or periods and ii) at
month scale (including in total 146 rainfall evdntfor the HYDROPACK and
Congress Centre green roofs respectively. Eacth@f2t green roof was calibrated
according to 2 different objectives: in terms oftevabalance (with substrate water
depth for the HYDROPACR) and retention capacity (with roof runoff for tBengress
Centre green roof).

The calibration is done by minimizing the objectfuaction FO written as follows:

n
2
FO = Z(Xobs,i — Xmoa,i ) Eq. 16
i=1

with Xops andXnoq respectively the observed (i.e. measured) valodsreodelled (i.e.

calculated by the model) valuashe index from 1 te andn the number of observed
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values. For the HYDROPACK and the Congress Centre green roofs, the objective
function to be minimized was respectively the suinthe squared i) substrate water
depth HS and ii) the total outflowQ. Minimizing FO is obtained by means of the
LsgNonLin (Non Linear Least Squares) Matlab® function witie t“trust-region-
reflective” algorithm (Coleman and Li, 1996).

The Nash-Sutcliffe (NS) criterion (Nash and Sutelif1970) and the Root Mean
Squared Error (RMSE) are used as model performianasators:

?:1(Xobs,i - Xmod,i )2
?:1(Xobs,i - Xobs )2

NS=1- Eq. 17

1

22
RMSE — <Z?=1(Xobs,i — Xmoa,i ) )2 Eq. 18

n

with X,p,s the mean value of thé,; ;.

NSvalues range betweem and 1.0 and allow comparing calibration and mauaig||
as they are dimensionless. In this study, it isi@esl thatNS > 0.6 corresponds to a
good match of model results to observed ddta= 1 corresponds to a perfect match.
NS~ 0 indicates that the model predictions are not nam@urate than the mean of the
observed dataNS< 0 means that the model is performing poorly and oarire
considered as appropriate.

RMSEvalues have the same unit as ¥&alues: the model performs better when

RMSEvalues decrease and tend to zero.
4 .3 Results and Discussion

4.3.1. HYDROPACK event scale modelling

The model calibration was done for 50 rainfall égefrourteen parameters and input
variables have been set and/or calibrated. Cailtoratas carried out with initial values
and lower and upper boundaries defined accordingréen roof characteristics, pre-
existing knowledge, preliminary tests and trialsl amrors. Their values are given in
columns 2 to 4 of Table 4.2. Only the substratetld&pwas set to a constant value of

60 mm after preliminary tests.
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The mean values, standard deviations and coefti@nvariation of all parameters
and input variables are given in Table 4.2 for &l events in columns 5 to 7.
CorrespondingNSvalues are given in Figure 4.12.

Globally, the model performs welNSis equal or higher than 0.6 for 39 events (78
% of the events), and higher than 0.97 for 23 (46f%e events). Examples of results
for two rainfall periods are shown in Figure 4.X@ld&igure 4.11: the first period dated
from the & to the 24' of January 2012 and includes several successintaltapeaks
with corresponding variations of the substrate whegeel in the range between 20 and
24 mm, while the second period dated 18 to 20 Felra012 shows a single rainfall
peak with a very limited and rather flat respon$eéhe substrate water depth in the
range between 26 and 28 mm. The model is ablenwlaie the dynamics of the
substrate water depth at short time step for mastts and periods.

Bad (0 <NS < 0.14) and even very bad (negatiM& values) performances are
observed for 9 events: 4 events in May and eanmhe 2011, one at the beginning of
September, and 4 events in February 2012. No irdbom was reported in the data set
indicating experimental problems or failures, be#checking the raw data of May and
early June 2011 indicates abnormally low resporigbeosubstrate water level despite
significant rainfall depth, which may reveal a gesb with the monitoring system. For
the most critical events (lowest negatN8values) in February 2012, the Météo France
climatologic records (available on the Météo Framebsite) in Ouzouer, a small city
16 km away from Moisy, indicate that air temperatuwere constantly negative from
1% to 12" February, with lowest values reaching -15°C 8nhFebruary. These twelve
days were exceptionally cold everywhere in theaediacq, 2012). Under such cold
conditions, the HYDROPOACK® lysimeter weighing syst was seriously disturbed:
it recorded rainfall events from 5 to 11 Februahevweas Météo France records indicate
the period was completely dry, except a significemawfall (more than 10 cm locally)
on 8" February (Jacg, 2012). The snow could not meltfiowd through the substrate
due to the very negative temperature. This posteata analysis (temperature was not
available in the HYDROPACK data set) indicates that biased and not representa
data were recorded in the beginning of February201

However, as this information was not known by tkkhars before modelling was
carried out, it was decided to keep the resultstfr 50 events as this provide
interesting information about experimental condisiovhich may lead to bad model

performance.
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WhereasNS is dimensionless and convenient for comparisonspparing event
model performance is difficult to be done accordiodRMSEvalues as their order of
magnitude varies with the absolute values of rdirdapth and water level in the
substrate. HoweveRMSEvalues range from 0.01 to 1 mm, with a mean vafu@.16
mm, which is very low relatively to the substratater level which typically range
between 5 and 45 mm. The mean relative modellirgpainty in the substrate water

level H® is typically ranging between 0.3 % and 3 %.
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Figure 4.10. Calibration results: Rainfall intensity and modelled (in red) versus observed (in blue)
substrate water depthH® : 8-24 Jan. 2012NS = 0.96,RMSE = 0.10 mm. For this eventH® remains
between the wilting pointPF and the field capacityCC, i.e. within the soil water reserve.
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Figure 4.11. Calibration results: Rainfall intensity and modelled (in red) versus observed (in blue)
substrate water depthH® : 18-20 Feb. 2012NS = 0.961,RMSE = 0.12 mm. The maximum value
of H® (26.40 mm) remains lower than the field capacity C (28.13 mm).

Table 4.2 gives mean calibrated values of modedrpaters and input variables for
all 50 events (columns 5 to 7) and for the 39 evavith NS> 0.6 (columns 8 to 10).
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Comparing both cases, it appears that excludingtfiduevents witiNS< 0.6 logically
reduces the inter-event variability of parametersl anitial conditions: standard
deviations are usually lower in column 9 compaeaddlumn 6. Mean values are also
slightly different (columns 5 and 8).

As a first approach, the coefficients of variat{onlumn 10 in Table 4.2) can be used
to estimate the relative sensitivity of the vareblinitial conditions are crucial for event
scale calibration: they integrate the previousfadirevents and dry weather conditions
which have led to a given state of the green rdodmthe rainfall of interest starts. The
highest CV value (1.86) is observed for the initrghter depth in the interception
reservoirH). Nevertheless, this high value of CV is mainly doi¢he fact that the mean
value ofH{ is equal to 0.07 and close to zero: in practieis not as important as its
CV may indicate, except for storm events with vemgall rainfall depth. For most
events,H# and H; are crucial to obtain good modelling results: tf@V values are
respectively equal to 0.70 and 0.43.

Among the model parameters, the two most sensitimes are the empirical
coefficients K3, and Kz, with respective CV values of 1.03 and 0.53. Rresi
authors indicated that such empirical coefficieguts not an optimal solution (Voyde,
2011). Instead of settirg priori values, they were used as calibration parametdtss
first version of the model. The variability of tleeparameters could partly reflect the
seasonal variability of the green roof responssttom events due to changes of the
green roof state (vegetation coverage, substratelittons, vegetation state and
evapotranspiration capacity...) which are not exfpli@ccounted for and represented in
the model.

Other parameters are less sensitive (CV valuesdagivd and 0.5), exceft the
percentage of the alveolus coverage under thersidbstith CV = 0.58. Initiallyf3 was
supposed to be a fixed value representing the gepnoé the green roof system.
However,in situ observations show that vegetation roots grow peetally above the
alveolus, and that even vegetation which is nonteld just above alveolus tend to
develop roots toward alveolus areas, as accesattr g easier from alveolus compared
to the substrate. Accordingly, another hypothesisict be formulated and should be
tested with future experiment8:is not only a geometrical characteristic of theegr
roof system but, as roots develop with tifBemay also evolve with vegetation and

change over months and seasons.
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Lastly, some parameters are constant in all sinamnatH2 ., PF andK5".

Table 4.2. Input variables and parameters values esl for HYDROPACK ® calibration. Columns 2
to 4: starting value, lower and upper boundaries. @lumns 5 to 7: mean value, standard deviation
and coefficient of variation for all 50 events. Calmns 8 to 10: mean value, standard deviation and
coefficient of variation for the 39 events witiNS> 0.6.

1 2 3 4 5 6 7 8 9 10
all 50 event: events withNS > 0.€
Variable S;[glﬂgg b(l)‘l?r\:\:gry béjupnegry Mean Std Cv Mean Std Ccv
H)} 0 0 1 0.16 0.28 1.84 0.07 013 1.86
Hg 325 0 0.8*D 20.14 9.13 0.45 16.9 7.28 0.43
HE 0.8 0 10 1.47 107 0.73 157 1.10 0.70
H. o 0.4 0.3 1 0.40 0.20 0.8 042 021 051
H3 ox 36 20 0.8D 40.94 6.17 0.15 39.9 6.16 0.15
Hp o 15 0.5 15 15 0 0 15 0 0
D 60 Constant value 60 0 0 60 0 0
CcC 24 0.1 30 21.48 7.28 0.34 19.5 6.87 0.35
PF 2 0 2 2 0 0 2 0 0
K 0.4 0.1 0.8 040 0 0 0.40 0 0
Ks 2000 1000 3600 2264 873 0.39 2557 719 0.28
Ke,)® 0.7 0 2 050 0.58 1.16 059 061 1.03
Kerg' 1.2 0 2 053 0.38 0.72 063 034 053
a 0.7 0.5 0.9 0.57 0.13 0.23 058 014 0.24
B 0.3 0.1 0.6 035 0.19 054 029 017 058
100%
CONS Rate

10,
80% 72%

60%

40%

Cumulated Frequency [%]

20% 16%
6%
2% o% A 4%
NS<0 0<NS<0.2 0.2<NS<0.4 0.4<NS<0.6 0.6<NS<0.8 0.8<NS<1

Nash-Sutcliffe Range

Figure 4.12. Cumulated distribution of NS values after calibration for all 50 events for the
HYDROPACK ® system.
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Table 4.3. Matrix of correlation for the 39 eventswith NS> 0.6.

Variable | H§ ¢C HS,. K Kq’

H} 1

cc 081 1

HS, | 044 050 1

Ks -0.36 -0.42 -001 1

Ke)' -0.25 -0.12 022 022 1
Kew | -0.52 -0.51 -0.41 0.00 0.17 1

S
KETR

In addition, coefficients of correlation between model parameters and input
variables for the 39 events witiiS> 0.6 are given in Table 4.3. Onlyvalues lower
than -0.5 or higher than +0.5 are considered saamf for the analysis: the four
corresponding coefficients appear in bold charadteifable 4.3.

There are a positive correlation= 0.81) betwee€C (field capacity) and{;, and ¢
= 0.5) betweerCC (field capacity) andi3,,,, two negative ones € -0.52) betweetls
andKgrr and ¢ = -0.51) betweel€C andKgtr (ETR correction coefficient). The field
capacity can be considered as a constant valuese&ming the substrate characteristics.
However, in the model calibration, it was decided keep CC as a calibration
parameter. The consequence is that wHgnincreases to reflect the initial water
content of the substrate at the beginning of theukited storm even€C also increases
andKs decreases to allow a high water content in thetsatie. This interaction is also
indicated by the negative correlation coefficiant(-0.42) betwee&C andKs which is
just below the conventional threshold of significarf+0.5).

The other coefficients of correlations are below significance threshold, indicating

weak or no correlation between the model variables.
4.3.2. Lyon Congress Centre monthly continuous modelling

For the Lyon Congress Centre, model calibration pexrformed monthly with the 9
consecutive months from September 2013 to May 281@ globally for the whole
period in order to simulate the green roof outflawitial values are given at the
beginning of each month (resp. the whole period) the set of calibrated parameters is
used without modification for all events in eachntio(resp. the whole period). Values
of parameters and input variables used for caldmedre based on preliminary tests and
trials and errors. They are given in Table 4.4yowls 2 to 4), as well as final calibrated
values for the 9 months and for the whole periadufmns 5 to 7). As there is nothing
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equivalent to the HYDROPACKalveolus layer in the Congress Centre green aibf,
alveolus components were replaced by zeros in thaehand corresponding values do
not appear in Table 4.4.

The Nash-Sutcliffe indexNS and the Root Mean Square Err&MSH values are
reported in Table 4.5

Table 4.4. Input variables and parameters values sl for Lyon Congress Centre calibration.
Columns 2 to 4: starting value, lower and upper bondaries. Columns 5 to 7: mean value, standard
deviation and coefficient of variation for all 9 manths.

1 2 3 4 5 6 7
Variable SISy boundary Mean St oV
H} 0 0 1 0.04 0.13 2.81
HS 32.5 0 0.8*D 29.70  12.87 0.43
HE o 0.4 0.3 1 0.65 0.31 0.48
HS, 0 36 20 0.8*D 54.90 22.22 0.40
D 140 Constant Value 140 0 0
cc 24 0.1 60 33.24  11.40 0.34
PF 2 0 10 2.00 0.00 0.00
K 0.4 0.1 0.8 0.40 0.00 0.00
Ks 2000 1000 3600 1177.87 35355 0.30
Key® 0.7 0 2 0.53 0.61 1.15
Kerg' 1.2 0 2 1.02 0.40 0.39
o 0.7 0.5 0.9 0.73 0.13 0.18

Table 4.4 shows thaD was set to a constant value equal to 140 mm,the.
maximum substrate depth. Previous simulations flatkible D values between 40 and
140 mm revealed that the highest value was sysiestigtthe most appropriate to
reproduce the observations. The range 40 to 14Quasngiven in reports describing the
green roof built in 1995 but was not measureslitu during the experiments.

The CV values (column 7) are globally similar owr than in the HYDROPACK
case, except fali] (CV = 2.81) but here again this high value is radue to the fact
that the meait value (0.04) is close to zero. One should notéetthe CV values are
based on 9 monthly calibrations only while CV value Table 4.2 are based on 39
events calibrated individually, which very likelydds to a larger dispersion of
calibrated variables.

The most variable parameters remain the sameeaseat scale: the initial condition
H; (CV = 0.43), and the empirical coefficienks, and Kj;p, with respective CV
values of 1.15 and 0.39. As in the previous c&eandK*" remain equal to their

initial values.
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Table 4.5. Experimental data,NS and RMSE values after calibration for the 9 months and the
whole period for the Lyon Congress Centre green rdoltalic values correspond to poor calibration
performance (NS < 0.6).

Number Rainfall Outflow Retention NS RMSE

Period of rainfall depth volume efficiency
events [mm] [mm] [%] [[]  [mm/h]
September 2012 6 67.4 43.7 35.1 0.663 0.46
October 2012 17 37.4 3.5 90.6 -0.022 0.04
November 2012 10 122.2 101.6 16.9 0.740 0.27
December 2012 29 42.2 22.6 46.4 0.299 0.15
January 2013 13 43.5 23.9 45.1 -0.033 0.18
February 2013 19 45.8 27.9 39.1 0.254 0.17
March 2013 15 52.6 13.9 73.5 0.371 0.09
April 2013 22 101.2 52.8 47.8 0.695 0.16
May 2013 15 111.8 88.0 213 0.582 0.32
Sept 2012 - May 2013 146 624 378 39.4 0.591 0.22

Table 4.5 showd\S values which may be grouped in two categoriesgadpd
modelling performanceNS values close to and higher than 0.6) for 4 moi8ept.
2012, Nov. 2012, April 2013 and also May 2013) éwdthe whole period Sept. 2012
to May 2013, ii) poor modelling performandd§values lower than 0.4) for 5 months
(Oct. 2012, Dec. 2012, Jan., Feb. and March 2(Ri8ure 4.13 and Figure 4.14 show
one example from each category, respectively Noeer2b12 and February 2013.

In November 2012, the ten observed rainfall eventsespond to a monthly rainfall
depth of 122.2 mm and the monthly outflow volumesggiivalent to 101.6 mm. The
corresponding retention efficiency is 16.9 %, whishthe lowest measured value.
November 2012 was very rainy and outflow was sigaift. Four events generate
outflow: Figure 4.13 shows that the model is ableeproduce rather well the dynamics
of the observationd\[S= 0.74), with a lower performance for the seconen¢ on 8-9
November. For this second event, the model undenates the initial runoff; and
over-estimates the peak; this may due to the Fettthe model is not able to accurately
predict the available Retention capacity of thestiatbe layer at the beginning of the
second event. A separate individual calibrationtlfits second event (results not shown
here) reveals a much better ability of the modesitoulate the observed values. The

main hypothesis to explain the lower ability of thedel is that the initial conditions at
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the beginning of the second event are not well ipted by the global monthly

calibration.

Rain Intensity (mm/h)
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|
Outflow (mm/h)
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Figure 4.13. Calibration results: Rainfall intensity and modelled (in red) versus observed (in blue)
outflow Q°: November 2012NS = 0.74,RMSE = 0.27 mm/h.

In February 2013, the 19 observed rainfall eventsespond to a monthly rainfall
depth of 45.8 mm and the monthly outflow volumeetpuivalent to 27.9 mm. The
corresponding retention efficiency is 39.1 %, whiglequivalent to the mean efficiency
over the whole period (39.4 %). Figure 4.14 showat tseven events generate
measurable outflow during the first half of the rtiotbut that the model is able to
reproduce only the last one. For the six previotents, the model does not generate

overflow at all. This explains the corresponding NSvalue equal to 0.25.
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Figure 4.14. Calibration results: Rainfall intensity and modelled (in red) versus observed (in blue)
outflow Q°: February 2013,NS = 0.25,RMSE = 0.17 mm/h.

A more detailed analysis of the data and figuresfid® months indicates that:
i) NS values are near or above 0.6 for months with adlirdepth above 60 mm,

significant rainfall intensities, and observed twf peaks greater than 3 mm/h.
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i) Reciprocally,NSvalues are lower than 0.4 for months with raintpth under 60
mm, low rainfall intensities and observed outfloaags less than 3 mm/h.

iii) For all measured outflow periods, the modelledlowt diminishes and is back to
zero at the end of rainfall events faster than nwessents. In case of significant
events (months wittNS > 0.6), outflow peak values are slightly greateart the
measured ones.

iv) For small and low events (months wilE < 0.4), the model underestimates the

outflow and frequently does not generate any owtflo

Consequently, it appears that the model is ablesatisfactorily reproduce the
observations when rainfall intensity and depthlarge enough. The fact that outflow
systematically ends earlier than observations coblel explained by three
complementary assumptions. The first one is linicethe fact that the model considers
an instantaneous water transfer from the subsb@iten to the outflow measurement
point: this is acceptable for a 7°moof like the HYDROPACR pilot scale system, but
it is too simplistic for the 282.5 MCongress Centre green roof with long distances
between the extremities of the green roof and th#oov measurement point.

The second hypothesis is linked to the fact that dbtflow volume is frequently
underestimated, especially for small rainfall egesutd low intensities. The green roof
periphery is equipped with a narrow path, approxatya0.3-0.4 m wide, between the
green roof and the external wall of the buildingg($=igure 4.5 left). This impervious
path also collects rainfall and the runoff is evated by the same pipes as the water
leaving the green roof substrate. This additionaloff, which is not included in the
present model including only the green roof areagenerated even for small storm
events. This additional contribution is measuredths flowmeter. For small events,
most rainfall may be intercepted by the green rbat, this additional runoff from the
peripheral path may create low but detectable @utfpeaks. This may explain the
difference between modelling results and measur&anen

The third hypothesis is linked to the estimationEdfR. The rainfall is measured
locally on the green roof, but ETR is calculatednir hourly meteorological data
measured in Bron, 9 km away from the city centremghthe Congress Centre green
roof is located, and then linearly interpolatecat@ minute time step. Maybe true local
(but unknown) and remote ETR estimation may difignificantly at 1 minute step. In
addition, ETR was calculated by using the globdiation (available data) and not the
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net radiation, which may contribute to overestimgfER (DiGiovanniet al, 2013),
which has a greater relative influence for smalhfedl events with low rainfall
intensities. In theory, this could be compensatgdhle empirical coefficient&s, and
Kzrr but further tests should help to improve the model

After the above calibration tests, the 9 month ols@n period was then divided
into two sub-periods: Sept. 2012 to Jan. 2013 (fithw) for calibration, and Feb. to
May 2013 (4 months) for verification. The verifimat was carried out using as input
parameters the values obtained by the calibraborb fmonths. Compared to NS value
for the whole period of 9 months (NS = 0.59), tlieciency grew for the calibration
sub-period (NS = 0.64) and slightly decreased lfar terification sub-period (NS =
0.50).

4.4 Conclusions and Perspectives

A conceptual hydrological model is proposed forhbttaditional and innovative
multi-layer green roofs. The structure of the momelgeneric, based on reservoirs,
transfer functions and mass balances, and candmertito each type of green roof by
activating specific reservoirs and functions in thedel. The model aims to simulate
the dynamics of green roof hydrological processéh W minute time step for time
scales ranging from one rainfall event to one yeanore.

Like any conceptual model, a site specific calilorais required. The first version of
the model was calibrated with data sets for twesad a 1 i HYDROPACK® pilot
scale green roof system, ii) a 282.5single substrate layer traditional green roof.

In the first case, calibration was carried out\atre scale for the water level® in
the substrate with a data set of 50 individual &xdfor 39 events with reliable data, the
model was able to simulate the dynamicsigfwith NSvalues equal or higher than 0.6.
For the last 9 events, the model did not perforsetisfactorily, due to doubts in data
reliability (4 events) and/or to exceptional negatiemperature conditions and snowfall
(4 events). At event scale, the most sensitiveab#es in the model are the initial
conditions, which vary from event to event and depén a complex way on the
succession of antecedent of rainfall events andaeégther periods. The two empirical
coefficientsK3, and Kzrr, which are used to fit evaporation and evapotriaatpn
processes, are the most sensitive model parameters.

In the second case, calibration was carried omtaatth scale for the total outflo@®

from the green roof, for 9 months individually afwt the whole period Sept. 2012 —
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May 2013. For 4 individual months and for the whpkriod, the model was able to
simulate correctly the dynamics @F with NS values close to or higher than 0.6. For
the other 5 months, which show much smaller rdirdaents with lower depth and
intensities, the model performs less satisfactorlith NS values lower than 0.4. The
analysis of the results allowed to propose poss#xelanations (additional external
runoff, distant instead of local ETR data). Mosinstve model variables and
parameters are the same as in the first case.

Further research work will include the followingipis:

) Development of specific equations to simulate nedDROACTIVE® green
roofs with additional storage, regulated outflovd d&ackflow to the substrate
by means of wicks.

i) Model testing, multi-objective calibration and nivdiriate sensitivity
analysis with new and more comprehensive and aiecdeda sets which will
be collected in 2015-2016 in two experimental sitesrance (GEPETO
project) for both HYDROPACR and HYDROACTIVE® systems.

i) Improvements of the model to account for the firedlings obtained with the
above two case studies:

a. Alternative functions to replace the empirical dméénts K5, andKsrg;
b. Discretisation of large green roofs into elementamjyts and propagation
of flow between elementary units and to the rodfetuo better account

for flow peak attenuation and delay.
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Chapter 5 — UNICAL Case Study: Development of a SIGIA DRAIN Model for an
extensive Vegetated Roof

5.1Introduction

The use of LID (Low Impact Development) as storntevananagement techniques
has assumed increased importance in recent yeidzer(feei et al., 2013). Despite the
benefits are large and well known, the transitiorsistainable urban drainage systems
is very slow (Piro et al., 2012). The lack of adatgumodeling and analysis tools for is a
limiting factor in the diffusion of such systemdl{&t & Trowsdale, 2007).

Green roof represent one of the most diffused Wdm, due to their morphological
complexity, green roof’s analysis requires speaifiodeling techniques that take into
account the complex physical phenomena involvedrn$t water management
performance of a green roof may differ in variolimatic regions due to the specific
precipitation climatology, building practices an@en roof materials.

A modelling approach for the simulation of greerofraainfall-runoff will be
presented in this chapter. From a practical pofntiew, the modelling part of this
research is intended to provide a tool for pramtirs, regulators and policymakers
requiring objective quantitative performance ddta,inform on the development of
stormwater management strategies, and to improeeide-making and design of
sustainable stormwater drainage systems in a Medliigan climate conditions.

The overall aim of the present phase of the rekearto investigate the hydrologic
response of the green roof installed at Universftfalabria on a rainfall event basis.
The first specific objective is to implement a ceptual model to simulate the
hydrologic behavior of the system; which is calibth and validated based on
experimental data collected at the green roof sitke second objective is to
characterize the hydrologic performance of the mresof system based on suitable
synthetic variables (such as the retained voluneek flow reduction, and delay in
starting runoff). Therefore, the expected resulhtd phase of the research is to develop
- and demonstrate the value of - a conceptual mmdehderstanding the influence of
both climate and roof configuration on the hydratogerformance of green roof
systems.

More in detail, after an initial description of tlexperimental site, the SIGMA
DRAIN (SD) model conceptualization, in paragrap®.5, will address a mathematical
description of the governing flow equations andgbkected hydraulic model. An initial
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specification of the boundary conditions, the hyolgacal process parameters and the
soil hydraulic parameters will be presented in geaph 5.2.3.2. After this, the model
parameters will be calibrated . In the final valida phase (paragraph 5.3.1) of the
model, green roof model simulations will be compate green roof modeled with
HYDRUS-1D software - used as a benchmark - outidecalibration period in order
to demonstrate whether the SD model gives a rebabongpresentation of the

hydrological/hydraulic behaviour of the considegeeen roof.
5.2Materials and method

In order to investigate the hydrologic response gfreen roof in the Mediterranean
climate, the University of Calabria, within the [t “Integrated and Sustainable
Management service for the water-energy cycle ibanr drainage systems”
(PONO1_02543) of the National Operational PrograResearch and Competitiveness
2007/2013, co-financed by the European Regionakgwment Fund and the National
Resources Grant, has designed and implementediscélé experimental green roof in

the University of Calabria, Italy.

LT
L

Fig. 5.1 The Green Roof Experimental site at Univesity of Calabria

5.2.1 Experimental site

The study was performed on the experimental sitteaCube 46/C of University of
Calabria (Unical), Italy. The test site, situated & fifth-floor terrace of a campus’s
building, is located in a Mediterranean climateioag characterized by a hot-dry
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summers and cool-wet winters a strongly seasomafatbwith an annual average of

1000 mm. High temperatures during the summer aee2@8C (Carbone et al. 2015 a).
The vegetated roof consists of four compartmerdsh ene with an equal area of

around 50 rhand a slope of 1%, which vary in their stratignaptomposition elements

and the presence, or not, of vegetation species.

Fig. 5.2 The 4 compartments of the Unical Experim#al site.

Sectors 1 and 2 are vegetated and consist of th@wviog stratigraphy: 1) native
Mediterranean vegetation speciesGarpobrotus edulisDianthus gratianopolitanys
Cerastium tomentosun®) a soil substrate of 8 cm; 3) a ‘egg box’ degje and storage
layer in polystyrene (with a storage capacity ofL1th?) and in pe-ad (with a storage
capacity of 8.7 L/r), respectively for the first and second compartmarfine fibrous
membrane was also placed between the substrathenederlying drainage layer. The
cross section of the 2 stratigraphies is showniguré 5.3. On sector 3 vegetation is
spontaneous, thanks to the seeds carried by widdyaown on the substrate (Carbone
et al. 2015 a).
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Fig. 5.3 A View and the Cross Sections of Sectorsahd 2 of the Unical Experimental site; on the
right and on the left respectively.

The soil, consisting of volcanic lapillus, pumitepken bricks and zeolites, enriched
with organic matter, including peat, composted ptasidues, is extremely draining and
clay-free, with a good resistance to compaction asldme reduction (Carbone et al.,
2014a). This mineral terrain substrate is builcéonply with Italian regulation (UNI
11235): (1) anchoring the root; (2) preventing diag water on the surface; (3) water
and nutritional supply; (4) root respiration arfé of the microorganisms present.

Finally, the fourth compartment represents theregfee roof (a conventional roof),
covered by a pre-existing waterproofing layer angigped with four temperature
sensors and a flow meter device at the outlet@ecti

In this study only one of the four sectors was aered, in detail the one
characterized by the drainage and storage layepoiystyrene. A picture and a
transverse stratigraphy of the considered compattmeshown in Figure likewise (Fig.
5.4).
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Fig. 5.4 A picture and a transverse stratigraphy bthe compartment considered in this study.

The experimental site is a modern technologicaltesysfully equipped with
hydraulic and thermal sensors; in addition to theeg roof monitoring equipment, a
MeteoSense 2\Weather station (developed and produced by Netseh3 was installed
atop the roof to monitor environmental conditiomssite and in real time. The weather
station, which provides climatic measurements iatirfutes time steps, is equipped also
with aRain collectorwith a 0.2 mm resolution and tipping bucket pnoei

5.2.2 Data Analysis

Precipitation data, consisting of rainfall depthbaeled with minute frequency, were
collected from two different sites: Green Roof ofitersity of Calabria (Italy) and
Green Roof of the Lyon Congress Center (Francepatéml respectively in
Mediterranean and Temperate climate conditiongréter to analyze the influence of
hydrologic parameters on the efficiency of the greeof, under different climate
conditions, it was needed to define each rainfa#ne in the data sets with time

resolution of 1 minute.

For both sites, despite having both rain gaugesalugon of 0.2 mm, only events
with rainfall depth greater than 2 mm were selectemsed on the assumption that
rainfall events less than 2 mm are unlike to predumoff from a conventional roof
(Voyde et al., 2010; Stovin et al., 2012).

Moreover, in a second phase, it was needed to &stithe specific inter-event time
to define each independent rainfall event. To sdpaa storm event from the other,

Minimum Inter-event TIiméMIT) criterion was chosen. Minimum Inter-eventmie is
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defined as the elapsed time between the end afran ®tvent and the beginning of the
next so that a rain event can be considered indigperfirom the consequent one. Often
the choice of a particular value of MIT was relateghysical parameters changes that
competed in the definition of independent rainéléents (Carbone et al., 2015 b). This
value therefore has never been unique but closdated to the type of analysis or
observation of a particular natural phenomenon; dgample Stovin et al. (2012)
consider a period equal to 6 hours, as it was thgrtbe authors such as VanWoert et al.
(2005), Getter et al. (2007) and Voyde et al (20HD)wever, the use of 6 h is not
universal.

It is clear that the way in which a storm eventlédined will significantly influence
any conclusions reached about the overall reterdiwh detention performance of the
green roof. For example, short Antecedent Dry Waatheriods (ADWPS) between
storm events (period with no rain) may result wéo mean retention per event than for
longer ADWPs. Conversely, if the smallest events aompletely excluded from
analysis, many events with 100% retention will bmimated, and the mean retention

percentage per storm event may be reduced as aqu@rxe (Stovin et al., 2012).

In this study, individual events were defined as@peseparated by continuous dry
periods of at least two hours; rainfall events safgal by less than 2 hours were merged
and considered as single event. Using this valudidf and considering a volume
threshold of 2 mm, a number of rainfall events weeéected from each datasets. In
specific, under these conditions, a total of 70 &t rainfall events, recorded
respectively at Unical and Lyon site, were ideatifand then used in the analysis.
Since the experimental site is installed in an angth a Mediterranean climate,
characterized by precipitations which mostly resligtributed in the autumn and winter
season, the data collected in the period betwepte®der and April were considered.

More in detalil, 70 rainfall events, during the wigleriod between September 2013
and April 2014, were identified for the experimdrgde at Unical; their duration and
depth are shown in the Figure below.
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Figure 5.5 Duration and depth of the 70 rainfall eents of the Unical data set used for analysis.

The Lyon data set, instead, includes 50 rainfadinés collected between September

2012 and April 2013; their duration and depth aorted in the Figure below.
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Figure 5.6 Duration and depth of the 50 rainfall eents of the Lyon data set used for analysis.

For each event the following five storm parameteese evaluated: Rainfall Depth
(mm, h tot); Rain Duration (hours, d); Mean Raihfatensity (mm/h_i); Antecedent
Dry weather period (hours_ADWP). The main hydrotadjicharacteristics of selected
rainfall events, are reported in the annexed Tafleble A-5.1 and Table A-5.2),

respectively for the two scenarios (Italy and Fegnc
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5.2.3 SIGMA DRAIN Model

The SIGMA DRAINconceptual model, is a new tool developed to sateuthe
hydraulic response of the extensive vegetated msfalled at the University of
Calabria, realized using the calculation engine ERA-SWMM (Storm Water
Management Model) softwaf®ossman, 2010) for the simulation of the hydrolabic
and hydraulic phenomena, while being completelyepahdent of the user interface.
The design criterion adopted has been to buildohdompletely independent from the
EPA-SWMM user interface, but which, for robustnessl reliability requirements,

continues to use its powerful calculation engine.

The SIGMA DRAINmodel idealizes the green roof as a system camgist three
individual components in series, each of them epwading to the main technological
modules of the vegetated roof: 1) surface layeisubjstrate layer and 3) drainage and
storage layer.

The surface layer, exposed to the atmosphere awdremb by vegetation, is
conceptualized as sub-catchment; it is definedheyreal size of the vegetated roof
surface (area and % slope), and is characterizeal $pecific permeability of the soil
dependent on fraction of vegetation coverage. Tiewing soil and drainage layers
are schematized through two reservoir elementsclwliescribe respectively the
percolation in the substrate and the transporutiitdhe drainage layer. A mass balance
equation is applied to each block, taking into aetdhe specific physical phenomena
that occur in each module and the flow is insteagllated by the Richard’s equation.

Structure of the model is showed in the Figurebzow.

D
%
)

Vegetation
Area
Slope

SURFACE LAYER
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Fig. 5.7 Schematic structure of the SIGMA DRAIN Mocl. Where R is the Precipitaton, | the
Infiltration; P the Percolation andQ, the Outflow
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Since the hydraulic/hydrologic behavior of a greeaf is most influenced by soil
layer characteristics (especially at event scathg surface layer has not been
considered in the modelling. In this specific caffiee sub-catchment surface is
characterized by an impermeability equal to 100%grder to collect the entire rainfall
volume, and deliver it to the substrate layer. hrs tway, the rainfall volume will
become the input for the underlying substrate layer

In this study, also evaporation (EV) and evapofpaation (ETR) contributions are
not considered, because the model calibration atidation are made at event scale,
therefore when it rains EV and ETR are considei@d.v

This section of the paragraph will provide an ow@wof all governing equations for

the conceptual model.

Water balance in the substrate reservoir

Precipitation data are used as a direct inputHernhodel. The incoming flux to the
substrate reservoig{) equals the total precipitation collected from theface layer.
The flow from the substrate layeGtbrage ] to the drainage layerS{orage 2 is
controlled by a Percolation equatiogp)( which was formulated from Darcy's Law for
unsaturated flow, in which the unsaturated hydcaatinductivity K) depends on the
volumetric water contenty; it increases with increasing soil moisture ®ntaximum

value at saturation (the saturation hydraulic catigity Ky).

In the case that only vertical flow of water (1-&nsional) is considered, the Darcy

law for unsaturated porous medium can be written as
oh
q=-K(©)5 Eq. 1

Where:
= specific discharge rate or flux [C'T
« K(#) = unsaturated hydraulic conductivity [T
« 0 =Volumetric water content or moisture conterit[f]

« h=Total hydraulic head for unsaturated soil [L]

Since the hydraulic head for unsaturated Bdil] is the sum of the negative water
pressure hea@ [L] and z [L], the elevation head (positive downward), teen be

transformed into:
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d[yp(6)- yields
q = —K(6) T2

q=K@®|[1-22] Eq.2

0z

by using the chain rule Eqg. 2 becomes:

a=K@®)(1-33) Ea3

The two derivatives in Eq. 3 are values relateddib type and for this reasons they
can be assumed constants. In particular, the tersdope - the slope of theoil water
retention curve(SWRC) - is approximated to a constant @hile the slope of the
average distribution of the moisture along the sabs is assumed to be equal to a
constant G. This latter is express as the difference betwienmoisture conterd
corresponding to the Field Capacitid and the Wilting Point&,) (in the Storage 1},
divided by the average substrate depth, (s/2). Thus

(oY

|5 = C1

4% _ (Gcc_er) _ C Eq 4
=g

By substituting Eq. 4 in EqQ. 3:

q=K@)(1-C () Eq.5
and by grouping the two constants in a single one:

C;=(1-C,C) Eq. 6
can be simplified as:

qg=K()-C; Eq. 7

Following Eq. 7, flow in substrate layer is relateml the unsaturated hydraulic
conductivity, which is a function of the soil watmntent. The most important aspect in
this type of model is the correct definition of tbasaturated hydraulic conductivity
K(#). When direct measurements Kf¢) are not obtainable it is possible to estimate
using more easily measured properties such ascleadize distributions. In this

formulation,K(#) is defined as:

K(0) = K, - K.(6) Eq. 8
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where Ks is the saturated hydraulic conductivity akd(6) is the relative hydraulic
conductivity. Several relations based on experiadetdta are presented in literature to
compute the relative hydraulic conductivity, the shemployed, also used for this
study, is the Van Genuchten (Van Genuchten, 1980)hgdraulic function with the
statistical pore distribution model of Mualem (Mesal, 1976), express as:

2

K.(S,) = S [1 ~(1- Sel/m)m] Eq. 9

Where:

0-0,

(] S =
e 0s—0,

is the effective degree of saturation [-], witlh and 6s

respectively the residual and saturated water otsfe’L];

* | is an empirical parameter that represents thetsfief tortuosity and pore
connectivity, and is usually assumed to be =0.54leim, 1976), although
this is not general agreement [-];

e m= (1 — %) is the dimensionless parameters of the retemtiove of soll

water.

Althrough severaK(d) parametric relationship have been proposed ancessfdly
used in the literature (Kutilek & Nielsen, 1994), exponential model was selected for
its simplicity and the good fitting obtained. Theuddem-van Genuchten equation (Eq.
9) can be interpolated with an exponential functbthe type:

K.(0) =aS,’ Eq. 10

Therefore, by substituting the last two equatidag. @ and Eq. 10) in the expression
of the specific flux (Eq. 7), the following relatios obtained:

q=K,-C3-(aSe?) Eqg. 11

Since the water level in the substrate resen&tiorage 1 over the weih’(t) can be
related to the value of the effective degree ofbirsgion &) by using the following

equation:

yields h
W) =S.t) n-s ——  S()=

- Eq. 12

!
n
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wheren is the porosity [EL™] ands is the substrate depth [L]. Combining Eq. 12 with
Eqg. 11 leads to:

b
Percolation=q, = K;-C3-a - (ﬁ) -h'b Eq. 13

By grouping all known terms into a single paramdi@y, the expression can be

simplified in the form:

q(t) = a - h'f Eq. 14
where:
[ ] ﬂ = b

ot () A=k (-2 ()

n-s

whereKs is the saturated hydraulic conductivity [E]T n is the soil porosity [EL3]; sis
the substrate depth [L] the reference surface of the green rodi;[b’ is the water
level in the substrate reservoir over the weir [te two derivatives, as previously
mentioned, define the tension slope of the SWRC toal slope of the average
distribution of the moisture along the substratet Mast, the parameteasandb, are
the parameters of the exponential function (Eq.wMjch takes account of the variation

of Kr as a function of the effective degree of saturefio

Last equation (Eg. 14) control the outflow ratdlod substarte reservoir element and
depends on the properties of the layer considétathmeten and3 can be calculated
directly if the soil water retention curve and thaturated hydraulic conductivity are
known, or can be calibrated on experimental datathls study, parameters of the
proposed model have been calculated using soilrwetiention curve and the saturated
hydraulic conductivity already calculated by usldiylS HYPROF system which use
the evaporation method, according to Wind/Schindkedetermine retention curves of

soil samples (Paragraph 5.2.3.2).

Water balance in the drainage reservoir

The percolation rategf) is the input for the third module relating to teainage
layer Storage 2 which is represented by a storage tank with gdooal

characteristics dependent on the particular tedgyoused. The relationships used to
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describe the hydraulic behavior of this module thee mass balance equation (Eqg. 15)
and the discharging equation (Eq. 16) written #ev:

aw
EzQe_Quzqz_Ch Eg. 15
whereW is the accumulated volumeJLt is the time [T],Qe is the inflow [°T™] - in

this case the Percolation rate - @qds the outflow [T™.

qG3=Q,=u-L-h-\/2gh Eq. 16

where Qu is the flow rate eluted from the vegetated roefjs the discharging
coefficient,L is the width of the storage ahd is the water level in the Drainage Layer
(Storage 2 over the weir.

Now that the SIGMA DRAIN model has been concepgali in order to estimate its
reliability, it was first calibrated and then valieéd with the software HYDRUS-1D. An
initial specification of the HYDRUS-1D model, ofdétboundary conditions, and of the

soil hydraulic parameters determination will begarged in the next two paragraphs.
5.2.3.1 HYDRUS-1D model for vegetated roofs

The HYDRUS-1D computer code is a physically basediehfor the simulation of
one-dimensional vertical flow of water in variatsgturated porous media (Sinek et
al. 2009). The physical background offers the opputy to better understand the green
roof functioning. The software program numericaljlves the Richards equation for
saturated-unsaturated water flow and it is onéhefltest documented and most widely
used codes (Carbone et al., 2015 b). HYDRUS-1Dbeaadopted and used in a variety
of locations, since geographical and meteorologieabhmeters can be modified easily.
On top of these advantages the software is freedylable and scientifically verified.
The version of HYDRUS referred to in this study H DRUS-1D, version 4.08
(Simanek et al. 2009).

The governing flow equation of the infiltration pess is the one-dimensional form

of the Richards’ equation:

9 232+ )
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whered is the volumetric water content [¢;is the suction or pressure head [K];is
the unsaturated hydraulic conductivity [T zis the vertical spatial coordinate [lt]is
the time [T]. Richards has extended Darcy’s lawnsaturated flow (Eq. 1), with the
provision that the unsaturated hydraulic condustii is a function of the water
pressure heag. (Hillel, 1982). The differential form of the Riald’s equation (Eq.17)
shows that the hydraulic conductiviti)( the moisture contentd and the water
pressure heady), are mutually dependent. In particular, the unsé&tdraoil hydraulic
properties § and K) are in general highly nonlinear functions of thection head
(Simanek et al. 2009).

When one wants to numerically solve the Richardaaggn, which has three
unknown variablesK, 6 and ¢), two more equations are required. The relatignshi
between the moisture content and the water presmadd(y) is called thesoil water
retention function The relationship between the hydraulic conduistiand the water
pressure heal(¢) is called thehydraulic conductivity functiarSeveral scientists have
attempted to develop analytical solutions for te&tronship between the hydraulic
conductivity, moisture content and water pressure. describe the unsaturated
hydraulic conductivity function of a substrate @rrhs of volumetric water content, the
Van Genuchten (1980) soil-hydraulic functions, witte statistical pore distribution
model of Mualem (1976), are implemented.

The Van Genuchten relationships can be written as:

6, — 6,

O + ————
() = 4_[1+|oap|”]
0 Y =0

$<0 Eq. 18

whered(y)is the measured volumetric water conteritL[f] at the suction head. The
parameterg)r and fs - as already previously seen - are residual ahdregad water
contents [BL], respectively:a, n and m are empirical parameters (Van Genuchten,
1980). More in detail:

« o (>0) is a parameter related to the inverse ofthentry pressure [t];

* n(>1)is a measure of the pore-size distributin [-

* misequalto:m = (1 - %)
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therefore the volumetric soil-water content, asirgef by Eq. 18, only contains four
independent parameter@r (0s, a, n), which have to be estimated from observed soil-

water retention data.

Combination of Eq. 18 with Mualem’s (1976) poreesinodel yields the following
closed-form expression for unsaturated hydrauliedoativity (van Genuchten, 1980),
as a function of saturated hydraulic conductiity [LT™] and effective degree of
saturations; [-]:

k= kostfi-(1-sm)"] £q. 19

| [-] is an empirical parameter that represents dffects of tortuosity and pore
connectivity, and is usually assumed to be =0.54lgm, 1976), although this is not

general agreement.

The soil hydraulic properties are expressed byra¢yarameters for the soil water
retention and hydraulic conductivity function. Thensiderations above therefore
require five parameter9n, 0s, a, n, andKy) to describe the water retention; whose
values mainly depend on the soil type.

Since simulation accuracy of the green roof ralrfatoff on experiment-scale
depends, to a large extent, on the accuracy ofmpEea determination, in the next
section will be determinate the soil hydraulic paeters for the green-roof experiment

soil at University of Calabria.
5.2.3.2 Model Calibration

Before the model can be used to reliably simulatey roof runoff at acceptable
accuracy, it is necessary to go through a stageoalel parameter calibration.

In view of its reliability, HYDRUS-1D has been usicdhe literature as a benchmark
for the validation of different alternative modéelia et al., 1990; Zlotnik et al., 2007),
and therefore, it was used in this study as welc@mparing the outflow rates from the
SIGMA DRAIN model. The outflow is one of the mosmportant hydraulic
characteristics in the analysis of a green roobsed to rainfall; it provides information
on the retention and peak attenuation capacith@fgreen roof, and for these reasons,
accurate modelling of the green roof outflow istatarly needed (Carbone et al.,
2015 c).
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In order to perform the comparison between the maxlels, boundary conditions
used to implement the HYDRUS-1D code and the inpatameters required by
software, must be defined. There is little potdrita lateral water flow in the green
roof system due to the relatively thin substraje@tathe small roof gradient (1%), and
the fact that effluent is drained via a non-sudistdrainage layer (Bond & Thompson,
2013); therefore, only one-dimensional (1D) flowtle vertical direction was assumed.
Boundary conditions of interest for 1D vertical viloare only the top and bottom
boundaries. In this study, two Neumann boundanditmms have been applied. These
conditions specify the value of the flux in the edition normal to the boundary
considered.

For the upper boundary, the infiltration process haen simulated by imposing a
Neumann condition, specifying the value of the flicecisely, when dealing with
infiltration fluxes at the soil surface, the mosidely used boundary condition is the
soil-atmosphere interface conditiont's possible to switch from unsaturated soll

condition < 0) to saturated soil(= 0), and are given by:

oy _
{|—K(¢’)E —K@)|=P Pr=0<0 Eq. 20

Yy=0=0

with P the precipitation.

If the applied flux is larger than the saturatedidaylic conductivity, then positive
pressures appear at the surface, which corresgonitie formation of ponding on the
soil surface. At this point the boundary conditimwitches to the Dirichlet boundary
condition. However, as stated previously, greeffi sobstrates are designed to avoid the
formation of ponding on the surface, which is whg Neumann boundary condition
has been implemented (Carbone et al., 2015 c).

For the lower boundary, fiee-drainage conditiorhas been used. This condition,
also a Neumann type, represents vertical flow aewthrough the bottom of the soil

towards a distant groundwater table.

As mention in the previous paragraph (5.2.3.1),tthasport of water through the
green roof substrate is governed by the Richamig&on, which relates change in soll
moisture content with time to pressure head andawid conductivity. HYDRUS
allows their users to choose between six typeydfdulic models for the soil hydraulic
properties (PC-PROGRESS 2008). These hydraulic lmamn be split up into two
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main groups (Durner et al. 1999): i) Unimodal, $#rgorosity models and ii) Bimodal,
dual-porosity models.

In this study a dual-porosity model was consider&lal-porosity model
conceptualizes the soil as a two interacting regiamne referred to the macro-pore
network and the other associated with the micrepanside soil aggregates (Sinek
et al., 2003). Dual-porosity models assume thaewtidw is restricted to the macro-
pores, and that water in the matrix (intra-aggregatres or micro-pores) does not move
at all. Thus, micro-pores represent immobile paskieat can exchange, retain and store

water, but do not permit convective flow (Sinek et al., 2003).

The soil hydraulic parametergr( s, a, n, andKg) required in the dual porosity
model mainly depend on the soil type. In this sfutlg green roof substrate properties
were analyzed during a laboratory experiment tduata its hydraulic characteristic
using the UMS HYPROPsystem. HYPROP (HYdraulic PROPerty analysgiis a
fully automated measuring and evaluation devicdeiermine the hydraulic properties
of soil samples (UMS, 2015). Indeed, using HYPROR possible to measure
simultaneously the water retention curve and thsaturated hydraulic conductivity
function in the range between water saturation@osk to the permanent wilting point.
Empirical van Genuchten shape parametersafid n) of the hydraulic conductivity
function come directly from the retention curve. PRROP is working based on the
evaporation method according to Wind (1968) in Bdlar's model (1980).

As stated before the HYDRUS-1D software has begilieap in order to assess its
performance in predicting hydrological behaviotltd green roof experimental site and,
by using Schindler's model, were estimated the tirgmil parameters required by
HYDRUS-1D. In the table below (Table 5.1), in aduht to the soil hydraulic

parameters, are also listed the physical charattayiof the experimental site green

roof, useful to calculate thee parameter of the Eq. 14.

Table 5.1. Hydraulic Parameters of the green roofsubstrate

Parameter Unit Value Definition
Soil Hydraulic Parameters
O, [-] 0.096 Soil Residual Water Content
Os [-] 0.574 Saturated Soil Water Content
[L/ecm] 0.8 Parameter related to the inverse obihentry pressure
n [-] 1.499 Parameter related to the pore-size tistion
Ks [cm/min] 4.916 Saturated hydraulic conductivity
0 [-] 0.2 Initial Moisture Condition
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Green roof Physical Parameters
S [cm] 8 Substrate depth
A [m?] 50 Reference Green Roof Area

The initial moisture condition for the green rooédm was assumed to be constant
over the whole solil profile, and specifically, iag/set equal to 0.2, as the field capacity
value 0. The residual water conter#t) is defined as the water content at some large
negative value of the pressure head, e.g. at thegmeent wilting point (-15 Bar). Using
these values for field capacity and wilting poiHY DRUS-1D has been used to predict

runoff for the soil.

Finally, numerical simulation with the HYDRUS-1Dfseare have been conducted,
using measured rainfall data as precipitation infuutalibrate the model. The model is
calibrated with 3 rainfall events characterized d#ferent rainfall depths, observed
from the monitoring campaign carried out in the ¢#hiexperimental site, whose the

main characteristics are summarized in the Talde 5.

Table 5.2 Hydrologic characteristics of rainfall eents selected for the Calibration

4 Rainfall Event Starting Time Rainfall Depth  Peak Intensity Duration

[dd/mm/yyyy] [hh:mm] [mm] [mm/h] [hours]
13 11/11/2013 h 00:27 58.6 96 8.7
29  26/12/2013 h 20:27 17.5 12 5.05
44  11/02/2014 h 22:58 25.2 24 12.8

The calibration strategy involved comparing theuless in terms of outflow, modeled
with HYDRUS-1D and SIGMA DRAIN conceptual model. &hgoodness of fit
between HYDRUS-1D and SIGMA DRAIN modeled data, veketermined by the
Pearson coefficient, R

In the figure below (Fig. 5.8) are shown the caitton results, obtained for the Event
13 (dated 11 November 2013), by varying the parametandb of the exponential
function (Eq.10). It can be noticed the same teodefor all the three evaluated
variations, that well interpolates the HYDRUS-12nd. Were selected the values
corresponding to the curve which better approxiséte one obtained with HYDRUS-

1D model (continuous line), corresponding to a BaaCoefficient value of 0.91.
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Fig. 5.8 Comparison between HYDRUS-1D and SIGMA DRM model for event 13 (11 November
2013)

5.2.3.3 Model performance evaluation

In order to verify the accuracy of a model it iscegsary to perform a statistical
evaluation to ensure the results validity. The SKSNRAIN Model hydrological
performances were evaluated comparing runoff ratevéen SIGMA DRAIN model
and HYDRUS-1D.

For a quantitative assessment of the model perimceaseveral statistical indices
were found and their description and discussionsheir suitability, has been widely
discussed in the literature (Moriasi et al., 200@);this research three statistical indices

were selected.

The Nash-Sutcliffe efficiency coefficient (NS) isnarmalized statistic that indicates
how well the plot of observed versus simulated disathe 1:1 line (Moriasi et al.,
2007), and is one of the most widely used indi@gscharacterizing the overall fit of
hydrographs (Servat et al., 1990; Nash & Sutgliff870). The NS is computed as

follows:

n (,hyd_,sD\?
(4”7 -a") ] Eq. 21

NS=1- |22
[ N CATRC TN
Where, Q™ is the ith value of HYDRUS modet);° is the ith value of SIGMA
DRAIN model, andQmea”? is the mean value of HYDRUS model, fototal number
of observations. NS coefficient values range betweeand 1.0, with NS=1 being the

perfect agreement. In this research values betw@&nhand 1.0 are considered
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satisfactory, corresponds to a good match of tHteM# DRAIN model results to
HYDRUS-1D results.

Percent bias (PBias) measures the average tendémloy model to overestimate or
underestimate the counterpart (Gupta et al., 19Bjas was selected for its ability to

clearly indicate poor model performance, and isuated as follow:

n (Q'hyd QLSD)
Z? 1( hyd)

PBias (%) = -100 Eq. 22

The optimal value of PBias is 0.0, with low-magdiuvalues indicating good
performance of the model, negative values indicatelel overestimation bias, while
positive values means model underestimation biagpi@et al.,, 1999). In this study
PBias values ranging between 0% and 40% are coesid@od.

While Root Mean Square Error (RMSE) is one of thestwidely used error statistic
index, in this research an RMSE-observation stahdiaviation ratio (RSR) was
selected (Moriasi et al., 2007) to evaluate moaelgpmance. RSR standardizes RMSE
using the observations standard deviation, andntlines both an error index and the
additional information recommended by Legates antChdbe (1999). The RSB
calculated as the ratio of the RMS&iad the standard deviation of reference data, as
shown in Eq. 23 (Servat et al., 1990):

hyd SD
RMSE [\/ I —0;

RSR = STDEVhyq NZ hyd_thd )ZJ

Eq. 23

mean

The RSR varies from the optimal value of 0.0, whokans zero RMSE or residual
variation and therefore perfect model simulatianatlarge positive values; the lower
the RMSE, and the better the model simulation perémce. In this research values

lower than 0.5 are considered satisfactory.

These three statistical index are able to desdhlbemodel general performance,
although the objectives of single rainfall event multi-event simulation are the
accurate determination of peak flow rate and rumetfuction, which are extremely

important for flood estimation and forecasting.
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5.2.4 Multi Linear Regression Analysis

In this study the Multiple Linear Regression Anaywas used in order to:

» statistically define the most influencing hydrologji factors on the hydraulic
efficiency of the experimental green roof locatetlaiversity of Calabria;

* get regression equations that an engineer couldouse preliminary study on
the performance of the green roof, without the enpéntation of the
conceptual model.

The Multiple Linear Regression Analysis is used$sess the association between
two or more independent variables and a singleimootis dependent variable. The

multiple linear regression equation is as follows:
Yzﬁo +ﬁ1X1+ﬁ2X2+"'+ﬁpo+8 Eq 24

whereY is the predicted or expected value of the dependsmable,X; throughX, are
p distinct independent or predictor variablgs,is the value of Y when all of the
independent variableX{ throughXp) are equal to zer@; throughpp are the estimated
regression coefficients, andis the residual term which translates the ingbihit the

model to accurately reproduce the observed reality.

In multiple linear regression problems, certairtdesf hypotheses about the model
parameters are useful in measuring model adequacthis section three types of

hypothesis tests may be carried out:

1. Test for significance of regressiothis test checks the significance of the

whole regression model. More in detail, this i®st to determine whether a
linear relationship exists between the responseary and a subset of the
predictor variableXi, Xo,..Xp..

2. t-Test this test checks the significance of individuggnession coefficients in
the presence of all other explanatory variables.

3. E-Test this test can be used to simultaneously checksifpeificance of a

number of regression coefficients.

In this study each test was used, but in this @ectvanting to quantify the influence of

hydrological parameters on runoff, it focuses pattr attention on thé Test The
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hypothesis statements to test the significance péréicular regression coefficiep

are:
Ho:ﬁj == 0
Hyi:Bj#0  with j=1,.,p

the statistic test for this test is based onttthistribution:

t= se(B))

Eq. 25

where the standard errosr.,e.,[?], is obtained. The analyst would fail to reject thdl

hypothesis if the test statistic lies in the acaapé region:

_t%,n—z <t< +t%,n—2 Eq. 26

In this study the independent variables are therdigdical parameters, such as
precipitation depth, rainfall duration and rainfatensity, while the dependent variable
is the runoff depth.

In order to evaluate the significance of each regjom coefficient a-test was used.
A p-value of 0.05 was considered in this study.défine how close the data are to the
fitted regression line, the?Reoefficient is used. This is the first coefficightt give a
general information about the regression equafiris always between 0 and 100%:
100% indicates that the model explains all thealality of the response data around its
mean. In general, higher is thé Rnd better the model fits the data.

This analysis is carried out by firstly definingetlsubsurface runoff coefficient at
event scale, by using 1l-minute rainfall data asuingata in the SIGMA DRAIN
conceptual model. The subsurface runoff coefficisntomputed as the ratio between
the total runoff depth and the total rainfall depitiring the event. The data set from
Unical, Italy is used to obtain the multi-regressielationships, which were, then,

validated with the data set from Lyon, France.
5.3 Results and Discussions

This paragraph is divided in three main sub sestidhe first one is relate to the
Model validation both at event and multi-eventslescan a second part the analysis of
hydraulic efficiency of green roof performance &reed out and finally, the results of

multi linear regression analysis are shown.
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5.3.1 Modd Validation Results

After the model calibration, the validation strategnvolved comparing the
HYDRUS-1D and SIGMA DRAIN runoff hydrographs. Theodel validation differs
from the model calibration in the sense that theamaters will not be adjusted
anymore.

More in detail, this procedure was carried out pib event scale and then, by

combining consecutive events, at multi-event s@deshown below.
5.3.1.1. Event Scale Modelling

Ten measured rainfall events, characterized byewdfft rainfall depths, were
selected for the validation of the proposed SIGMRAIN model. The rainfall data
were collected from the monitoring campaign carrged at the Unical experimental

site, whose the main characteristics are summaiiztek Table below (Table 5.3).

Table 5.3 Hydrologic characteristics of the rainfal events selected for Validation
Rainfall Event Starting Time Rainfall Depth  Peak Intensity Duration

#

[dd/mm/yyyy] [hh:mm] [mm] [mm/h] [hours]
5 16/09/2013 h 03:18 42.2 144 5.3
16  15/11/2013 h 14:13 16.9 12 9.7
17  22/11/2013 h 23:31 36.2 60 10.0
20 24/11/2013 h 07:35 18.4 24 7.2
24  30/11/2013 h 10:59 48.0 24 27.2
35 20/01/2014 h 17:39 48.3 48 36.8
38 31/01/2014 h 23:34 31.0 24 21.2
41  03/02/2014 h 01:17 23.6 6 17.0
56  24/03/2014 h 00:07 23.2 36 10.8
61 27/03/2014 h 23:44 16.6 24 12.2

The hyetograph and the corresponding hydrographesued with HYDRUS-1D
(grey area) and simulated with SIGMA DRAIN (solithd) models, for few rainfall

event examined in this section of the study, dustilated in the Figures below.
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Fig. 5.9 Hyetographs and corresponding SIGMA DRAINand HYDRUS-1D hydrographs for
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Fig. 5.10 Hyetographs and corresponding SIGMA DRAINand HYDRUS-1D hydrographs for
rainfall event n 17 (22 November 2013)
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Fig. 5.11 Hyetographs and corresponding SIGMA DRAINand HYDRUS-1D hydrographs for
rainfall event n 24 (30 November 2013)
0.60 - 0
HYDRUS-1D_Model
Sigma Drain_Model [
0.50 4 esssseee Conventional roof | 10
Rainfall Intensity
0.40 - - 20
Q =
= 0.30 - - 30 €
1] £
0.20 - - 40
0.10 2 - 50
0.00 - . - - - - . : 60
0 200 400 600 800 1000 1200 1400 1600

Elapsed Time [min]

Fig. 5.12 Hyetographs and corresponding simulated ylrographs with SIGMA DRAIN and

HYDRUS-1D results, for rainfall event n 5
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In Table 5.4, the NS, Pbias and RSR performanceatats are reported with

respect of the Sigma Drain conceptual model.

Table 5.4 Performance indicators of comparison beteen the SIGMA DRAIN model and

HYDRUS-1D.
Rainfall Event  Rainfall Depth  Peak Intensit Runof Pbias
o mmivms] (o] P (b Y PpeakFlow NS og  RSR
[I/9]

5 16/09/2013 42.2 144 0.6 0.5 11.9 0.7
16 15/11/2013 16.9 12 0.01 -0.3 66.9 1.2
17  22/11/2013 36.2 60 0.1 0.9 21.3 0.3
20 24/11/2013 18.4 24 0.02 0.2 59.5 0.9
24  30/11/2013 48.0 24 0.1 0.9 12.8 0.2
35 20/01/2014 48.3 48 0.04 0.8 12.1 0.4
38 31/01/2014 31.0 24 0.06 0.8 22.4 0.4
41 03/02/2014 23.6 6 0.02 0.2 23.7 0.9
56  24/03/2014 23.2 36 0.05 0.7 37.9 0.6
61 27/03/2014 16.6 24 0.01 -0.6 60.7 1.3

Results obtained from the validation events, iflagtd in Table 5.4 and Figures
(from 5.9 to 5.12), reveal the suitability of thdGMA DRAIN model to well
approximates the model HYDRUS-1D and thereforeemly describe the hydrologic

behavior of the green roof, for precipitation ab@@emm, while for events with rainfall

depth lower than 20 mm, the performance of the rnaidenot satisfactory. As proof of

this consideration:

» the Nash-Sutcliffe coefficient, for these evendsaliways major than 0.5;
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* Pbias indicates that the SIGMA DRAN model performesy well with a
constant overestimation ranging between 11.9 %33r@ %;

* RSRis under 0.5 value for 5 of the 7 rainfall @geabove 20 mm.

Such behavior can be attributed to the fact thathem SIGMA DRAIN model,
differently from HYDRUS-1D, the initial water comteof the substrate is not taken into
account. To verify this, as shown in the next peaply, simulations by combining more
consecutive events were conducted, proving thatatiiecedent hydrologic-hydraulic

conditions prior the event are relevant in assgsia response of the model.

Another goal of the study was also to determineuifoff from the modeled green
roof was significantly less than that from a corti@mal, impervious roof type. In
particular, this procedure is based on three vesalrunoff attenuation, peak flow
reduction and delay in starting time of runoff. Pefischarge reduction and runoff
attenuation is often far more important for stormewvananagement because the total
rainfall volume and rainfall duration is often nibte problem, it is the rate that the
incoming water needs to be treated (Van Woertl. €2@05).

The peak flow reduction or hydrograph attenuat®m@ ivery important objective in
stormwater management, because this could enabieeaeduction of the hydraulic
structures within the stormwater drainage systentoold provide capacity for future
urban development (Carter & Rasmussen, 2006). i study is expressed as the
percentage difference between the reference roak flew and the green roof peak
flow (modelled with SIGMA DRAIN).

The runoff attenuation is calculated as the absohgrcentage difference between
the runoff volume from the conventional roof and thischarged volume from the green
roof.

Moreover, the delay in starting outflow was alstedmined as the difference in time
between the starting time of green roof runoff drereference impervious roof.

In order to calculate these parameters, a modethef impervious roof was
implemented so that the reference rooftop behasionade available for comparison
purposes. The reference impervious rooftop is satedl by employing the EPA Storm
Water Management Model (Rossman, 2010). For thesiimigus roof, all rainfall was

assumed to become runoff (1 mm rainfall = 1 mnuobif).
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By observing the figures of validation above, italkso possible to evaluate the
performance of the extensive green roof installedracal and modeled with SIGMA
DRAIN (solid line), compared to traditional roofditied line).

The quantitative assessment of model performanceumsmarizes in Table 5.5,
where are reported the percentage peak flow remyctihe runoff volume attenuation

and the delay in starting runoff time on an evergis

Table 5.5 Green Roof Hydrologic performance compaito the Conventional Roof.

. . Green Roof Peak Flow Runoff Delay n
Rainfall Event  Rainfall Depth gy noff Flow Reduction Attenuation Starting
[dd/mm/yyyy] [mm] Runoff Time
LS (%] [%] [hours]
5 16/09/2013 42.2 23.0 66.2 35.1 3.5
16 15/11/2013 16.9 2.9 93.8 83.7 11.7
17  22/11/2013 36.2 18.8 83.9 38.7 5.2
20 24/11/2013 18.4 3.9 93.3 74.6 6.7
24  30/11/2013 48.0 27.8 47.2 29.2 13.3
35 20/01/2014 48.3 29.2 91.9 21.5 9.2
38 31/01/2014 31.0 15.7 73.3 42.0 10.8
41  03/02/2014 23.6 8.9 70.0 56.5 11.9
56  24/03/2014 23.2 8.2 83.2 58.8 8.2
61 27/03/2014 16.6 2.8 96.0 80.7 11.5

Results reveal that the green roof installed atblnexhibits:

* A peak flow reduction ranging between 47% and 968 an average value
of 80%, compared to a conventional roof.

* A runoff volume attenuation ranges between 21%&8%, with an average
value of 49%, compared to a conventional roof.

* As expected, the effluent hydrograph from Greerf edibits a lag with
regard to the hydrograph from the traditional rémf each rainfall event,

with a range between 3.5 and 13.3 hours, with enmabues of 9 hours.

5.3.1.2. Multi-event Modelling
On the basis of the above considerations, wherdiey antecedent hydrologic-
hydraulic conditions prior the event are relevanassessing the response of the model,

nine multi-event simulations were carried out.
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The multiple events were defined by combining twenmre consecutive events, and
include individual events varying in the rainfakmh, with the aim to evaluate the
green roof response also for low precipitationsti{wainfall depth < 20 mm), which
individually have not produced runoff. The mairaddcteristics of each Multi rainfall
event are summarized in the annexed Table A-5.3.

For example, looking at the figures below (Fig.4bahd 5.15), referring respectively
to the multi events n.3 and n.7, it may be obsewbdt has been said until now. Both
events considered, include mainly events with edirdepth less than the threshold of
20 mm, as described in detail in the Table A-5.4exed, in which are shown the
hydrological characteristics and the results imgeof runoff depth of each individual

rainfall event.
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Fig. 5.14 Hyetographs and corresponding simulated ydrographs with SIGMA DRAIN and
HYDRUS-1D results, for the Multi-Event n.3, and canparison with Conventional roof
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Fig. 5.15 Hyetographs and corresponding simulated yrographs with SIGMA DRAIN and
HYDRUS-1D results, for the Multi-Event n. 7, and omparison with Conventional roof

From a cross-reference of tables and figures, gvislent how small events that
individually did not produce runoff, when groupedthwothers, produce a runoffhis
assumption is proved also by the NS values repantdte Annexed Table A-5.3, which

reached an average value of 0.8.

Also at multi-event scale, it was evaluated thefggerance of the modeled green
roof (solid line) compared to traditional roof (tkxd line). The Results in terms of
runoff volume attenuation and the delay in startimgoff time are summarizes in Table

A-5.3. Results reveal that the green roof instadiednical, exhibits:

* A runoff volume attenuation ranges between 14% 4%, with an average
value of 24%, compared to a conventional roof.
* A delay in starting runoff time with a range betwetand 40 hours, with a

mean values of 14 hours.

From these data it clearly emerges that a greehsystem is able to significantly
reduce storm water runoff generation in Meditereaneegions in terms of runoff
volume reduction, peak attenuation and increassasting runoff time. If these results
are transferred to the spatial scale of the urbatenshed, green roof installations can
become helpful tool to prevent flooding phenomenée urban areas and to limit the
impact of storm water on waste water treatmenttpl¢Garter & Rasmussen, 2006;
Palla et al., 2008).
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5.3.2 Analysis of hydraulic efficiency of green roof based on event scale data

After the validation process, in order to analyhe influence of the hydrologic
parameters on the green roof efficiency, the rufrofh the green roof was evaluated.

By analyzing the 70 rainfall events recorded on éxgerimental site at Unical
(Italy), and the 50 rainfall events at the Congréssiter in Lyon (France), through the
SIGMA DRAIN conceptual model, it was possible totab the runoff volumes
delivered from the green roof for each rainfall @ve

Consequently, based on these values, the relathsusgface runoff coefficient (SRC)
and the retention capacity (VR) of the green rawmiplemented at Unical, were
evaluated. While the subsurface runoff coefficieals expressed as the ratio between
the runoff volume from vegetated roof and the @infolume, the retention capacity
(VR) of the green roof, was evaluated as the irvefsthe SRC, using the following
equation:

Runof f depth [mm]
Rainfall depth [mm]

VR (%) = (1- ) - 100 Eq. 27

Literature values of the retention ratio can oftent be directly compared; several
studies use different time intervals for assessimgretention performance of green
roofs.

In particular, the results obtained in terms ofaffinsubsurface runoff coefficients
(SRC) and retention capacity (VR), for each rairgaknts, are shown in the Tables A-
5.4 and A-5.5 (in the Annex).

A similar behavior for both scenarios (Unical angbh), is evident by comparing the
results provided by SIGMA DRAIN in terms of runofit has been estimated a
threshold rainfall depth of 13 mm, below which titeen roof retains almost the totality

of the event.

Carrying out a more detailed analysis of the valugsrted in the annexed tables
(Tab. A-5.4 and A-5.5), for event higher than 13 niims possible to notice a strong
proportionality between rainfall and runoff depths:small events with redoubt rainfall
depth correspond law runoff depth values. The Rudepth as a function of the

Precipitation depth for the two sites is reportethie Figure below (Fig. 5.16).
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Figure 5.16: Relationship between rainfall and runéf depth

Analogous observations to those already done amadfdrom the analysis of

subsurface runoff coefficient and retention caya&# a function of the rainfall depth.

Figure 5.17 shows how the distribution of the sutame runoff coefficient, as a
function of rainfall depth, is similar for both rdall data sets. Indeed, the surfurface
runoff coefficient values rise as the rainfall ieases, until an asymptotic value of

around 75% is reached.

100

90

x
= 80
S O o O
S 70 O @)
3 as
o 60 'e) (@)
Q
S
S 50 5'
E 8
=
€ 40
P O
®
..g 30 a
3 20 &) O Unical Dataset
3
e 10 HD [ Lyon Dataset
O
0@
13.00 23.00 33.00 43.00 53.00 63.00

Rainfall Depth [mm]

Figure 5.17: Relationship between subsurface runofind precipitation depth

As expected, the two parameters are strongly @iee@land exhibits an opposite
trend of the results in Figure 5.3, in which thien¢ion percent is strongly related to the
precipitation depth. In fact, as previously saietention percent is the inverse of the
subsurface runoff coefficient and it representsahwunt of water that the green roof
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retains after a rainfall event. Specifically, Figus.18 shows that the retention percent

exponentially drops as the rainfall depth increases
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Figure 5.18: Relationship between retention and p@pitation depth

Looking both the figures, it can be observe that:

O Unical Dataset
[ Lyon Dataset

53.00 63.00

» For precipitation higher than 13 mm, the green atem presents a mean
value of SRC equal to 46% and 38% for Unical andriydataset,

respectively;

* For events with a rainfall depth higher than 30 nthe, Subsurface runoff

coefficient is higher than 60 % for both datasets;

* The retention capacity of the green roof considemates between 25 % and

100 % for all the events, with a mean values of 63%

All these three plots (Figure 5.15, 5.16 and 54w that the results from the two

sites area follow the same trend, suggesting thatgreen roof package, developed at

University of Calabria, under Mediterranean climatenditions, has a good hydraulic

performance also in a different climate, as the pemte one, in which the Lyon data

were recorded.

5.3.3 Regression Analysisresults

The focus of this part of the study concerns thalymms about the effect of

hydrologic parameters on the hydraulic efficiendytlee experimental green roof,

located in Mediterranean area. A multiple lineagression analysis, using the rainfall

data collected from the experimental site at Ursirgrof Calabria, was evaluated.
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The results of the multiple linear regression asialyare summarized in Table 5.6,
where the t-statistics (significant at p = 0.05¢ gresented in the same order as the

parameters in the equation.

Table 5.6 Multiple Linear Regression Analysis for ainfall data collected at University of Calabria.

REGRESSION EQUATION R? T-STATISTIC
RD=-4.10+ 0.71PD (Eq. 28)

0.9 24.7
LNVRy= - 4.92 - 0.18 LNPD - 0.02D (Eq. 29)

0.7 -4.7,-4-.0
VR=1.13 - 0.03D - 0.031 (Eq. 30)

0.7 10.9,-4.2

The first relationship (Eq. 28) correlates the rffidepth (RD) from with the rainfall
depth (PD) and presents 4 &jual to 0.9; this finding is in agreement witle tlesults
previously seen in Fig. 5.15, which shows a straogelation between these two
parameters.

The second equation (Eg. 29) was defined by consglaow the Retention capacity
(%) could be express as a function of rainfall He(®D) and rainfall duration (d).
Although this relationship exhibits aRqual to 0.7, théstatistic of both parameters
were characterized by a low significance level.

In the regression equation (Eq. 30), the retentiapacity (VR) was obtained by

using the rainfall duratiordf and intensityi§, with an R equal to 0.7.

In agreement with Stovin et al. (2012), and witk firevious consideration in the
paragraph (5.3.1.1), the antecedent dry weathéncpéADWP) was not found to be a
good predictor of retention.

Validation

The multi-regression relationships, reported inl&dh6, are validated by using the
rainfall data recorded at Congress Center in Lylable A-5.2).

In the validation process, the SIGMA DRAIN modelsvased as a reference to
verify the soundness of the data obtained fronstagstical relationship.

The results of the statistical relationships amagared with those obtained from the
SIGMA DRAIN model - loaded with the 1-minute raitifdata as well - are shown in
the Figures below (Fig. 5.19, Fig. 5.20 and Fig15.
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Figure 5.19: Runoff Depth predicted by the Eq. 28 ad modelled with SIGMA DRAIN model, with
Lyon dataset.

The runoff obtained from the regression relatiopsi{Eq. 28), for the entire data set
is similar to the runoff provided through SIGMA DR¥\model, corresponding to a NS
value equal to 0.9. In particular is possible ttiaehow the runoff depth obtained by
the Eq. 28, generally overestimates the SIGMA DRA#Les, except for events with a
rainfall depth higher than 40 mm (as events 2,846 of Lyon dataset, Table A-5.2).
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Figure 5.20: Runoff Depth predicted by the Eq. 29 mad modelled with SIGMA DRAIN model, with

Lyon dataset.

NS =0.6

~=<--- Retention with Sigma Drain

-~ 4 -- Retention with Eq. 30

1.00 -

uonuajudy

0.20

21 26 31 36 41 46
Events

16

11

141

Figure 5.21: Runoff Depth predicted by the Eq. 30 =d modelled with SIGMA DRAIN model, with
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The retention capacity, in above Figures (Fig. a8 5.20) obtained by Eq. 29 and
Eq. 30 respectively, for the entire data set analar to the values obtained through
SIGMA DRAIN model, both present a NS value of 0.6.

In conclusion, it can be said that the three retetihips were validated and, therefore,
it is possible to use them, by considering rainfi@ta recorded at 1- minute time steps
and characterized by a precipitation depth of astl€ mm and an intra-event of 2
hours, both in Mediterranean and in Temperate ¢koanditions. These equations can
be used to preliminarily predict the runoff deptidahe retention capacity, for a given

rainfall events, when more advanced model are vaitable.
5.4 Conclusions and Perspectives

The hydrological behavior of an experimental gremsf in Mediterranean area was
examined on an event scale and, by combining catiseevents, at multi-event scale.

Results obtained from the validation at event scedgeal the suitability of the
SIGMA DRAIN model to well approximates the model BIRUS-1D - used as a
benchmark - and therefore correctly describe tliediogic behavior of the green roof,
for precipitation above 20 mm, while for eventshwitinfall depth lower than 20 mm,
the performance of the model are not satisfactbigre in details, as proof of this
consideration, the Nash-Sutcliffe coefficient, amie¢he performance indicators used in
the study, is always >0.5 only for events with iafadl depth higher than 20 mm. Such
behavior was attributed to the fact that the ihivater content of the substrate is not
taken into account by the SIGMA DRAIN model, di#atly from HYDRUS-1D. As
good evidence of this, the results of multi-evantudations, with an average value of
NS equal to 0.8, have shown that the antecedenblogic-hydraulic conditions prior
the event are relevant in assessing the respongsieeainodel. From the simulations
results it is clear how small events that indivitualid not produce runoff, when
grouped with others, produce a runoff. At eventesdiaie most sensitive variables in the
model are therefore the initial conditions, whicryfrom event to event and depend in
a complex way on the succession of antecedentiofallaevents and dry weather

periods.

Another goal of the study was to determine if rdiriacdm the modelled green roof
was significantly less than that from a impervioosf type; for this purpose three

variables were evaluated: runoff attenuation, pié@ak reduction and delay in starting
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time of runoff compared to a conventional roof. Tperformance of the green roof
installed at University of Calabria, as a devicedtmrmwater control appear very good,
with an average runoff volume attenuation of 499%d 84 % at event scale and multi-
event scale, respectively, and an average peakrétdwuction of 80 %, compared to the

impermeable roof.

After validation procedure, the model was loadethwdatasets collected in two
different sites (Unical, in Italy and Lyon, in Fi), in order to analyze the influence of
the hydrologic parameters on the green roof efficye A similar behavior for both
scenarios (Unical and Lyon) is evident by compatimg results provided by SIGMA
DRAIN in terms of runoff: the two sites area folldlie same trend, suggesting that this
green roof package, developed at University of ¥éda under Mediterranean climate
conditions, has a good hydraulic performance alsoaidifferent climate, as the
Temperate one, in which the Lyon data were recorded

Furthermore, to statistically determine the sigumifice of the hydrological
parameters on the event runoff coefficient, thetiplel linear regression analysis was
applied. Indeed, the investigation revealed thatghrameters that most influence the
retention capacity of vegetated roof are the rdlirfepth, the duration and intensity,
according to which, the substrate moisture conditibanges. The relationships founded
and validated with Lyon dataset, can be used tbnprerily predict the runoff depth
and the retention capacity, for a given rainfakms, when more advanced model are

not available.

From these data it clearly emerges that a greehsystem is able to significantly
reduce storm water runoff generation in Meditereaneegions in terms of runoff
volume reduction, peak attenuation and increasestafting runoff time. In the
framework of the assessment of the environmentaéfis, it is necessary to transfer
the single green roof installation to spatial saalehe watershed, to prevent flooding
phenomena in the urban areas and to limit the impastorm water on waste water

treatment plants.
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Chapter 6 — GENERAL CONCLUSIONS
6.1 Conclusions

The progressive increase of impermeable surfacdseanironmental changes in
urban areas have produced drastic changes in theahdydrological cycle. The
hydrological effects of urbanization affect thenfall-runoff regime of many cities in
the world. During rainfall events, the infiltratiomte and evapotranspiration in highly
urbanized watersheds have significantly dropped asd result, an increase of runoff
volumes and peak flow rates has occurred. The teduof green areas and ‘sealing’
surface not only produce negative effects fromdrdlpgical-hydraulic perspective, but
also from an energy point of view contributing todifying the urban microclimate and
generating heat islands in our cities.

While traditional stormwater drainage systems dtenoable to effectively serve the
function of flood control, they increase downstrepeak flows and do not provide a
habitat to support a healthy aquatic ecosysterorder to improve this situation, water
managers introduced the concept of Low Impact Dmprakent. The goal of this concept
IS to maintain or re-establish predevelopmentlsytirology.

Green roofs may represent a sustainable solutionmimimizing the impact of
urbanization on the hydrologic cycle and for susthly managing water resources in
urban environment. Green roofs are designed taioapgemporarily retain and infiltrate
stormwater and to promote evapotranspiration (E50.far, green roofs have been
broadly investigated from a hydraulic perspectitlejs analyzing the runoff volume
reduction and the peak flow mitigation provideddogh measures.

Several studies have shown that green roofs efdgticontrol surface runoff in
urban drainage systems reducing overall stormwatemmes and peak flow rates. From
the studies found in literature, the hydraulicaéincy of a green roof strongly depends
on the hydrological parameters of the rainfall @sersuch as precipitation depth,
antecedent dry weather period, duration and intg$ithe event. Most of the studies
provided an annual or a seasonal subsurface rwoeffficient, varying from 0.32 to
0.89.

Based on the knowledge gap in the understandingartitative hydrological effects
of green roofs the experimental green roof instlabié Unical was chosen as a case

study for this research. The main objectives ofrésearch were to:
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- define, improve and implement a methodology for diesign of green roofs by
using data from two different geographical aread @imate conditions in order
to identify some key factors for the characterimatof the response of green roof
system.

- develop and calibrate a green roof conceptual medach mimics the physical
structure of an innovative green roof system;

- determine the quantitative hydrological performanfdhe experimental green
roof installed at Univeristy of Calabria, in Meditenean area;

- verify that the green roof performance are bett@ntthose of a conventional
roof, impervious type;

- establish the influencing hydrological factors twe tydraulic efficiency of the
Unical green roof;

- determine multi-regression equations, specifictf@r site of interest, which can
be useful for preliminary design considerationtha case a detailed model of a

green roof is not available

The hydrological behavior of an experimental gremsf in Mediterranean area was
examined on an event scale and, by combining catiseevents, at multi-event scale.

Results obtained from the validation at event scedgeal the suitability of the
SIGMA DRAIN model to well approximates the model BIRUS-1D - used as a
benchmark - and therefore correctly describe tlirdiogic behavior of the green roof,
for precipitation above 20 mm. Such behavior wasbated to the fact that the initial
water content of the substrate is not taken intmant by the SIGMA DRAIN model,
differently from HYDRUS-1D. As good evidence of ghithe results of multi-event
simulations, with an average value of NS equal.& Bave shown that the antecedent
hydrologic-hydraulic conditions prior the event aggevant in assessing the response of
the model. From the simulations results it is cleav small events that individually did
not produce runoff, when grouped with others, poeda runoff. At event scale, the
most sensitive variables in the model are theretbeeinitial conditions, which vary
from event to event and depend in a complex waghensuccession of antecedent of

rainfall events and dry weather periods.

Moreover was determine the runoff from the modetjegen roof and was compared
with that from a impervious roof type. To betteralaate the performance of the

experimental green roof three variables were evwatliaunoff attenuation, peak flow
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reduction and delay in starting time of runoff cargd to a conventional roof. The
performance of the green roof installed at Uniwgraif Calabria, as a device for
stormwater control appear very good, with an aweraqoff volume attenuation of
49% and 24 % at event scale and multi-event scadpectively, and an average peak

flow reduction of 80 %, compared to the impermeabtd.

In order to analyze the influence of the hydrologerameters on the green roof
efficiency, the model was loaded with two differafdtasets. A similar behavior for
both scenarios is evident by comparing the resulterms of runoff: the two sites area
follow the same trend, suggesting that this grearf package, developed at University
of Calabria, under Mediterranean climate conditjdras a good hydraulic performance

also in a different climate, as the Temperate onehich the Lyon data were recorded.

Finally, to statistically determine the significanof the hydrological parameters on
the event runoff coefficient, the multiple lineagression analysis was applied. The
investigation revealed that the parameters that imésence the retention capacity of
vegetated roof are the rainfall depth, the duratiod intensity, according to which, the
substrate moisture condition changes. The reldtipesfounded and validated with data
collected in Lyon, located in Temperate climatediban, can be used to preliminarily
predict the runoff depth and the retention capadidy a given rainfall events, when

more advanced model are not available.

From these data it clearly emerges that green sgstfem is able to significantly
reduce storm water runoff generation in Meditereaneegions in terms of runoff
volume reduction, peak attenuation and increastanfing runoff time in comparison to

an impervious surface.

In the framework of the assessment of the envirartahdenefits, it is necessary to
transfer the single green roof installation to spadcale of the watershed, to prevent
flooding phenomena in the urban areas and to timeitimpact of storm water on waste

water treatment plants.

Furthermore, it is important to understand mechasisised by each stormwater
management device to ensure that their applicatiolh support environmental
processes. The results of this study charactenz@mpervious response of a green roof
and show that it can contribute in a positive wayconjunction with other stormwater
management devices and low impact development ipods, to reducing impervious
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area. That is, green roofs can play an importalet iroreturning the hydrologic cycle
and water balance of developed areas toward prel@mwent ratios, providing a

benefit to the environment.

6.2Possible Future Develompents

Despite the achievements presented in this worlerethis still space for
improvements.

In an urban environment, vegetated roofs are swibe systems, which provide a
variety of valuable benefits, such as the reductiérstormwater volumes and the
mitigation of urban heat island, strongly linked tteeir evaporative processes. The
evapotranspiration (ET) is one of the most impdrgarocesses of the hydrological
cycle, but it also represents one of the most aliffi hydrological phenomena to
quantify due to the complex interaction between gheund surface, vegetation and
atmosphere. Since the ET provides a beneficiateffegreen roofs, by enhancing the
water loss, an accurate estimation of evapotraasmir is essential to predict such a
positive aspect.

Based on these considerations, and because onlystigdves had evaluated the
evapotranspiration (ET) phenomena from a vegetatsafs, a possible future
perspective of this research could be an accuratepatation of evapotranspiration
(ET) from vegetated roofs, using on-site meteorckgdata, to properly predict the
benefits of such systems.After a first evaluatiérth@ ET of the experimental green
roof, located at the University of Calabria (Italhe time variation of water content in
the substrate, measured in the experimental greefy will be used to quantify the

water loss due to the ET.

Both case studies evaluated (HYDROPACK and SIGMAAINR have shown that
at event scale, the most sensitive variables imibdel are the initial substrate water
conditions, which vary from event to event and depé& a complex way on the
succession of antecedent of rainfall events andwdrgther periods. Therefore, it will
important to evaluate specifically the water cohfarthe substrate and put it in relation
with the hydrological and meteorological parameténsit affect its variability. This
study will aim to determine a relationship betwekis parameters, specific for the site

of interest, which could be useful for preliminatgsign consideration or to assess the
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irrigation needs of the green roof. In agreemeini wihat mentioned above, this factors
also effects the water loss due to the ET.

Finally, since few literature studies have showat tjreen roofs are more effective
when diffused at watershed scale, or when areliedtan synergy with other solutions
(as, e.g. permeable pavements, filter strips, ,ett¢ research will address the
integration of these different LID solutions, aetvatershed scale, both to reduce the

risk of flooding and also to provide a many othevieEonmental benefits.
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Appendix A-4.1: Hydrologic characteristics of Rainfall events Imhas recorded with 3 min time
interval

Events Rainfall

No. No. Date bnax d

# # [d/mly h:m] [mm/h] [Hours]
6 1 09/05/2011 11:02 19.14 135
7 2 10/05/2011 07:05 19.34 4.7
10 3 27/05/2011 04:11 1.71 33
11 4 30/05/2011 07:47 2.68 18.3
12 5 31/05/2011 18:02 1.50 12.4
13 6 07/06/2011 01:59 10.43 35.0
14 7 12/06/2011 17:59 0.96 8.7
15 8 13/06/2011 13:47 6.28 123
16 9 16/06/2011 09:14 2.09 21.0
17 10 17/06/2011 11:05 3.24 17.7
18 11 18/06/2011 11:05 9.88 11
19 12 18/06/2011 18:47 1.10 13.9
20 13 22/06/2011 19:56 1.38 29.8
22 14 26/06/2011 19:17 4.26 227.0
23 15 06/07/2011 13:08 6.35 49.0
24 16 12/07/2011 03:14 6.00 10.8
25 17 16/07/2011 15:50 9.47 56.8
26 18 25/07/2011 10:44 20.42 33.8
27 19 01/08/2011 14:08 0.78 9.4
29 20 04/08/2011 12:50 2.64 30.2
30 21 06/08/2011 18:41 21.63 61.9
31 22 09/08/2011 09:41 9.27 146.4
33 23 20/08/2011 08:50 15.06 165.9
35 24 30/08/2011 12:14 5.83 235.3
36 25 12/09/2011 10:41 3.87 18.4
38 26 15/09/2011 21:50 1.63 18.2
39 27 17/09/2011 09:32 9.02 28.1
40 28 18/09/2011 15:41 7.44 16.1
41 29 22/09/2011 08:44 0.95 18.7
42 30 25/09/2011 06:38 1.03 24.9
59 31 01/11/2011 08:59 17.56 167.0
64 32 15/11/2011 10:29 1.70 46.0
66 33 19/11/2011 11:11 1.39 216
68 34 21/11/2011 10:05 1.89 22.9
70 35 25/11/2011 09:29 0.49 95.6
71 36 03/01/2012 12:05 47.38 32.6
72 37 04/01/2012 22:08 357 77.8
73 38 08/01/2012 06:26 2.13 392.2
74 39 24/01/2012 15:29 1.42 18.0
75 40 25/01/2012 10:26 3.35 140.4
76 41 31/01/2012 09:05 1.09 16.4
7 42 01/02/2012 03:29 1.29 16.4
78 43 01/02/2012 20:50 1.79 59.8
79 44 04/02/2012 09:56 2.27 133
80 45 05/02/2012 04:26 7.12 37.9
81 46 06/02/2012 21:05 2.85 324
82 47 09/02/2012 10:32 2.74 7.6
83 48 09/02/2012 19:32 1.16 36.9
86 49 12/02/2012 21:44 3.92 130.6
87 50 18/02/2012 11:32 6.36 45.0
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Table A-5.1: Rainfall events characteristics by using 1-minwggadrom University of Calabria, Italy

# Rainfall Event Starting Rainfall Depth Rainfall Rainfall ADWP
(dd/mm/yyyy) Time (mm) Duration  Intensity (mm/h) (hours)
(hh:mm) (hours)
1 09/09/2013 17:25 6.0 0.2 36.2 -
2 12/09/2013 12:25 12.8 3.1 4.2 66.8
3 12/09/2013 17:35 2.0 2.3 0.9 2.1
4 13/09/2013 06:32 3.5 0.5 7.2 10.7
5 16/09/2013 03:18 42.2 53 8.0 68.3
6 16/09/2013 12:02 2.4 0.5 5.4 3.4
7 30/09/2013 12:32 7.8 2.7 2.9 336.1
8 01/10/2013 05:28 3.5 0.6 5.6 14.2
9 16/10/2013 12:01 13.9 3.2 4.4 366.0
10 16/10/2013 19:06 25 1.6 1.6 3.9
11 05/11/2013 07:49 8.8 10.8 0.8 467.1
12 05/11/2013 21:20 2.9 2.6 1.1 2.7
13 11/11/2013 00:27 58.6 8.7 6.7 120.5
14 11/11/2013 13:22 6.2 5.4 1.2 4.2
15 13/11/2013 02:47 5.2 7.9 0.7 32.0
16 15/11/2013 14:13 16.9 9.7 1.7 51.6
17 22/11/2013 23:31 36.2 10.0 3.6 167.6
18 23/11/2013 12:44 4.9 3.3 1.5 3.2
19 23/11/2013 19:01 6.9 2.8 25 3.0
20 24/11/2013 07:35 18.4 7.2 2.6 9.8
21 24/11/2013 17:13 2.0 1.9 1.1 25
22 25/11/2013 22:48 7.5 1.4 5.6 27.7
23 26/11/2013 07:33 4.1 1.3 3.2 7.4
24 30/11/2013 10:59 48.0 27.2 1.8 98.2
25 03/12/2013 04:27 16.3 8.6 1.9 38.3
26 09/12/2013 16:16 2.4 3.7 0.7 147.3
27 15/12/2013 17:43 3.4 2.0 1.7 141.8
28 26/12/2013 13:06 8.2 4.7 1.7 257.4
29 26/12/2013 20:27 17.5 5.1 3.5 2.6
30 31/12/2013 10:51 3.2 2.1 1.6 105.4
31 13/01/2014 10.45 6.6 2.1 3.2 309.8
32 14/01/2014 10:14 6.0 0.5 12.9 21.4
33 15/01/2014 12:33 2.3 2.1 1.1 25.9
34 19/01/2014 06:56 9.2 8.2 11 88.3
35 20/01/2014 17:39 48.2 36.8 1.3 26.5
36 28/01/2014 13:24 2.2 0.2 12.2 150.9
37 28/01/2014 21:27 2.2 2.3 1.0 7.9
38 31/01/2014 23:34 31.0 21.2 15 71.9
39 02/02/2014 02:25 21 0.9 2.2 7.0
40 02/02/2014 19:43 4.0 4.2 1.0 16.4
41 03/02/2014 01:17 23.6 17.0 14 1.4
42 06/02/2014 06:04 4.1 2.4 1.7 59.8
43 08/02/2014 09:32 2.2 2.7 0.8 49.1
44 11/02/2014 22:58 25.2 12.9 2.0 82.7
45 12/02/2014 22:.43 4.2 1.9 2.2 10.9
46 21/02/2014 09:26 2.8 11 2.6 200.8
47 01/03/2014 14:36 2.8 4.0 0.7 196.1
48 02/03/2014 00:19 5.6 53 1.0 57
49 04/03/2014 03:34 11.2 5.3 2.1 46.0
50 04/03/2014 15:11 9.2 5.4 1.7 6.4
51 05/03/2014 18:20 21 0.6 3.3 21.8
52 05/03/2014 21:09 2.4 2.9 0.8 2.2
53 06/03/2014 17:37 13.4 7.8 1.7 17.6
54 08/03/2014 13:43 2.3 1.3 1.7 36.4
55 15/03/2014 04:28 5.0 4.4 11 157.4
56 24/03/2014 00:07 23.2 10.8 2.2 207.3
57 24/03/2014 13:54 11.8 4.3 2.8 3.0
58 24/03/2014 20:28 2.3 0.6 4.0 2.3
59 27/03/2014 02:27 11.6 5.0 2.3 53.4
60 27/03/2014 16: 41 3.0 4.6 0.7 9.2
61 27/03/2014 23:44 16.6 12.2 1.4 25
62 04/04/2014 15:45 2.8 1.6 1.7 171.9
63 05/04/2014 11:42 6.4 2.8 2.3 18.3
64 05/04/2014 21:37 12.6 10.6 1.2 7.1
65 15/04/2014 20:17 23.6 7.2 3.3 228.1
66 16/04/2014 13:53 55 0.9 5.9 10.5
67 23/04/2014 14:04 3.5 0.9 3.9 167.3
68 28/04/2014 05:45 10.4 13.7 0.8 110.8
69 29/04/2014 07:38 4.8 1.5 3.3 12.2
70 29/04/2014 15:45 3.6 4.8 0.7 6.7
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Table A-5.2: Rainfall events characteristics by using 1-minwtadrom Lyon Congress Center, France

# Rainfall Starting Rainfall Duration Rainfall ADWP
Event Time Depth (hours) Intensity (hours)
(dd/mml/yyyy) (hh:mm) (mm) (mm/h)
1 24/09/2012 04:42 15.6 2.3 6.7 -
2 26/09/2012 11:11 43.2 12.2 3.6 52.2
3 29/09/2012 05:54 2.0 1.9 1.1 54.6
4 30/09/2012 09:34 5.4 2.1 2.6 25.8
5 07/10/2012 00:11 2.4 3.8 0.6 156.5
6 08/10/2012 22:08 2.0 16 1.2 42.1
7 10/10/2012 02:05 2.8 2.2 13 26.3
8 12/10/2012 06:11 2.6 12 2.2 49.9
9 26/10/2012 13:33 34 45 0.8 342.2
10 26/10/2012 23:01 15.6 15.8 1.0 5.0
11 04/11/2012 14:07 22.0 14.1 16 190.3
12 10/11/2012 03:13 18.4 7.4 25 119.0
13 26/11/2012 10:58 52.4 19.1 2.8 384.3
14 28/11/2012 12:24 25.4 18.8 13 30.4
15 04/12/2012 02:54 2.2 2.6 0.8 115.7
16 14/12/2012 15:59 2.0 2.3 0.9 250.5
17 15/12/2012 00:16 32 3.1 1.0 6.0
18 16/12/2012 19:48 5.9 6.1 1.0 40.5
19 20/12/2012 13:23 34 5.3 0.6 83.5
20 22/12/2012 12:44 10.0 5.4 1.8 42.1
21 01/01/2013 09:48 438 5.7 0.8 231.7
22 10/01/2013 07:34 2.1 5.2 0.4 208.1
23 10/01/2013 21:45 32 4.1 0.8 9.0
24 14/01/2013 00:07 2.6 16 16 70.3
25 15/01/2013 12:15 4.0 4.8 0.8 345
26 27/01/2013 12:04 18.4 14.1 13 283.0
27 01/02/2013 23:26 2.6 2.7 1.0 117.3
28 05/02/2013 15:52 9.0 2.8 3.2 85.8
29 06/02/2013 12:34 2.4 2.9 0.8 17.9
30 07/02/2013 01:49 36 8.4 0.4 10.4
31 08/02/2013 09:22 2.8 34 0.8 23.2
32 11/02/2013 04:20 6.2 7.3 0.8 63.5
33 11/02/2013 23:36 11.0 12.9 0.9 11.9
34 17/03/2013 21:14 12.2 13.1 0.9 800.8
35 23/03/2013 23:48 4.2 4.1 1.0 1335
36 28/03/2013 05:10 14.6 14.7 1.0 97.2
37 29/03/2013 07:15 4.0 4.6 0.9 11.4
38 30/03/2013 03:33 5.4 5.3 1.0 15.7
39 30/03/2013 18:44 438 2.3 2.1 9.9
40 08/04/2013 08:36 26 2.6 1.0 203.6
41 11/04/2013 18:02 10.2 4.1 25 78.8
42 19/04/2013 00:44 3.2 3.1 1.0 170.6
43 19/04/2013 11:51 2.2 2.4 0.9 8.0
44 20/04/2013 03:38 5.8 7.3 0.8 13.4
45 26/04/2013 10:43 2.6 6.2 0.4 143.8
46 26/04/2013 21:20 41.4 20.8 2.0 45
47 28/04/2013 11:59 4.2 3.6 12 17.9
48 29/04/2013 13:56 34 15 2.3 22.4
49 29/04/2013 18:14 4.0 9.0 0.4 2.8
50 30/04/2013 19:02 3.6 11 3.3 15.9
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Table A-5.3 -Green Roof Hydrologic performance compared to thev@ntional Roof at Multi Event Scale

Rainfall Events  Rainfall Green Runoff Delay in NS
# (dd/mm/yyyy) Depth Roof Attenuation Starting
(mm) Runoff (%) Runoff Time
Flow (hours)

(/9

12/09/2013
12/09/2013
1 13/09/2013 62.6 40.6 22.1 18.6 0.5
16/09/2013
16/09/2013

11/11/2013
11/11/2013
2 13/11/2013 87.0 61.4 14.4 3.9 0.9

15/11/2013

22/11/2013
23/11/2013
3 23/11/2013 67.2 46.5 17.9 5.2 0.9
24/11/2013
24/11/2013

30/11/2013
4 01/12/2013 63.4 41.5 19.8 21.0 0.8

26/12/2013

5 26/12/2013 29.2 14.5 41.8 10.6 0.8
31/12/2013

19/01/2014
6 20/01/2014 57.6 39.5 20.6 39.9 0.8

31/01/2014
02/02/2014

7 02/02/2014 60.8 44.7 18.1 11.9 0.8
03/02/2014
06/02/2014

24/03/2014
24/03/2014
24/03/2014
8 27/03/2014 74.2 58.8 16.2 8.5 0.7
27/03/2014
27/03/2014

9 15/04/2014 29.0 12.8 46.7 5.5 0.6
16/04/2014

RANGE 14.4 +46.7 3.93 +40.0 0.5

0.9

MEAN 24.2 13.9 0.8

ST. 11.7 114 0.1
DEVIATION
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Table A-5.4: Sigma Drain Model results, using rainfall dataorgied at Univeristy of Calabria (Italy)

# Rainfall Events  Rainfall Depth Runoff Depth SRC VR
(dd/mmlyyyy) (mm) (mm) (%) (%)
1 09/09/2013 6.0 0.0 0 100
2 12/09/2013 12.8 0.0 0 100
3 12/09/2013 2.0 0.0 0 100
4 13/09/2013 35 0.0 0 100
5 16/09/2013 42.2 27.5 65 35
6 16/09/2013 2.4 0.0 0 100
7 30/09/2013 7.8 0.0 0 100
8 01/10/2013 35 0.0 0 100
9 16/10/2013 13.9 0.0 0 100
10 16/10/2013 25 0.0 0 100
11 05/11/2013 8.8 0.0 0 100
12 05/11/2013 2.9 0.0 0 100
13 11/11/2013 58.6 44.2 75 25
14 11/11/2013 6.2 0.0 0 100
15 13/11/2013 5.2 0.0 0 100
16 15/11/2013 16.9 35 21 79
17 22/11/2013 36.2 22.6 62 38
18 23/11/2013 4.9 0.0 0 100
19 23/11/2013 6.9 0.0 0 100
20 24/11/2013 18.4 55 30 70
21 24/11/2013 2.0 0.0 0 100
22 25/11/2013 75 0.0 0 100
23 26/11/2013 4.1 0.0 0 100
24 30/11/2013 48.0 34.0 71 29
25 03/12/2013 16.3 25 16 84
26 09/12/2013 2.4 0.0 0 100
27 15/12/2013 3.4 0.0 0 100
28 26/12/2013 8.2 0.0 0 100
29 26/12/2013 17.5 32 18 82
30 31/12/2013 3.2 0.0 0 100
31 13/01/2014 6.6 0.0 0 100
32 14/01/2014 6.0 0.0 0 100
33 15/01/2014 2.3 0.0 0 100
34 19/01/2014 9.2 0.0 0 100
35 20/01/2014 48.2 36.8 76 24
36 28/01/2014 2.2 0.0 0 100
37 28/01/2014 2.2 0.0 0 100
38 31/01/2014 31.0 18.8 61 39
39 02/02/2014 21 0.0 0 100
40 02/02/2014 4.0 0.0 0 100
41 03/02/2014 23.6 10.7 45 55
42 06/02/2014 4.1 0.0 0 100
43 08/02/2014 22 0.0 0 100
44 11/02/2014 25.2 11.0 44 56
45 12/02/2014 4.2 0.0 0 100
46 21/02/2014 2.8 0.0 0 100
47 01/03/2014 2.8 0.0 0 100
48 02/03/2014 5.6 0.0 0 100
49 04/03/2014 11.2 0.0 0 100
50 04/03/2014 9.2 0.0 0 100
51 05/03/2014 21 0.0 0 100
52 05/03/2014 2.4 0.0 0 100
53 06/03/2014 13.4 0.0 0 100
54 08/03/2014 2.3 0.0 0 100
55 15/03/2014 5.0 0.0 0 100
56 24/03/2014 23.2 9.9 43 57
57 24/03/2014 11.8 0.0 0 100
58 24/03/2014 2.3 0.0 0 100
59 27/03/2014 11.6 0.0 0 100
60 27/03/2014 3.0 0.0 0 100
61 27/03/2014 16.6 33 20 80
62 04/04/2014 2.8 0.0 0 100
63 05/04/2014 6.4 0.0 0 100
64 05/04/2014 12.6 0.0 0 100
65 15/04/2014 23.6 10.1 43 57
66 16/04/2014 55 0.0 0 100
67 23/04/2014 35 0.0 0 100
68 28/04/2014 10.4 0.0 0 100
69 29/04/2014 4.8 0.0 0 100
70 29/04/2014 3.6 0.0 0 100
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Table A-5.5: Sigma Drain Model results, using rainfall dataoreed at the Lyon Congress Center
(France)

# Rainfall Event Rainfall Depth Runoff Depth SRC VR
(dd/mm/yyyy) (mm) (mm) (%) (%)
1 24/09/2012 15.6 21 14 86
2 26/09/2012 43.2 29.9 69 31
3 29/09/2012 2.0 0.0 0 100
4 30/09/2012 5.4 0.0 0 100
5 07/10/2012 2.4 0.0 0 100
6 08/10/2012 2.0 0.0 0 100
7 10/10/2012 2.8 0.0 0 100
8 12/10/2012 2.6 0.0 0 100
9 26/10/2012 3.4 0.0 0 100
10 26/10/2012 15.6 17 11 89
11 04/11/2012 22.0 8.4 38 62
12 10/11/2012 18.4 4.9 27 73
13 26/11/2012 52.4 38.8 74 26
14 28/11/2012 25.4 11.8 46 54
15 04/12/2012 2.2 0.0 0 100
16 14/12/2012 2.0 0.0 0 100
17 15/12/2012 32 0.0 0 100
18 16/12/2012 5.9 0.0 0 100
19 20/12/2012 34 0.0 0 100
20 22/12/2012 10.0 0.0 0 100
21 01/01/2013 48 0.0 0 100
22 10/01/2013 21 0.0 0 100
23 10/01/2013 32 0.0 0 100
24 14/01/2013 2.6 0.0 0 100
25 15/01/2013 4.0 0.0 0 100
26 27/01/2013 18.4 5.1 28 72
27 01/02/2013 2.6 0.0 0 100
28 05/02/2013 9.0 0.0 0 100
29 06/02/2013 2.4 0.0 0 100
30 07/02/2013 36 0.0 0 100
31 08/02/2013 2.8 0.0 0 100
32 11/02/2013 6.2 0.0 0 100
33 11/02/2013 11.0 0.0 0 100
34 17/03/2013 12.2 0.0 0 100
35 23/03/2013 4.2 0.0 0 100
36 28/03/2013 14.6 1.1 7 93
37 29/03/2013 4.0 0.0 0 100
38 30/03/2013 5.4 0.0 0 100
39 30/03/2013 48 0.0 0 100
40 08/04/2013 2.6 0.0 0 100
41 11/04/2013 10.2 0.0 0 100
42 19/04/2013 3.2 0.0 0 100
43 19/04/2013 2.2 0.0 0 100
44 20/04/2013 5.8 0.0 0 100
45 26/04/2013 2.6 0.0 0 100
46 26/04/2013 41.4 27.9 67 33
47 28/04/2013 4.2 0.0 0 100
48 29/04/2013 3.4 0.0 0 100
49 29/04/2013 4.0 0.0 0 100
50 30/04/2013 3.6 0.0 0 100
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