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EXTENDED ABSTRACT (ENG) 

 

Several modelling tools commonly used for supporting flood risk as-

sessment and management are highly effective in representing physical 

(hydrological) phenomena but provide a rather limited understanding of the 

multiple implications that flood risk and flood risk reduction measures have 

on highly complex systems such as urban areas. In fact, the dynamic and un-

stable evolution – characterised also by significant uncertainty – of flood 

risk in urban systems is typically neglected. A limited understanding of the 

complex set of interactions between flood risk and urban areas may result 

in an ineffective flood risk management. In this context, some studies high-

lighted the relevance of resilience-based approaches to increase the capabil-

ity of urban systems to deal with complex and uncertain future threats.  

The present work proposes an innovative modelling approach to support 

decision-makers, at a planning or strategic level, in managing urban flood 

risk while defining strategies for enhancing the resilience of the system. To 

this aim, the multi-dimensional implications of flood risk and of different 

flood risk management strategies are analysed and simulated. The adopted 

modelling approach is based on System Dynamics (SD) modelling principles 

and relies on the integration of scientific and stakeholder knowledge. The 

SD modelling approach is adopted because of its capacity of building a holis-

tic system picture, while accounting for system structure and dynamic rela-

tions among multiple different urban components. Besides that, it allows the 

evaluation of different management solutions and the identification of suit-

able bundles of actions for both flood risk reduction and urban resilience in-

crease. Both qualitative and quantitative SD modelling tools are used to fully 

exploit the abilities of the SD approach. 

The obtained results revealed i) the relevance of SD modelling in evaluating 

the effectiveness of measures to reduce flood risk and increase the urban 



 

flood resilience ultimately providing actionable information for decision-

makers; ii) the added value provided by the combination of scientific and 

stakeholder knowledge in the entire modelling process; iii) the ability of 

Blue-Green infrastructure to deliver both hydrological and non-hydrological 

(i.e., social and environmental) benefits to the system thus reducing flood 

risk and increasing urban resilience to flooding. 

Reference is made to one of the case studies of the CUSSH and CAMELLIA 

projects, namely Thamesmead (London), a formerly inhospitable marshland 

currently undergoing a process of urban regeneration and increasingly vul-

nerable to flooding. While the proposed approach is appropriate in the con-

text of the case study application, it can be adapted to ensure it is relevant to 

different contexts. Therefore, it represents an interesting opportunity for 

building a replicable approach to integrate urban development dynamics 

with flood risk, ultimately supporting decision-makers in identifying mitiga-

tion/prevention measures and understanding how they could help achieve 

multi-dimensional benefits.  

 

 

Keywords: Flood risk management; Resilience; Urban dynamics; 

System Dynamics modelling; Stakeholder engagement; Blue-Green 

infrastructure 

 

 

 

 

 

 

 

 



 

 

EXTENDED ABSTRACT (ITA) 

 

Diversi strumenti di modellazione comunemente utilizzati per supporta-

re la valutazione e la gestione del rischio di inondazione sono molto efficaci 

nel rappresentare i fenomeni fisici (idrologici), ma forniscono una compren-

sione piuttosto limitata delle molteplici implicazioni che il rischio di inonda-

zione e le misure di riduzione del rischio hanno su sistemi altamente com-

plessi come le aree urbane. Infatti, l'evoluzione dinamica e instabile - carat-

terizzata anche da una significativa incertezza - del rischio di inondazione 

nei sistemi urbani è generalmente trascurata. Una comprensione limitata 

del complesso insieme di interazioni tra rischio di inondazione e aree urba-

ne può portare ad una sua inefficace gestione. In questo contesto, alcuni 

studi hanno evidenziato l'importanza di approcci basati sulla resilienza per 

aumentare la capacità dei sistemi urbani di affrontare minacce future com-

plesse e incerte. 

Il presente lavoro propone un approccio modellistico innovativo per sup-

portare i decisori, a livello pianificatorio o strategico, nella gestione del ri-

schio di inondazioni urbane e nella definizione di strategie per aumentare la 

resilienza del sistema. A tal fine, vengono analizzate e simulate le implica-

zioni multidimensionali del rischio di inondazione e delle diverse strategie 

di gestione. L'approccio di modellazione adottato si basa sui principi della 

System Dynamics (SD) e sull'integrazione della conoscenza scientifica e de-

gli stakeholder. L'approccio di modellazione SD è stato adottato per la sua 

capacità di costruire una visione olistica del sistema, tenendo conto della 

sua struttura e delle relazioni dinamiche tra più componenti urbane diverse. 

Inoltre, consente di valutare diverse soluzioni di gestione e di identificare 

pacchetti di azioni idonei sia per la riduzione del rischio di inondazione che 

per l'aumento della resilienza urbana. Per sfruttare appieno le capacità 

dell'approccio SD vengono utilizzati strumenti di modellazione SD sia quali-

tativi che quantitativi.  



 

I risultati ottenuti hanno rivelato i) l'importanza della modellazione SD nel 

valutare l'efficacia delle misure per ridurre il rischio di inondazioni e au-

mentare la resilienza alle inondazioni urbane, fornendo informazioni attua-

bili per i decisori; ii) il valore aggiunto fornito dalla combinazione della co-

noscenza scientifica e degli stakeholder nell'intero processo di modellazio-

ne; iii) la capacità delle infrastrutture Blu-Verdi di fornire benefici sia idro-

logici che non idrologici (cioè sociali e ambientali) al sistema, riducendo così 

il rischio di inondazioni e aumentando la resilienza urbana. 

Specifico riferimento è fatto a uno dei casi di studio dei progetti CUSSH e 

CAMELLIA, ovvero Thamesmead (Londra), una palude un tempo inospitale 

attualmente sottoposta a un processo di rigenerazione urbana e sempre più 

vulnerabile alle inondazioni. Sebbene l'approccio proposto sia appropriato 

nel contesto dell'applicazione del caso di studio, può essere adattato per ga-

rantire la sua rilevanza in contesti diversi. Pertanto, rappresenta un'interes-

sante opportunità per costruire un approccio replicabile per integrare le di-

namiche di sviluppo urbano con il rischio di inondazione, supportando in ul-

tima analisi i decisori nell'identificazione di misure di mitigazio-

ne/prevenzione e nella comprensione di come queste possano contribuire a 

ottenere benefici multidimensionali. 

 

 

Parole chiave: Gestione rischio inondazione; Resilienza; Dinami-

che urbane; Modellazione System Dynamics; Coinvolgimento sta-

keholder; Infrastrutture Blu-Verdi 
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1. INTRODUCTION 

 

 

1.1. Overview 

Cities are complex systems which integrate economic, social, ecologi-

cal, and human dimensions that depend on and cooperate with each other 

(Gao et al. 2022). In addition, their dynamic evolution is uncertain since they 

consist of situational and changing relations between the different elements 

they are characterised by (Mannucci et al. 2022). In these conditions, a 

change of one component can have unforeseen consequences for the whole 

system (Disse et al. 2020). 

Flooding is one of the natural disasters that many cities may encounter. Ur-

ban surface water flooding originates when excess rainfall caused by short, 

intense precipitation events cannot infiltrate into the subsurface or drain via 

natural or artificial drainage systems (Riel, 2011), or when localised drain-

age capacity is exceeded by rainfall (Evans et al. 2004).  As stated by Green 

et al. (2021), many severe urban flooding events are caused by coincident 

flooding in areas subjected to multiple flooding sources, i.e., drainage sys-

tems, sewer, river, groundwater, and sea. Large and long-lasting economic 

losses associated with damage to property, infrastructure, services, and 

human activities as well as water-borne diseases and loss of life may be 

caused by the occurrence of urban flooding (Tunstall et al. 2006; Bosher, 

2014). The changes of climatic and socio-economic factors - e.g., variability 

of extreme events in frequency and intensity, population growth and distri-

bution, widespread impermeable surfaces in disfavour of green permeable 

surfaces, and ageing infrastructure - are increasing the level of flood risk fac-

ing urban areas (Friedman, 2008). Therefore, flooding impacts on communi-

ties, economy, and built environment are expected to spread dramatically 

over time (Keesstra et al. 2018).  
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It goes without saying that decision and policy-makers cannot ignore the in-

fluences and interdependencies of all these factors and should move to-

wards an adequate approach to flood risk management (Di Baldassarre et al. 

2015). While the impacts of climate change on flood events are accounted 

for in the development and implementation of existing modelling approach-

es and tools for flood risk management, the dynamic nature of complex ur-

ban systems is largely ignored (Geltner and de Neufville, 2012; Perrone et 

al. 2020). This is a potential limit of the most widely used modelling tools 

and approaches for flood risk management in urban areas (McInerney, 

Lempert, and Keller, 2012). In fact, most of the existing literature on flood 

risk management limits the uncertainty analysis in non-stationary condi-

tions to the one related to the phenomena (i.e., the hazard component of 

flood risk). On the contrary, very few works i) integrate the hydrological 

sub-system with others (such as the social, economic, and environmental) 

(Wamsler et al. 2013) and ii) consider the influence of different elements – 

e.g., built environment, population growth and distribution, infrastructures, 

green areas, etc. – on the impacts of extreme events in the urban system 

(Riddell et al. 2019). In general, a limited understanding of the complex in-

terconnections between flood risk and urban dynamics could limit the 

knowledge of policy and decision-makers about the future and consequently 

affect the effectiveness of strategies – i.e., the sequence of actions – for flood 

risk reduction (Kwakkel et al. 2010; Walker et al. 2013a; Barendrecht et al. 

2017). An example is the 'levee effect' observed in Vienna, i.e., the (unex-

pected) increase in exposure and/or vulnerability as more people moved in-

to the floodplain of a river because of a false sense of security following an 

increase in protection level (Di Baldassarre et al. 2015). Pahl-Wostl et al. 

(2007) stated that the overall performance of the flood risk management 

system can be improved by adopting resilient-based approaches. In fact, 

these practices increase the system capability to deal with its complexities 

and the uncertainty of future threats (Pagano et al. 2017). Specifically, resil-

ience thinking increases the system's ability to i) anticipate and absorb po-
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tential disruptions, ii) adapt to changes, iii) build the capacity to withstand 

the disruption or recover as quickly as possible after an impact (Francis & 

Bekera, 2014). 

To deeply understand the complex set of interactions between flood risk 

and urban areas, there is a growing need to benefit from stakeholder in-

volvement (Maskrey et al. 2016; Inam et al. 2017a, 2017b, 2017c; Perrone et 

al. 2020). In fact, it has recently been recognised as a central component for 

building cities' resilience to flooding (see e.g., Yusuf et al. 2018 and 

O’Donnell et al. 2018). Stakeholders are deemed legitimate participants to 

the identification of both problems and solutions (Pluchinotta et al. 2021a). 

Specifically, their involvement in the entire flood risk modelling process 

through the adoption of participatory techniques could i) enhance research-

ers’ knowledge on local issues (Rich et al. 2018); ii) support decision-

makers in the identification of suitable strategies to act on the system 

(Lopes and Videira, 2017); iii) promote awareness and motivation of those 

taking part in decision- or policy-making processes (Pluchinotta et al. 2018). 

Besides that, an increasing body of literature further suggests that the im-

plementation of Blue-Green (BG) infrastructure that works synergistically 

with existing Grey infrastructure could increase urban flood resilience (see 

e.g., Pagano et al. 2019; O’Donnell et al. 2020b; Coletta et al. 2021; Green et 

al. 2021). In fact, BG infrastructure (e.g., wetlands, swales and trees) can ex-

pand the hydrological potential of Grey infrastructure (e.g., dams, embank-

ments and levees), while delivering multiple co-benefits to the environment 

and society (O’Keeffe et al. 2022).  

Starting from these premises, this work aims at developing an innovative 

approach to support decision-makers in enhancing urban flood resilience, 

accounting for the dynamic and complex nature of cities' interacting ele-

ments. To this aim, a System Dynamic (SD) modelling approach (see e.g., 

Sterman, 2000 and Simonovic, 2009), which also relies on the integration of 

scientific and stakeholder knowledge, is implemented. Due to its ability to 

adopt a whole-system approach and a social learning process (Bagheri, 
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2006; Sušnik et al. 2014, 2018), the SD modelling is widely considered effi-

cient in addressing dynamically complex problems, including integrated wa-

ter-related risks management (Ahmad and Simonovic, 2015; Karimlou et al. 

2020). The method, although replicable in different study contexts, is devel-

oped and tested in one of the case studies of the CUSSH (Complex Urban 

Systems for Sustainability and Health)1 and CAMELLIA (Community Water 

Management for a Liveable London)2 projects, namely Thamesmead (Lon-

don), perceived as being increasingly vulnerable to flooding. 

The concept of resilience to flood events and the relation between it and 

flood risk management is explained in more detail in the following section. 

Then, the importance of stakeholder involvement throughout the decision-

making process as well as of the integration of Blue-Green and Grey infra-

structure to enhance urban flood resilience is illustrated. The last section is 

related to the outline of the main objective, the adopted approach, and the 

research questions of this thesis. 

 

1.2. Flood resilience and its relation with flood risk management 

Resilience is a discussed concept, with a variety of definitions and in-

terpretations. Despite this, in the context of disaster resilience it can be de-

fined as the “ability of a system, community or society to pursue its social, 

ecological and economic development objectives, while managing its disas-

ter risks over time in a mutually reinforcing way” (Keating et al. 2016). 

Widely recognised in the literature is the distinction of three frameworks of 

system resilience, i.e., engineering resilience, ecological resilience, and so-

cio-ecological (or evolutionary or adaptive) resilience, proposed by Holling 

(1996). Engineering resilience focuses on how fast a system returns to an 

original state after a stress and how large the disturbance needs to be before 

a system is pushed out of its previous state (i.e., the resistance of the sys-

tem) (De Bruijn, 2004; Folke, 2006). This is often referred to as “bouncing 

back” (Dabson, 2015). This framework lacks the critical component of adap-
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tation that is important for cities to learn how to better manage stresses and 

not to remain vulnerable to disaster if another shock occurs (Mitchell et al. 

2012). This means that engineering resilience can have many proper appli-

cations in closed boundary problems rather than in complex, open systems 

such as cities (Liao, 2012). Ecological resilience, on the other hand, is the 

ability of a system to cope with disturbances changing the state of the equi-

librium (Morrison et al. 2018). In complex systems the flooding event (i.e., 

the shock) changes the system in itself; it may for example change people’s 

perception of risk. At the same time, the system reacts in unforeseen ways, 

such as policy interventions, subsidies, etc. (Disse et al. 2020). Socio-

ecological (or evolutionary or adaptive) resilience does not involve one or 

more equilibrium states, but rather continuous adaptation and change 

(Davoudi, 2012). It is characterised by the ideas of “coping”, “transfor-

mation” (Rodina, 2018) and “bouncing forward” (Dabson, 2015). This 

means that in case of flooding it is unlikely that communities return to the 

previous state. On the contrary, they make adaptations to improve condi-

tions and prevent disasters caused by flooding from happening again. This 

conceptualization of resilience better represents the nature of human socie-

ties. These three frameworks are illustrated in Fig. 1 through the example of 

the ball and cup model used in resilience theory (Laboy and Fannon, 2016). 

Fig. 1 - Ball and cup model of system stability in the three resilience frameworks. The red 
ball represents the system, while arrows disturbances. a) One stability domain (one valley) 

is represented; engineering resilience is defined by the slope of the sides of an individual 
valley. b) Two different stability domains (two valleys) are represented; a loss of the inter-

vening hill in the middle represents a loss of ecological resilience. The system can potential-
ly re-organize around the new stability domain and the movement of the ball in the hori-
zontal direction is a measure of the change in ecological resilience. c) The adaptive nature 

of socio-ecological resilience is represented as the stability domain is shifting. 
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Considering that enhancing a system’s resilience is forward-looking, it is 

important that the system must be resilient also into the future (in addition 

to current disturbances) (de Bruijn et al. 2017; Zevenbergen et al. 2020). To 

ensure that a system has multiple equilibria also in the long run, adaptation 

or transformation may be required (Folke et al. 2010). Walker et al. 2004 

defined adaptation as the capacity of a system or its actors to influence resil-

ience by changing parts of the system, while transformation as the capacity 

to create fundamentally new systems.  

The resilience concept is increasingly appealing to policy and decision-

makers because i) many policy documents (e.g., those from the European 

Union (EU, 2013) and UK Environment Agency (Dilley, 2016) and interna-

tional agreements in three post-2015 agendas (e.g., the Sustainable Devel-

opment Goals, the Sendai Framework for Disaster Risk Reduction) call for 

resilience; ii) it covers significant elements that are missed in approaches to 

the management of extreme weather events that are currently in use 

(Restemeyer et al. 2015). Specifically, these approaches are often risk-based 

– i.e., they consider the combination of the probability of a hazard and its 

consequences (UNISDR, 2009). The risk of extreme weather events, often 

expressed in terms of expected annual damage or number of casualties 

(Kind, 2014), can be evaluated by comparing them with acceptable risk lev-

els or in an economic assessment. Reducing risks requires taking measures 

that reduce the hazard probability or its consequences. While the evaluation 

of the cost of the measures is relatively easy, their benefits are much harder 

to establish (Kenny, 2012). Furthermore, not all relevant potential impacts 

of measures can be expressed well in monetary terms, such as ecosystem 

quality and residents’ well-being. In addition, a risk approach often ignores 

the overall system behaviour focusing on single elements of the system ra-

ther than considering the interrelations between all the sub-systems within 

the system (physical and societal) (Linkov et al. 2014). The future uncer-

tainty generated by climatic and societal changes need also to be considered 

in disaster risk management. This means that adaptations may be required 
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in systems (Milly et al. 2008). Therefore, some aspects are missing or over-

simplified in risk-based approaches. In this context, resilience thinking can 

complement and improve them on the assumption that, since the risk can-

not be perfectly known, it is better to act on the system by making it capable 

of absorbing shocks in a short time and with little loss of performance (Cea 

and Costabile, 2022). In fact, building resilience fits well with the increasing-

ly complex, non-linear, and uncertain systems – such as cities – in the cur-

rent situation and in future developments (Laurien et al. 2022). 

De Bruijn et al. 2017 proposed five principles, which involve aspects missing 

in risk approaches, to enhance the resilience of societies to cope with ex-

treme weather events. 1) Adopt a system’s approach – i.e., study the system 

as a whole and view the different sub-systems and processes within the sys-

tem as interlinked. As systems may be complex, the use of methods and 

techniques from the field of System Thinking, which can help to identify the 

key elements and linkages, are suggested (Meadows, 2008; Simonovic, 

2011). As the systems are dynamic, feedback loops and changes over time 

also require attention. 2) Look at beyond-design events – i.e., think about 

the worst case, or even unimaginable scenarios because unexpected events 

can always happen because of inherent uncertainties in system behaviour 

and climate variability (Wasson, 2016). 3) Design and prepare systems ac-

cording to the ‘remain functioning’ principle (also known as fail-safe princi-

ple) – i.e., design the systems in such a way that consequences of failure are 

manageable and not catastrophic. 4) Increase the recovery capacity – i.e., 

improve the socio-economic development level. Health improvement and 

education are sustainable development objectives that also increase a socie-

ty’s recovery (Asgary et al. 2012). 5) Remain resilient into the future – i.e., if 

necessary, to be flexible, to have the capacity to adapt and the willingness to 

transform in order to cope with uncertain changes (e.g., climate change and 

socio-economic developments). Scenario-analysis, exploratory modelling, 

and adaptation pathways (Hallegatte, 2009; Haasnoot et al. 2013; Walker et 
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al. 2013) can help define the most suitable adaptation measures, adaptation 

rates and windows to initiate a transition to an entirely different policy. 

Several governments and aid agencies have developed indicator-based tools 

and methods to measure the resilience of communities to flood risk and to 

prioritise interventions and investments (Cutter, 2016). The indicators cov-

er various social, natural, political, physical, financial, and human capacities 

of societies, and support decision-makers in understanding where the chal-

lenges and weaknesses of flood resilience are (Quinlan et al. 2016). Howev-

er, there are still a couple of aspects that are not covered by these tools and 

that are fundamental when decision-makers need to choose what action 

should be taken first: 1) the interdependencies and cause-effect relations 

among different resilience components, and 2) how interventions influence 

the different resilience components including co-benefits (Mehryar and 

Surminski, 2022).  

 

1.3. Stakeholder engagement in modelling for achieving urban 

flood resilience 

To further understand how different factors interact and act on an 

urban system influencing flood risk as well as to set priorities for actions 

and investments, there is a growing need to benefit from different fields of 

knowledge in participatory modelling for achieving urban flood resilience 

(Hegger et al. 2012). This requires the integration of scientific (i.e., provided 

by models and data) and expert/stakeholder knowledge during the various 

stages of the process (Kloprogge and Sluijs, 2006; Voinov and Bousquet, 

2010; Scrieciu et al. 2021). It is therefore about integrating the knowledge of 

researchers with that of stakeholders who are considered legitimate partic-

ipants in the identification of problems and solutions (Pluchinotta et al. 

2021a). In fact, stakeholders can expand the scientist's knowledge of the 

problems in the area, otherwise limited only to the literature reviews (Pa-

gano et al. 2019; Giordano et al. 2020; Coletta et al. 2021; Scrieciu et al. 
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2021); besides that, stakeholders are affected by decisions and actions for 

flood resilience and often have different perceptions and preferences in how 

flood risk should be managed. Therefore, in an effective and inclusive deci-

sion-making process, it is essential to include such knowledge in modelling 

(Inam et al. 2015; Inam et al. 2017a, 2017b, 2017c; Di Baldassarre et al. 

2019; Mehryar and Surminski, 2022). It was demonstrated in various stud-

ies that participatory decision-making processes increase fundamental as-

pects for societal resilience, such as legitimacy, acceptability, justice and eq-

uity of decisions and actions, communities’ awareness about problems and 

solutions, learning, and willingness for community cooperation (Mehryar, 

2019; Cattino and Reckien, 2021; Khatibi et al. 2021).  

Stakeholder engagement could be achieved using participatory modelling 

techniques, i.e., building processes in which stakeholders are supported in 

the development and formalisation of conceptual models (Carmona et al. 

2013; Voinov, 2016) and in the understanding of cross-sectoral connections 

and implications (Ahmad and Simonovic, 2015; Pasquier et al. 2020). Basi-

cally, they participate in different stages of the processes, from problem def-

inition to model development and/or policy analysis (Voinov and Bousquet, 

2010). For this purpose, different types of analytical and system tools can be 

used; the most common and widely used tools are System Dynamics (SD), 

Bayesian belief networks, fuzzy cognitive mapping, and agent-based model-

ling (Voinov, 2017).  

Although more and more studies are emphasising the importance of devel-

oping methods for integrating stakeholder knowledge into the identification 

of flood related problems and flood risk management options (see e.g., Nutt, 

2002; Tingsanchali, 2012; Edelenbos et al. 2017; Pagano et al. 2019; Perrone 

et al. 2020; Coletta et al. 2021), the level of stakeholder involvement in the 

context of flood modelling is still low (Wehn et al. 2015; Scaini et al. 2021), 

mainly due to time and funding constraints and the lack of trust that deci-

sion and policy-makers have in participatory approaches (Chilvers and 

Kearnes, 2016; Löschner et al. 2016).  
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1.4. Integration of Blue-Green and Grey infrastructure for in-

creasing urban flood resilience 

Rethinking and adapting cities approach to flood risk management 

implies a shift from the concept of flood defence (generated by the imple-

mentation of hard/Grey/engineering structures that protect cities from riv-

ers and rising sea levels and remove surface water) to flood resilience (ac-

cording to which urban spaces are designed to adapt to the increasing threat 

of urban flooding, while also providing environmental, social, and economic 

co-benefits) (O’Donnell et al. 2020). From this perspective, a transition from 

Grey - e.g., culverts, sewer systems, and urban drainage channels - to holis-

tic, integrated Grey and Blue-Green (i.e., Hybrid) infrastructure solutions is 

needed (Lennon et al. 2014).  

The term Blue-Green (BG) infrastructure generally refers to the use of natu-

ral processes to reduce the risk of surface water flooding while also provid-

ing multiple functions and services to people, the environment, and the 

economy (Green et al. 2021). It is seen as a subset of Nature-based Solutions 

(NBS) (Lafortezza et al. 2018) but, considering that the small differences be-

tween the two terms are beyond the scope of this work, BG infrastructure, 

NBS, non-traditional measures, and sustainable solutions will be used inter-

changeably; all of them will refer to the concept of measures that work with 

natural processes, deliver co-benefits, and “make space for water” (Burgess-

Gamble et al. 2017). In urban areas, BG infrastructure is mainly designed to 

reduce the surface runoff induced by the increase of impervious areas using 

natural processes. Among these are gardens, green roofs, wetlands, deten-

tion basins, swales, green streets, rainwater harvesting systems, and perme-

able pavements (Vijayaraghavan et al. 2021); in Fig. 2 some examples of ur-

ban BG infrastructure at different scales are represented. For more detailed 

information on these sustainable solutions see e.g., Woods Ballard et al. 

(2015). 
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Fig. 2 – Examples of urban BG infrastructure at different scales. a) Wetland in Kington, Her-
efordshire3. b) Swale in Hastings, England4. c) Trees in London, England5. d) Permeable 

paving in Oregon, USA6. 
 

In addition, these solutions provide multiple social, environmental, and eco-

nomic benefits and services, such as improving residents’ well-being, creat-

ing attractive and aesthetically pleasing spaces, and increasing biodiversity 

(Fenner, 2017; Coletta et al. 2021). Thanks to their ability to manage surface 

water above-ground, BG infrastructure can also help e.g., extend the lifetime 

of ageing grey infrastructure, and limit the quantity of rainwater that travels 

through combined sewers. In addition, they are flexible for adaptation ac-

cording to changing local conditions (Babovic et al. 2017) and their costs of 

annual maintenance are 17%–20% cheaper than Grey infrastructure (Duffy 

et al. 2008). For these reasons, BG infrastructure represent a sustainable op-
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tion; therefore, the combination of Grey and Blue-Green infrastructure, rep-

resented in Fig. 3 on the next page through the Hybrid approach, is needed 

to achieve urban flood resilience (Browder et al. 2019; Alves, 2020; Kapetas 

& Fenner, 2020).  

Despite all the positive aspects highlighted, BG measures are still being ap-

plied at a slow pace in cities and traditional Grey infrastructure continues to 

be widely preferred in urban areas (Qiao et al. 2018). This is related to the 

several barriers to their implementation, such as i) the absence of sufficient 

technical support and tools for decision-making, mainly regarding the eval-

uation and quantification of additional benefits (IPCC, 2012; Alves, 2020); ii) 

public acceptability and lack of stakeholder collaboration during their de-

sign and implementation (Wihlborg et al. 2019); iii) the uncertainty about 

their long-term performance and costs (Davis et al. 2015). Therefore, to in-

crease the acceptance of BG infrastructure, the emphasis on the provision of 

multiple benefits, in addition to the support for flood protection, is funda-

mental (Kabisch et al. 2017a). In fact, Miller and Montalto (2019) demon-

strated that local stakeholders’ perception of co-benefits is an important 

driver of BG infrastructure application. 
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Fig. 3 – The three approaches for flood risk management: Green and Blue only, Grey only, 
and Hybrid (from Kabisch et al. 2017a – Chapter 6). 
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1.5. Objective, adopted approach, and research questions of the 

thesis 

Based on the main literature gaps highlighted in the previous sub-

sections, the main objective of the present work is to develop an approach 

capable of i) describing and modelling the global system behaviour, in a 

complex and dynamically evolving urban area; ii) evaluating the multi-

dimensional impacts related to the implementation of BG measures in the 

system, considering both the impact on risk reduction and the co-benefits 

production; iii) find suitable bundles of solutions that can be adapted and 

adjusted over time; iv) integrating scientific and stakeholders’ knowledge in 

the same model. Specifically, a participatory System Dynamics modelling 

approach is implemented for supporting decision-makers in enhancing ur-

ban flood resilience. In fact, System Dynamics can consider the interactions 

between different variables and sub-systems and help dealing with dynamic 

problems and their combined effects (consequently highlighting potential 

trade-offs and unintended consequences) (Senge and Sterman, 1992; Si-

monovic, 2009; Khan et al. 2009; Giordano et al. 2020). This modelling ap-

proach is especially applicable to water-related risk management problems 

(Guo et al. 2001; Stave, 2003; Simonovic and Ahmad, 2005; Videira et al. 

2009; Zarghami and Akbariyeh, 2012; Ahmad and Simonovic, 2015; Pagano 

et al. 2019; Karimlou et al. 2020; Pluchinotta et al. 2021a) since it: i) can be 

integrated with results of sectoral models (Zomorodian et al. 2018); ii) ena-

bles the integration of scientific and stakeholder knowledge (Rich et al. 

2018); iii) enables to investigate how complex systems evolve over time, 

considering quantitative and qualitative aspects (Simonovic, 2009); iv) 

helps understanding how variables within the system interact and how fac-

tors external to the system affect its complex dynamics (Mirchi et al. 2012); 

v) accounts for the systematic exploration of a very large number of possible 

future scenarios (Sterman, 2000); vi) provides aggregated information use-

ful at a planning or strategic level (Phan et al. 2021). Background infor-
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mation on the System Dynamics approach is provided in Materials and 

Methods (Section 2). 

Within this context, the present work aims to address the following main re-

search question: to what extent can System Dynamics modelling support 

decision-makers, at a planning or strategic level, evaluating the effectiveness 

of measures to increase the urban flood resilience? Other research questions 

are: i) to what extent can the combination of scientific and stakeholder 

knowledge within the System Dynamics modelling contribute to a better 

understanding of flood risk and implications in urban settings as well as 

support actions selection ultimately increasing urban flood resilience?; ii) to 

what extent can the implementation of Blue-Green infrastructure in the sys-

tem enhance urban flood resilience? 

The manuscript is organised as follows. Section 2 describes the different 

steps of the methodology, developed as part of the urban regeneration pro-

jects CUSSH (Complex Urban Systems for Sustainability and Health) and 

CAMELLIA (Community Water Management for a Liveable London). Section 

4 discusses the results obtained with specific reference to Thamesmead 

(London) (introduced in Section 3), an urban regeneration case study in 

which building resilience to flooding is considered a key issue for protecting 

both the community and the built environment. Section 5 shares the lessons 

learned from the implementation of the developed approach. 
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2. MATERIALS AND METHODS 

 

 

 Background information on the System Dynamics approach is pro-

vided below (see Section 2.1). Subsequently, the adopted methodology is 

explained in detail (see Section 2.2). It aims at i) analysing flood risk and ur-

ban resilience to flooding accounting for the dynamic evolution of the urban 

system under changing climatic and socio-economic conditions; ii) support-

ing decision-makers in identifying strategies for reducing flood risk and en-

hancing urban flood resilience, while achieving multi-dimensional benefits. 

The common ground for the different phases of the methodological ap-

proach is the active participation of stakeholders, supported by different 

methods described in the following sections.  

 

2.1. Background information on System Dynamics 

System Dynamics (SD) is a computer-aided approach that facilitates 

holistic understanding of complex dynamics systems, and strategic decision-

making (Forrester, 1961; Forrester 1969; Meadows et al. 1972; Richmond, 

1993; Ford, 1999; Sterman 2000). Thanks to their ability of underlying 

feedback loops between the different components of the system, SD models 

support decision-makers in understanding the potential consequences of 

system perturbations. For this reason, they are a suitable tool for sustaina-

ble water resources planning and management at the strategic level (Si-

monovic, 2009).  

The SD approach is a combination of System Thinking and Dynamic Simula-

tion. System Thinking is a holistic approach to describe and understand the 

causality and interrelations between components within a system as well as 

influences from outside the system. Dynamic Simulation completes Systems 
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Thinking quantifying the interactions and simulating the behaviour of the 

system (Sterman, 2000). The modelling tool generally used in System Think-

ing is the Causal Loop Diagram (CLD), that is a qualitative map of the struc-

ture of feedback of the system. Specifically, a CLD represents the structure of 

an interconnected system and creates a shared understanding of the system 

amongst members of a discussion group (Coletta et al. 2021). It consists of 

variables connected by causal links (arrows). Each arrow is assigned a po-

larity, either positive (+) or negative (-), which describes what would hap-

pen to the structure of the system if there were changes. A positive link 

means that if the cause increases/decreases, the effect increases/decreases; 

conversely, a negative link means that if the cause increases/decreases, the 

effect decreases/increases (Abebe et al. 2021). Fig. 4 summarises the graph-

ical notations and polarity of causal relationships.  

 

Fig. 4 – Graphical notation and polarity of causal relationships (from Mirchi et al. 2012). 

 

Delays can also be added and are represented by a perpendicular double bar 

on the arrow; they give systems inertia and create oscillations and trade-offs 

between the short-and long-term effects of policies (Sterman, 2000). In 

complex systems, the combination of positive and negative causal relation-

ships in the CLD can form balancing (B) and/or reinforcing (R) feedback 
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loops. The former generate balancing behaviour that acts as an equilibrator 

in a system; the latter contribute to the exponential behaviour of a system 

(Mirchi et al. 2012). As the behaviour of complex systems arises from such 

relationships, analysing the main feedback loops of the CLD allows the mod-

eller to form hypotheses on the behavioural patterns of the system. This ul-

timately supports an understanding of what the main implications and po-

tential impacts could be, avoiding undesirable future scenarios (e.g., Senge, 

1994; Braun, 2002). The basic modes of behaviour in dynamic systems are: 

i) exponential growth/decline, created by self-reinforcing feedback loops; ii) 

goal seeking behaviour, that arises from balancing feedback loops; iii) oscil-

lation, that can occur if there are delays in at least one of the links in a bal-

ancing loop, causes the system to constantly move above and then below its 

goal (i.e., the desired state of the system) (Sterman, 2000). Interactions of 

these fundamental modes cause three more complex patterns of behaviour, 

i.e., S-shaped Growth, S-shaped Growth with Overshoot, Overshoot and Col-

lapse (e.g., see Mirchi et al. 2012 for further details).  

Stock and Flow (SF) model is instead the quantitative modelling tool used 

for Dynamic Simulation. As stated by Forrester (1961), stocks (levels), rep-

resented by rectangles, are measured at a particular moment of time, and 

represent any variable (either physical or not) that accumulates or depletes 

over time; flows (rates), represented by arrows and measured over a certain 

interval of time, change stocks over time. In particular, inflow adds to the 

stock, while outflow subtracts from the stock. These conventions were 

based on a hydraulic metaphor (see Fig. 5). “It is helpful to think of stocks as 

bathtubs of water. The quantity of water in the bathtub at any time is the ac-

cumulation of water flowing in through the tap less the water flowing out 

through the drain” (Sterman, 2000). Auxiliary variables (converters) are in-

termediary that can help describing the processes of the model. The rela-

tionships between the various elements in the model are depicted as arrows 

(connectors) (Forrester, 1961; Sterman, 2000; Pagano et al. 2019). 
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Fig. 5 – Four equivalent representations of stock and flow structure (from Sterman, 2000). 

 

User-friendly software programs - e.g., STELLA (High Performance Systems, 

1992), Powersim (Powersim Corp., 1996), and Vensim (Ventana Systems, 

1996) – can be used for building both the qualitative and the quantitative 

models.  

Over the last decade, several studies have reviewed the various works that 

have applied a SD approach to the management of water-related issues (e.g., 

Mirchi et al. 2012; Zarghami et al. 2018; Zomorodian et al. 2018; Pejic Bach 

et al. 2019; Mashaly and Fernald, 2020; Phan et al. 2021) and some gaps in 

its application have emerged. In particular, the following were discussed in 

the work of Perrone et al. (2020) as well as in the most recent literature re-

view by Phan et al. (2021): i) few works have integrated scientific and 

stakeholder knowledge (Karimlou et al. 2020); ii) few sub-systems have 

been combined and explored (Davies and Simonovic, 2011); iii) the ability of 

System Thinking to improve understanding of multiple interactions in com-

plex water systems has not been fully exploited (Zare et al. 2019); iv) many 
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studies did not validate the models, affecting their reliability especially 

when social, economic, and political sub-systems, more difficult to predict 

than physically-based sub-systems, are included (Blair and Buytaert, 2016). 

Starting from these limits, the main methodological innovation proposed in 

this work is related to the development of an SD model that: i) integrates 

scientific and stakeholder knowledge during the entire modelling process; 

ii) integrates and explores different sub-systems; iii) fully exploits the ability 

of both System Thinking and Dynamic Simulation to support decision-

makers in selecting measures for the improvement of urban flood resilience.  

 

2.2. Overview of the proposed approach 

This section provides a detailed description of the methodological 

framework adopted (schematised in Table 1), based on a multi-step process 

of knowledge gathering and on the SD principles (see e.g., Forrester, 1990; 

Sterman, 2000; Chu et al. 2010; Berariu et al. 2016; Giordano et al. 2017; 

Phan et al. 2018; Song et al. 2018; Wang et al. 2018 for other frameworks 

based on SD modelling). The proposed methodology allows for the integra-

tion of urban dynamics with flood risk, ultimately supporting decision-

makers in identifying bundles of actions for enhancing urban flood resili-

ence, while achieving multi-dimensional benefits. The framework uses the 

System Thinking and Dynamic Simulation approaches, integrating concep-

tual and numerical modelling tools with methods for the active participation 

of stakeholders. It represents an interesting opportunity for building a repli-

cable approach, with appropriate changes and updates (e.g., the steps may 

not all be carried out), in different contexts.  
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Table 1.  The implemented multi-step approach. The activities with their objectives, the tools/methods 
adopted, and the expected results are shown. The rows related to System Thinking are in blue, while those 
of Dynamic Simulation in green.  

 

# 
 

TASKS  AIMS TOOLS/METHODS OUTCOMES 

1 Literature review and 
baseline analysis for 
preliminary Causal 
Loop Diagram (CLD) 
building 

To build a preliminary CLD, 
based on the scientific 
knowledge and background 
information on the study area 

• Literature review on 
urban flooding  

• Gathering information 
about the study area, 
e.g., from reports, exist-
ing models, etc. 

A preliminary CLD 
on the study area, 
based on the scien-
tific knowledge, fo-
cused on urban flood 
risk 

2 Interviews with stake-
holders for preliminary 
CLD improvement 

To collect and structure stake-
holder knowledge for improv-
ing the key cause-effect chains 
of the preliminary CLD 

• Semi-structured inter-
views with stakeholders 
and email exchange 

• Analysis of semi-
structured interviews 

• Integration of scientific 
and stakeholder 
knowledge 

A CLD on urban flood 
risk which integrates 
scientific and stake-
holder knowledge 

3 CLD causal structure 
validation 

To validate general structure 
and key CLD connections 

Collective model testing and 
participatory exercises 

Final structure of 
CLD 

4 Behaviour Over Time 
(BOT) graphs construc-
tion with stakeholders 

To collect stakeholder percep-
tion on the dynamic evolution 
of some key variables of the 
system 

BOT graphs construction Graphs on the dy-
namic evolution of 
the system based on 
stakeholder percep-
tion 
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5 CLD integration based on 
stakeholder-built BOT 
graphs 

• To analyse the main dy-
namics and impacts of 
flood in the CLD 

• To integrate BOT graphs 
results into final CLD 

BOT graphs and key CLD 
feedback loops analysis 

Formulation of hy-
potheses on urban 
system dynamics 
and flood risk man-
agement policies 

6 Transformation of the 
CLD into a Stock and 
Flow (SF) model related 
to the current system 
condition  
 

• To identify stock, flow, 
auxiliary and input varia-
bles 

• To identify mathematical 
equations and parameters 
using literature, existing 
models, reports, data-
bases, stakeholders’ 
knowledge 

• To develop sub-models 
and calculate indices that 
provide aggregated infor-
mation on system dynam-
ics 

• Literature review and 
collection of information 
to populate the model 
(e.g., from reports, exist-
ing models, etc.) 

• Interviews with stake-
holders and email ex-
change 

A SF model on urban 
flood risk which in-
tegrates scientific 
and stakeholder 
knowledge 

7 SF model validation • To validate the model 
through the analysis of the 
behaviour over time of key 
variables/ indices of the 
system 

• Comparison of BOT 

graphs constructed by 

stakeholders and trends 

obtained by the model 

simulation for the same 

variables 

• Collective model testing 

Final SF model on 
urban flood risk 
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and participatory exer-
cises to validate other 
variables 

8 Future scenarios build-
ing and analysis 

• To develop future scenari-
os to discuss with stake-
holders  

• To design possible other 
scenarios with stakehold-
ers 

• To compare future scenar-
ios 

• To choose the most suita-
ble scenario and perform a 
sensitivity analysis to hy-
pothesise which variables 
to monitor over time 

• Literature review and in-
terviews with stakehold-
ers regarding the scenar-
ios to be explored 

• Analysis of the urban sys-
tem in the event of flood-
ing by comparing future 
scenarios 

• Sensitivity analysis of the 
most suitable scenario 

Suggestions on i) a 
suitable bundle of 
actions to be imple-
mented and ii) vari-
ables to adapt and 
adjust for improving 
the resilience of the 
urban system to 
flooding 
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2.2.1. Task 1: Preliminary Causal Loop Diagram building 

The aim of the first modelling activity (TASK 1) was to build, based 

on both scientific knowledge on the main physical phenomena and specific 

information on the case study, a preliminary CLD to explicitly relate the is-

sue of flooding to the main urban dynamics of the area. Whereas often a CLD 

can be directly co-developed with the stakeholders (see e.g., Inam et al. 

2015; Perrone et al. 2020), existing scientific papers and models were used 

in the present work to develop a model draft which was subsequently aug-

mented with stakeholder knowledge. This choice helped significantly ex-

panding the level of detail of the model. For this purpose, an in-depth analy-

sis of i) the main variables involved in hydraulic flood models existing in the 

literature, with focus on urban areas and ii) background information on the 

study area, e.g., from reports, existing models, etc., was necessary. Scientific 

electronic databases (Scopus, Web of Sciences, and Google Scholar) were 

used to identify original research and academic papers on flood risk in ur-

ban contexts. Some keywords, such as "flooding", "flood risk", "cities", "ur-

ban dynamics", were combined to select relevant articles. Regarding the 

specificities of the case study, Google searches and email exchanges with in-

volved stakeholders proved invaluable. When formal equations were identi-

fied within the selected scientific papers and/or existing models, their trans-

formation into CLD cause-effect relationships was done under the assump-

tion that: i) the terms of the equations represent variables, e.g., A and B;      

ii) the correlation between the variables depends on whether variable B 

modifies variable A; iii) if the variation of A with respect to B is greater than 

zero, the polarity of the connection is positive, whereas if the variation of A 

with respect to B is less than zero, the polarity of the connection is negative 

(Sterman, 2000). For example, in the equation that links runoff coefficient 

(C) to river peak discharge (Qp), if C increases (decreases), then Qp increas-

es (decreases). This means that the variation of Qp with respect to C is 

greater than zero. This relationship can be represented in the CLD by an ar-
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row, with positive polarity, that starts from the variable ‘surface runoff’ and 

arrives at the variable ‘river peak discharge’. 

 

2.2.2. Task 2 and 3: Stakeholder involvement and Causal Loop Di-

agram causal structure validation 

TASK 2 mainly aims at gathering the stakeholder perception about 

flood risk and past flooding events in the chosen area and at integrating it 

into the CLD. Semi-structured interviews with stakeholders were conducted. 

Stakeholder interviews were used to elicit the perception of the system 

boundaries and individual problem framing, and provide useful insights to 

add, modify, or improve the cause-effect relationships of the diagram (Inam 

et al. 2015; Kotir et al. 2016; Pluchinotta et al. 2021b). With the support of 

an agenda, each question was associated with an objective. Specifically, the 

first question helped the modeller understand why it is important to inves-

tigate flooding in the area. The interviewer asked the respondents whether, 

to their knowledge, flooding events had occurred in the past. If they had oc-

curred, subsequent questions had the following objectives: i) collecting in-

formation on past flooding events; ii) understanding what type of flooding 

the area is most susceptible to; iii) investigating damage due to flooding;  iv) 

investigating the effectiveness of individual and collective flood risk preven-

tion measures in the area; v) investigating what post-intervention measures 

had been taken. If, however, the interviewee did not recall past flood events, 

the objectives of the following questions were: i) understanding whether the 

non-occurrence of flood depended on the exposure of the system to risk, 

e.g., the absence of heavy or long-lasting rainfall, or on the effectiveness of 

risk mitigation measures, e.g., drainage systems; ii) understanding why it 

could be important to investigate flooding. The interview structure can be 

found in Section 10.1 of the Supplementary Material. The responses given 

by the stakeholders were then translated into variables and the causal in-

terconnections into links in the CLD. For this purpose, the stakeholders’ re-
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sponses were analysed based on the identification and use of specific cate-

gories: i) cause variables; ii) effect variables; and iii) causal relationship 

type, i.e., positive or negative polarity (Kim and Andersen, 2012; Eker and 

Zimmermann, 2016). Table 2 below provides a couple of examples of this 

process. In case of divergences of problem frames, they were aligned pro-

moting discussion between stakeholders during a participatory workshop 

aiming at validating the CLD causal structure (TASK 3).  

 

Table 2. Examples of the analysis of the semi-structured interviews with 
stakeholders 

QUOTES FROM 
THE INTER-
VIEWS 

CAUSE VARIABLE EFFECT VARIABLE RELATIONSHIP 
TYPE 

“With improved 
defences the risk 
of flooding from 
river is residual” 

River defences ef-
fectiveness 

River flood Negative 

“Part of the road 
floods almost to 
the extent that the 
whole road is un-
derwater. It af-
fects people's 
movements and 
lives in general” 

Infrastructure 
damage 

1. Productive ac-
tivities opera-
tion 

2. Economic losses 
3. Residents’ 

health 

1. Negative 
2. Positive 
3. Negative 

 

As stated by Mirchi et al. (2012), in participatory System Dynamics model-

ling, the validation can be done with the involvement of a range of experts 

and stakeholders during different phases of the modelling process. For this 

reason, several works have validated their System Dynamics models on wa-

ter problems through the consultation of stakeholders (see e.g., Susnik et al. 

2012; Sahin et al. 2016; Bertone et al. 2019; Pagano et al. 2019), which is 

particularly relevant when expert knowledge is used for model building. In 

this work, a workshop was organised, and stakeholders were asked to pro-

vide comments on both specific parts of the model and the whole CLD struc-
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ture. Adopting the semi-structured interview style, a facilitator presented 

the model to stakeholders by the division of the variables into thematic clus-

ters and encouraged them to validate the uncertain connections. Specifical-

ly, relationships between variables on which the literature was insufficient 

or for which stakeholders expressed different views in TASK 2, were dis-

cussed. This provided the final architecture of the CLD, which thus inte-

grates scientific and stakeholder knowledge. It is important to clarify that 

the CLD does not represent a precise and definitive view of the analysed sys-

tem, but a description based on the knowledge available at that time. There-

fore, it is a ‘shared’ working base and can be subject to updates and revi-

sions.

 

2.2.3. Task 4: Behaviour Over Time graphs construction  

TASK 4 represented an additional step of knowledge building 

through stakeholder engagement. While the previous activities (TASK 2 and 

3, Section 2.2.2) concerned the collection of the stakeholders’ understanding 

of the cause-effect chains affecting flood risk, in this task their perception of 

the dynamic evolution of the urban system and flood risk was collected. A 

workshop was organised, and stakeholders drew and described the Behav-

iour Over Time (BOT) graphs of key variables under different conditions. 

These variables were the main elements of the urban system affected by 

flooding, for which data are limited or unavailable. Although in the literature 

the construction and analysis of BOT graphs mainly support the problem 

structuring phase before the CLD construction with stakeholders (see e.g., 

Cavana and Maani, 2007; Elias, 2012), in this work this exercise was per-

formed afterwards as the preliminary CLD was built based on scientific 

knowledge. For this reason, the BOT graphs represented a further step of 

stakeholder knowledge elicitation, necessary for building the final CLD and 

therefore for the formulation of hypotheses about the dynamics of the urban 

system related to flooding. Indeed, BOT graphs have the potential to provide 
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insights and inform future modelling and data collection priorities (Calancie 

et al. 2018). In addition, integrating a multiplicity of perspectives may help 

practitioners understand the consequences (intended or unintended) of po-

tential interventions and could therefore formulate more realistic assump-

tions about the dynamics of the urban system (Hovmand et al. 2013). After 

giving an example of how to draw a BOT, a facilitator organised stakehold-

ers into groups based on their expertise. In each group the facilitator asked 

stakeholders to draw each variable’s BOT under three different future con-

ditions: 1) desired future, i.e., the evolution of the variable as the stakehold-

ers would prefer; 2) most likely future, i.e., the evolution that the variable is 

expected to have; 3) feared future, i.e., the evolution of the variable that 

stakeholders do not want. Such graphs were built highlighting - if possible - 

specific values and thresholds. The groups were then brought together, and 

each group briefly presented at least one BOT graph. Variables that were 

particularly difficult to quantify, e.g., variables that are intangible and relat-

ed to attributes of human behaviour, were assigned to all groups. When the 

graphs drawn by the different groups on the same variables did not show 

relevant differences, the graph that contained most information and a high-

er-level of detail was chosen. In case of large differences, the various inter-

pretations were evaluated by all stakeholders to reach a consensus. At the 

end of the workshop an evaluation form of the activity was submitted to the 

stakeholders to help the facilitator improve future participatory activities.

 

2.2.4. Task 5: Causal Loop Diagram integration  

To formulate hypotheses on both urban system dynamics and the 

implementation of flood related policies, TASK 5 was based on the aggrega-

tion of the knowledge collected in the previous activities. Specifically, the 

CLD - and more precisely the information provided by the feedback loops - 

was integrated with the stakeholder-built BOT graphs. 
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As stated in Section 2.1, in complex systems, the combination of feedback 

loops creates different patterns of behaviour. Although one of the ad-

vantages of CLD is that the essential components and interactions in a sys-

tem can be represented with simplifications (Haraldsson, 2004), Richardson 

(1997) and Lane (2008) demonstrated with some examples the impossibil-

ity of rigorously inferring dynamic behaviour from non-formal models, such 

as CLD. Indeed, considering that the behaviour depends upon rate-to-level 

links, hidden loops, and net rates, that are unspecified in CLD, traditional 

definitions in terms of behaviour (based on CLD polarities) affect the fair-

ness of dynamic behaviour inferred from feedback loops. In addition, Schaf-

fernicht (2010) stated that CLDs: i) draw attention on ‘events’, i.e., a discrete 

change in one of the aspects of behaviour, rather than on the behaviour it-

self; ii) show system structure only, leaving the behavioural aspects to the 

modeller; iii) do not represent aspects of the structure that help the model-

ler notice traps of behavioural inferences. These problems are exacerbated 

in the case of a multi-loop system, such as an urban one. To make the as-

sumptions about the dynamic behaviour of the system deduced from the 

feedback loops of the CLD as reliable as possible, the potential of the CLD 

was expanded through its integration with the BOT graphs built by stake-

holders.

 

2.2.5. Task 6: Stock and Flow model construction 

TASK 6 represented the first step of the Dynamic Simulation ap-

proach as it involved the construction of the quantitative SF model starting 

from the CLD. In fact, the SF model can be considered as a kind of evolution 

of the CLD developed in the previous tasks.  

The development of qualitative conceptual models is certainly essential to 

capture a clear picture of complex systems. By means of feedback loops 

analysis, modellers can prioritise the aspects to be studied in more detail 

thus ensuring an in-depth understanding of the problem (Richmond, 1993).
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Nevertheless, the information provided by a qualitative model may not be 

enough to identify an adaptive strategy and to support its operationaliza-

tion. In addition, although integrating the narratives of CLD with BOT 

graphs allows an improved understanding of the influence of the dynamics 

on key variables over time, a limitation exists - especially for very complex 

models - related to the importance of isolating these dynamics from the con-

text of a more comprehensive model. SD quantitative models can help 

through the use of multiple sub-models aggregated in a single model, which 

integrate qualitative (‘soft’ or intangible) and quantitative variables (‘hard’ 

or physical) (Pagano et al. 2019). They allow for precise specification of all 

the system’s parts and their interrelation and, although they may be affected 

by data-related uncertainty, they can reveal complex systems behaviour that 

could not be understood through qualitative diagramming (Homer and Oli-

va, 2001). Therefore, once reasonably simplified conceptual models of the 

system have been constructed, a successful application of system dynamics 

involves running simulations (Mirchi et al. 2012). 

CLD’s variables and causal relationships were translated into the common 

SF model sets, i.e., stocks, flows, auxiliary variables, converters, and con-

nectors (see Section 2.1 for further details on diagramming notation) and 

hypotheses on the mathematical equations and parameters were formulat-

ed (Meinherz and Videira, 2018), integrating multiple sources of infor-

mation (i.e., scientific/grey literature, reports, databases, and stakeholder 

consultation). BOT graphs were used at this stage for the identification of 

the initial value of key variables of the urban system for which there is a lack 

of data/information, or which are difficult to quantify. Given the complexity 

of the system, the model was organised into ‘thematic’ sub-models - closely 

interconnected - representing the main processes/elements involved in an 

urban system subject to flood risk. Specifically, sub-models related to flood 

risk assessment, tangible damage evaluation, and co-benefits analysis were 

developed (see Fig. 6 which describes the conceptual structure of the whole 

model, with a focus on interconnections). Although SD modelling provides a 



31 

 

thorough understanding of complex systems (Senge and Sterman, 1992; Si-

monovic, 2009), the obtained information needs to be synthesised to be use-

ful for planning and strategic purposes. In this work, the synthesis was car-

ried out through the construction of indices that aggregate representative 

variables of the system behaviour; these included the hazard index, the vul-

nerability index, the risk index, and the urban performance index, computed 

on the basis of some studies (e.g., Kissi et al. 2015; Ntajal et al. 2016; Ba-

banawo et al. 2022; Tingsanchali and Promping, 2022). This allowed com-

bining the SD approach, which considers the interdependencies and cause-

effect relationships between the different components of the system, with 

an index-based method for assessing the risk and resilience of the urban 

system to flooding. The following paragraphs provide more information on 

the main sub-models and indices developed. 
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Fig. 6 – Interactions between the different SD sub-models developed for the analysis of ur-
ban flood resilience. The sub-models are in coloured rectangles, while the main in-

puts/outputs of the sub-models are respectively in capital letters and italics. 
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2.2.5.1. ‘Flood risk assessment’ sub-model and risk-based indices  

The ‘Flood risk assessment’ sub-model provided a simplified risk 

evaluation, combining the flood hazard-related elements with the variables 

that describe the system's vulnerability to hazard.  

The hazard part of the sub-model included all the examined flood sources 

and all the physical variables that condition urban flood depth, e.g., the pre-

cipitation and sea level rise (influenced by climate change), the impervious-

ness of the area (influenced by population growth), the surface runoff, the 

effectiveness of flood prevention/mitigation infrastructure (influenced by 

ageing and sediments build-up). Once the flood depths generated by the dif-

ferent flood sources were assessed, they were associated with a hazard class 

between 1 (very low/low) to 3 (high/very high) adapting what suggested by 

Tingsanchali and Promping (2022). To obtain a single flood hazard index 

(FHI) representing the global flood hazard of the urban system, the flood 

sources were assigned a weight (the sum of which did not exceed 1) based 

on both the literature and what stakeholders claimed during the individual 

interviews (TASK 2, Section 2.2.2) and the workshop for the validation of 

the CLD structure (TASK 3, Section 2.2.2). A weighted average was then per-

formed. The weighting reflected the relative importance of each source re-

garding the global flood hazard of the area. Therefore, the assignment of the 

weights was linked to the capacity of the flood resource to create devastat-

ing impacts on the system; the greater the magnitude of the potential im-

pact, the greater the weight assigned.  

As for the vulnerability part of the sub-model, this was developed as the re-

sult of the interrelationships between exposure, susceptibility, and adaptive 

capacity to hazard. Specifically, exposure was understood as the predisposi-

tion of the system to be disrupted by a flooding event due to its location; the 

values that are present at the location where flooding can occur (e.g., goods 

and infrastructure) were characterised in terms of their quality or density. 

Susceptibility was related to system characteristics, including the social con-
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text of flood damage formation and the presence of critical infrastructure 

(e.g., hospitals, schools, electricity sub-stations); while the adaptive capacity 

variables referred to those aspects, mainly cultural and institutional, that 

condition the system's response to hazard. Adapting from Kissi et al. (2015), 

Ntajal et al. (2016), Babanawo et al. (2022), and Tingsanchali and Promping 

(2022), each element characterising the three components of vulnerability 

was assigned a class (between 1 and 3) and a weight, and a weighted aver-

age was performed. In this way, the exposure factor (E), the susceptibility 

factor (S), and the adaptive capacity factor (AC) were obtained. To calculate 

a single flood vulnerability index (FVI), the three factors were aggregated 

using the additive function w1*E+w2*S-w3*AC, with sum of weights (w1, 

w2, w3) not exceeding 1.  

The flood risk index (FRI) was then computed as the product of the FHI and 

the FVI and classified into three ranges corresponding to very low/low 

(class 1) for 1 < FRI ≤ 10, medium (class 2) for 10 < FRI ≤ 15, high/very high 

(class 3) for 15 < FRI ≤ 25. 

 

2.2.5.2. ‘Tangible damage evaluation’ sub-model  

The damage sub-model focused on the evaluation of the effects of 

flooding on the built environment. Case specific depth (m) - damage (€/m2) 

curves were applied to describe the primary impacts of flooding on residen-

tial buildings, businesses, transport services, and recreational facilities. 

Once the damage on each component of the built environment was calculat-

ed, classes 1 (very low/low) to 3 (high/very high) were assigned adapting 

what suggested by Tingsanchali and Promping (2022). To obtain a global 

damage class for the built environment, the highest damage class among the 

cited impacts was chosen thus reasoning in favour of safety. 
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2.2.5.3. ‘Co-benefits analysis’ sub-model  

The ‘Co-benefits analysis’ sub-model aimed to investigate the addi-

tional positive effects that planning and/or policy measures might have on 

social, environmental, and economic aspects of the urban system (e.g., resi-

dents’ well-being; ecosystem quality; attractiveness of the area). Although 

evidence has demonstrated that co-benefits may represent the main driver 

for solutions - and mainly sustainable solutions - implementation (Larson 

and Perrings, 2013; McVittie et al. 2018), only a few works have explicitly 

considered the co-benefits analysis for measures selection and design (see 

e.g., Alves et al. 2018; Coletta et al. 2021). Once identified, the co-benefits 

were transformed into stocks as they are variables whose memory needs to 

be preserved over time. As they are generally intangible variables: i) they 

were expressed in dimensionless terms; ii) their starting value was defined 

through BOT graphs constructed by stakeholders (TASK 4, Section 2.2.3) or 

literature; iii) they were measured on a scale from 0 to 1 (or 100 in % 

terms), where 0 corresponds to the minimum level and 1 to the maximum 

level.

 

2.2.5.4. Urban performance index 

To provide a comprehensive overview of the urban resilience to 

flooding, an urban performance index was calculated. Indeed, measuring re-

silience can lead to a better understanding of the potential performance of 

districts in the time of an adverse event (Moghadas et al. 2019). Based on 

several studies that have applied an index-based approach for measuring 

the urban performance in the face of flooding (e.g., Cutter et al. 2008; Cutter 

et al. 2010; Verrucci et al. 2012; Batica et al. 2013; Cutter et al. 2014; Joerin 

et al. 2014; Rockefeller, 2015; Figureido et al. 2018; Moghadas et al. 2019; 

Feofilovs et al. 2020; Satour et al. 2021; Marasco et al. 2022), system charac-

teristics related to five resilience dimensions (social, economic, institutional, 
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infrastructural, and environmental) were used to quantify community disas-

ter resilience. In this study, the social resilience analysed the context-related 

capacities of different population groups within urban districts that can ef-

fectively respond in time of flooding; the economic dimension measured the 

vitality and resourcefulness of the community economy. The institutional 

resilience was measured based on the attributes connected with planning, 

preparedness initiatives and institutional capacity to cope with flooding; the 

infrastructural resilience was about the attributes or qualities of physical 

assets leading to response and recovery capacity. The environmental di-

mension considered the qualities of the urban environment that can in-

crease or reduce the flooding risk. Variables of the urban system related to 

these dimensions were selected, and classes (between 1 and 3) and weights 

were assigned to perform an aggregated weighted average and obtain a 

global urban performance index. 

2.2.6. Task 7: Stock and Flow model validation 

TASK 7 involved the validation of the SF model constructed in TASK 

6. A conceptual validation through stakeholder knowledge was carried out. 

BOT graphs drawn by stakeholders (TASK 4, Section 2.2.3) - and specifically 

the most likely behaviour over time of key variables of the system - were 

used to ensure that the model was appropriate. In addition, specific in-

puts/outputs of the model were validated with stakeholders applying the 

semi-structured interview style during a workshop. As for the inputs, stake-

holders were asked whether they agreed with the assigned values; regard-

ing outputs, whether they agreed with the behaviour over time. In both 

moments, stakeholders were encouraged to justify their responses. Outputs 

for which BOTs were built (TASK 4, Section 2.2.3) were only shown in case 

of deviation from the most likely future drawn by stakeholders. Stakeholder 

suggestions were implemented and the final SF model on urban flood risk, 

which integrates scientific and stakeholder knowledge, was obtained. 
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2.2.7. Task 8: Future scenarios building and analysis 

TASK 8 provided suggestions on the most suitable bundle of actions 

to implement to increase the resilience of the urban system to flooding. 

The SF model obtained from the previous tasks was used with a twofold ob-

jective: i) for the assessment of the long-term impacts of the baseline condi-

tions; ii) for a scenario analysis, useful to analyse the potential effect of the 

introduction of specific measures on urban flood resilience.  

Based on its expertise and the desired futures drawn by stakeholders (TASK 

4, Section 2.2.3), the modeller developed different flood risk management 

scenarios. These scenarios were then discussed with stakeholders using 

semi-structured interviews during a workshop. Specifically, a facilitator de-

scribed the meaning of each scenario compared to the baseline situation and 

stakeholders were asked to express their opinion about the behaviour of the 

key variables of the system in each developed scenario. A second session fo-

cused on the co-design of additional scenarios to be tested in the model for 

improved risk management. Stakeholders were asked to collectively select 

other factors/measures that may contribute to obtain the future scenarios 

they desire. A facilitator wrote detailed notes of what the stakeholders men-

tioned. Subsequently, the modeller implemented the stakeholders’ sugges-

tions and combined the developed scenarios in order to propose suitable 

bundles of actions that can be adapted and adjusted over time. The results 

were then discussed with other experts considering the trend of the main 

variables of the SF model with respect to the baseline scenario. The most 

suitable scenario for the area was chosen and used as a benchmark for sen-

sitivity analysis (SA). SA was performed to understand which variables im-

pact most on the resilience of the urban system (Mirchi et al. 2012). The ef-

fect of single parameter variation was analysed by individually altering the 

standard value of each parameter with up- and down-variations of 50% in a 

series of separate runs, while holding all other terms constant (Mateus & 

Franz, 2015). This helped to suggest to decision-makers i) which factors or 
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associated processes in the urban system they should monitor over time as 

they have more impact on urban flood resilience, and consequently ii) on 

which aspects to intervene to adapt and adjust strategies and objectives 

with a view to improving urban flood resilience.  
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3. THE THAMESMEAD CASE STUDY FROM THE FLOOD 

RISK ANALYSIS PERSPECTIVE 

 

 

The methodology proposed in Section 2 has been applied to the 

Thamesmead (TM) case study, a former inhospitable marshland in south-

east London, drained in the 1960s when the Greater London Council bought 

it with the aim of transforming the land into an attractive residential area 

(Markowitz, 2017). Unfortunately, that potential was never fully realised. A 

new regeneration plan renewed the interest in flood risk in the area.  

The area (Fig. 7) is located between the London Borough of Bexley and the 

Royal Borough of Greenwich. It is bordered by Woolwich to the southwest, 

Belvedere and Erith to the southeast, and the tidal River Thames to the 

north. 

 

Fig. 7 – Overview of the study area in relation to central London (adapted from EA, 2012). 
The coloured areas are the eight Thames Estuary 2100 flood risk action zones.

 

The information in this section was mainly gathered from the Thames Estu-

ary 2100 Plan (EA, 2012), the Living in the Landscape Framework (Peabody, 

2021), the Charlton to Bexley Riverside Integrated Water Management 
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Strategy (AECOM, 2017), and from semi-structured interviews or personal 

correspondence with stakeholders. In this regard, additional details are in-

cluded in the Section 10.2 of the Supplementary Material. 

TM consists of 40.000 people, 16.000 households and approx. 1000ha. Since 

2014, the 65% of the housing estate is owned by Peabody Trust, which set 

out an ambitious 30-year vision for TM as London’s new town. This will 

make the area experience significant growth, with averaged projections of 

14.140 additional residents and 4.850 new jobs over the next 20 years. The 

vision is based on some tenets, mainly related to the importance of nature, 

connectivity, inclusion, and safety as well as resilience to climate change 

impacts. Based on that, building resilience to flooding is considered a key is-

sue for protecting both the local community and the built environment in 

TM by the stakeholders. The area, in which there are 21 schools, six care 

homes, and over 100 electricity sub-stations, is vulnerable to four, closely 

related, types of flooding mechanisms: tidal, fluvial, pluvial, and groundwa-

ter flood. The following paragraphs illustrate the main characteristics of the 

area in relation to the different sources of flooding. 

 

3.1. Tidal river flood risk in Thamesmead 

The area is located within the portion of the River Thames where it is 

tidal, and hence subject to tides. Specifically, the tide rises and falls twice a 

day by up to 7m. In addition, the Thames estuary is prone to an increase in 

water levels caused by a North Sea surge. For this reason, TM benefits from 

the Thames Tidal Defences and, specifically, from a River Wall and two sec-

tions of embankment. The breach modelling showed that although the risk 

of tidal flooding is residual, the consequence of a breach or overtopping of 

the defences would be significant. It should be considered that the combined 

effect of defences degradation caused by ageing and climate change, may af-

fect the standard of protection that they can provide (EA, 2010). These 

might eventually have to be improved or replaced. However, according to 
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the Thames Estuary 2100 Plan, the Thames Defences - with continued 

maintenance and planned improvements, and with later modification (after 

2070) - could continue to provide protection to London and the estuary 

through to the end of the century. 

 

3.2. Fluvial flood risk in Thamesmead 

The Wickham Valley watercourse (also known as the Butts canal) is a 

main river that flows northwards and enters a culvert to the south of TM, 

which discharges into the Southmere Lake. Southmere Lake is connected to 

the TM lakes and canals surface water drainage network, which is London’s 

largest Sustainable urban Drainage System, and eventually discharges into 

the River Thames. Located to the east of TM, the Erith Marshes system of 

ditches and dykes, along with the lakes and canals system, dominates the 

drainage system of the area. In both networks, represented in Fig. 8, the wa-

ter levels are controlled by sluices and pumping stations.  

 

 

Fig. 8 – Locations of the drainage systems in the Marsh Dykes catchment, i.e., the entire area 
of reclaimed marshland (adapted from JBA, 2020).
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3.2.1. Gravity outfalls  

There are three locations in the study area where flows can exit the 

system under low tide conditions via gravity outfalls, i.e., Plumstead Sluice, 

Abbey Sluice and Great Breach Dyke. The location of these outfalls is shown 

in Fig. 9. 

 

Fig. 9 – Locations of Gravity Outfalls in the study area (adapted from JBA, 2020). 
 
 

Plumstead Sluice and Abbey Sluice take flows respectively from the Gallions 

Lake and the Crossway Lake to the River Thames. They maintain the water 

level in the lakes and connected canals at -0.762mAOD, which corresponds 

to their constant standing water level (URS Scott Wilson, 2012). The Great 

Breach gravity outfall is at the same location as the Great Breach pumping 

station and takes fluvial flows to the River Thames during low tide condi-

tions. 
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3.2.2. Pumping stations  

Due to the tidal fluctuations of the Thames, the sluice outflows can 

become tidelocked. In such circumstances, the pumps operate in four pump-

ing stations, i.e., Great Breach, i.e., Green Level, Lake 5 (Plumstead) and Lake 

4 (Thamesmere), to pass flow to the River Thames. As fluvial pumping sta-

tions are inland, they can be identified as defences in addition to the tidal 

flood defences (Fig. 10). 

 

Fig. 10 – Defences included within the Marsh Dykes catchment, i.e., the entire area of re-
claimed marshland (adapted from JBA, 2020).

 

3.3. Pluvial flood risk in Thamesmead 

The study area is covered by the Crossness sewer network, which is 

largely a combined system with some areas of separated sewer, i.e., foul and 

storm water sewers, with the latter discharging into the lakes and canals 

system (Fig. 11). Several sewer flooding episodes were recorded within the 

last 10 years. 



44 

 

Fig. 11 – Crossness sewer network within the Marsh Dykes catchment, i.e., the entire area of 
reclaimed marshland (adapted from JBA, 2020). 

 

3.4. Groundwater flood risk in Thamesmead 

The study area consists primarily of reclaimed marshland and there-

fore has a high water table. Most of the bedrock in the area is comprised of 

Thanet Sand Formation. There is an area of Chalk to the northwest and a 

small area of Chalk to the south. The eastern part is underlain by Lambeth 

Group (Fig. 12). Therefore, the base geology is relatively permeable, and the 

area is considered to have potential for groundwater flooding. 
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Fig. 12 – Geology of the Opportunity Areas in south-east London, among which is Thames-
mead (adapted from AECOM, 2017).

 

Some models that consider flood risk from these different sources (mainly 

pluvial, fluvial, and tidal flooding) have already been developed. However, 

an analysis of their interaction with other aspects (environmental, econom-

ic, and social aspects) is still missing. In addition, no information on the con-

dition of the sewer network and canals was contained within these models. 

Therefore, it has been assumed that they are in good working condition and 

are hydraulically efficient. Furthermore, the various discussions with stake-

holders (see Sections 10.1, 10.2, 10.4, 10.5, 10.7 and 10.8 of the Supplemen-

tary Material) revealed that flooding events in the area are strictly linked to 

both the stormwater and the lakes and canals systems due to their ageing 

and the sediment build-up. The groundwater and tidal river, through inter-

actions with these systems, contribute to exacerbating the situation. Stake-

holders therefore expressed the need for approaches that assess the com-

bined effect of these flood resources in the area. However, according to 

them, drainage networks should be both improved by adding mainly BG in-

frastructure and maintained in existing parts to avoid breaks or blockages.  
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Besides that, the stakeholders specified that pluvial and groundwater flood 

monitoring warning systems are lacking as well as that residents' awareness 

of flood risk should be increased. 
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4. RESULTS 

 

 

 The main results obtained from the application of the methodological 

framework presented in Section 2 to the Thamesmead case study are pre-

sented below. The first part of the Section relates to the description of the 

outputs of the implementation of the System Thinking approach (see Sec-

tion 4.1 and 4.2), while the second part is about what obtained from the Dy-

namic Simulation (see Section 4.3 and 4.4).  

 

4.1. Thamesmead flood Causal Loop Diagram construction 

The final version of the CLD related to the TM study area is shown in 

Fig. 13. The variables in red identify the four main types of flooding mecha-

nisms (i.e., tidal river flood, groundwater flood, fluvial flood, and pluvial 

flood) to which the area is vulnerable. The variables in orange identify the 

main issues/elements that are currently explored within the CUSSH and 

CAMELLIA projects and that represent a 'basis' for the developed model 

(see Davies et al. 2021); those in grey define the main measures/actions 

that, based on literature, stakeholder knowledge, and the ongoing regenera-

tion projects, could be implemented in the area. The links between variables 

within feedback loops (endogenous variables) are black to distinguish them 

from the simple causal relationships (in blue and grey). A full list of the vari-

ables used in the CLD, along with a description, is provided in the Section 

10.3 of the Supplementary Material. 
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Fig. 13 - Thamesmead flood CLD.  
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The CLD in Fig. 13 was obtained using the Vensim® software, following 

TASKS 1, 2, and 3 described in Section 2.2. The information needed to build 

the preliminary TM urban flood risk CLD (TASK 1, Section 2.2.1) has been 

taken from i) literature review on hydraulic flood models variables, e.g., soil 

retention capacity and surface runoff, and the topics of flood risk and its ef-

fects on urban systems in general; ii) other TM CLDs already developed 

through three previous stakeholders workshops (between January and July 

2020) on the quality of the built environment and BG spaces for other ongo-

ing modelling activities within the CUSSH and CAMELLIA projects (see Plu-

chinotta et al. 2021b for further details); iii) existing water management re-

ports through London and the Thames estuary obtained from involved 

stakeholders (see Section 10.2 of the Supplementary Material). As far as the 

improved CLD version which includes stakeholder knowledge (TASK 2, Sec-

tion 2.2.2) is concerned, it was obtained from the analysis of both four 

rounds of semi-structured interviews of approximately 1 h duration (see 

Section 10.1 of Supplementary Material) and the review of past flooding 

events in the area with experts. 

The validation of both some key connections and the general structure of 

the improved CLD with stakeholders during an online workshop (approxi-

mate duration 1 h) held on 9 September 2021 allowed producing the final 

version of the CLD structure (TASK 3, Section 2.2.2). CLD validation was 

based on the use of semi-structured interviews. Full details on the workshop 

agenda used for the TM CLD causal structure validation and on the stake-

holders involved in the workshop are in Sections 10.4 and 10.5 of the Sup-

plementary Material respectively. 

With the aim of identifying and labelling features in the variable set and be-

ing also consistent with the analysis of the other CLDs on the quality of 

built/BG environment already developed for the case study, the TM CLD 

variables were coded into first order thematic clusters identified by the 

CUSSH/CAMELLIA team (see Pluchinotta et al. 2021b for further details). 

Four coders carried out the attribution of thematic clusters to the CLD flood 



50 

variables. Fifteen variables were attributed to the ‘water management’ sec-

tor; thirteen variables were included in the ‘socio-economic aspects’ cluster. 

In the ‘natural capital’, ‘climate’, and ‘built environment’ sectors, five, four, 

and three variables have been allocated respectively. The remaining varia-

bles of the flood CLD were instead distributed, for a maximum number of 

two variables per sector, between the clusters ‘people's use of spaces’, 

‘health’, ‘participation’, ‘maintenance’, ‘governance’, and ‘sustainability driv-

en design’. Fig. 14 shows the TM flood CLD with the first order thematic 

clusters highlighted. 
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Fig. 14 - Thamesmead flood CLD with thematic clusters highlighted.
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The second part of the online workshop held on 9 September 2021 (approx-

imate duration of 1 h) and oriented to the analysis of the BOT graphs of key 

variables of the system (TASK 4, Section 2.2.3). Full details on the workshop 

agenda used for the BOT graphs construction are included in Section 10.4 of 

the Supplementary Material. Using Jamboard, the digital interactive white-

board developed by Google, the stakeholders were asked to represent and 

describe, with the help of facilitators, the behaviour over time of the varia-

bles ‘infrastructure/public realm damage’ and ‘private properties damage’ 

due to flooding, ‘quality of BG public spaces’, ‘attractiveness of local area’, 

and ‘residents’ health’ under the three different conditions introduced in 

Section 2.2.3 of the methodological framework (i.e., desired future, most 

likely future, and feared future). The variables listed above were chosen for 

a twofold reason. First, they represent some of the objectives set by Pea-

body's ambitious Plan for regeneration in TM (namely, minimizing flood 

damage, achieving an attractive neighbourhood and high-quality BG public 

spaces, and improving the well-being of residents). Second, the possibility of 

finding data that describe them over time is limited. The seven stakeholders 

who participated in the workshop were divided into two groups in relation 

to their expertise and interests. The first group with four stakeholders was 

responsible for representing the variables 'infrastructure/public real dam-

age' and 'private properties damage'; the second group worked on the 

graphs of the variables 'attractiveness of local area' and 'residents' health'. 

The variable 'quality of BG public spaces' was assigned to both groups, be-

cause it was considered particularly difficult to represent due to the abso-

lute lack of data in the literature. The time horizon considered in the graphs 

was from 2010 until 2050, i.e., the end of the regeneration Plan. 
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4.2. Causal Loop Diagram integration based on Behaviour Over 

Time graphs 

In this section, the mechanisms of the CLD which have the same vari-

ables as the BOT graphs are analysed and enriched to hypothesize the dy-

namic behaviour of the variables. TASK 5 of the methodological framework 

(Section 2.2.4) focused on formulating hypotheses on both urban system 

dynamics and the implementation of policies in the context of flood risk.  

Within the flood CLD, through the application of function 'loops' in Vensim® 

software, 396 feedback loops directly involving the variable 'flood' have 

been identified. Specifically, 132 involve 'pluvial flood', ‘groundwater flood’, 

and 'fluvial flood'. The loops that are produced are mainly balancing loops. 

No feedback loops involve the variable ‘tidal river flood’.  

The loops chosen for the analysis and integration with BOT graphs are those 

that contain a greater number of variables identified as important by the 

stakeholders in previous activities carried out within the CUSSH and CA-

MELLIA projects (‘land consumption for building’, ‘biodiversity’, ‘use of BG 

public spaces’, ‘economic losses’, ‘impact on small business/families’). The 

variables involved in each feedback loop, the related dynamics activated 

within the system, and the behaviour mode are included in Section 10.6 of 

the Supplementary Material. For the sake of brevity, only the most relevant 

CLD-BOT graphs’ integrations are presented below. These involve the feed-

back loops B1 and B2, whose dynamics mainly relate to the variables 'infra-

structure damage' and 'public realm damage', and the B4 and B5, whose dy-

namics are related to 'attractiveness of the local area' and 'quality of BG 

public spaces' respectively. 
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4.2.1. Infrastructure and public realm damage  

Firstly, two balancing loops with time delays involving the ‘infra-

structure damage’ (B1) as well as the ‘public realm damage’ (B2) are isolat-

ed and shown in Fig. 15. The minimization of both classes of damage is a key 

objective for the area. 

 

 

Fig. 15 –Infrastructure and public realm damage feedback loops (respectively B1 and B2). 
Loop B1 is the one in black, while loop B2 is the one in pink. The variables ‘land consump-

tion for building’, ‘impervious areas’, ‘green areas’, ‘soil retention capacity’, ‘surface runoff’, 
‘urban stormwater system capacity’, and ‘pluvial flood’ are in common between the two 

loops. Changing times (delays) are represented by bars on the arrows.

Specifically, the black balancing loop B1 shows that an increase of ‘flood’ 

may lead to an increase of ‘infrastructure damage’ with a consequent reduc-

tion of ‘residents’ health’ and the attractiveness of the area. Considering the 
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balancing loop B2 (pink), if ‘flood’ increases, the ‘public realm damage’ and 

‘economic losses’ increase, reducing the attractiveness of the area. In both 

loops a reduction of the attractiveness of the area might lead to a decrease 

of ‘land consumption for building’, resulting in an increase of ‘soil retention 

capacity’ and a reduction of flood risk. These are two balancing feedback 

loops with delays that might create oscillating behaviour in the system in re-

lation to the achievement of the established objective, i.e., the minimization 

of the 'infrastructure/public real damage'. This means that flood damage to 

infrastructure and the public realm may either increase or decrease in dif-

ferent conditions. Both loops are closely interconnected due to shared vari-

ables (‘flood’, ‘attractiveness of local area for residents’, ‘land consumption 

for building’, ‘impervious areas’, ‘green areas’, ‘soil retention capacity’, ‘sur-

face runoff’, ‘urban stormwater system capacity’, and ‘pluvial flood’). Thus, if 

one of the two types of damage is reduced, the other one could be reduced 

as well.  

Fig. 16a shows the feared future (yellow line) and the most likely future (red 

line) of the variables 'infrastructure damage' and 'public realm damage' as 

perceived (and drawn) by stakeholders; according to them, both trends may 

increase over time due to the impacts of climate change. 
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Fig. 16 - a) BOT graph of the variables ‘infrastructure/public realm damage’ created by the stakeholders during a participatory 
workshop. The blue line represents the past behaviour of the variable, the yellow, red, and green ones respectively the feared, 
most likely, and desired future. b) Infrastructure and public realm damage feedback loops (respectively B1 and B2). Loop B1 is 

the one in black, while loop B2 is the one in pink. The variables ‘land consumption for building’, ‘impervious areas’, ‘green areas’, 
‘soil retention capacity’, ‘surface runoff’, ‘urban stormwater system capacity’, and ‘pluvial flood’ are in common between the two 
loops. The variables in grey are measures/actions; simple causal relationships between variables outside the feedback loops (ex-

ogenous variables) are in blue. Changing times (delays) are represented by bars on the arrows.
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Considering the effect of the variable ‘climate change’ on the loops (Fig. 

16b), it can be observed that a large increase of the variable may lead to a 

significant decrease of 'green areas' and a large increase of 'surface runoff' 

with a consequent increase of 'infrastructure damage' and 'public realm 

damage' and thus a linear upward trend of the variables (instead of oscilla-

tory as would result from the analysis of the loops alone in Fig. 15). Depend-

ing on the severity of the effect of ‘climate change’ on ‘green areas’ and ‘sur-

face runoff’, the feared and most likely future may be obtained. According to 

the stakeholders, by activating flood risk mitigation/prevention measures in 

the system, the variables ‘infrastructure damage’ and ‘public realm damage’ 

may behave similarly to the desired future (green line, Fig. 16a), which is 

linearly decreasing. In fact, adding some interventions in the loops simulta-

neously (see Fig. 16b) may generate the desired dynamics and thus move 

from an oscillatory to a linear trend of damage minimization. For example, 

the introduction of ‘Grey and BG infrastructure’ may allow the rebalancing 

of the system thanks to an effect on the ‘infrastructure damage’ and ‘public 

realm damage’ variables. In the long term, further corrective measures, such 

as ‘sustainable urban development’, should be activated to ensure that the 

system does not move away from the target of damage minimization (and 

therefore from the desired future). Indeed, short-term damage management 

(e.g., through the introduction of 'Grey and BG infrastructure') may lead to 

an increase of the attractiveness of the area and of ‘land consumption for 

building’, which, if not effectively controlled, risks reducing ‘soil retention 

capacity’, which is increasingly exacerbated by ‘climate change’, and once 

again unbalancing the system. 



58 

4.2.2. Attractiveness of local area and quality of Blue and Green 

public spaces 

Fig. 17 includes two balancing feedback loops with time delays (B4 

and B5) related to the ‘attractiveness of local area’ and ‘quality of BG public 

spaces’. Key objectives for the area are the achievement of an attractive 

neighbourhood and high-quality BG public spaces. 

 

 

Fig. 17 –Attractiveness of local area and quality of BG public spaces feedback loops (respec-
tively B4 and B5). Loop B4 is the one in black, while loop B5 is the one in pink. The varia-

bles ‘biodiversity’, ‘quality of BG public spaces’, and ‘use of BG public spaces’ are in common 
between the two loops. Changing times (delays) are represented by bars on the arrows.
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The loops show how ‘attractiveness of local area’ and ‘quality of BG public 

spaces’ may increase or decrease as variables belonging to other thematic 

clusters, i.e., built environment, natural capital, and space use, change. Fo-

cusing on the black balancing loop B4, if ‘land consumption for building’ in-

creases, ‘green areas’ may decrease as well as ‘biodiversity’, leading, in the 

long run, to a reduction in the attractiveness of the area in general and con-

sequently in the ‘land consumption for building’. The pink balancing loop B5 

shows instead what happens to the system if ‘biodiversity’ decreases or in-

creases. If ‘biodiversity’ decreases, the quality and use of BG public spaces 

may also decrease, leading to an increase in ‘biodiversity’ over time. These 

are two balancing feedback loops with delays that might lead to oscillation 

in the system in relation to the achievement of the established objectives 

(i.e., the achievement of an attractive neighbourhood and high-quality BG 

public spaces). Both loops (and therefore both goals) are closely intercon-

nected since they have three variables in common (‘biodiversity’, ‘quality of 

BG public spaces’, and ‘use of BG public spaces’). In particular, the achieve-

ment of the objective ‘attractiveness of local area’ may imply the non-

achievement of the objective ‘high-quality BG public spaces’. 

In Fig. 18a/b the feared futures (yellow lines) of the variables were repre-

sented by stakeholders with a low but (quite) constant trend due to both a 

lack of money for new investments and the effect of interventions first im-

plemented in 2018.   
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Fig. 18 - a) BOT graph of the variable ‘attractiveness of local area’ created by the stakeholders during a participatory workshop. b) 
BOT graph of the variable ‘quality of BG public spaces’ created by the stakeholders during a participatory workshop. In both 

graphs the blue line represents the past behaviour of the variable, the yellow, red, and green ones respectively the feared, most 
likely, and desired future. c) Attractiveness of local area and quality of BG public spaces feedback loops (respectively B4 and B5). 
Loop B4 is the one in black, while loop B5 is the one in pink. The variables ‘biodiversity’, ‘quality of BG public spaces’, and ‘use of 
BG public spaces’ are in common between the two loops. The variables in grey are measures/actions; simple causal relationships 
between variables outside the feedback loops (exogenous variables) are in blue. Changing times (delays) are represented by bars 

on the arrows.



61 

To guarantee that the CLD correctly represents the constant trend of the 

feared futures it is necessary to consider simultaneously in Fig. 18c: i) the 

effect on the loops of external variables, such as 'impact on small busi-

ness/families' due to 'economic losses' caused by flooding for loop B4 and 

'environmental quality of the urban system' for loop B5, and ii) the mainte-

nance of pre-existing measures. According to stakeholders, by activating 

flood risk mitigation/prevention measures, the variables ‘attractiveness of 

local area’ and ‘quality of BG public spaces’ may behave similarly to either 

the most likely futures (red lines) or the desired futures (green lines) in Fig. 

18a/b. The CLD can integrate this perception (see Fig. 18c), provided that 

several actions, such as 'sustainable urban development' and ‘urban Grey 

and BG infrastructure’, are implemented simultaneously. Indeed, 'sustaina-

ble urban development' might lead to an increase in ‘green areas’ and ‘bio-

diversity’ over time, continuing to guarantee, in the long run, the achieve-

ment of both objectives, while ‘urban Grey and BG infrastructure’ directly 

act on both variables. The difference between the desired and most likely fu-

tures depends on the degree to which the measures are activated. In par-

ticular, in the case of the desired futures, all the measures are applied 

and/or fully functioning and effective; while in the case of the most likely fu-

tures not all measures are applied, or they are not fully functioning and ef-

fective. 

Although the desired future of the variable 'attractiveness of local area' sug-

gests that very high levels of attractiveness may be achieved in a very short 

time (Fig. 18a), it was specified by stakeholders that residents may not want 

the neighbourhood to be too attractive because this would result in an ex-

ponential increase in housing prices. Therefore, ideally, the CLD narrative 

should represent a desired future in which the degree of attractiveness 

grows with time but not excessively. To this end, implementing measures 

that rapidly increase attractiveness could go against the wishes of residents.
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4.3. Thamesmead flood Stock and Flow model construction 

The quantitative SD model on flood risk in TM was obtained using the 

Vensim® software and following TASKS 6 and 7 described in Section 2.2. In-

formation on the mathematical equations and parameters to build the TM 

flood risk SF model (TASK 6, Section 2.2.5) was taken from i) literature re-

view and ii) existing datasets, hydraulic/hydrological models, and water 

management reports from involved stakeholders (see Section 10.2 of the 

Supplementary Material). Regarding stakeholder validation of specific in-

puts/outputs of the model (TASK 7, Section 2.2.6), an online workshop (ap-

proximate duration 1 h) was held on 27 October 2022. The SF model was 

validated through semi-structured interviews. Full details on the workshop 

agenda used for the TM SF model validation and on the stakeholders in-

volved in the workshop are in Sections 10.7 and 10.8 of the Supplementary 

Material respectively. 

The model ran over a time scale of 78 years, accounting for the evolution of 

the neighbourhood from 2022 to 2100. This allowed for considering both 

the period covered by the Peabody regeneration Plan (ending in 2050) and 

the entire future time horizon considered by the flood risk management 

Plan (TE2100 Plan) developed by the Environmental Agency. The simula-

tion was based on a daily time step because this represents the best com-

promise between the one generally used for analysing urban drainage sys-

tems (i.e., sub-hourly/hourly) and the one used for computing river and 

groundwater dynamics (monthly and/or yearly).  

Specific dynamics were isolated and arranged in specific sub-models - i.e., 

‘Flood hazard’, ‘Tangible damage evaluation’, ‘Co-benefits analysis’, ‘Flood 

vulnerability’, and ‘Flood risk assessment’ – simplifying the representation, 

without losing the advantages of an aggregated structure. Aggregated indi-

ces – i.e., flood hazard index, flood vulnerability index, flood risk index, and 

urban performance index - were calculated to obtain information on the ur-

ban system of use at a planning and/or strategic level. In the next para-
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graphs a simplified version of each developed SD sub-model is described, 

while the mathematical equations, data, and initial values behind the model 

are included in Section 10.9 of the Supplementary Material. 

 

4.3.1. ‘Flood hazard’ sub-model description 

The ‘Flood hazard’ sub-model related to the TM study area is shown in Fig. 

19. It consists of six sections identified in the Figure with grey shapes, name-

ly ‘land consumption’, ‘water balance’, ‘groundwater level’, ‘tidal river flood’, 

‘pluvial flood’, and ‘fluvial flood’. The variables in red identify the simulated 

flooding mechanisms. 
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Fig. 19 – Thamesmead ‘Flood hazard’ sub-model. Sub-model sections are represented with grey shapes, while variables in red are 
the simulated flooding mechanisms.
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This sub-model provided a simplified hazard assessment, combining the ef-

fects of climate change and population growth, and the effectiveness of flood 

mitigation infrastructure. The effect of climate change was taken into ac-

count through a specific subset of parameters, i.e., ‘precipitation’, ‘evapo-

transpiration’, and ‘sea level rise’ (respectively in sections ‘water balance’, 

‘groundwater level’, and ‘tidal river flood’ in Fig. 19). For these variables, 

climate change projections on a regional scale with reference to a 90% 

probability level under the high emission future scenario were considered 

(see Murphy et al. 2009). To include the probabilistic component in the haz-

ard assessment, the precipitation dataset was enriched with 2, 5, 10, 30, 50, 

100 and 500- year return period events. The effect of population growth 

planned by Peabody was expressed through changes in the ‘density of build-

ing development’ over time (see section ‘land consumption’ in Fig. 19). Pop-

ulation projections (Askew, 2018) were used to this end. The effectiveness 

of flood mitigation infrastructure was described referring to the capacity of 

both the stormwater system and the drainage systems, affected not only by 

the ageing of the infrastructure but also by frequent sediment build-up (see 

the sections ‘pluvial flood’ and ‘fluvial flood in Fig. 19). For this purpose, fu-

ture projections of systems clogging were developed based on past flooding 

episodes. The deterioration of the Thames defences was also considered 

(see the ‘tidal river flood’ section in Fig. 19). 

The ‘Flood hazard’ sub-model’ main purpose was to calculate an aggregated 

flood hazard index. To compute the flood hazard index, the hazard from 

each flood source was assessed, while considering the role of interconnec-

tions. Since, according to stakeholders, flooding events occur mainly with 

reference to drainage systems, the ‘groundwater level’ was used to evaluate 

the degree of soil saturation and consequently the amount of water that 

contributes, together with the ‘precipitation impervious component’, to the 

‘surface runoff’ feeding the drainage systems (see the interaction between 

the ‘groundwater level’ and ‘pluvial flood’ sections in Fig. 19). At the same 

time, the groundwater level was used to assess the ‘tidal river level’, which, 
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for the sake of simplicity, was modelled at high tide. The amount of water 

flooding from the tidal river Thames was considered as an additional con-

tribution to the ‘surface runoff’ (see the interaction between the ‘groundwa-

ter level’ and ‘tidal river flood’ sections in Fig. 19). 

 

4.3.2. ‘Tangible damage evaluation’ and ‘Co-benefits analysis’ sub-

models description 

The ‘Tangible damage evaluation’ and the ‘Co-benefits analysis’ sub-

models are shown in Fig. 20. The former (circled in blue in Fig. 20) was built 

on the basis of the flood depths calculated in the ‘Flood hazard’ sub-model 

and allowed a simplified assessment of flooding’s impacts on the built envi-

ronment. The latter (circled in green in Fig. 20), closely related to the ‘Tan-

gible damage evaluation’ sub-model, consists of four sections represented 

with grey shapes, namely ‘ecosystem quality’, ‘residents’ well-being’, ‘attrac-

tiveness for companies’, and ‘community flood risk perception’. 
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Fig. 20 – Thamesmead ‘Tangible damage evaluation’ and ‘Co-benefits analysis’ sub-models. The former is circled in blue, while the 
latter in green. Sub-model sections are represented with grey shapes.
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The ‘Ecosystem quality state’ (see the ‘ecosystem quality’ section in Fig. 20) 

represents the quality of the urban natural space, which in turn depends on 

biodiversity and access. In particular, biodiversity is conditioned by ‘flood 

depth’ and ‘imperviousness coefficient’, while access depends on ‘proximity 

to natural sources’, ‘availability of facilities’, and ‘transport services’ 

(O’Keeffe et al. 2022). ‘Ecosystem quality state’ increases both ‘attractive-

ness for companies’ and ‘residents’ well-being’ (see ‘residents’ well-being’ 

and ‘attractiveness for companies’ sections in Fig. 20). The latter is de-

creased by ‘community flood risk perception’ (see the ‘community flood risk 

perception’ section in Fig. 20), which denotes the level of awareness and 

preparedness of people with respect to flood risk. This can be improved 

through specific strategies (e.g., ’local community engagement’, information 

systems, and monitoring and warning systems) and affects the damage due 

to flooding. 

 

4.3.3. ‘Flood vulnerability’ and ‘Flood risk assessment’ sub-models 

description 

The ‘Flood vulnerability’ and the ‘Flood risk assessment’ sub-models 

are shown in Fig. 21. The former (circled in orange in Fig. 21) consists of 

three sections represented with grey shapes, namely ‘flood exposure’, ‘flood 

susceptibility’, and ‘flood adaptive capacity’. The latter (circled in red in Fig. 

21) includes both the ‘Flood hazard’ and ‘Flood vulnerability’ sub-models.
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Fig. 21 – Thamesmead ‘Flood vulnerability’ and ‘Flood risk assessment’ sub-models. The former is circled in orange, while the lat-
ter in red. Sub-model sections are represented with grey shapes.
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The ‘Flood vulnerability’ sub-model provided a simplified vulnerability as-

sessment, combining the ‘flood exposure factor’, ‘flood susceptibility factor’, 

and ‘flood adaptive capacity factor’. The ‘flood exposure factor’ depends on 

‘proximity to flood sources’, ‘land use type’, and ‘built environment quality’, 

which is in turn conditioned by the quality of buildings, infrastructure, and 

services in the area (see the ‘flood exposure’ section in Fig. 21). The ‘flood 

susceptibility factor’ and the ‘flood adaptive capacity factor’ are closely con-

nected with the ‘Co-benefits analysis’ sub-model. The former includes the 

variables ‘residents’ well-being’ and ‘community flood risk perception’ as 

well as the social characteristics of the system (‘elderly and children’ and 

‘families size’) and the ‘critical infrastructure presence’ (see the ‘flood sus-

ceptibility’ section in Fig. 21). The latter is affected instead by variables that 

condition the system's response to hazard (e.g., ‘information systems effec-

tiveness’, ‘flood monitoring and warning systems effectiveness’, and ‘local 

community engagement’) (see the ‘flood adaptive capacity’ section in Fig. 

21). The combination of the three factors allowed calculating the ‘flood vul-

nerability index’, which together with the ‘flood hazard index’ gave a simpli-

fied estimation of the ‘flood risk index’ (see the ‘Flood risk assessment’ sub-

model in Fig. 21). The urban resilience to flooding was evaluated through 

the ‘urban performance index’ affected by i) the main co-benefits  (i.e., ‘eco-

system quality state’, ‘attractiveness for companies’, ‘residents’ well-being’, 

and ‘community flood risk perception’), ii) the strategies for improving 

community flood risk perception (e.g., 'flood monitoring and warning sys-

tems effectiveness'), iii) the variables related to urban planning (i.e., ‘built 

environment quality’ and ‘imperviousness coefficient’), and iv) the popula-

tion characteristics, such as the presence of ‘elderly and children’. 
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4.4. Future scenarios building and analysis for Thamesmead 

Considering the ability of the SF models to produce graphs representing the 

evolution of system variables over time, the TM SF model was used with the 

aim of identifying, through scenario analysis, the impact that different flood 

risk management actions would have on the model's output variables (TASK 

8, Section 2.2.7). Different scenarios were proposed and co-designed with 

stakeholders during an online workshop (approximate duration 1 h) held on 

27 October 2022. Full details on the workshop agenda used for scenarios 

building and on the involved stakeholders are in Sections 10.7 and 10.8 of 

the Supplementary Material respectively. The trends of the key variables of 

the SF model (i.e., ‘flood hazard index’, ‘tangible damage due to flooding’, 

‘ecosystem quality state’, ‘residents’ well-being’, ‘community flood risk per-

ception’, ‘attractiveness for companies’, ‘flood vulnerability index’, ‘flood 

risk index’, and ‘urban performance index’) were compared with each other 

under different conditions using the baseline scenario as a reference. The 

developed scenarios are described below, while Table 3 shows the variables 

that were changed in each scenario. 

 

Baseline Scenario  

This scenario described the most likely evolution of the system if the main 

input variables (e.g., precipitation, evapotranspiration, sea level, population, 

built environment quality) change according to the climate change projec-

tions and the regeneration plan proposed by Peabody. For the purposes of 

this scenario, no modifications were made to the parameters of the flood 

mitigation infrastructure. This means that they were only maintained when 

necessary (e.g., in case of sediment build-up).  
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Scenario 1 - ‘Replacing infrastructure at lifecycle end’ 

In this scenario, stormwater and drainage systems were replaced at the end 

of their service life (approximately 40 years). Based on this, changes in the 

parameters of the systems were made in 2046 and 2087.  

 

Scenario 2 - ‘Planned ordinary maintenance’ 

In this scenario, stormwater and drainage systems were regularly main-

tained from 2030 onwards. The effects of periodically cleaning the systems 

and the subsequent extension of their service life (about 10 years) were 

evaluated.  

 

Scenario 3 - ‘BG infrastructure implementation’ 

In line with the vision of Peabody's regeneration plan for TM, this scenario 

examined the role that BG infrastructure can play in addressing flooding and 

improving co-benefits (e.g., ecosystem quality and residents’ well-being). 

The hydrological benefit of BG infrastructure measured through surface 

runoff reduction and biodiversity performance were implemented from 

2030 onwards. Specifically, intensive Blue/Green roofs, urban green ave-

nue/woodlands, wetlands, parks, and lake and canal naturalisation were in-

troduced.
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Table 3. Summary of the changed variables in the modelled scenarios. Where numerical values of the varia-
bles are proposed, a qualitative description of their meaning is indicated. As for variables that are not con-
stant over time, see Section 10.10 of the Supplementary Material for further details. 

VARIABLE BASELINE 
SCENARIO 

SCENARIO 1 SCENARIO 2 SCENARIO 3 

Stormwater system 
capacity 

Variable with time Variable with time Variable with time Variable with time 

Canals capacity Variable with time Variable with time Variable with time Variable with time 

Pumps capacity Variable with time  Variable with time  Variable with time  Variable with time  

Community sense of 
safety 

1 (low class) Variable with time Variable with time Variable with time 

Citizens’ involvement 1 (low class) 1 (low class) 1 (low class) Variable with time 

Wetlands hydrologi-
cal performance 

— — — Variable with time 

Urban green ave-
nue/woodland hy-
drological perfor-

mance 

— — — Variable with time 

Intensive Blue/Green 
roofs hydrological 

performance 

— — — Variable with time 

Parks hydrological 
performance 

— — — Variable with time 

Lakes and canals 
naturalization 

— — — Variable with time 
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Proximity to natural 
spaces 

0.5 (medium level) 0.5 (medium level) 0.5 (medium level) Variable with time 

Wetlands biodiversi-
ty performance 

— — — Variable with time  

Urban green ave-
nue/woodland bio-

diversity perfor-
mance 

— — — Variable with time  

Intensive Blue/Green 
roofs biodiversity 

performance 

— — — Variable with time  

Parks biodiversity 
performance 

— — — Variable with time  
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4.4.1. Scenario analysis and comparison  

The effectiveness of different measures with respect to key SF model 

variables was compared. To provide a general idea of the behaviour of the 

variables over time, annual averages and maxima were calculated. For the 

sake of brevity, the maximum values of the variables ‘flood hazard index’, 

‘residential buildings damage’, ‘flood vulnerability index’, and ‘flood risk in-

dex’ (most relevant for a comprehensive flood risk analysis) were only re-

ported in this work. As for the co-benefits (i.e., ‘ecosystem quality state’, 

‘residents’ well-being’, ‘community flood risk perception’, and ‘attractive-

ness for companies’) and the ‘urban performance index’, the average values 

were represented. However, the maximum and minimum values of each var-

iable, albeit with some variations, showed limited differences.  

Model outputs are described below by key variables. With the exceptions of 

‘residential buildings damage’ which is presented in euros per square metre 

(euro/sqm), outputs are dimensionless and range from 1 (low) to 3 (high) if 

they are indices and from 0 (minimum level) to 1 (maximum level) if they 

are co-benefits. 

 

‘Flood hazard index’ and ‘residential buildings damage’  

As for the variable ‘flood hazard index’ (see Fig. 22a), the baseline case 

shows an increase over time mainly due to the malfunctioning of drainage 

systems due to sediment build-up and systems ageing; the surge around 

2090 can be attributed to the deterioration of the Thames defences. The 

contribution of the maintenance carried out in Scenarios 2 and 3 is positive 

with regard to the reduction of the ‘flood hazard index’ for about ten years 

due to the extension of the service life of the drainage systems. When the 

service life of the systems is over, the implementation of the BG infrastruc-

ture (Scenario 3) is no longer sufficient to reduce the index compared to the 

baseline. Similar considerations can be extended to the variable 'residential 

buildings damage' (see Fig. 22b). With reference to the behaviour of ‘flood 



76 

hazard index’ and ‘residential buildings damage’, none of the scenarios suc-

ceed in mitigating the impact caused around 2090 by the deterioration of 

the Thames defences. In fact, the index reaches at least medium values (i.e., 

2), while the value of damage rises above 100 euro/sqm. Looking at the var-

iable ‘residential buildings damage’, there is a greater impact in the case of 

Scenario 2. The reason for this can be attributed to the replacement of the 

drainage systems which, functioning correctly, would discharge the accumu-

lated water into the tidal river Thames. Therefore, the combined effect of 

the sea level rise, deterioration of defences and discharge of water into the 

river by the drainage systems could create greater damage in Scenario 2 

around 2090. Actions should therefore be taken to counteract the deteriora-

tion of defences and/or its effects. 
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Fig. 22 – a) ‘flood hazard index’ and b) ‘residential buildings damage’ outputs generated by 
the model during Scenarios 1–3 using the baseline case as reference.
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‘Community flood risk perception’ 

The trend of the variable 'community flood risk perception' (see Fig. 23) in 

Scenario 1 gets worse compared to the baseline. This could be due to both 

the increased sense of safety that the replacement of drainage systems could 

bring as well as the general reduction of tangible damage. On the contrary, 

in Scenario 3 the community perception improves compared to the baseline 

mainly because the implementation of BG infrastructure provides a greater 

involvement of citizens and thus a greater awareness of the flood risk in the 

area. 

 

Fig. 23 – ‘Community flood risk perception’ outputs generated by the model during Scenar-
ios 1–3 using the baseline case as reference.

 

‘Ecosystem quality’, ‘residents’ well-being’ and ‘attractiveness for companies’ 

In Scenarios 1 and 2 the variables ‘ecosystem quality’ and ‘residents’ well-

being’ show no major differences from the baseline. However, in Scenario 3 

there is an increase of the two co-benefits probably because of the growth of 

the variable 'green spaces experience' due to the implementation of BG in-
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frastructure (see Fig. 24a/b). ‘Attractiveness for companies’ does not change 

significantly between scenarios. 

 

Fig. 24 – a) ‘ecosystem quality’ and b) ‘residents’ well-being’ outputs generated by the mod-
el during Scenarios 1–3 using the baseline case as reference. Where scenarios overlap, their 

labels are placed and separated by a hyphen (-).
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Fig. 25 – a) ‘flood vulnerability index’ and b) ‘flood risk index’ outputs generated by the 
model during Scenarios 1–3 using the baseline case as reference. Where scenarios overlap, 

their labels are placed and separated by a hyphen (-).
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‘Flood vulnerability index’ and ‘flood risk index’  

The ‘flood vulnerability index’ does not show notable changes in Scenarios 1 

and 2 with respect to the baseline in which the trend is expected to decrease 

over time due to the positive effect of the regeneration plan on the quality of 

the built environment (i.e., buildings, transport services, infrastructure). In 

Scenario 3, although the variations with respect to the baseline are small, 

the variable shows the most desirable outcome due to the increase of co-

benefits (see Fig. 25a above). The limited change of the 'flood vulnerability 

index' over time in the different scenarios means that the 'flood risk index' is 

more susceptible to the fluctuations of the 'flood hazard index' (see Fig. 22a 

and Fig. 25b above). Provided that the drainage system works, the risk is 

reduced in all the three scenarios with respect to the current situation. In 

the long run, Scenario 1 shows better impacts. 

 

‘Urban performance index’ 

The behaviour of the variable 'urban performance index' (see Fig. 26) does 

not change in the different scenarios until around 2030, which corresponds 

to the implementation of the management measures. From 2030 onwards, 

the urban performance improves in all the scenarios compared to the base-

line. However, while the performance in Scenario 2 returns to that of the 

baseline around 2065, in Scenarios 1 and 3 it continues to be more desira-

ble. In Scenario 1 this depends on the improvement in the effectiveness of 

flood mitigation infrastructure, while in Scenario 3 on the increase of co-

benefits.
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Fig. 26 – ‘Urban performance index’ outputs generated by the model during Scenarios 1–3 
using the baseline case as reference.
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4.4.2. Bundles of actions comparison 

Starting from the considerations in the previous paragraph, further 

scenarios were developed. Specifically, combining the actions proposed in 

Scenarios 1-3 over time, the implementation of bundles of corrective actions 

was proposed. The developed scenarios are described below.  

 

Scenario 4 - ‘BG infrastructure implementation + planned ordinary mainte-

nance’ 

This scenario proposes the implementation of BG infrastructure from 2030 

(as in Scenario 3) and ordinary maintenance actions from 2050 (as in Sce-

nario 2). 

 

Scenario 5 - ‘Replacing infrastructure at lifecycle end + Thames defences ex-

traordinary maintenance’  

This scenario proposes the replacement of the stormwater and drainage 

systems in 2046 and 2087 (as in Scenario 1) and the modification of the 

Thames defences around 2090. 

 

Scenario 6 - ‘Scenario 4 + Scenario 5’ 

This scenario suggests the implementation of the bundle of actions of Sce-

nario 4 and, from 2070 onwards, that of Scenario 5. 

 

Scenario 7 - ‘Scenario 6 + BG infrastructure increase’ 

This scenario proposes the implementation of the same actions of Scenario 

6, while doubling the areas of the BG infrastructure. 

 

Model outputs are described below by key variables.  
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‘Flood hazard index’ and ‘residential buildings damage’ 

The behaviour over time of the variable 'flood hazard index' (see Fig. 27a) in 

Scenario 4 shows an improvement with respect to the baseline provided the 

drainage systems are functioning. In Scenario 5 the index value consistently 

remains below 1.5 due to the modifications to the Thames defences. Despite 

the doubling of the BG infrastructure areas, the behaviour of the variable 

does not change significantly in Scenario 7 compared to Scenario 6. This 

confirms what was stated in relation to Scenario 3 in the previous para-

graph, namely that the proper functioning of the Grey infrastructure (i.e., 

drainage systems) is essential for flood risk mitigation and that the imple-

mentation of BG infrastructure, while providing hydrological benefits, 

would not be sufficient on its own to contain surface runoff. In addition, the 

almost non-existent variation between the two scenarios suggests that the 

areas that have been allocated to BG infrastructure in the Peabody regenera-

tion Plan (used in Scenario 6) are sufficient to improve the hydrological per-

formance of the urban system with respect to flooding and therefore that 

there would be no need to invest in expanding the BG areas. 

As for tangible damage to buildings, an improvement in all scenarios com-

pared to the baseline can be observed in Fig. 27b. In the long term, only the 

scenarios in which the modification of the Thames defences was planned 

(i.e., Scenarios 5, 6 and 7) show a greater limitation of damage. 
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Fig. 27 – a) ‘flood hazard index’ and b) ‘residential buildings damage’ outputs of Scenarios 
4–7 using the baseline case as reference. Where scenarios overlap, their labels are placed 

and separated by a hyphen (-).
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‘Community flood risk perception’ 

Compared to the baseline, the trend of the variable 'community flood risk 

perception' (see Fig. 28) has lower values in Scenario 5 because of the re-

duction of the damage to the built environment and the increase of the 

sense of safety of the community. In Scenarios 4, 6 and 7 the variable reach-

es higher values thanks to the involvement of the community in the imple-

mentation of BG measures. The decrease of the community's sense of safety 

due to the deterioration of the Thames defences reflects an increase in 

‘community flood risk perception’ around 2090 in Scenario 4. 

 

Fig. 28 – ‘Community flood risk perception’ outputs of the Scenarios 4–7 using the baseline 
case as reference. 

 
‘Ecosystem quality’ and ‘residents’ well-being’  

As for the trend of the variables 'ecosystem quality' and 'residents' well-

being' (Fig. 29a/b), in all scenarios that provide for the implementation of 

BG infrastructure (i.e., Scenarios 4, 6 and 7) they reach higher values than 

the baseline; in Scenario 5 there are no significant differences from the base-

line. In Scenario 7, the trend of the variable ‘ecosystem quality’ is higher 

than in Scenario 6 due to the expansion of the BG areas. 
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Fig. 29 – a) ‘ecosystem quality’ and b) ‘residents’ well-being’ outputs of the Scenarios 4–7 
using the baseline case as reference. Where scenarios overlap, their labels are placed and 

separated by a hyphen (-).
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‘Flood vulnerability index’ and ‘flood risk index’  

As stated in the Section 4.4.1, the variable ‘flood vulnerability index’ tends to 

decrease over time thanks to the improvements of the Peabody regenera-

tion Plan on the built environment (see Fig. 31a). While Scenario 5 repro-

duces similar values for the variable with respect to the baseline scenario, 

the implementation of BG measures in Scenarios 4, 6 and 7 has a greater ef-

fect on ‘flood vulnerability index’ e.g., thanks to the increase of ‘community 

flood risk perception’. As for 'flood risk index' (Fig. 31b), the most suitable 

Scenarios are 6 and 7, i.e., those in which the implementation of BG and both 

ordinary and extraordinary maintenance of the drainage systems were 

planned. This confirms that implementing BG measures alongside Grey 

measures brings benefits and co-benefits to the system. 

 

‘Urban performance index’ 

‘Urban performance index’ improves in all scenarios compared to the base-

line (see Fig. 32). In Scenario 4 due to the implementation of BG measures, 

which provide co-benefits (e.g., ‘residents’ well-being’ and ‘ecosystem quali-

ty’ increase), and in Scenario 5 due to higher ‘flood mitigation infrastructure 

effectiveness’. In Scenarios 6 and 7 the improvement depends on both the 

implementation of BG measures and increased effectiveness of flood infra-

structure. However, the bundles of actions proposed with Scenarios 6 and 7 

turn out to be the most suitable and do not differ much from each other. 
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Fig. 31 – a) ‘flood vulnerability index’ and b) ‘flood risk index’ outputs of Scenarios 4–7 us-
ing the baseline case as reference. Where scenarios overlap, their labels are placed and sep-

arated by a hyphen (-).
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Fig. 32 – ‘Urban performance index’ outputs generated by the model during Scenarios 4–7 
using the baseline case as reference.

 

 

4.4.3. Sensitivity analysis 

A sensitivity analysis was performed with reference to Scenario 6 fo-

cusing on key variables and investigating the influence of single variables on 

the ‘urban performance index’. Specifically, these variables – namely ‘precip-

itation’, ‘population growth’, ‘critical infrastructure presence’, ‘population 

characteristics’, ‘local community engagement’, ‘co-benefits’, ‘institutional 

capacity to cope with flooding’, ‘built environment quality’, and ‘flood miti-

gation infrastructure’ – were adjusted individually from 0.5 to 1, increment-

ing/decrementing by 0.5. For the sake of brevity, Fig. 33 shows the differ-
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ence between the values of 'urban performance index'. In Scenario 6 and in 

scenarios obtained by changing the parameters by 50%. The Figure is rep-

resentative of the influence that the individual parameters have on flood re-

silience with respect to Scenario 6. 

 

 

Fig. 33 – Sensitivity analysis related to ‘urban performance index’ – Differences between 
Scenario 6 and single parameters variation.

 

‘Population characteristics’, ‘critical infrastructure presence’, and ‘institu-

tional capacity to cope with flooding’ seem to be the variables that influence 

most the ‘urban performance index’ with respect to Scenario 6. Since they 

are constant variables within the model, the represented differences do not 

change over time. As the other parameters vary with time, the differences 

are not constant. Changes in ‘population growth’, ‘flood mitigation infra-
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structure effectiveness’, and ‘co-benefits’, while affecting urban system resil-

ience, do not lead to significant changes with respect to Scenario 6. This 

could mean that the implementation of the bundle of actions provided by 

Scenario 6, which already acts mainly on ‘co-benefits’ and ‘flood mitigation 

infrastructure effectiveness’, should be enhanced with measures capable to 

affect other factors such as ‘population characteristics’, ‘critical infrastruc-

ture presence’, and ‘institutional capacity to cope with flooding’ to further 

improve the urban resilience to flooding. 
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5. DISCUSSION 

 

 

This Section critically discusses to what extent the research activities 

presented in Section 4 contribute to progress on the issues raised by the 

research questions identified in the Introduction (Section 1). The 

encountered difficulties and the limitations of this work are subsequently 

illustrated. 

 

5.1. Research findings 

To what extent can System Dynamics modelling support decision-

makers, at a planning or strategic level, evaluating the effectiveness of 

measures to increase the urban flood resilience? 

The urban system is complex and uncertain, and its interacting elements 

(economic, social, ecological, and human) can be influenced by the impacts 

of flooding events, in turn exacerbated by the changes of climatic and socio-

economic factors (e.g., variability of precipitation intensity and frequency, 

and population growth). Compared to purely hydrological models for flood 

risk management (see e.g., Milly et al. 2008; Salas et al. 2014; Serinaldi et al. 

2018; Villarini et al. 2018), this work adopts a holistic perspective centred 

on the concept of resilience, including in the analysis multiple dynamic 

mechanisms influencing flood risk at urban scale. A system-based approach 

was adopted, and the hydrological sub-system and processes were 

integrated with others (such as the social, economic, and environmental). 

For this purpose, SD is used and the full potentialities of both System 

Thinking and Dynamic Simulation are exploited. Firstly, the use of a CLD 

enables the mapping and visualisation of the interactions between different 

system components, ultimately helping to describe the complex set of 

interconnections and loops affecting its dynamic evolution. Using the CLD to 
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explore the system’s structure also provides insights into behavioural 

trends of the system’s elements. Compared to more recent works on flood 

risk analysis (e.g., Dzulkarnain et al. 2019; Fenner et al. 2019), this work 

introduces two elements of innovation related to i) the detailed analysis of 

the feedback loops with focus on their impacts on key variables, and ii) the 

validation of the model causal structure and the construction of BOT graphs 

for key variables with stakeholders after CLD development. Specifically, the 

construction of BOT graphs expanded the potential of feedback loops in 

hypothesising system behaviour providing valuable support to decision-

makers in identifying different flood risk mitigation/prevention actions and 

their potential impacts on the system as a whole. Secondly, the construction 

of the SF model starting from the CLD provided a deeper understanding of 

the flood risk and its impacts by isolating the main dynamics of the system 

into ‘thematic’ sub-models and analysing them individually, while capturing 

a clear picture of the entire system. In addition, the ability of the SF model to 

analyse not only quantitative (‘hard’ or physical), but also qualitative (‘soft’ 

or intangible) aspects reveals complex systems behaviour. For example, the 

development of the ‘Co-benefits analysis’ sub-model allows the 

investigation of the relationship between ‘ecosystem quality state’, 

‘residents’ well-being’ and ‘attractiveness for investors’, obtaining useful 

information for the development of other sub-models, such as the ‘flood 

vulnerability sub-model’. Besides that, the integrated evaluation of the BG 

infrastructure potential in terms of risk reduction, co-benefits production 

and urban flood resilience increase demonstrates the suitability of the SF 

model in overcoming the lack of structured representations of existing 

frameworks’ multi-dimensionality (see e.g., Kabisch et al. 2016 and Calliari 

et al. 2019). In this direction, the scenario analysis assesses the impact of 

different resilience-enhancing actions on the model’s key variables. To this 

aim, the development of indices summarising the information obtained in 

the SF model has proved to be useful. Suitable bundles of actions are thus 

identified and their effectiveness, potential consequences, side effects and 
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synergistic effects can be modelled and visualised. This allows the 

characterization of the feasibility and relevance of the selected strategies in 

view of the main objective (i.e., managing flood risk and improving urban 

flood resilience), while understanding the multi-dimensional implications 

they have. For example, through the analysis of hazard, vulnerability, risk, 

and urban performance indices, it was observed that the scenario involving 

the coupling of BG infrastructure and planned extraordinary and ordinary 

maintenance, is the one that in the long-term provides the highest benefits 

and co-benefits to the system. Lastly, through the sensitivity analysis, the SF 

model provides information on which factors or associated processes in the 

urban system have more impact on flood resilience and thus should be 

monitored over time and modified adapting and adjusting strategies and 

decision-makers’ objectives. Just to provide an example, it was found that 

aspects such as ‘population characteristics’, ‘critical infrastructure presence’ 

and ‘institutional capacity to cope with flooding’ may have a high impact on 

system resilience, and therefore strategies involving these factors should be 

considered.  

Based on these considerations, it is therefore possible to state that SD 

modelling is a valuable support for decision-makers at a planning or 

strategic level. Although it does not produce mathematically refined results, 

SD modelling provides a broader view of the system and allows 

comparisons of different solutions and strategies when compared to 

classical hydrological modelling. 

 

To what extent can the combination of scientific and stakeholder knowledge 

within the System Dynamics modelling contribute to a better understanding of 

flood risk and implications in urban settings as well as support actions 

selection ultimately increasing urban flood resilience? 

The multi-step process of knowledge gathering and structuring in the form 

of both a CLD and a SF model provides a better understanding, compared to 

purely hydrological models, of how different factors interact within an 
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urban system influencing flood risk and resilience. The iterative integration 

of scientific and stakeholder knowledge allows the peculiarities of the case 

study to be accounted for. More specifically, as for the System Thinking 

phase, a set of semi-structured interviews expanded scientists’ knowledge 

on flood risk in the area and allowed including ‘non-hydraulic’ aspects in a 

preliminary version of the CLD as well as highlighting critical 

interconnections among variables, such as between the ‘urban drainage 

systems capacity’ (Water management thematic cluster) and 

‘environmental quality of urban systems’ (Natural capital thematic cluster). 

Once the qualitative model integrates scientific and stakeholder knowledge, 

participatory activities are used for CLD validation. Indeed, during a 

workshop, stakeholders were asked to revise some connections between 

variables (mainly "soft" variables) and highlighted further aspects of 

fundamental importance that required integration. Subsequently, 

stakeholder involvement in the construction of the BOT graphs helped 

define hypotheses on the future dynamics of key variables, e.g., 

'infrastructures/public realm damage' and 'attractiveness of local area', 

useful for the subsequent quantitative modelling phase. With these graphs 

as a starting point, the modeller can make reliable assumptions about both 

the dynamics of the urban system and the implementation of policies 

relating to flooding.  

As for the Dynamic Simulation phase, stakeholder contribution was 

necessary not only in the collection of data to transform the qualitative 

model into a quantitative one, but also in the validation of input and output 

variables for the SF model. Participatory modelling techniques were used 

for this purpose. For instance, the BOT graphs drawn by stakeholders about 

co-benefits were crucial in defining their initial value in the SF model and 

then simulating their trend. In addition, stakeholders enabled the 

development of suitable scenarios for flood risk management and flood 

resilience increase. Specifically, they support the modeller in selecting 

actions (mainly BG infrastructure) and strategies to be implemented in the 
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SF model based on the wide range of objectives and investments foreseen in 

the regeneration Plan. 

 

To what extent can the implementation of Blue-Green infrastructure in the 

system enhance urban flood resilience? 

Starting from the assumption that rethinking cities approach to flood risk 

management implies a shift to the flood resilience concept through the 

implementation of BG infrastructure (see e.g., Wihlborg et al. 2019 and 

Alves, 2020), a tool is developed to support decision-makers in evaluating 

and quantifying their multi-dimensional effectiveness. The scenarios 

analysis confirms, following an increasing body of literature, the ability of 

BG infrastructure to provide not only hydrological benefits (mainly about 

the reduction of surface runoff) but also multiple social and environmental 

benefits (i.e., the co-benefits) which are often even more relevant. For 

example, the implementation of different BG infrastructure (such as 

wetlands, blue/green roofs, woodlands) may increase the ‘ecosystem 

quality state’ and the ‘residents’ well-being’ thanks to the possibility of more 

‘green spaces experience’. Besides that, their development asks for more 

‘local community engagement’ thus improving the ‘community perception 

of flood risk’. Nevertheless, the model also shows that the BG infrastructure 

implementation would not be sufficient on its own to both reduce flood risk 

and enhance urban flood resilience. For this reason, the combined effects of 

BG and well-functioning Grey infrastructure implementation is examined. 

From a hydrological point of view, BG solutions extend the service life of 

ageing stormwater and drainage systems reducing the quantity of ‘surface 

runoff’ and sediments they have to manage.  

Therefore, considering that Hybrid infrastructure (integrated Grey and 

Blue-Green solutions) support urban systems in adapting to the increasing 

threat of flooding, while also providing environmental, social, and economic 

co-benefits, their resilience-enhancing ability is confirmed. In further 

evidence of this assertion, the scenarios analysis demonstrates the increase 
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of the urban performance index (i.e., urban resilience measure in this work) 

when BG infrastructure is implemented along with existing Grey measures.

 

5.2. Summary of the main challenges 

The limited literature on the integration between system variables 

pertaining to different components of flood risk (hazard, exposure, and 

vulnerability) was a limit in CLD construction, as there was not a 

consolidated methodological approach to consider. In particular, the most 

difficult issue was the connection between technical (e.g., related to the 

characterisation of the flood phenomenon) and 'soft' variables (e.g., 

environmental and social). Difficulties were also experienced in the 

transition from CLD to the SF model, especially with regard to the collection 

of some data and the quantification of the connections between technical 

and 'soft' variables. In this regard, further consultations with stakeholders 

and targeted interviews were helpful. 

Despite the fundamental contribution of stakeholders, the time and 

workload needed for the organisation of interviews and workshops (as in 

every participatory activity) increased the time needed for model building. 

However, co-developing models with the stakeholders has a huge benefit 

related to the amount of expert knowledge that can be included in the 

model. Furthermore, arranging online meetings that could meet the needs 

of all stakeholders was difficult and, in general, could limit the level of 

interaction among stakeholders. However, online meetings allowed 

progress with the activities during the COVID-19 pandemic.  

One of the biggest challenges was encouraging stakeholders’ participation, 

to ensure continuity between workshops. In addition, effectively 

communicating the purpose of the model to stakeholders was often 

challenging, especially as understanding the applicability and limitations of 

an SD model is not always straightforward. For this purpose, sharing some 

briefing notes on the model before meetings has been helpful to support a 
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better comprehension and a more effective contribution to activities. In 

general, the feedback from stakeholders on the content of the workshops 

was positive; particularly, they appreciated the opportunity to reflect on 

shared interests for the area and to be informed on the perspectives of 

other stakeholders. The coding of the interviews and workshops also 

proved to be time-consuming. In general, stakeholders shared a lot of 

information with the modeller, requiring an iterative approach to identify, 

select, and validate relevant information. 

 

5.3. Limitations 

The limitations of the participatory SD model presented in this work 

are mainly related to the introduction of some simplifications in the 

quantification of variables and their connections due to lack of data. 

Although this is a drawback of the work, the possibility of analysing the 

system also through simplifications is one of the strengths of the SD 

approach. Even if the current structure of the model is adequate for the 

analysis presented, future developments should further explore processes 

such as the relationship between the effects of climate change and the 

reduction of green areas, the decrease of private property values due to 

flooding damage, and the distinction between the attractiveness of the area 

for residents and investors. The lack of an explicit representation of spatial 

processes is also a key constraint for SD modelling. This means that it is not 

possible to fully account for the spatial scale for BG infrastructure 

effectiveness assessment and trade-offs analysis. In fact, as stated by several 

authors (see e.g., Howe et al. 2014; Golden and Hoghooghi, 2018; Zhang and 

Chui, 2019), BG infrastructure effects may be variable at different spatial 

scales. For this reason, combining the quantitative SD model and spatially 

distributed modelling approach could help to address this issue. In addition, 

although the SD model could support decision-makers at a planning or 

strategic level, it has limited applicability in the analysis of individual or 
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micro-scale dynamics, which could be useful at other stages of the design 

process. Furthermore, a thorough analysis and comparison of strategies in 

terms of benefits and costs has to be supported by other methodologies, 

such as Cost-Benefit Analysis and Multiple-Criteria Decision Analysis. The 

need to combine SD modelling with other decision support approaches 

should therefore be considered. 
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6. CONCLUSIONS 

 

 

The effectiveness of existing modelling tools for supporting flood risk 

management in urban areas is limited because they often focus on purely 

hydrological issues, neglect the dynamic interaction with key elements of 

the urban system (e.g., built environment, population growth and 

distribution, infrastructures, green areas, etc.). In fact, the poor 

understanding of the complex interconnections between flooding and urban 

dynamics could affect the effectiveness of strategies for flood risk reduction. 

In this context, resilience thinking can expand the potentialities of risk-

based approaches focusing on system capability of absorbing shocks, under 

highly uncertain conditions. To this aim, this work adopts SD modelling 

tools for explicitly including flood risk resilience and flood risk mitigation in 

the analysis of urban development dynamics, ultimately providing an 

improved understanding of system state and system evolution that can be 

useful for decision-makers at a planning or strategic level. Specific reference 

is made to one of the case studies of the CUSSH and CAMELLIA projects, 

namely Thamesmead (London, UK), perceived as being increasingly 

vulnerable to flooding. However, the developed methodological approach is 

suitable for replication in other contexts.  

More specifically, using CLD as a tool for qualitative modelling, allowed to: i) 

integrate hydrological aspects related to flood risk with other aspects 

(social, economic, and environmental) that are highly relevant to analyse 

urban dynamics (in the present work, with specific reference to a 

regeneration process); ii) explicitly integrate the flood phenomenon (and 

flood reduction measures) with the characteristics of the affected system, 

thus making preliminary assumptions on the behaviour of key system 

variables.  
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Subsequently, the SF quantitative modelling provided i) a deeper 

understanding of complex systems behaviour and ii) the identification of 

suitable bundles of actions in view of managing flood risk and improving 

urban flood resilience. Specifically, the effectiveness of the implementation 

of Blue-Green infrastructure (under different scenarios that include 

coupling with grey infrastructures) was evaluated. 

The adopted methodology heavily relies on participatory activities and 

pursues the combination of scientific and stakeholder knowledge. The 

obtained results show that looking at flood risk in a broader sense and 

integrating different types of knowledge supports more realistic insights 

into the dynamics of the urban system with respect to flooding, thus 

providing decision-makers with a holistic perspective on system state and 

on the impacts of different actions on system resilience. In addition, the 

assumption of an increasing body of literature on the ability of BG 

infrastructure to provide hydrological, social, and environmental benefits, if 

combined with well-functioning Grey infrastructure, is confirmed. 
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7. NOTES 

 

 

1. Project, ref. no. 209387/Z/17/Z, https://projectcussh.org/ 
2. Project ref. no. NE/S003495/1, https://www.camelliawater.org/ 

3. http://www.susdrain.org/case-

studies/case_studies/surgery_kington_herefordshire.htm 

4. http://www.susdrain.org/case-

studies/case_studies/hollington_primary_school_hastings.html 

5. https://www.itreetools.org/resources/reports/VictoriaUK_BID_iTree.p

df 

6. https://www.portlandoregon.gov/bes/article/77074

https://projectcussh.org/
https://www.camelliawater.org/
http://www.susdrain.org/case-studies/case_studies/surgery_kington_herefordshire.htm
http://www.susdrain.org/case-studies/case_studies/surgery_kington_herefordshire.htm
http://www.susdrain.org/case-studies/case_studies/hollington_primary_school_hastings.html
http://www.susdrain.org/case-studies/case_studies/hollington_primary_school_hastings.html
https://www.itreetools.org/resources/reports/VictoriaUK_BID_iTree.pdf
https://www.itreetools.org/resources/reports/VictoriaUK_BID_iTree.pdf
https://www.portlandoregon.gov/bes/article/77074
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10. SUPPLEMENTARY MATERIAL 

 

 

This section includes additional details related to (1) semi-structured 

interviews, (2) interviews/correspondences and engaged stakeholders, (3) 

Thamesmead flood Causal Loop Diagram (CLD) variables definitions, (4) the 

workshop agenda on the CLD causal structure validation and Behaviour 

Over Time (BOT) graphs construction, (5) stakeholders involved in the first 

workshop, (6) short description of the main feedback loops, (7) the work-

shop agenda on the Stock and Flow (SF) model validation and scenarios de-

sign, (8) stakeholders involved in the second workshop, (9) mathematical 

equations, initial values and data sources behind the SF model, (10) values 

of the changed variables in the different scenarios. 

 

10.1. Semi-structured interviews guideline on flood risk and 

past flooding events  

Each question is associated with an objective. Depending on the an-

swer to question 1, the interview proceeded differently (asking questions 2 

to 10 if stakeholder answers yes or 11 and 12 if stakeholders answer no to 

question 1). Similarly, to the first question, the final questions (i.e., 13 and 

14) are the same for all experts. 

 

# QUESTION OBJECTIVE 

1 Based on your own knowledge, have flooding 
events occurred in the area in the past? 

Understand why it is im-
portant to investigate 

flooding in the area 

 YES  

2 When? Collect information on 
past flooding events 
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3 Do you think flooding may be a risk currently 
and/or in the future?  
• If so, why? Are there transformations (e.g., 

urban transformations, climate change) tak-
ing place that may involve this?  

• If not, why? 

Understand why it is im-
portant to investigate 

flooding in the area 

4 What kind of flood events were these (i.e., pluvi-
al flooding, river flooding, groundwater flood-
ing)? 
What do you think were the causes? (e.g., drain-
age systems did not work, it rained for many 
days) 

Understand what type of 
flooding the area is most 

susceptible to 

5 Has there been any damage to the built envi-
ronment (e.g., buildings and road, electrical, gas, 
and telecommunication infrastructure)?  
• If so, what type of damage occurred (e.g., 

buildings filled with water, roads were inac-
cessible, electricity went off)? 

Was there any damage to the basements or 
ground floors of buildings?  
• If so, were the basements protected in any 

way? 

Investigate damage to the 
built environment due to 

flooding 

6 Have productive activities been affected? How?  
Did flooding affect the price of dwellings? How? 

Investigate damage to 
economy due to flooding 

7 During the flood events, what was the role of the 
Sustainable Urban Drainage Systems (network 
lakes, canals)? 
• Did they work properly? If not, why? Was it 

a design or management problem? 

Investigate the perfor-
mance of drainage sys-

tems in the area when the 
event took place 

8 Were there warning and monitoring systems in 
place?  
• If so, which ones (e.g., rainfall monitor-

ing/forecasting, water level and velocity 
sensors in the river)?  

Why did they not work?  
Have you been alarmed in time by someone? 

Investigate whether there 
were any warning and 
monitoring systems in 

the area and their effec-
tiveness when the event 

took place 
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9 Have individual prevention measures been im-
plemented?  
• If so, what kind (e.g., leaving the ground 

floor of buildings vacant)?  
• Why did they not work? 
Have collective prevention measures been im-
plemented? 
• If so, what kind (e.g., ensure the functionali-

ty of drainage systems)?  
• Why did they not work? 

Investigate whether any 
prevention measures 

were implemented and 
their effectiveness when 

the event took place 

10 What post-event intervention measures have 
been taken? Were they measures to restore the 
damaged system (e.g., rebuild buildings and in-
frastructure, improve drainage systems) or 
measures to prevent damage in the event of fu-
ture flooding (e.g., activities to engage the com-
munity, insurance, and sustainable land use pol-
icies)?  
• If so, who intervened? (e.g., municipality, na-

tional government) 

Investigate what was 
done after the event and 

with which funds 

 NO  
11 Do you think that no flood events have occurred 

in the past because the system is not exposed to 
risk (e.g., there is never heavy or long-lasting 
rainfall) or because risk mitigation measures 
(e.g., drainage systems) are effective? 

Understand the suscepti-
bility of the area to flood-

ing and investigate the 
performance of mitiga-

tion measures in the area 
12 Do you think that currently and/or in the future 

there may be flood risk in the area?  
• If so, why? Are there transformations (e.g., 

urban transformations, climate change) tak-
ing place that may involve this thus chang-
ing the system's risk levels? 

• If not, why? 

Understand why it is im-
portant to investigate 

flooding 

 FINAL QUESTIONS FOR EVERYONE  
13 (if appropriate) Is there anyone else you think 

we could usefully speak to?   
Stakeholder snowballing 

14 Thank you for your time. Is there anything else 
you would like to tell me about the topics we 
discussed today, on flood risk and flood events 
in the area? 

Wrap up 
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10.2. Details on interviews/correspondences and engaged 

stakeholders 

INTERVIEW / 
CORRE-

SPONDENCE 
REFERENCE 

INTERVIEW / 
CORRE-

SPONDENCE 
DATE 

STAKEHOLDER ORGAN-
IZATION 

STAKE-
HOLDER 

ROLE 

Int. 1 23/02/2021 Environmental Non-
Governmental Organisa-

tion 

Senior Man-
ager 

Int. 2 26/02/2021 Local Authority Flood Risk 
and Devel-

opment Man-
ager 

Int. 3 31/03/2021 Housing Associa-
tion/Developers 

Director 

Int. 4 28/05/2021 Company of consulting 
and engineering/ archi-

tectural design 

Director 

    

Correspond-
ence 1 

16/02/2021 Housing Associa-
tion/Developers 

Sustainability 
Manager 

Correspond-
ence 2 

23/02/2021 Environmental Non-
Governmental Organisa-

tion 

Senior Man-
ager 

Correspond-
ence 3 

1/03/2021 Local Authority Flood Risk 
and Devel-

opment Man-
ager 

Correspond-
ence 4 

23/03/2021 Local Authority Project Offi-
cer 

 

10.3. Flood Causal Loop Diagram variables definitions 

VARIABLE DESCRIPTION 
climate change State of change in the climatic conditions over 

time that is identified as changes in the mean 
and/or the variability of its properties, that 



137 

persists for an extended period 
extreme tide levels intensity/ 
frequency 

Magnitude and occurrence rate per year of ex-
ceedance of tide threshold levels 

extreme storm events intensity/ 
frequency 

Magnitude and occurrence rate per year of 
storm events extremes in the historical distri-
bution 

rainfall intensity/frequency Magnitude and return period of precipitation 
events 

soil retention capacity Soil ability to storage water and make it suffi-
ciently available for plant use 

surface runoff Precipitation runoff over the landscape 
urban stormwater system ca-
pacity 

The water volume that the sewage system can 
take without surcharging or flooding 

existing SuDS (lakes and canals) 
capacity 

Remaining volume of the networks of the ex-
isting Sustainable urban Drainage Systems 
(SuDS) 

urban drainage systems capaci-
ty 

The amount of water that can be stored by 
drainage systems (both ditches/dykes system 
and SuDS) without surcharging or flooding 

groundwater level The upper level of an underground surface in 
which the soil is permanently saturated with 
water 

river water level A measure of the depth of water in a river rel-
ative to an arbitrary point (e.g., the riverbed) 

ditches and dykes system capac-
ity 

Available volume of ditches and dykes system 

sediments and pollutants remo-
val 

Interception and filtration of sediments and 
pollutants present in the water and/or air 

Thames tidal defences effec-
tiveness 

The capability of Thames tidal defences of 
producing the desired protection reducing, or 
ideally preventing, damage by flood water 

sea water level The level corresponding to the surface of the 
sea at mean level between high and low tide 

flood A temporary coverage with water of an area 
not normally covered by water 

pluvial flood Type of flooding that results from the lack of 
urban stormwater system capacity 

groundwater flood Type of flooding occurring when the natural 
water level below ground rises to well above 
what can be accommodated 
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tidal river flood Type of flooding, usually very sudden, that re-
sults from the sea 

fluvial flood Type of flooding occurring when urban drain-
age systems no longer have capacity 

environmental quality of the 
urban system 

The combination of water, air, and soil quality, 
and the aesthetic and ecosystemic value of the 
area 

green areas All urban land covered by vegetation of any 
kind 

impervious areas Surfaces, completely human-created, that al-
low little or no stormwater infiltration into the 
ground 

housing demand A market driven concept that relates to the 
type and number of houses that households 
will choose to occupy based on preference and 
ability to pay 

population growth The increase in the number of individuals in 
the population 

infrastructure damage All detrimental effects on basic structures and 
facilities (highways, electrical, gas, and tele-
communication) provoked by flooding 

public realm damage All detrimental effects on all parts of the built 
environment where the public has free access 
(streets, squares, parks, open spaces, water-
fronts, and public transit systems) provoked 
by flooding 

private properties damage All detrimental effects provoked by flooding 
on the interiors and structures of properties 
owned by private parties 

private properties value The worth of a piece of real estate based on 
the price that a buyer and seller agree upon, 
determined by what the market bears 

economic losses The value of direct (e.g., cost of repairs) and 
indirect (e.g., lost income losses) financial 
losses due to flooding 

productive activities operation The functioning of activities that have eco-
nomic value in the marketplace 

attractiveness of local area for 
residents 

The feature that makes the area appealing to 
residents and meets their needs 

attractiveness of local area for 
investors 

The quality of the area that make it interesting 
to investors 

https://www.designingbuildings.co.uk/wiki/Built_environment
https://www.designingbuildings.co.uk/wiki/Built_environment
https://www.designingbuildings.co.uk/wiki/Public
https://www.designingbuildings.co.uk/wiki/Access
https://www.designingbuildings.co.uk/wiki/Street
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impact on large businesses Financial effect on large businesses 
impact on small business-
es/families 

Financial effect on small businesses and fami-
lies 

insurance policies Insurance tools that limit the impacts of haz-
ards on insured people, objects, or organiza-
tions through the transfer of these impacts to 
an insurer who will provide for economic 
compensation 

individual prevention measures Self-insurance initiatives against flooding 
residents’ awareness and pre-
paredness to flood event 

The extent of common knowledge about flood-
ing risk and the actions that can be taken to 
reduce exposure and vulnerability to it, as 
well as capabilities and actions of community 
to effectively anticipate, respond to, and re-
cover from, the impacts of flooding events 

quality of BG public spaces Distinctive attribute of the benefits Blue and 
Green (BG) public spaces provide, which 
might be important determinants for how and 
how frequently people use them and for hu-
man well-being 

biodiversity Coexistence, in the same ecosystem, of a vari-
ability of living organisms from all sources, 
within species and between species 

use of BG public spaces Attendance degree of BG public spaces by 
people 

residents’ health State of citizens' physical and mental well-
being 

land consumption for building The conversion of land with healthy soil and 
intact habitats into areas for urban human set-
tlements 

water demand The volume of water requested by users to 
satisfy their needs 

urban grey and BG infrastruc-
ture (permeable pavements, at-
tenuation tank, green roofs, 
swales, retention areas) imple-
mentation and maintenance 

Development and functional preservation of 
grey and green measures 

existing systems maintenance The art of keeping existing systems in condi-
tion to fulfil adequately the purposes for 
which they were intended 
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BG public spaces maintenance Set of activities necessary to keep blue and 
green public spaces in good condition and in 
full working order 

sustainable urban development The persecution of urban form that synthesis-
es land development and nature preservation 
and places the protection of natural systems 
into a state of vital equipoise 

flood risk monitoring and warn-
ing systems 

Tools and systems supporting operate during 
the flooding event 

local community engagement The process of working collaboratively with 
and through groups of residents affiliated by 
interest or similar situations to address issues 
affecting their well-being 

 

10.4. Workshop agenda of Thamesmead CLD causal structure 
validation and BOT graphs construction with stakeholders 

Date:  9/09/2021 
Time:  2h 
Location: online, using Microsoft Teams 
Aims 

• To present the flood CLD 
• To validate the general structure and specific elements  
• To build the BOT of some key variables 

TIME ACTIVITY OBJECTIVE 

10 min Welcome and introduc-
tion 

Warm up for orientation 
and goal clarification 

3 min Flood CLD presentation Presentation of the mod-
elling process, prepare 
the participants for the 
next activities 

47 min Flood CLD validation 
(semi-structured inter-
views style) 

To reach consensus over 
the model structure 

5 min  BOT activities presenta-
tion 

Activity clarification 

30 min  BOT graphs construction 
(5 variables) 

— 

10 min BOT presentation To share BOT graphs cre-
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ated by each group 
10 min  Evaluation  

Next steps and closing 
— 

 

10.5. List of the stakeholders involved in the first workshop 

STAKEHOLDER ORGANIZATION ROLE 

Stakeholder 1 Housing Associa-
tion/Developers 

Director 

Stakeholder 2 Housing Associa-
tion/Developers 

Head of Landscape & Pla-
cemaking 

Stakeholder 3 Local Authority Flood Risk and Develop-
ment Manager 

Stakeholder 4 Environmental Non-
Governmental Organisation 

Senior Manager 

Stakeholder 5 Company of consulting and en-
gineering/ architectural design 

Director 

Stakeholder 6 Local Authority Project Manager 

Stakeholder 7 Local Authority Manager of Operations 

 

10.6. Short description of the main feedback loops 

LOOP DYNAMICS INTERNAL VARIABLES BEHAVIOUR 
MODE 

 B1 infrastructure damage • residents’ health 
• attractiveness of local 

area for residents 
• attractiveness of local 

area for investors 
• land consumption for 

building 
• impervious areas 
• green areas 
• soil retention capacity 
• surface runoff 
• urban stormwater sy-

stem capacity 
• pluvial flood 

oscillation 
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• flood 
• infrastructure damage 

B2 public realm damage • economic losses 
• impact on small busi-

ness/families 
• attractiveness of local 

area for residents 
• housing demand 
• land consumption for 

building 
• impervious areas 
• green areas 
• soil retention capacity 
• surface runoff 
• urban stormwater sy-

stem capacity 
• pluvial flood 
• flood 
• public realm damage 

oscillation 

 B3 private properties da-
mage 

• economic losses 
• impact on small busi-

ness/families 
• residents’ awareness 

and preparedness to 
flood event 

• individual prevention 
measures 

• private properties da-
mage 

oscillation 

B4 attractiveness of local 
area 

• land consumption for 
building 

• impervious areas 
• green areas 
• biodiversity 
• quality of BG public 

spaces 
• use of BG public spaces 
• residents’ health 
• attractiveness of local 

area for residents’ 

oscillation 
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• attractiveness of local 
area for investors 

B5 quality of BG public 
spaces 

• use of BG public spaces 
• biodiversity 
• quality of BG public 

spaces 

oscillation 

R residents’ health • attractiveness of local 
area for residents 

• use of BG public spaces 
• residents’ health 

exponential 
growth/decline 

 
 
10.7. Workshop agenda of Thamesmead SF model validation and 

scenarios design with stakeholders 

Date: 27/10/2022   
Time:  2h30   
Location: online, using Microsoft Teams  
Aims:  

● To briefly present the flood risk SD simulation model  
● To validate specific inputs/outputs of the model  
● To show and discuss the developed future scenarios impacting key 

system elements   
● To discuss other factors/measures that may contribute to future sce-

narios 

TIME ACTIVITY OBJECTIVE 

10 min Welcome and introduction  Warm up for orientation and goals clari-
fication 

15 min 
 

Flood simulation model pre-
sentation  

● Summary of the modelling process 
● Presentation of the simulation model 
● Preparation of participants for the 

next activities 
45 min Validation of specific in-

puts/outputs of the model in 
the current condition (semi-
structured interviews style) 

To reach consensus over the model  

40 min Discussion on the developed 
future scenarios (semi-
structured interviews style) 

Reaching consensus on the developed 
future scenarios and their influencing 
factors/measures 
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TIME ACTIVITY OBJECTIVE 

20 min Design of possible other sce-
narios to be tested after-
wards  
(semi-structured interviews 
style) 

● Elicitation of stakeholders’ ideas for 
scenarios to be tested that could in-
clude specific problem framing 

● Knowledge expansion 

10 min Evaluation  
Next steps and closing 

— 
 

 

10.8. List of the stakeholders involved in the second workshop
 

STAKEHOLDER ORGANIZATION ROLE 

Stakeholder 1 Housing Associa-
tion/Developers 

Director 

Stakeholder 2 Local Authority Flood Risk and Develop-
ment Manager 

Stakeholder 3 Environmental Non-
Governmental Organisation 

Senior Manager 

Stakeholder 4 Company of consulting and en-
gineering/ architectural design 

Director 

Stakeholder 5 Company of consulting and en-
gineering/ architectural design 

Catchment Partnership 
Development Officer 

Stakeholder 6 Local nature conservation cha-
rity 

Conservation ecologist 

 

10.9. Mathematical equations, initial values, and data sources 
behind the SF model 

Initial Time 1 (01/01/2022) 

Final Time 28835 (31/12/2100)  

Time Step 1 

Units for time Day 
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VARIABLE VARIABLE 
TYPE 

EQUATION OR VALUE INTIAL 
/CONSTANT 

VALUE 

DATA SOURCES 

  LAND CONSUMPTION SECTION   
RESIDENTIAL DEN-

SITY GROWTH RATE 
DUE TO POPULA-

TION GROWTH 
(dwellings/(Day*ha)) 

Lookup [(1,0)-(22266,0.003)], (1,0),(1460,0.0028), 
(3285,0.0028), (5110,0.0028), (6935,0.0028), 

(8760,0.0028), (10950,0), (12775,0), 
(14600,0), (16425,0), (18250,0), (20075,0), 
(21900,0), (23725,0), (25550,0), (27375,0) 

 • Mulder, 2006 
• Landcom, 2011 
• Hall and Madden, 2018 
• Peabody, 2021 

fraction of residential 
density growth 

(dwellings/(Day*ha)) 

Auxiliary RESIDENTIAL DENSITY GROWTH RATE DUE 
TO POPULATION GROWTH (Time) 

  

density of building 
development in-

crease rate 
(dwellings/(Day*ha)) 

Inflow fraction of population growth  • Landcom, 2011 

Density of Building 
Development 

(dwellings/ha) 

Stock density of building development increase rate 
 

20.7 • Hall and Madden, 2018 

DENSITY APPROXI-
MATION FOR IM-
PERVIOUSNESS 
(ha/dwellings) 

Constant  1 • Butler et al. 2018 

STATISTICAL COEF-
FICIENT 
(Dmnl) 

Constant  6.4 • Butler et al. 2018 

percentage impervi-
ousness 
(Dmnl) 

Auxiliary STATISTICAL COEFFICIENT*SQRT(Density of 
Building Development*DENSITY APPROXIMA-

TION FOR IMPERVIOUSNESS) 

 • Butler et al. 2018 
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PERCENTAGE BASE 
VALUE 
(Dmnl) 

Constant  100  

imperviousness coef-
ficient 
(Dmnl) 

Auxiliary percentage imperviousness/PERCENTAGE 
BASE VALUE 

  

  WATER BALANCE SECTION   
PRECIPITATION 

(mm/Day) 
Data  Precipitation 

data 
• Murphy et al. 2009 
• Coxon et al. 2020 
• https://nrfa.ceh.ac.uk/data/sea

rch 
FULL IMPERVIOUS-
NESS COEFFICIENT 

(Dmnl) 

Constant  1 • Lemaire et al. 2021 

precipitation’s pervi-
ous component 

(mm/Day) 

Auxiliary PRECIPITATION*(FULL IMPERVIOUSNESS 
COEFFICIENT-imperviousness coefficient) 

 • Lemaire et al. 2021 

precipitations’ im-
pervious component 

(mm/Day) 

Auxiliary PRECIPITATION*imperviousness coefficient  • Lemaire et al. 2021 

DESIGN SOIL WET-
NESS INDEX 

(Dmnl) 

Constant  0.45 • Butler et al. 2018 

infiltrating flow 
(mm/Day) 

Auxiliary precipitation’s pervious component*(FULL 
IMPERVIOUSNESS COEFFICIENT-SOIL WET-

NESS INDEX) 

 • Lemaire et al. 2021 

overland flow 
(mm/Day) 

Auxiliary precipitation’s pervious component* SOIL 
WETNESS INDEX 

 • Lemaire et al. 2021 

  GROUNDWATER LEVEL SECTION   
EVAPOTRANSPIRA-

TION 
(mm/Day) 

Data  Evapotran-
spiration da-

ta 

• Thompson, 2012 
• Coxon et al. 2020 
• https://nrfa.ceh.ac.uk/data/sea

rch 

https://nrfa.ceh.ac.uk/data/search
https://nrfa.ceh.ac.uk/data/search
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WATER PERCOLAT-
ING PERCENTAGE 
DUE TO GROUND 

TYPE 
(mm/Day) 

Constant  0.5 • Jones et al. 2012 
• Stàsko et al. 2012 
• Brooks, 2013 
• Butler et al. 2018 

percolating flow 
(mm/Day) 

Auxiliary IF THEN ELSE(infiltrating 
flow>EVAPOTRANSPIRATION, (infiltrating 

flow-EVAPOTRANSPIRATION)*WATER PER-
COLATING PERCENTAGE DUE TO GROUND 

TYPE , 0 ) 

 • Brooks, 2013 

 

groundwater level 
increase rate  

(mm/Day) 

Inflow percolating flow   

Groundwater Level 
(mm) 

Stock  29760 • Groundwater levels data from 
EA 

• EA, 2009 
• PBA, 2017 

LAG TIME OF CON-
TRIBUTION  
(Day/Dmnl) 

Constant  12 • Winter et al. 1998 

FRACTION OF 
BASEFLOW FROM 
GROUNDWATER 

(Dmnl) 

Constant  0.00013 • https://nrfa.ceh.ac.uk/data/stat
ion/meanflow/39001 

• Gustard et al. 1992 
• Kelly et al. 2019  

groundwater contri-
bution to tidal river 

(mm/Day)  

Auxiliary (FRACTION OF BASEFLOW FROM GROUND-
WATER*Tidal River Water Level)/LAG TIME 

OF CONTRIBUTION 

 • https://pubs.usgs.gov/circ/circ
1186/html/gen_facts.html 

• https://www.usgs.gov/special-
topics/water-science-
school/science/rivers-contain-
groundwater 

• http://www.columbia.edu/~vjd
1/streams_basic.htm 

• Kelly et al. 2019 

https://nrfa.ceh.ac.uk/data/station/meanflow/39001
https://nrfa.ceh.ac.uk/data/station/meanflow/39001
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groundwater level 
decrease rate 

(mm/Day) 

Ouflow groundwater contribution to tidal river   

surface runoff due to 
soil moisture condi-

tions 
(mm/Day) 

Auxiliary IF THEN ELSE(Groundwater Lev-
el>=GROUNDWATER THRESHOLD, percolat-

ing flow , 0 ) 

  

not percolating flow 
(mm/Day) 

 IF THEN ELSE(infiltrating 
flow>EVAPOTRANSPIRATION, infiltrating 

flow-EVAPOTRANSPIRATION-percolating flow 
, 0 ) 

  

  PLUVIAL FLOOD SECTION   
surface runoff 

(mm/Day) 
Auxiliary precipitation's impervious component+not 

percolating flow+surface runoff due to soil 
moisture conditions+tidal river flood depth 

  

FRACTION OF SUR-
FACE RUNOFF 

AVAILABLE FOR 
SURFACE SYSTEM 

(Dmnl) 

Constant  0.474 • JBA, 2020 
 

surface runoff to 
stormwater system 

(mm/Day) 

Auxiliary surface runoff*FRACTION OF SURFACE RUN-
OFF AVAILABLE FOR SEWERAGE SYSTEM 

  

STORMWATER SYS-
TEM AVAILABILITY 
AFFECTED BY AGE-

ING/BLOCKAGE 
(mm/Day) 

Lookup [(0,0)-(22266,200)],(1,5),(3,104),(179,4.9), 
(181,103),(729,4.8),(731,97),(879,4.7), 

(881,95),(1094,4.6),(1096,94),(1244,4.5), 
(1246,92),(1460,4.4),(1462,90),(1609,4.3), 
(1701,89),(1824,4.2),(1826,86),(1974,4.1), 
(1976,85),(2189,4),(2191,83),(2339,3.9), 

(2341,81),(2554,3.8),(2556,79),(2704,3.7), 
(2706,78),(2919,3.6),(2921,76),(3069,3.5), 
(3071,74),(3284,3.4),(3286,72),(3434,3.3), 
(3436,71),(3649,3.2),(3651,68),(3799,3.1), 
(3801,67),(4014,3),(4016,65),(4164,2.9), 

(4166,63),(4379,2.8),(4381,61),(4529,2.7), 

 • JBA, 2020 
• https://www.water-

technolo-
gy.net/projects/crossness-
sewage-treatment-works-
upgrade/Thamesmead Bexley 
Flooding Database.xls 
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(4531,60),(4744,2.6),(4746,58),(4894,2.5), 
(4896,56),(5110,2.4),(5112,54),(5259,2.3), 
(5261,53),(5474,2.1),(5476,50),(5839,2), 

(5841,47),(5989,1.9),(5991,45),(6204,1.8), 
(6206,43),(6354,1.7),(6356,41),(6569,1.6), 
(6571,39),(6719,1.5),(6721,37),(6935,1.4), 
(6937,35),(7084,1.3),(7086,33),(7299,1.2), 
(7301,31),(7449,1.1),(7451,29),(7664,1), 

(7666,27),(7814,0.9),(7816,25),(8029,0.8), 
(8031,23),(8179,0.7),(8181,21),(8394,0.6), 
(8396,19),(8544,0.5),(8546,17),(8760,0), 
(8762,15),(8909,0),(8911,13),(9124,0), 
(9126,11),(9274,0),(9276,9),(9489,0), 

(9491,7),(9639,0),(9641,5),(9854,0),(9856,3),
(10004,0),(10006,1),(10219,0),(10221,0), 
(10950,0),(12775,0),(14600,0),(16425,0), 
(18250,0),(20075,0),(21900,0),(23725,0), 

(25550,0),(27375,0) 
stormwater system 

capacity 
(mm/Day) 

Auxiliary STORMWATER SYSTEM AVAILABILITY AF-
FECTED BY AGEING/BLOCKAGE (Time) 

  

pluvial flood depth 
(mm/Day) 

Auxiliary 
with Lookup 

surface runoff to stormwater system-
stormwater system capacity 

 
([(-100,0)-(100,100)],(-70,0),(-60,0),(-50,0),  

(-40,0),(-30,0),(-20,0),(-10,0),                               
(1,0),(0,0),(1,1),(10,10),(20,20),(30,30), 

(40,40),(50,50),(60,60),(70,70) ) 

  

stormwater to lakes 
and canals 
(mm/Day) 

Auxiliary IF THEN ELSE(pluvial flood depth=0, surface 
runoff to stormwater system , surface runoff to 

stormwater system-pluvial flood depth ) 

  

DELAY IN STORM-
WATER DISCHARGE 

INTO LAKES AND 
CANALS 

Constant  1  
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(Day) 
delayed stormwater 
discharge into lakes 

and canals 
(mm/Day) 

Auxiliary DELAY1( stormwater to lakes and canals, DE-
LAY IN STORMWATER DISCHARGE INTO 

LAKES AND CANALS ) 

  

pluvial flood hazard 
index 

(Dmnl) 

Auxiliary 
with Lookup 

surface runoff to stormwater system-
stormwater system capacity 

 
([(0,0)-(19,10)],(-60,1),                                           

(-10,1.5),(0,1.5),(0.72,2),(4.32,2),(5.04,2), 
(14.4,2),(15.12,2.5),(16.2,2.5),(16.56,3),(18,3),

(18.72,3) ) 

 • Tingsanchali and Promping, 
2022 

  FLUVIAL FLOOD SECTION  •  
FRACTION OF SUR-

FACE RUNOFF 
AVAILABLE FOR 

LAKES AND CANALS 
(Dmnl) 

Constant  0.526 • JBA, 2020 
 

surface runoff to 
lakes and canals 

(mm/Day) 

Auxiliary (surface runoff*FRACTION OF SURFACE RUN-
OFF AVAILABLE FOR LAKES AND CA-

NALS)+pluvial flood depth+delayed storm-
water discharge into lakes and canals 

  

THAMESMEAD AREA 
(sqm) 

Constant  10.2 • Peabody, 2021 

LAKES AREA 
(sqm) 

Constant  7 • JBA, 2020 

water in lakes 
(mm/Day) 

Auxiliary (LAKES AREA*surface runoff to lakes and ca-
nals)/THAMESMEAD AREA 

  

water in SUDS in-
crease rate 
(mm/Day) 

Inflow water in lakes   

Water in SUDS 
(mm) 

Stock water in SUDS increase rate-water in SUDS de-
crease rate 

0 • Peabody, 2021 
• GLC Paper on Surface Water 

Drainage 
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• URS Scott Wilson, 2012 
water in canals 

(mm/Day) 
Auxiliary surface runoff to lakes and canals   

CANALS AVAILABIL-
ITY AFFECTED BY 

AGEING/BLOCKAGE 
(mm/Day) 

Lookup [(0,0)-(22266,20000)],(1,760),(1460,685), 
(3285,548),(5110,411),(6935,274),(8760,137)

,(10950,0),(12775,0),(14600,0),(16425,0), 
(18250,0),(20075,0),(21900,0),(23725,0), 

(25550,0),(27375,0) 

 • JBA, 2020 
• Peabody, 2021 
• GLC Paper on Surface Water 

Drainage 
• URS Scott Wilson, 2012 

canals capacity 
(mm/Day) 

Auxiliary CANALS AVAILABILITY AFFECTED BY AGE-
ING/BLOCKAGE (Time) 

  

canals flood depth 
(mm/Day) 

Auxiliary 
with Lookup 

canals capacity-water in canals 
 

([(-995,0)-(100,1000)],(-995,995),                     
(-650,650),(-595,595),(-400,400),(-300,300),  

(-250,250),(0,0),(100,0) ) 

  

canals flood hazard 
index 

(Dmnl) 

Auxiliary 
with Lookup 

water in canals-canals capacity 
 

([(0,0)-(99,10)],(-300,1),(-200,1),                       
(-100,1.5),(0,1.5),(3.8,2),(22.8,2),(26.6,2), 
(76,2),(79.8,2.5),(85.5,2.5),(87.4,3),(95,3), 

(98.8,3) ) 

 • Tingsanchali and Promping, 
2022 

PUMPS AVAILABIL-
ITY AFFECTED BY 

AGEING/BLOCKAGE 
(mm/Day) 

Lookup [(0,0)-(22266,5000)],(1,4450),(1460,4005), 
(3285,3560),(5110,3115),(6935,2670), 

(8760,2225),(10950,1780),(12775,1335), 
(14600,890),(16425,445),(18250,0),(20075,0)

,(21900,0),(23725,0),(25550,0),(27375,0) 

 • JBA, 2020 

pumps capacity 
(mm/Day) 

Auxiliary PUMPS AVAILABILITY AFFECTED BY AGE-
ING/BLOCKAGE (Time) 

  

THRESHOLD FOR 
PUMPS ACTIVATION 

(mm) 

Constant  150 • GLC Paper on Surface Water 
Drainage 
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water to pumping 
stations 

(mm/Day) 

Auxiliary IF THEN ELSE(Water in SUDS>=THRESHOLD 
FOR PUMPS ACTIVATION, Water in SUDS/DAY 

, 0 ) 

  

pumped water  
(mm/Day) 

Auxiliary IF THEN ELSE(water to pumping sta-
tions<=pumps capacity, water to pumping sta-

tions , pumps capacity ) 

  

SUDS THRESHOLD 
(mm/Day) 

Constant  760 • GLC Paper on Surface Water 
Drainage 

SUDS flood depth 
(mm/Day) 

Auxiliary IF THEN ELSE(water to pumping stations-
pumped water>SUDS THRESHOLD, (water to 

pumping stations-pumped water-SUDS 
THRESHOLD), 0 ) 

  

SUDS flood hazard 
index 

(Dmnl) 

Auxiliary 
with Lookup 

(water to pumping stations-pumped water)-
SUDS THRESHOLD 

 
([(0,0)-(99,10)],(-300,1),(-200,1),                       

(-100,1.5),(0,1.5),(3.8,2),(22.8,2),(26.6,2), 
(76,2),(79.8,2.5),(85.5,2.5),(87.4,3),(95,3), 

(98.8,3) ) 

 • Tingsanchali and Promping, 
2022 

fluvial flood hazard 
index 

(Dmnl) 

Auxiliary MAX(canals flood hazard index,SUDS flood 
hazard index) 

  

  TIDAL RIVER FLOOD SECTION   
SEA LEVEL RISE 

(mm/Day) 
Lookup [(0,0)-(22266,10)], 

(1,0.01),(1825,0.01),(3650,0.01), 
(5475,0.023),(7300,0.023),(9125,0.023), 

(10950,0.023),(12775,0.023),(14965,0.023), 
(16790,0.023),(18615,0.03),(20440,0.03), 

(22266,0.03) 

 • EA, 2010 

sea level increase 
rate 

(mm/Day) 

Auxiliary SEA LEVEL RISE (Time)   

tidal river increase 
rate 

(mm/Day) 

Inflow sea level increase rate   
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tidal river inflow 
(mm/Day) 

Inflow delayed pumped water discharge into  
river+overland flow 

  

tidal river outflow 
(mm/Day) 

Outflow DELAY1(delayed pumped water discharge into 
river+overland flow, 1) 

  

Tidal River Water 
Level 
(mm) 

Stock tidal river increase rate+tidal river inflow-tidal 
river outflow 

15000 • EA, 2010 
• EA, 2012 

 
TIDAL RIVER DE-

FENCES THRESHOLD 
AFFECTED BY AGE-

ING 
(mm) 

Lookup [(0,0)-(22266,30000)], 
(1,18600),(1460,18400),  

(3285,18200),(5110,18000),(6935,17800), 
(8760,17600),(10950,17400),(12775,17200), 
(14600,17000),(16425,16800),(18250,16600)

,(20075,16400),(21900,16200), 
(23725,16000),(25550,15800),(27375,15600) 

 • https://www.gov.uk/governme
nt/publications/thames-
estuary-2100-te2100/thames-
estuary-2100-key-findings-
from-the-monitoring-review 

• https://www.ice.org.uk/what-
is-civil-engineering/what-do-
civil-engineers-do/thames-
barri-
er#:~:text=Construction%20be
gan%20in%201974.,by%20the
%20Queen%20in%201984.&te
xt=The%20Thames%20Barrier
%20is%20the,defence%20barri
er%20in%20the%20world. 

• http://www.floodsite.net/html/
cd_task17-
19/thamesmead_embayment.ht
ml 

• https://www.constructex.co.uk
/thamesmead-flood-wall 

• AECOM, 2017 
• EA, 2012 
• Peabody, 2021 

tidal river defences 
effectiveness 

(mm) 

Auxiliary TIDAL RIVER DEFENCES THRESHOLD AF-
FECTED BY AGEING (Time) 
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tidal river flood 
depth 
(mm) 

Auxiliary tidal river defences effectiveness-Tidal River 
Water Level 

 
([(-8000,0)-(7000,8000)],(-5000,5000),            

(-4000,4000),(-3000,3000),(-2000,2000),       
(-1000,1000),(0,0),(1000,0),(2000,0),(3000,0), 

(4000,0),(5000,0) ) 

  

tidal river flood haz-
ard index 

(Dmnl) 

Auxiliary 
with Lookup 

Tidal River Water Level-tidal river defences ef-
fectiveness 

 
([(-3000,0)-(3000,10)],(-3000,1),(-2000,1),    

(-1000,1.5),(-500,1.5), 
(0,1.5),(200,2),(700,2),(600,2),(2100,2.5), 

(2250,2.5),(2300,3),(2500,3),(2600,3) ) 

 • Tingsanchali and Promping, 
2022 

  FLOOD HAZARD SUB-MODEL   
PLUVIAL FLOOD 

WEIGHT 
(Dmnl) 

Constant  0.3  

weighted pluvial 
flood hazard index 

(Dmnl) 

Auxiliary pluvial flood hazard index*PLUVIAL FLOOD 
WEIGHT 

  

TIDAL RIVER FLOOD 
DEPTH 
(Dmnl) 

Constant  0.4  

weighted tidal river 
flood hazard index 

(Dmnl) 

Auxiliary TIDAL RIVER FLOOD WEIGHT*tidal river flood 
hazard index 

  

FLUVIAL FLOOD 
WEIGHT 
(Dmnl) 

Constant  0.3  

weighted fluvial flood 
hazard index 

(Dmnl) 

Auxiliary FLUVIAL FLOOD WEIGHT*fluvial flood hazard 
index 
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flood hazard index 
(Dmnl) 

Auxiliary weighted pluvial flood hazard index+weighted 
fluvial flood hazard index+weighted tidal river 

flood hazard index 

 • Tingsanchali and Promping, 
2022 

  TANGIBLE DAMAGE EVALUATION  
SUB-MODEL 

  

buildings damage due 
to pluvial flooding 

(euro/sqm) 

Auxiliary 
with Lookup 

pluvial flood depth 
 

([(0,0)-(6000,2000)], 
(0,0),(500,716.04),(1000,859),(1500,931), 

(2000,1002),(2500,1074),(3000,1217) ) 

 • Zhou et al. 2013 

buildings damage due 
to fluvial flooding 

(euro/sqm) 

Auxiliary 
with Lookup 

fluvial flood depth 
 

([(0,0)-(6000,2000)], 
(0,0),(500,716.04),(1000,859),(1500,931), 

(2000,1002),(2500,1074),(3000,1217)) 

 • Zhou et al. 2013 

buildings damage due 
to tidal river flooding 

(euro/sqm) 

Auxiliary 
with Lookup 

tidal river flood depth 
 

([(0,0)-(6000,2000)], 
(0,0),(500,716.04),(1000,859),(1500,931), 

(2000,1002),(2500,1074),(3000,1217)) 

 • Zhou et al. 2013 

buildings damage due 
to flooding 
(euro/sqm) 

Auxiliary buildings damage due to pluvial flooding+ 
buildings damage due to fluvial flooding 

+buildings damage due to tidal river flooding 

  

buildings damage due 
to preparedness 

(euro/sqm) 
 

Auxiliary SIMULTANEOUS (buildings damage due to 
flooding-(effect of households' preparedness 
on damage*buildings damage due to flood-

ing),1) 

  

residential buildings 
damage class 

(Dmnl) 

Auxiliary 
with Lookup 

buildings damage due to preparedness 
 

([(0,0)-(11000,200)], 
(0,1),(108,1),(135,2),(271,2),(298,3) ) 

 • Tingsanchali and Promping, 
2022 
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businesses damage 
due to pluvial flood-

ing 
(euro/sqm) 

Auxiliary 
with Lookup 

pluvial flood depth 
 

([(0,0)-(6000,2000)], 
(0,0),(500,572),(1000,1073),(1500,1359), 

(2000,1573),(3000,1717)) 

 • Zhou et al. 2013 

business damage due 
to fluvial flooding 

(euro/sqm) 

Auxiliary 
with Lookup 

fluvial flood depth 
 

([(0,0)-(6000,2000)], 
(0,0),(500,572),(1000,1073),(1500,1359), 

(2000,1573),(3000,1717)) 

 • Zhou et al. 2013 

business damage due 
to tidal river flooding 

(euro/sqm) 

Auxiliary 
with Lookup 

tidal river flood depth 
 

([(0,0)-(6000,2000)], 
(0,0),(500,572),(1000,1073),(1500,1359), 

(2000,1573),(3000,1717)) 

 • Zhou et al. 2013 

business damage due 
to flooding 
(euro/sqm) 

Auxiliary businesses damage due to pluvial flood-
ing+businesses damage due to fluvial flooding 
+businesses damage due to tidal river flooding 

  

business damage 
class 

(Dmnl) 

Auxiliary 
with Lookup 

business damage due to flooding 
 

([(0,0)-(11000,200)], 
(0,1),(108,1),(135,2),(271,2),(298,3) ) 

 • Tingsanchali and Promping, 
2022 

recreational facilities 
damage due to pluvi-

al flooding 
(euro/sqm) 

Auxiliary 
with Lookup 

pluvial flood depth 
 

([(0,0)-(3000,2000)], 
(0,0),(500,437),(1000,728),(1500,1020), 
(2000,1093),(2500,1166),(3000,1239) ) 

 • Zhou et al. 2013 

recreational facilities 
damage due to fluvial 

flooding 
(euro/sqm) 

Auxiliary 
with Lookup 

fluvial flood depth 
 

([(0,0)-(3000,2000)], 
(0,0),(500,437),(1000,728),(1500,1020), 
(2000,1093),(2500,1166),(3000,1239) ) 

 • Zhou et al. 2013 
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recreational facilities 
damage due to tidal 

river flooding 
(euro/sqm) 

Auxiliary 
with Lookup 

tidal river flood depth 
 

([(0,0)-(3000,2000)], 
(0,0),(500,437),(1000,728),(1500,1020), 
(2000,1093),(2500,1166),(3000,1239) 

 • Zhou et al. 2013 

recreational facilities 
damage due to flood-

ing 
(euro/sqm) 

Auxiliary recreational facilities damage due to pluvial 
flooding+recreational facilities damage due to 

fluvial flooding 
+recreational facilities damage due to tidal 

river flooding 

  

recreational facilities 
damage class 

(Dmnl) 

Auxiliary 
with Lookup 

recreational facilities damage due to flooding 
 

([(0,0)-(22,10)],(12,1),(13,2),(20,2),(22,3) ) 

 • Tingsanchali and Promping, 
2022 

transport services 
damage due to pluvi-

al flooding 
(euro/sqm) 

Auxiliary 
with Lookup 

pluvial flood depth 
 

([(0,0)-(3000,900)], 
(0,0),(500,291),(1000,437),(1500,583), 

(2000,655),(2500,728),(3000,801) ) 

 • Zhou et al. 2013 

transport services 
damage due to fluvial 

flooding 
(euro/sqm) 

Auxiliary 
with Lookup 

fluvial flood depth 
 

([(0,0)-(3000,900)], 
(0,0),(500,291),(1000,437),(1500,583), 

(2000,655),(2500,728),(3000,801) ) 

 • Zhou et al. 2013 

transport services 
damage due to tidal 

river flooding 
(euro/sqm) 

Auxiliary 
with Lookup 

tidal river flood depth 
 

([(0,0)-(3000,900)], 
(0,0),(500,291),(1000,437),(1500,583), 

(2000,655),(2500,728),(3000,801) ) 

 • Zhou et al. 2013 

transport services 
damage due to flood-

ing 
(euro/sqm) 

Auxiliary transport services damage due to pluvial 
flooding+transport services damage due to 

fluvial flooding 
+transport services damage due to tidal river 

flooding 
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transport services 
damage class 

(Dmnl) 

Auxiliary 
with Lookup 

transport services damage due to flooding 
 

([(0,0)-(20,10)],(12,1),(13,2),(14,3),(20,2) ) 

 • Tingsanchali and Promping, 
2022 

tangible damage class 
due to flooding 

(Dmnl) 

Auxiliary SIMULTANEOUS(MAX(businesses damage 
class, MAX(recreational facilities damage class, 

MAX(residential buildings damage class, 
transport services damage class 

))),1) 

  

  ECOSYSTEM QUALITY SECTION   
effect of damage on 
transport services 

(Dmnl) 

Auxiliary 
with Lookup 

transport services damage class 
 

([(0,0)-(10,10)],(1,0),(2,0.5),(3,1) ) 

  

TRANSPORT SER-
VICES 
(Dmnl) 

Lookup [(0,0)-(22266,10)], 
(1,0.1),(1460,0.1),(3285,0.1),(5110,0.1), 

(6935,0.5),(8760,0.5),(10950,0.7),(12775,0.7),
(14600,0.7),(16425,0.7),(18250,0.7), 
(20075,0.7),(21900,0.7),(23725,0.7), 

(25550,0.7),(27375,0.7) 

 • O’Keeffe et al. 2022 

transport services 
over time 

(Dmnl) 

Auxiliary TRANSPORT SERVICES (Time)   

transport services 
due to damage 

(Dmnl) 

Auxiliary transport services over time-(effect of damage 
on transport services*transport services over 

time) 

  

effect of damage on 
facilities availability 

(Dmnl) 

Auxiliary 
with Lookup 

recreational facilities damage class 
 

([(0,0)-(10,10)],(1,0),(2,0.5),(3,1) ) 

  

AVAILABILITY OF 
FACILITIES 

(Dmnl) 

Constant  0.1 • O’Keeffe et al. 2022 

availability of facili-
ties due to damage 

(Dmnl) 

Auxiliary AVAILABILITY OF FACILITIES-(AVAILABILITY 
OF FACILITIES*effect of damage on facilities 

availability) 
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PROXIMITY TO NAT-
URAL SPACES 

(Dmnl) 

Constant  0.5 • O’Keeffe et al. 2022 

NUMBER OF VA-
BIALES ON GREEN 

SPACES EXPERIENCE 
(Dmnl) 

Constant  4  

green spaces experi-
ence 

(Dmnl) 

Auxiliary (Ecosystem Quality State+PROXIMITY TO 
NATURAL SPACES+availability of facilities due 
to damage+transport services due to damage 
)/NUMBER OF VABIALES ON GREEN SPACES 

EXPERIENCE 

 • O’Keeffe et al. 2022 

Ecosystem Quality 
State 

(Dmnl) 

Stock ecosystem quality state increase rate-
ecosystem quality state decrease rate 

0.3 • Stakeholders’ BOT graphs 
(Workshop n.1) 

effect of low flood 
depth on ecosystem 

quality 
(Dmnl) 

Auxiliary 
with Lookup 

flood hazard index 
 

([(0,0)-(10,10)],(2,0.5),(2.5,0),(3,0) ) 

 • Maher et al.2014 

ecosystem quality 
state increase rate 

(Dmnl/Day) 

Inflow Ecosystem Quality State*effect of low flood 
depth on ecosystem quality/DAYS 

  

effect of high flood 
depth on ecosystem 

quality 
(Dmnl) 

Auxiliary 
with Lookup 

flood hazard index 
 

([(0,0)-(10,10)],(2,0),(2.5,0),(3,0.53) ) 

 • Talbot et al. 2018 
• Zhang et al. 2021 
• Peabody, 2021 

effect of impervious-
ness on ecosystem 

quality 
(Dmnl) 

Auxiliary 
with Lookup 

Imperviousness coefficient 
 

([(0,0)-(10,10)], 
(0.2,0),(0.4,0),(0.6,0.25),(0.8,0.5),(1,0.75) ) 

 • Yan et al. 2019 
• O’Keeffe et al. 2022 
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ecosystem quality 
state decrease rate 

(Dmnl/Day) 

Outflow (Ecosystem Quality State*effect of impervi-
ousness on ecosystem quali-

ty/DAYS)+(Ecosystem Quality State 
*effect of high flood depth on ecosystem quali-

ty 
/DAYS)+(Ecosystem Quality State*green spac-

es experience/DAYS) 

  

  COMMUNITY FLOOD RISK PERCEPTION 
SECTION 

  

INFORMATION SYS-
TEMS EFFECTIVE-

NESS CLASS 
(Dmnl) 

Constant  1 • Stakeholders’ individual inter-
views 

INFORMATION SYS-
TEMS EFFECTIVE-
NESS WEIGHT IN 

PERCEPTION 
(Dmnl) 

Constant  0.1  

information systems 
effectiveness class in 

perception 
(Dmnl) 

Auxiliary INFORMATION SYSTEMS EFFECTIVENESS 
CLASS*INFORMATION SYSTEMS EFFECTIVE-

NESS WEIGHT IN PERCEPTION 

  

CITIZENS' INVOLVE-
MENT CLASS 

(Dmnl) 

Constant  1 • Stakeholders’ individual inter-
views 

DELAY IN CITIZENS' 
INVOLVEMENT 

(Day) 

Constant  365  

CITIZENS' INVOLVE-
MENT WEIGHT 

(Dmnl) 

Constant  0.35  

local community en-
gagement class 

(Dmnl) 

Auxiliary DELAY1(CITIZENS' INVOLVEMENT 
CLASS*CITIZENS' INVOLVEMENT WEIGHT, 

DELAY IN CITIZENS' INVOLVEMENT) 
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FLOOD MONITORING 
AND WARNING SYS-
TEMS EFFECTIVE-

NESS CLASS 
(Dmnl) 

Constant  2 • Stakeholders’ individual inter-
views 

FLOOD MONITORING 
AND WARNING SYS-
TEMS EFFECTIVE-
NESS WEIGHT IN 

PERCEPTION 
(Dmnl) 

Constant  0.1  

monitoring and 
warning systems ef-
fectiveness class in 

perception 
(Dmnl) 

Auxiliary FLOOD MONITORING AND WARNING SYS-
TEMS EFFECTIVENESS CLASS*FLOOD MONI-

TORING AND WARNING SYSTEMS EFFEC-
TIVENESS WEIGHT IN PERCEPTION 

  

DAMAGE DUE TO 
FLOODING WEIGHT 

IN PERCEPTION 
(Dmnl) 

Constant  0.35  

COMMUNITY SENSE 
OF SAFETY CLAS 

(Dmnl) 

Constant  1 • Stakeholders’ individual inter-
views 

COMMUNITY SENSE 
OF SAFETY WEIGHT 

IN PERCEPTION 
(Dmnl) 

Constant  0.1  

community sense of 
safety class in per-

ception 
(Dmnl) 

Auxiliary COMMUNITY SENSE OF SAFETY 
CLASS*COMMUNITY SENSE OF SAFETY 

WEIGHT IN PERCEPTION 

  

Community Flood 
Risk Perception 

(Dmnl) 

Stock community perception increase rate-
community perception decrease rate 

1 • Bradford et al. 2012 
• Lechowska, 2018 
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community percep-
tion increase rate 

(Dmnl/Day) 
 

Inflow (damage class due to flooding in percep-
tion+local community engagement 

class+monitoring and warning systems effec-
tiveness class in perception+information sys-

tems effectiveness class in perception 
)/DAYS 

  

community percep-
tion decrease rate 

(Dmnl/Day) 

Outflow community sense of safety class in percep-
tion/DAYS 

  

COMMUNITY FLOOD 
RISK PERCEPTION 

WEIGHT IN PREPAR-
EDNESS 
(Dmnl) 

Constant  0.6 • Cologna et al. 2017 
• Papagiannaki et al. 2019 
• Liu et al. 2022 

community flood risk 
perception in prepar-

edness 
(Dmnl) 

Auxiliary Community Flood Risk Percep-
tion*COMMUNITY FLOOD RISK PERCEPTION 

WEIGHT IN PREPAREDNESS 

  

DAMAGE DUE TO 
FLOODING WEIGHT 
IN PREPAREDNESS 

(Dmnl) 

Constant  0.3 • Cologna et al. 2017 
• Papagiannaki et al. 2019 
• Liu et al. 2022 

COMMUNITY SENSE 
OF SAFETY WEIGHT 
IN PREPAREDNESS 

(Dmnl) 

Constant  0.1 • Cologna et al. 2017 
• Papagiannaki et al. 2019 
• Liu et al. 2022 

community sense of 
safety class in pre-

paredness 
(Dmnl) 

Auxiliary COMMUNITY SENSE OF SAFETY 
CLASS*COMMUNITY SENSE OF SAFETY 

WEIGHT IN PREPAREDNESS 

  

class of preparedness 
towards flooding 

(Dmnl) 

Auxilary SIMULTANEOUS(community flood risk per-
ception in preparedness+community sense of 

safety class in preparedness+damage class due 
to flooding in preparedness,1) 
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effect of households' 
preparedness on 

damage 
(Dmnl) 

Auxiliary 
with Lookup 

class of preparedness towards flooding 
 

([(0,0)-(10,10)], 
(1,0),(1.5,0.075),(2,0.15),(2.5,0.225),(3,0.3) ) 

 • Messner and Meyer, 2006 

  RESIDENTS’ WELL-BEING SECTION   
effect of ecosystem 

quality on residents' 
well-being 

(Dmnl) 

Auxiliary IF THEN ELSE(Ecosystem Quality 
State>ECOSYSTEM QUALITY STATE INITIAL 

VALUE, 0.15 , 0 ) 

 • Bratman et al. 2019 
• Salvia et al. 2022 

effect of green spaces 
experience on well-

being 
(Dmnl) 

Auxiliary 
with Lookup 

green spaces experience 
 

([(0,0)-(10,10)],(0,0),(0.5,0.5),(1,1) ) 

 • Bratman et al. 2019 
• Salvia et al. 2022 

effect of attractive-
ness on residents' 

well-being 
(Dmnl) 

Auxiliary 
with Lookup 

Attractiveness for Companies 
 

([(0,0)-(10,10)],(0.1,0.15),(0.5,0.25),(1,0.5) ) 

  

Residents’ Well-Being 
(Dmnl) 

Stock well-being increase rate - well-being decrease 
rate 

0.25 • Stakeholders’ BOT graphs 
(Workshop n.1) 

well-being increase 
rate 

(Dmnl/Day) 

Inflow IF THEN ELSE(Attractiveness for Compa-
nies>ATTRACTIVENESS FOR COMPANIES INI-
TIAL VALUE, (effect of attractiveness on resi-

dents' well-being 
*Residents' Well-Being 

/DAYS)+(effect of green spaces experience on 
well-being 

*Residents' Well-Being)/DAYS+(effect of eco-
system quality on residents' well-

being*Residents' Well-Being)/DAYS, (effect of 
green spaces experience on well-being 

*Residents' Well-Being)/DAYS)+(effect of eco-
system quality on residents' well-

being*Residents' Well-Being)/DAYS 

 • Bratman et al. 2019 
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effect of flood hazard 
on well-being 

(Dmnl) 

Auxiliary 
with Lookup 

flood hazard index 
 

([(0,0)-(10,10)],(1,0),(2,0),(2.5, 0.17),(3,0.25) ) 

 • Foudi et al. 2017 

effect of flood percep-
tion on well-being 

(Dmnl) 

Auxiliary 
with Lookup 

Community Flood Risk Perception 
 

([(0,0)-(10,10)],(1,0.29),(2,0.23),(3,0.18) ) 

 • Foudi et al. 2017 

effect of damage on 
well-being 

(Dmnl) 

Auxiliary 
with Lookup 

tangible damage class due to flooding 
 

([(0,0)-(10,10)],(1,0.19),(2,0.25),(3,0.32) ) 

 • Foudi et al. 2017 

well-being decrease 
rate 

(Dmnl/Day) 

 (Residents' Well-Being*effect of flood hazard 
on well-being/DAYS)+(Residents' Well-

Being*effect of damage on well-being 
/DAYS)+(Residents' Well-Being*effect of flood 

perception on well-being/DAYS) 

 • Foudi et al. 2017 
• French et al. 2019 
• Lee et al. 2020 
• Robin et al. 2020 

  ATTRACTIVENESS FOR COMPANIES  
SECTION 

  

effect of ecosystem 
quality on attractive-

ness 
(Dmnl) 

Auxiliary IF THEN ELSE(Ecosystem Quality 
State>ECOSYSTEM QUALITY STATE INITIAL 

VALUE, 0.15 , 0 ) 

 • https://www.wur.nl/en/show-
longread/Seven-Reasons-to-
Invest-in-a-Green-City.htm 

• The Land Trust, 2018 
effect of residents' 

well-being on attrac-
tiveness 
(Dmnl) 

Auxiliary IF THEN ELSE("Residents' Well-
Being">"RESIDENTS' WELL-BEING INITIAL 

VALUE", 0.15 , 0 ) 

 • Frumkin,2003 
• Bond et al. 2012 

effect of damage on 
attractiveness 

(Dmnl) 

Auxiliary 
with Lookup 

tangible damage class due to flooding 
 

([(0,0)-(10,10)],(1,0),(2,0.5),(3,1) ) 

 • Bond et al. 2012 

ATTRACTIVENESS 
FOR COMPANIES IN-

ITIAL VALUE 
(Dmnl) 

Constant  0.5 • Stakeholders’ BOT graphs 
(Workshop n.1) 

https://www.wur.nl/en/show-longread/Seven-Reasons-to-Invest-in-a-Green-City.htm
https://www.wur.nl/en/show-longread/Seven-Reasons-to-Invest-in-a-Green-City.htm
https://www.wur.nl/en/show-longread/Seven-Reasons-to-Invest-in-a-Green-City.htm
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Attractiveness for 
Companies  

(Dmnl) 

 attractiveness for companies increase rate-
attractiveness for companies decrease rate 

  

attractiveness for 
companies increase 

rate 
(Dmnl/Day) 

Inflow (effect of ecosystem quality on attractive-
ness*Attractiveness for Companies 

/DAYS)+("effect of residents' well-being on at-
tractiveness"*Attractiveness for Compa-

nies/DAYS) 

  

attractiveness for 
companies decrease 

rate 
(Dmnl/Day) 

Outflow effect of damage on attractive-
ness*Attractiveness for Companies/DAYS 

  

  FLOOD EXPOSURE SECTION   
BUILDINGS MATERI-

AL CATEGORY 
(Dmnl) 

Lookup [(0,0)-(22266,10)], 
(1,2),(1460,2),(3285,2),(5110,2),(6935,3), 
(8760,3),(10950,3),(12775,3),(14600,3), 

(16425,3),(18250,3),(20075,3),(21900,3), 
(23725,3),(25550,3),(27375,3) 

 • Hall and Madden, 2018 
• Validation workshop with 

stakeholders (Workshop n.2) 

buildings material 
class 

(Dmnl) 

Auxiliary  BUILDINGS MATERIAL CATEGORY (Time)   

EARNINGS GROWTH 
RATE 

(Dmnl) 

Lookup [(0,0)-(22266,10)], 
(1,0.008),(1460,0.008),(3285,0.008), 

(5110,0.008),(6935,0.008),(8760,0.008), 
(10950,0.008),(12775,0.008),(14600,0.008), 
(16425,0.008),(18250,0.008),(20075,0.008), 
(21900,0.008),(23725,0.008),(25550,0.008), 

(27375,0.008) 

 • Hall and Madden, 2018 

HOUSE PRICES 
CHANGE RATE DUE 
TO REGENERATION 
AND POPULATION 

GROWTH 
(Dmnl) 

Lookup [(0,0)-(14965,10)], 
(1,0.015),(1460,0.057),(3285,0.05), 

(5110,0.043),(6935,0.035),(8760,0.028), 
(10950,0.015), (12775,0.062), (14600,0.06), 
(16425,0.057),(18250,0.055),(20075,0.05), 

(21900,0.048),(23725,0.042),(25550,0.038), 
(27375,0.032) 

 • Miles,2012 
• Hall and Madden, 2018 
• Peabody,2021 
• https://www.investopedia.com

/ask/answers/040215/how-
does-law-supply-and-demand-
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affect-housing-
mar-
ket.asp#:~:text=The%20housin
g%20market%20is%20a,less%
20demand%20in%20the%20m
arket. 

• https://www.economicshelp.or
g/blog/377/housing/factors-
that-affect-the-housing-market/ 

• https://pearsonblog.campaigns
erver.co.uk/supply-and-
demand-the-housing-market/ 

housing affordability 
(Dmnl) 

Auxiliary HOUSE PRICES CHANGE RATE DUE TO RE-
GENERATION AND POPULATION 

GROWTH(Time)/EARNINGS GROWTH RATE 
(Time) 

 • https://www.thesundaily.my/b
usiness/the-problem-of-
measuring-housing-
affordability-based-on-price-to-
income-ratio-BC8730737 
 

housing affordability 
class 

(Dmnl) 

Auxiliary housing affordability 
 

([(0,0)-(10,10)] 
,(1,3),(2,3),(3,3),(3.1,2),(4,2),(4.1,1),(5,1),  

(6,1) ) 

 • https://www.thesundaily.my/b
usiness/the-problem-of-
measuring-housing-
affordability-based-on-price-to-
income-ratio-BC8730737 
 

AVERAGE HOUSE 
AREA 
(sqm) 

Constant  80 • https://www.zoopla.co.uk/for-
sale/property/thamesmead/ 

• https://www.designingbuilding
s.co.uk/wiki/Minimum_space_st
andards 

space standard class 
(Dmnl) 

Auxiliary 
with Lookup 

AVERAGE HOUSE AREA 
 

([(0,0)-(150,10)], 
(37,1),(49,1),(50,2),(99,2),(100,3),(150,3) ) 

 • https://www.designingbuilding
s.co.uk/wiki/Minimum_space_st
andards 
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CAR PARKING SPACE 
CLASS 
(Dmnl) 

Constant  2 • O’Keeffe et al.2022 

population density 
class 

(Dmnl) 

Auxiliary 
with Lookup 

Density of Building Development 
 

([(0,0)-(100,10)], 
(5,1),(10,1),(20,2),(30,2),(40,3),(100,3) ) 

 • Landcom, 2011 

building quality class 
(Dmnl) 

Auxiliary IF THEN ELSE(buildings material 
class=1:AND:space standard 

class=1:AND:population density 
class=3:AND:CAR PARKING SPACE CLASS 

=1:AND:housing affordability class=1, 1 , build-
ings material class ) 

 • Nasiri et al. 2017 

SERVICES QUALITY 
CATEGORY 

(Dmnl) 

Constant [(0,0)-(22266,10)], 
(1,1),(1460,1),(3285,1),(5110,1),(6935,2), 
(8760,2),(10950,2),(12775,2),(14600,2), 

(16425,2),(18250,2),(20075,2),(21900,2), 
(23725,2),(25550,2),(27375,2) 

 • Peabody, 2021 

services quality class 
(Dmnl) 

Auxiliary  SERVICES QUALITY CATEGORY (Time)   

INFRASTRUCTURE 
QUALITY CATEGORY 

(Dmnl) 

Lookup [(0,0)-(22266,10)], 
(1,1),(1460,1),(3285,1),(5110,1),(6935,2), 
(8760,2),(10950,2),(12775,2),(14600,2), 

(16425,2),(18250,2),(20075,2),(21900,2), 
(23725,2),(25550,2),(27375,2) 

 • Peabody, 2021 

infrastructure quality 
class 

(Dmnl) 

Auxiliary INFRASTRUCTURE QUALITY CATEGORY 
(Time) 

  

built environment 
quality class 

Auxiliary (buildings quality class+infrastructure quality 
class+services quality class)/3 

  

effect of built envi-
ronment quality on 

flood exposure 
(Dmnl) 

Auxiliary 
with Lookup 

built environment quality class 
 

([(0,0)-(10,10)],(1,3),(2,2),(3,1) ) 
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BUILT ENVIRON-
MENT QUALITY 

WEIGHT  
(Dmnl) 

Constant  0.4  

PROXIMITY TO 
FLOOD SOURCES 

CLASS 
(Dmnl) 

Constant  2 • Kissi et al. 2015 
• Ntajal et al. 2016 
• Tingsanchali and Promping, 

2022 
• Hamidi et al. 2022 

PROXIMITY TO 
FLOOD SOUCES 

WEIGHT 
(Dmnl) 

Constant  0.4  

LAND USE TYPE 
CLASS 
(Dmnl) 

Constant  2 • Tingsanchali and Promping, 
2022 

LAND USE TYPE 
WEIGHT  
(Dmnl) 

Constant  0.2  

flood exposure factor  
(Dmnl) 

Auxiliary (effect of built environment quality on flood 
exposure*BUILT ENVIRONMENT QUALITY 

WEIGHT)+(PROXIMITY TO FLOOD SOURCES 
CLASS*PROXIMITY TO FLOOD SOURCES 

WEIGHT)+(LAND USE TYPE CLASS*LAND USE 
TYPE WEIGHT) 

 • Kissi et al. 2015 
• Ntajal et al. 2016 
• Nasiri et al. 2017 
• Babanawo et al. 2022 
• Hamidi et al. 2022 
• Tingsanchali and Promping, 

2022 
  FLOOD SUSCEPTIBILITY SECTION   

FAMILIES SIZE 
(members) 

Constant  3 • https://www.zoopla.co.uk/for-
sale/property/thamesmead/ 
 

FAMILIES SIZE 
WEIGHT 
(Dmnl) 

Constant  0.15  

https://www.zoopla.co.uk/for-sale/property/thamesme
https://www.zoopla.co.uk/for-sale/property/thamesme
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CRITICAL INFRA-
STRUCTURE PRES-

ENCE CLASS 
(Dmnl) 

Constant  2 • EA,2012 
• Salvia et al. 2022 

CRITICAL INFRA-
STRUCTURE PRES-

ENCE WEIGHT 
(Dmnl) 

Constant  0.15  

residents' well-being 
class in susceptibility 

(Dmnl) 

Auxiliary 
with Lookup 

Residents’ Well-Being 
 

([(0,0)-(10,10)], 
(0,3),(0.3,3),(0.4,2),(0.5,2),(0.6,2),(0.7,1),   

(1,1) ) 

  

RESIDENTS' WELL-
BEING WEIGHT 

(Dmnl) 

Constant  0.15  

community flood risk 
perception class in 

susceptibility 
(Dmnl) 

Auxiliary 
with Lookup 

Community Flood Risk Perception 
 

([(0,0)-(10,10)],(1,3),(2,2),(3,1) ) 

  

COMMUNITY FLOOD 
RISK PERCEPTION 

WEIGHT 
(Dmnl) 

Constant  0.15  

ELDERLY AND CHIL-
DREN CLASS 

(Dmnl) 

Constant  1 • Ntajal et al. 2016 
• https://www.postcodearea.co.u

k/postaltowns/london/se280hs
/demographics/ 

ELDERLY AND CHIL-
DREN WEIGHT 

(Dmnl) 

Constant  0.15  
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flood susceptibility 
factor 

(Dmnl) 

Auxiliary (community flood risk perception class in sus-
ceptibility*COMMUNITY FLOOD RISK PER-

CEPTION WEIGHT)+(CRITICAL INFRASTRUC-
TURE PRESENCE CLASS 

*CRITICAL INFRASTRUCTURE PRESENCE 
WEIGHT)+(ELDERLY AND CHILDREN 

CLASS*ELDERLY AND CHILDREN 
WEIGHT)+(families size class*FAMILIES SIZE 

WEIGHT 
)+(residents' well-being class in susceptibil-

ity*RESIDENTS' WELL-BEING WEIGHT) 

 • Kissi et al. 2015 
• Ntajal et al. 2016 
• Nasiri et al. 2017 
• Babanawo et al. 2022 
• Hamidi et al. 2022 

Tingsanchali and Promping, 
2022 

  FLOOD ADAPTIVE CAPACITY SECTION   
delayed citizens' in-

volvement class 
(Dmnl) 

Auxiliary DELAY1(CITIZENS' INVOLVEMENT CLASS, 
DELAY IN CITIZENS' INVOLVEMENT ) 

  

DRAINAGE SYSTEMS 
CHARACTERISTICS 

CLASS 
(Dmnl) 

Constant  3  

DRAINAGE SYSTEMS 
CHARACTERISTICS 

WEIGHT 
(Dmnl) 

  0.1  

INSTITUTIONAL CA-
PACITY TO COPE 
WITH FLOODING 

(Dmnl) 

Lookup [(0,0)-(27375,10)], 
(1,2),(1460,2),(3285,2),(5110,2),(6935,2), 
(8760,2),(10950,2),(12775,2),(14600,2), 

(16425,2),(18250,2),(20075,2),(21900,2), 
(23725,2),(25550,2),(27375,2) 

 • Peabody, 2021 

institutional capacity 
to cope with flooding 

over time 
(Dmnl) 

Auxiliary INSTITUTIONAL CAPACITY TO COPE WITH 
FLOODING (Time) 
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HOUSEHOLDERS 
EDUCATION CLASS 

(Dmnl) 

Constant  1 • Tingsanchali and Promping, 
2022 

• https://www.postcodearea.co.u
k/postaltowns/london/se280hs
/demographics/ 

WEIGHT OF FLOOD 
ADAPTIVE CAPACITY 

COMPONENTS 
(Dmnl) 

Constant  0.15  

flood adaptive capac-
ity factor 
(Dmnl) 

Auxiliary (class of preparedness towards flood-
ing+delayed citizens' involvement class 

+FLOOD MONITORING AND WARNING SYS-
TEMS EFFECTIVENESS 

CLASS+HOUSEHOLDERS EDUCATION CLASS 
+INFORMATION SYSTEMS EFFECTIVENESS 

CLASS+institutional capacity to cope with 
flooding over time)*WEIGHT OF FLOOD 

ADAPTIVE CAPACITY COMPO-
NENTS+(DRAINAGE SYSTEMS CHARACTERIS-

TICS CLASS*DRAINAGE SYSTEMS CHARAC-
TERISTICS WEIGHT) 

 • Kissi et al. 2015 
• Ntajal et al. 2016 
• Nasiri et al. 2017 
• Babanawo et al. 2022 
• Hamidi et al. 2022 
• Tingsanchali and Promping, 

2022 

  FLOOD VULNERABILITY SUB-MODEL   
EXPOSURE FACTOR 

WEIGHT 
(Dmnl) 

Constant  0.63 • Tingsanchali and Promping, 
2022 

SUSCEPTIBILITY 
FACTOR WEIGHT 

(Dmnl) 

Constant  0.26 • Tingsanchali and Promping, 
2022 

ADAPTIVE CAPACITY 
FACTOR WEIGHT 

(Dmnl) 

Constant  0.11 • Tingsanchali and Promping, 
2022 



172 

flood vulnerability 
index 

(Dmnl) 

Auxiliary EXPOSURE FACTOR WEIGHT*flood exposure 
factor+SUSCEPTIBILITY FACTOR 

WEIGHT*flood susceptibility factor-ADAPTIVE 
CAPACITY FACTOR WEIGHT 

*flood adaptive capacity factor 

 • Kissi et al. 2015 
• Ntajal et al. 2016 
• Nasiri et al. 2017 
• Babanawo et al. 2022 
• Hamidi et al. 2022 
• Tingsanchali and Promping, 

2022 
  FLOOD RISK ASSESSMENT SUB-MODEL   

flood risk index 
(Dmnl) 

Auxiliary flood hazard index*flood vulnerability index  • Kissi et al. 2015 
• Ntajal et al. 2016 
• Nasiri et al. 2017 
• Babanawo et al. 2022 
• Hamidi et al. 2022 
• Tingsanchali and Promping, 

2022 
global flood risk in-

dex 
(Dmnl) 

Auxiliary 
with Lookup 

flood risk index 
 

([(0,0)-(25,10)], 
(1,1),(5,2),(10,2),(15,2),(20,3),(25,3) ) 

  

  URBAN FLOOD RESILIENCE SECTION  •  
effect of residents' 

well-being on urban 
flood resilience 

(Dmnl) 

Auxiliary 
with Lookup 

Residents’ Well-Being 
 

([(0,0)-(10,10)],(0,1),(0.5,2),(1,3) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 
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population character-
istics 

(Dmnl) 

Auxiliary 
with Lookup 

ELDERLY AND CHILDREN CLASS 
 

([(0,0)-(10,10)],(1,3),(2,2),(3,1) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 

effect of risk percep-
tion on urban resili-

ence 
(Dmnl) 

Auxiliary 
with Lookup 

Community Flood Risk Perception 
 

([(0,0)-(10,10)],(0,1),(0.5,2),(1,3) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 

effect of impervious-
ness on urban flood 

resilience 
(Dmnl) 

Auxiliary 
with Lookup 

imperviousness coefficient 
 

([(0,0)-(10,10)],(0,3),(0.5,2),(1,1) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
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• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 

effect of attractive-
ness on urban flood 

resilience 
(Dmnl) 

Auxiliary 
with Lookup 

Attractiveness for Companies 
 

([(0,0)-(10,10)],(0,1),(0.5,2),(1,3) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 

effect of ecosystem 
quality state on ur-
ban flood resilience 

(Dmnl) 

Auxiliary 
with Lookup 

Ecosystem Quality State 
 

([(0,0)-(10,10)],(0,1),(0.5,2),(1,3) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 

flood mitigation in-
frastructure effec-

tiveness 
(Dmnl) 

Auxiliary 
with Lookup 

flood hazard index 
 

([(0,0)-(10,10)],(1,3),(2,2),(3,1) ) 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
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• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 

urban performance 
index 

(Dmnl) 

Auxiliary (built environment quality class+ CRITICAL 
INFRASTRUCTURE PRESENCE CLASS+ effect 
of attractiveness on urban flood resilience+  
effect of ecosystem quality state on urban 

flood resilience 
+ population characteristics+ effect of imper-
viousness on urban flood resilience+ effect of 

residents' well-being on urban flood resilience 
+effect of risk perception on urban resilience+ 

institutional capacity to cope with flooding 
over time+ flood mitigation infrastructure ef-
fectiveness) *WEIGHT OF URBAN FLOOD RE-

SILIENCE COMPONTENTS 

 • Cutter et al. 2008 
• Cutter et al. 2010 
• Verrucci et al. 2012 
• Batica et al. 2013 
• Cutter et al. 2014 
• Joerin et al. 2014 
• Rockefeller, 2015 
• Figureido et al. 2018 
• Moghadas et al. 2019 
• Feofilovs et al. 2020 
• Satour et al. 2021 
• Marasco et al. 2022 
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 10.10. Changed variables in the modelled scenarios 
 
Stormwater 
system  
capacity 
(mm/Day) 
 

[(0,0)-
(22266,200)],(1,5),(3,104),(
179,4.9),(181,103),(729,4.8
),(731,97),(879,4.7),(881,95
),(1094,4.6),(1096,94),(124
4,4.5),(1246,92),(1460,4.4),
(1462,90),(1609,4.3),(1701,
89),(1824,4.2),(1826,86),(1
974,4.1),(1976,85),(2189,4)
,(2191,83),(2339,3.9),(2341
,81),(2554,3.8),(2556,79),(2
704,3.7),(2706,78),(2919,3.
6),(2921,76),(3069,3.5),(30
71,74),(3284,3.4),(3286,72)
,(3434,3.3),(3436,71),(3649
,3.2),(3651,68),(3799,3.1),(
3801,67),(4014,3),(4016,65
),(4164,2.9),(4166,63),(437
9,2.8),(4381,61),(4529,2.7),
(4531,60),(4744,2.6),(4746,
58),(4894,2.5),(4896,56),(5
110,2.4),(5112,54),(5259,2.
3),(5261,53),(5474,2.1),(54
76,50),(5839,2),(5841,47),(
5989,1.9),(5991,45),(6204,1
.8),(6206,43),(6354,1.7),(63
56,41),(6569,1.6),(6571,39)
,(6719,1.5),(6721,37),(6935
,1.4),(6937,35),(7084,1.3),(
7086,33),(7299,1.2),(7301,3
1),(7449,1.1),(7451,29),(76

[(0,0)-
(22266,200)],(1,5),(3,104),(1
79,4.9),(181,103),(729,4.8),(7
31,97),(879,4.7),(881,95),(10
94,4.6),(1096,94),(1244,4.5),(
1246,92),(1460,4.4),(1462,90
),(1609,4.3),(1701,89),(1824,
4.2),(1826,86),(1974,4.1),(19
76,85),(2189,4),(2191,83),(23
39,3.9),(2341,81),(2554,3.8),(
2556,79),(2704,3.7),(2706,78
),(2919,3.6),(2921,76),(3069,
3.5),(3071,74),(3284,3.4),(32
86,72),(3434,3.3),(3436,71),(
3649,3.2),(3651,68),(3799,3.1
),(3801,67),(4014,3),(4016,65
),(4164,2.9),(4166,63),(4379,
2.8),(4381,61),(4529,2.7),(45
31,60),(4744,2.6),(4746,58),(
4894,2.5),(4896,56),(5110,2.4
),(5112,54),(5259,2.3),(5261,
53),(5474,2.2),(5476,50),(583
9,2.1),(5841,47),(5989,2),(59
91,45),(6204,1.9),(6206,43),(
6354,1.8),(6356,41),(6569,1.7
),(6571,39),(6719,1.6),(6721,
37),(6935,1.5),(6937,35),(708
4,1.4),(7086,33),(7299,1.3),(7
301,31),(7449,1.2),(7451,29),
(7664,1.1),(7666,27),(7814,1)
,(7816,25),(8029,0.9),(8031,2

[(0,0)-
(22266,200)],(1,5),(3,104),(1
79,4.9),(181,103),(729,4.8),(7
31,97),(879,4.7),(881,95),(10
94,4.6),(1096,94),(1244,4.5),(
1246,92),(1460,4.4),(1462,90
),(1609,4.3),(1701,89),(1824,
4.2),(1826,86),(1974,4.1),(19
76,85),(2189,4),(2191,83),(23
39,3.9),(2341,81),(2554,3.8),(
2556,79),(2704,3.7),(2706,78
),(2919,3.6),(2921,76),(3069,
3.5),(3071,74),(3284,3.4),(32
86,72),(5110,62),(6935,52),(8
760,42),(10950,32),(12775,2
2),(14600,12),(16425,0),(182
50,0),(20075,0),(21900,0),(23
725,0),(25550,0),(27375,0) 

[(0,0)-
(22266,200)],(1,5),(3,104),(1
79,4.9),(181,103),(729,4.8),(
731,97),(879,4.7),(881,95),(1
094,4.6),(1096,94),(1244,4.5)
,(1246,92),(1460,4.4),(1462,9
0),(1609,4.3),(1701,89),(182
4,4.2),(1826,86),(1974,4.1),(
1976,85),(2189,4),(2191,83),
(2339,3.9),(2341,81),(2554,3.
8),(2556,79),(2704,3.7),(270
6,78),(2919,3.6),(2921,76),(3
069,3.5),(3071,74),(3284,3.4)
,(3286,65),(5110,56),(6935,4
8),(8760,38),(10950,29),(127
75,20),(14600,11),(16425,0),
(18250,0),(20075,0),(21900,
0),(23725,0),(25550,0),(2737
5,0) 
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64,1),(7666,27),(7814,0.9),(
7816,25),(8029,0.8),(8031,2
3),(8179,0.7),(8181,21),(83
94,0.6),(8396,19),(8544,0.5
),(8546,17),(8760,0),(8762,
15),(8909,0),(8911,13),(912
4,0),(9126,11),(9274,0),(92
76,9),(9489,0),(9491,7),(96
39,0),(9641,5),(9854,0),(98
56,3),(10004,0),(10006,1),(
10219,0),(10221,0),(10950,
0),(12775,0),(14600,0),(164
25,0),(18250,0),(20075,0),(
21900,0),(23725,0),(25550,
0),(27375,0) 

3),(8179,0.8),(8181,21),(8394
,0.7),(8396,19),(8544,0.6),(85
46,17),(8760,144),(10031,6.5
),(10033,131),(10259,6.4),(10
261,129),(10585,126),(10899
,6.3),(10901,123),(11122,6.2),
(11124,121),(11300,6.1),(113
02,119),(11519,6),(11521,11
7),(11657,5.9),(11659,115),(1
1683,5.8),(11685,115),(1169
4,5.7),(11696,115),(11698,5.6
),(11700,115),(11736,5.5),(11
738,115),(12045,5.4),(12047, 
112),(12225,5.3),(12227,110)
,(12410,5.2),(12412,108),(12
590,5.1),(12592,106),(12775,
5),(12777,104),(12955,4.9),(1
2957,103),(13505,4.8),(1350
7,97),(13655,4.7),(13657,95),
(13870,4.6),(13872,94),(1402
0,4.5),(14022,92),(14235,4.4),
(14237,90),(14385,4.3),(1438
7,89),(14600,4.2),(14602,86),
(14750,4.1),(14752,85),(1496
5,4),(14967,83),(15115,3.9),(
15117,81),(15330,3.8),(1533
2,79),(15480,3.7),(15482,78),
(15695,3.6),(15697,76),(1584
5,3.5),(15847,74),(16060,3.4),
(16062,72),(16210,3.3),(1621
2,71),(16425,3.2),(16427,68),
(16575,3.1),(16577,67),(1679
0,3),(16792,65),(16940,2.9),(
16942,63),(17155,2.8),(1715
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7,61),(17305,2.7),(17307,60),
(17520,2.6),(17522,58),(1767
0,2.5),(17672,56),(17885,2.4),
(17887,54),(18035,2.3),(1803
7,53),(18250,2.1),(18252,50),
(18615,2),(18617,47),(18765,
1.9),(18767,45),(18980,1.8), 
(18982,43),(19130,1.7),(1913
2,41),(19345,1.6),(19347,39),
(19495,1.5),(19497,37),(1971
0,1.4),(19712,35),(19860,1.3),
(19862,33),(20075,1.2),(2007
7,31),(20225,1.1),(20227,29),
(20440,1),(20442,27),(20590,
0.9),(20592,25),(20805,0.8),(
20807,23),(20955,0.7),(2095
7,21),(21170,0.6),(21172,19),
(21320,0.5),(21322,17),(2190
0,144),(23171,6.5),(23173,13
1),(23399,6.4),(23401,129),(2
3725,126),(24039,6.3),(2404
1,123),(24262,6.2),(24264,12
1),(24440,6.1),(24442,119),(2
4659,6),(24661,117),(24987,
5.9),(24989,115),(24823,5.8),
(24825,115),(24834,5.7),(248
36,115),(24838,5.6),(24840,1
15),(24876,5.5),(24877,115),(
25185,5.4),(25187,112),(253
65,5.3),(25367,110),(25550,5.
2),(25552,108),(25730,5.1),(2
5732,106),(25915,5),(25917,
104),(26095,4.9),(26097,103)
,(26645,4.8),(26647,97),(267
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95,4.7),(26797,95),(27010,4.6
),(27012,94),(27160,4.5),(271
62,92),(27375,4.4) 

Canals  
capacity 
(mm/Day) 

[(0,0)-
(22266,20000)],(1,760),(14
60,685),(3285,548),(5110,4
11),(6935,274),(8760,137),(
10950,0),(12775,0),(14600,
0),(16425,0),(18250,0),(200
75,0),(21900,0),(23725,0),(
25550,0),(27375,0) 

[(0,0)-
(22266,20000)],(1,760),(146
0,685),(3285,548),(5110,411)
,(6935,274),(8760,137),(1095
0,760),(12775,760),(14600,7
60),(16425,685),(18250,548),
(20075,411),(21900,274),(23
725,137),(25550,0),(27375,7
60) 

[(0,0)-
(22266,20000)],(1,760),(146
0,685),(3285,548),(5110,457)
,(6935,366),(8760,275),(1095
0,184),(12775,93),(14600,2),(
16425,0),(18250,0),(20075,0)
,(21900,0),(23725,0),(25550,
0),(27375,0) 

[(0,0)-
(22266,20000)],(1,760),(146
0,685),(3285,541),(5110,450
),(6935,359),(8760,268),(109
50,177),(12775,86),(14600,0
),(16425,0),(18250,0),(20075
,0),(21900,0),(23725,0),(255
50,0),(27375,0) 

Pumps  
capacity 
(mm/Day) 

[(0,0)-
(22266,5000)],(1,4450),(14
60,4005),(3285,3560),(511
0,3115),(6935,2670),(8760,
2225),(10950,1780),(12775
,1335),(14600,890),(16425,
445),(18250,0),(20075,0),(2
1900,0),(23725,0),(25550,0
),(27375,0) 

[(0,0)-
(22266,5000)],(1,4450),(146
0,4005),(3285,3560),(5110,3
115),(6935,2670),(8760,2225
),(10950,1780),(12775,1335),
(14600,890),(16425,445),(18
250,4450),(20075,4005),(219
00,3560),(23725,3115),(2555
0,2670),(27375,2225) 

[(0,0)-
(22266,5000)],(1,4450),(146
0,4005),(3285,3560),(5110,3
204),(6935,2848),(8760,2492
),(10950,2136),(12775,1780),
(14600,1424),(16425,1068),(
18250,712),(20075,356),(219
00,0),(23725,0),(25550,0),(27
375,0) 

[(0,0)-
(22266,5000)],(1,4450),(146
0,4005),(3285,3553),(5110,3
197),(6935,2841),(8760,248
5),(10950,2129),(12775,177
3),(14600,1417),(16425,106
1),(18250,705),(20075,349),(
21900,0),(23725,0),(25550,0
),(27375,0) 

Community 
sense of 
safety  
(Dmnl) 

1 (low class) [(0,0)-
(22266,10)],(1,1),(1460,1),(3
285,1),(5110,1),(6935,1),(876
0,2),(10950,2),(12775,3),(146
00,3),(16425,3),(18250,3),(20
075,3),(21900,3),(23725,3),(2
5550,3),(27375,3) 

[(0,0)-
(22266,10)],(1,1),(1460,1),(3
285,2),(5110,2),(6935,2),(876
0,2),(10950,2),(12775,1),(146
00,1),(16425,1),(18250,1),(20
075,1),(21900,1),(23725,1),(2
5550,1),(27375,1) 

[(0,0)-
(22266,10)],(1,1),(1460,1),(3
285,2),(5110,2),(6935,2),(87
60,2),(10950,2),(12775,2),(1
4600,2),(16425,2),(18250,2),
(20075,2),(21900,2),(23725,
2),(25550,2),(27375,2) 

Citizens’  
involvement 
(Dmnl) 

1 (low class) 1 (low class) 1 (low class) [(0,0)-
(22266,10)],(1,1),(1460,2),(3
285,3),(5110,3),(6935,3),(87
60,3),(10950,3),(12775,3),(1
4600,2),(16425,2),(18250,2),
(20075,2),(21900,2),(23725,
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2),(25550,2),(27375,2) 
Wetlands  
area 
(sqkm) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.31),(5110,0.31),(6935,
0.31),(8760,0.31),(10950,0.3
1),(12775 
,0.31),(14600,0.31),(16425,0.
31),(18250,0.31),(20075,0.31
),(21900,0.31),(23725,0.31),(
25550,0.31),(27375,0.31) 

Wetlands  
hydrological 
performance 
(mm/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.9),(5110,0.9),(6935,0.9
),(8760,0.9),(10950,0.9),(127
75,0.9),(14600,0.9),(16425,0.
9),(18250,0.9),(20075,0.9),(2
1900,0.9),(23725,0.9),(25550
,0.9),(27375,0.9) 

Urban green 
avenue 
/woodland 
area 
(sqkm) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.15),(5110,0.2),(6935,0.
25),(8760,0.3),(10950,0.35),(
12775 
,0.36),(14600,0.36),(16425,0.
36),(18250,0.36),(20075,0.36
),(21900,0.36),(23725,0.36),(
25550,0.36),(27375,0.36) 

Urban green 
avenue 
/woodland 
hydrological 
performance 
(mm/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.62),(5110,0.62),(6935,
0.62),(8760,0.62),(10950,0.6
2),(12775,0.62),(14600,0.62),
(16425,0.62),(18250,0.62),(2
0075,0.62),(21900,0.62),(237



181 
 

25,0.62),(25550,0.62),(27375
,0.62) 

Intensive 
Blue/Green 
roofs area 
(sqkm) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.02),(5110,0.025),(6935
,0.03),(8760,0.035),(10950,0.
04),(12775 
,0.04),(14600,0.04),(16425,0.
04),(18250,0.04),(20075,0.04
),(21900,0.04),(23725,0.04),(
25550,0.04),(27375,0.04) 

Intensive 
Blue/Green 
roofs hydro-
logical per-
formance 
(mm/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.75),(5110,0.75),(6935,
0.75),(8760,0.75),(10950,0.7
5),(12775,0.75),(14600,0.75),
(16425,0.75),(18250,0.75),(2
0075,0.75),(21900,0.75),(237
25,0.75),(25550,0.75),(27375
,0.75) 

Parks area 
(sqkm) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,0.62),(5110,0.62),(6935,
0.62),(8760,0.62),(10950,0.6
2),(12775 
,0.62),(14600,0.62),(16425,0.
62),(18250,0.62),(20075,0.62
),(21900,0.62),(23725,0.62),(
25550,0.62),(27375,0.62) 

Parks  
hydrological 
performance 
(mm/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,1),(5110,1),(6935,1),(87
60,1),(10950,1),(12775,1),(1
4600,1),(16425,1),(18250,1),
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(20075,1),(21900,1),(23725,
1),(25550,1),(27375,1) 

Lakes and 
canals  
naturaliza-
tion 
(Dmnl) 

— — — [(0,0)-
(27375,10)],(1,0),(1460,0),(3
285,0.05),(5110,0.05),(6935,
0.05),(8760,0.05),(10950,0.0
5),(12775 
,0.05),(14600,0.05),(16425,0.
05),(18250,0.05),(20075,0.05
),(21900,0.05),(23725,0.05),(
25550,0.05),(27375,0.05) 

Proximity to 
natural 
spaces 
(Dmnl) 

0.5 (medium level) 0.5 (medium level) 0.5 (medium level) [(0,0)-
(22266,10)],(1,0.5),(1460,0.5
),(3285,0.52),(5110,0.54),(69
35,0.56),(8760,0.58),(10950,
0.6),(12775 
,0.62),(14600,0.64),(16425,0.
66),(18250,0.68),(20075,0.7),
(21900,0.72),(23725,0.74),(2
5550,0.76),(27375,0.78) 

Wetlands 
biodiversity 
performance 
(Dmnl/Day) 

   [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,1.5e06),(5110,1.5e06), 
(6935,1.5e-06),(8760,1.5e-
06),(10950,1.5e-06), 
(12775,1.5e-06), 
(14600,1.5e-06), 
(16425,1.5e-06), 
(18250,1.5e-06), 
(20075,1.5e-06), 
(21900,1.5e-06), 
(23725,1.5e-06), 
(25550,1.5e-06), 
(27375,1.5e-06) 
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Urban green 
avenue 
/woodland 
biodiversity 
performance 
(Dmnl/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,1.5e06),(5110,1.5e06), 
(6935,1.5e-06),(8760,1.5e-
06),(10950,1.5e-06), 
(12775,1.5e-06), 
(14600,1.5e-06), 
(16425,1.5e-06), 
(18250,1.5e-06), 
(20075,1.5e-06), 
(21900,1.5e-06), 
(23725,1.5e-06), 
(25550,1.5e-06), 
(27375,1.5e-06) 

Intensive 
Blue/Green 
roofs  
biodiversity 
performance 
(Dmnl/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,1.5e06),(5110,1.5e06), 
(6935,1.5e-06),(8760,1.5e-
06),(10950,1.5e-06), 
(12775,1.5e-06), 
(14600,1.5e-06), 
(16425,1.5e-06), 
(18250,1.5e-06), 
(20075,1.5e-06), 
(21900,1.5e-06), 
(23725,1.5e-06), 
(25550,1.5e-06), 
(27375,1.5e-06) 

Parks 
biodiversity 
performance 
(Dmnl/Day) 

— — — [(0,0)-
(22266,10)],(1,0),(1460,0),(3
285,1.5e06),(5110,1.5e06), 
(6935,1.5e-06),(8760,1.5e-
06),(10950,1.5e-06), 
(12775,1.5e-06), 
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(14600,1.5e-06), 
(16425,1.5e-06), 
(18250,1.5e-06), 
(20075,1.5e-06), 
(21900,1.5e-06), 
(23725,1.5e-06), 
(25550,1.5e-06), 
(27375,1.5e-06) 
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