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Abstract

:

In urbanized plains that are subject to flooding, the socioeconomic aspects, climate characteristics, built environment, and riverine processes exhibit bi-univocal relationships with the flood formation itself, creating a pattern of development without a predefined equilibrium state. The complexity of processes involved in flood management and the need for a comparative assessment method to hierarchise different design alternatives or planning scenarios requires practical and quantitative methods for urban diagnoses, including flood risk and resilience aspects. This paper proposes an alternative pathway to evaluate design alternatives for urban flood mitigation, assessing resilience in quantitative terms. In this way, a methodological framework is presented suppress to evaluate flood resilience in urban watersheds planning, through the application of the Urban Flood Resilience Index (UFRI) and Future Scenarios Criteria (FSC). A case study illustrates the method using an urban watershed in Rio de Janeiro/Brazil. This study considered two possible design alternatives for flood control, with concentrated and distributed measures. The resilience mapping using the UFRI showed that the adoption of distributed measures could increase the areas classified as showing very high resilience by 41%, while very low resilience areas would be reduced by 87%. The FSC is able to present the integrated results of resilience variation from present and future conditions, considering, for example, climate change effects or unplanned urbanisation scenarios. The framework is able to perform comparisons between alternatives, showing the advantages associated with adopting distributed measures over the watershed, which reflected in a resilience value that was 24% higher when compared to the results obtained for the concentrated solutions scenario.
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1. Introduction


Although floods are natural phenomena responsible for several ecosystem processes, the increase of socioeconomic systems exposed to their impacts introduces a challenging issue to urban planners. The complex functions of urban areas need to be considered in the design process of urban stormwater systems, increasing resilience to climate change and enhancing attraction and social inclusion of urban environments [1] especially regarding flood management. Land use changes, urbanisation growth and climate change effects can potentialise the complexity of interactions between cities and urban floods [2].



Since the first industrial revolution, increasingly high density cities have to deal with public health problems related to water. After managing wastewater problems, public policies have been focused on stormwater control strategies to increase flood resistance, based on improvements to the hydraulic capacities of systems. This fact has enabled the rapid and efficient conveyance of stormwater out of cities, characterising the concept of the Drained City, as defined in a historical review made by Brown et al. [3]. However, in this context, the intense process of soil sealing inherent to urbanisation and the introduction of drainage networks tend to increase runoff downstream, magnifying damages in already flooded areas and exposing new areas to potential flooding.



Only from the 1970s, this Drained City model started to be criticised, providing the basis for the development of the Flood Risk Management (FRM) approach [4]. In a first attempt to better deal with increased flooding impacts on urban systems, the stakeholders started to encourage efforts to design flood control measures based on detention techniques as a compensatory solution [5]. However, the number of flood events and the resulting damages are still increasing, hitting 45% of disaster-affected people worldwide between 1998 and 2017 [6]. A more comprehensive vision of urban environments brought some new ideas to flood management, such as the Water Sensitive Urban Design approach [3] and the Sponge Cities concept [7]. Recently, built and natural environments have been considered together in flood mitigating measures; this approximation incorporates multiple benefits both to nature and urban health [8]. This approach tries to reduce the economic and social costs for communities which are identified by Barría et al. [9] as being consequences of deficient urban planning and the lack of integrated disaster risk management plans.



In this way, distributed intervention is prioritised, with spatialised benefits, mitigating the impact of soil sealing through facilitating infiltration and retention processes to recover hydrological conditions similar to those of pre-urbanisation. Several concepts have been incorporated into urban drainage discussion, assuming different terminologies, such as sustainable urban drainage systems (SUDS) in the United Kingdom, stormwater best management practices (BMPs) and low impact development (LID) in the USA [10], and more recently, as water sensitive urban design (WSUD) in Australia, or green infrastructure (GI) worldwide [11]. Fletcher et al. [8] present a detailed review of the history of how different concepts and related terms appeared and are being used in the management of urban stormwater. Mainly, the techniques involved in these concepts seek to minimise the effects of urbanisation growth. In summary, the sustainable drainage approach seeks to increase the infiltration of rainwaters into the soil by reducing and/or slowing runoff, and thus, decreasing the amount of water in storm drains and rivers during heavy rains [12]. Furthermore, it provides opportunities to recover stormwater retention capacity. These drainage techniques minimise the negative effects of urbanisation, and have proven to be more sustainable while working better in the long term [13,14,15].



While reducing the negative impacts of traditional flood control measures, treating the watershed in a systemic way is a choice which is still based on a control approach, as stated by Morita [16]. This situation maintains the pursuit of the stability of a system, since the concept of stability can be seen as the tendency of a system to return to an equilibrium position after a disturbance, approaching very closely the classic concept of resilience in engineering [17]. However, in urbanised plains which are subject to floods, socioeconomic aspects, climate characteristics, the built environment, and riverine processes affect the flood formation itself, in bi-univocal relations, thereby creating a pattern of development without a predefined equilibrium state. More than that, it is expected that improving knowledge about the problem will lead to a better new state. In this way, planning urban development based on the search for stability will be problematic when applied to large spatial and temporal scales, in which the systems are inherently dynamic [18].



Anthropic changes in natural systems aiming to adapt spaces to human interests have been deeply investigated in hydrological studies, aiming to understand the urbanisation impact on flood patterns [19,20,21,22]. The opposite situation has been gaining an increasing role in academic research, seeking to understand how flooding behaviour and the environment supporting capacity can define human settlement aspects [23]. However, the bi-univocal relationship between flood dynamics and human development is yet to be properly addressed. This lack of understanding has increased the risk of flooding even in situations where large investments have been made to protect human assets, since a false perception of safety can lead people to expose themselves even greater risks. To better address the dynamics of flood-human interactions and the associated feedback, some researchers are treating this relationship as a socio-hydrology concept [24].



Given the unpredictability associated with floods and the uncertainties of human behaviour in the face of extreme events, resilient strategies must be developed and implemented once resilience itself has been inherently designed to deal with uncertainty [25]. Since one of the goals of the resilience approach is to reduce the system vulnerabilities, and considering that “the way that society perceives risk is crucial to understanding the existing vulnerabilities” [26], risk perception becomes an important issue to be addressed in the FRM. The urban development boom in flood-prone areas occurs in response to historical flood control efforts, achieved by huge drainage works usually constructed after great disaster events [27]. As a consequence, flood risk increases as the exposure of goods and people intensifies. The resilience approach makes it possible to invert simple damage reduction reasoning, converging solutions capable of dealing with future uncertainties and adversities. [28].



The concept of resilience has been widely employed, mainly in the fields of materials science [29,30], ecology [31], urban engineering [32], sociology [33], psychology [34], geography [35] among others. Folke [36] presents an overview of the use of the concept of resilience in the field of ecology from the 1960s to the present day.



Many authors have been praising efforts to reduce misunderstandings and disagreements about the correct application of the resilience concept, as well to expand the discussion [37,38]. Keating et al. [39] defined disaster resilience as “the ability of a system, community, or society to pursue its social, ecological, and economic development and growth objectives while managing its disaster risk over time in a mutually reinforcing way”. Chen and Leandro [40] highlighted the fact that academic descriptions of the resilience concept applied to urban flood comprise at least two major elements: “1. The coping capacity when facing flooding, and 2. the recovery capacity after flooding”.



In the context of urban floods and urban engineering, resilience can be briefly defined as “the ability of an infrastructure asset to maintain its most important processes, characteristics and functions even under extreme events, as well as the ability to recover and reassume its normal functions right after the event” [28,41].



It is important here to clarify how the resilience concept will be considered in this paper. As mentioned, resilience is a multi-faceted concept, involving several different possibilities. The resilience concept has its origin in material science and, in this context, it responds to the capacity of absorbing energy and returning to the previous state. As a consequence, resilience in engineering is usually related to the capacity of a system to resist changes in state and continue functioning. However, the resilience concept can be found in many different subjects. A significant variation of this concept refers to ecological resilience, which is responsible for a great number of urban resilience solutions regarding development challenges. Ecological resilience responds to adaptive capacity and is related to the survival of the species. Joining these two concepts in the city environment leads to an interesting interpretation. Considering that cities are socioeconomic systems settled over a natural supporting system, we can join both definitions (engineering and ecological resilience) and define flood resilience in this work as the ability of the city to resist flooding over time, being able to adapt itself and continue functioning, even under stress conditions, and to recover rapidly from material losses.



More recently, frameworks and methodologies have been developed aiming to establish flood resilience [42,43]. Cutter et al. [44] stated that despite efforts to assess the dimensions of community resilience, the main challenge is to develop standard metrics to measure disaster resilience. Many factors, such as hydrological characteristics, population density, land use, and climate change can affect flood risk in urban catchment areas [16], which can be mitigated by structural and non-structural measures. Keating et al. [39] highlighted the urgent need for the development of disaster resilience measurement tools, giving rise to a better understanding of the resilience of key components, the improvement of resilience measuring skills and the comparison of resilience changes over time. The complexity of the processes involved in flood management and the need for a comparative assessment method to hierarchise different design alternatives or planning scenarios require practical and quantitative methods for urban diagnoses including flood risk aspects. Batica [45] suggests that indicator-based approaches can provide a comprehensive view of the vulnerability and resilience of a city or community. In turn, indicators can be defined as direct or indirect measures calculated from processed data to represent an attribute of a system of interest [46]. Therefore, flooding events can impact both natural and built environments, demanding an assessment method which is capable of identifying the particular consequences in each of these sub-systems, dealing with a social-ecological system (SES), which can be understood as the one defined by the interdependence between people and nature [47].



Composite indicators or indexes can offer a potential way of dealing with the multivariate and complex nature of interactions between flooding and SES [47]. An index “aggregates multiple individual indicators to provide a synthetic measure of a complex, multidimensional, and meaningful societal issue” [46].



The range of possible stormwater design alternatives, the different decisions concerning land use and urban development and the uncertainties about climate change scenarios require assessment tools which are capable of supporting both urban planning, providing better design choices, and governance strategies for improving flood resilience. As stated by Zhang [48], the approach to stormwater management must consider long-term impacts to guarantee urban sustainability. The resilience approach deals with future uncertainties and is directly related to looking for sustainable development. In this context, this study presents a framework to quantitatively measure flood resilience associated with different design alternatives, considering flood mitigation measures and future stressing scenarios, allowing stakeholders to make comparisons of design alternatives and to rank them according to flood resilience criteria.



To achieve this goal, this work draws upon a proposition from Miguez & Veról [28], where a framework for ranking flood mitigation alternatives was proposed, resulting in a multi-criteria index called Flood Resilience Index (FResI). This index was intended to give an integrated number in order to approach the flood resilience status of an urban watershed; its development was based upon a previously proposed index representing the flood risk assessment named Flood Risk Index—FRI [49].



In the present work, a new index, the Urban Flood Resilience Index (UFRI) [50,51], which is an evolution of the work of Bertilsson et al. [52], is used to substitute the FRI in the Adapted Flood Resilience Index (aFResI), in an integrated composition built to compare the resilience behaviour over time, from the current situation to future scenarios. The new adapted method also revises the mathematical formulation of the original proposition. This framework is applied in a highly urbanised watershed in Rio de Janeiro, Brazil, with huge flood problems. Therefore, the future scenario chosen to further stress the current situation considers possible climate change, increasing rainfall intensity and rising mean sea levels (since Rio de Janeiro is a coastal city).



The main novelty presented in this paper is the proposition to use a direct quantitative tool to measure urban flood resilience in an integrated framework to support decision making on flood control projects and urban development decisions. This proposed approach considers future scenarios of adversity, allowing stakeholders to evaluate the loss of efficiency of flood mitigation measurements in face of these stressors. It is important to note, however, that this is not intended to be an isolated decision tool. After ranking the alternatives, considering their resilience behaviour, the economic aspect still has to be considered, and a cost-benefit analysis (CBA) should be made over the lifetime of the considered project alternatives. As stated by Keating et al. [39] “there is no one-size-fits-all “resilience” measure, nor should there be”. Therefore, the framework proposed in this study is an ongoing research project, subject to improvements; nonetheless, it has provided suitable results for the present study case.




2. Material and Methods


The study was carried out using a computational modelling tool to support hydrological and hydrodynamics simulation scenarios, intending to give basic information about flood consequences over the urban systems. The result of the modelling process characterises the flood events, based on a design storm with a 25-year return period (RP). This RP was adopted due to the official Brazilian government requirements for flood control design. Departing from flood characterisation, and joining the socioeconomic information (obtained from the available census-2010), the UFRI can be built and used in the methodological framework proposed in this work. The detailed steps of this framework are described in the following sections.



2.1. Computational Modelling System


In order to obtain information on flood patterns for different scenarios, hydrologic and hydrodynamic modelling tools were used to support the simulation of a rainfall event with 25 years of RP. Flooding characteristics were obtained using the Urban Flow Cell Model—MODCEL [53,54]. This model is based on the original work by Zanobetti and Lorgeré [55]; it assumes that the watershed can be subdivided into various types of flow-cells which interact with each other through 1D flow Equations, representing the watershed surface and its flow pattern, including a set of varied hydraulic structures. MODCEL can be described as a quasi-2D cell model which integrates the hydrological processes observed in each cell into a looped hydrodynamic model, creating a spatial representation that interconnects surface flow, channel flows and storm drains. Therefore, a dual drainage approach supports this model, so that flow can occur simultaneously on both layers, i.e., surface and underground [56]. This feature makes it possible to assess both river flooding and the drainage network failures.



The resulting grid is irregular, in the sense that each cell may assume the proper form to represent a certain portion of the terrain. Different scales may co-exist in the representation of the cells grid. The cell limits can be defined by their topographic characteristics, using watershed reasoning, but they can also be defined by urban features, such as buildings contours. The representation of a schematic urban cell is shown in Figure 1. Different hydraulic relations may define the connection between cells. The most used is the Saint-Venant dynamic Equation, but local structures, like weirs, orifices, gates and pumps, may also be represented.



During a storm event, urban landscapes (as seen in Figure 2A) can flood in response to two different types of failure: channel overflows or storm drain overflows. The first occurs when rivers and channels cannot support the total flow resulting from storm waters drained from the watershed, as in case B of Figure 2. The second occurs when urban drainage systems, mainly composed of storm drains, are not able to deal with the runoff resulting from a storm event, drained by streets, lots, squares, etc., as in case C of Figure 2. When both systems fail, there is generalised urban flooding, represented in Figure 2 by case D.




2.2. Urban Flood Resilience Index—UFRI


To support the discussion about residual risk and compose the methodology proposed here, an index is developed to aid the planning and design of urban drainage solutions, adopting a methodology that departs from the basic concepts of risk management and evolves to consolidate a Resilience Index. At this point, it is important to highlight the understanding of resilience adopted in this study, broadly discussed in the introduction section.



The UFRI proposition makes it possible to build resilience maps and, consequently, to work to reduce risk consequences over time, especially regarding avoided losses. It is based on the index presented as S-FResI in Bertilsson et al. [52], and was expanded in this work. The UFRI combines three sub-indexes, representing the three properties of resilience cited by Proag [57]:




	(i)

	
absorptive capacity—the ability of the system to absorb the disruptive event, represented by the Sub-index of Risk to Resistance Capacity (SiR).




	(ii)

	
adaptive capacity—the ability to adapt to the event, represented by the Sub-index of Risk to System Functional Capacity (SiF).




	(iii)

	
restorative capacity—the ability of the system to recover, represented by the Sub-index of Risk to Material Recovery Capacity (SiC).









Each sub-index considers hazard-related indicators, covering maximum flood depths, water flow velocities and flood permanence times, combined with related vulnerability indicators. The calculation of UFRI uses Equation (1); the hierarchical arrangement of the indicators and sub-indexes that compose the UFRI is shown in Figure 3. The complete composition of the index is shown in Figure 4. Each of the indicator formulations is presented below.


UFRI=a·(1−SiR)+b·(1−SiC)+c·(1−SiF)



(1)







Parameters a, b and c are the weights associated with each sub-index. In the present study, the weighting process assumes equal values for all of them, since it is not the aim of this study to state the relative importance of each term in the resilience composition. In fact, defining this relative importance is something that may vary from case to case, and which should be a prerogative of decision makers.



2.2.1. Sub-Index of Risk to Resistance Capacity (SiR)


The SiR represents resistance to damage, according to the degree of exposure of the population and the existing assets in the basin, i.e., the exposure of buildings and urban infrastructure to the potential damages of a given flood. Three indicators are used in its formulation: (i) the building exposure indicator; (ii) the urban infrastructure exposure; and (iii) the flood depth indicator. This sub-index is calculated using Equation (2).


SiR=[a·(Ien1)+b·(Iein2)]·IHn3



(2)







Ie—building exposure indicator.



The building exposure indirectly indicates the exposure of people. It is represented by built density area (BD), in m²/ha. The higher the density, the more vertical the buildings, indicating a greater occupation, either residential or commercial. The values are normalised in a range between 0 and 1, with the highest exposure value (equal to 1) being attributed from the third quartile of built density distribution in the basin (and upwards), in order to avoid non-representative values of isolated high densities, which could distort the scale. This method was applied to the Canal do Mangue catchment, used as a case study, resulting in Equation (3).


Ie=4.43·10−5·BD   0≤BD<22,596Ie=1.0     BD≥22,596



(3)







Iei—urban infrastructure exposure indicator.



This indicator represents an indirect measure of urban infrastructure exposure by road density (RD), in m/ha. The greater the density of roads in a region, the greater the tendency for coverage of infrastructure services such as water supply, sanitation, public lighting, cable services, etc. The normalisation of the indicator was done similarly to Ie, with the highest exposure value being attributed to the third quartile of the sample and above. Values also vary between 0 and 1. The construction of the Iei to the Canal do Mangue catchment resulted in Equation (4).


Iei=3.25·10−3·RD   0≤RD<284Iei=1.0     RD≥284



(4)







IH—flood depth indicator.



This indicator computes the potential damage of the considered flood event, representing the potential hazard. The maximum flood depth h gives the value of the indicator, that is, depending on the maximum depths and the expected damages caused by these depths, a normalised value between 0 and 1 is attributed to the indicator through an exponential function. Thus, the greater the depth of flooding, the greater the potential damage to structures, goods and people exposed. A water depth of 1.30 m, which was chosen to represent very high potential damage (this would be the value that could cause integral losses inside a household), represents the highest value, while water depths bellow 0.15 m nullify the indicator. The normalised formulation can be seen in Equation (5).


IH=0.0     h≤0.15IH=0.465·ln(h)+0.878   0.15<h<1.30IH=1.0     h≥1.30



(5)








2.2.2. Sub-Index of Risk to Material Recovery Capacity (SiC)


This represents the socioeconomic part of the flood risk, through a “relative value” indicator relating the flood depth to the potential damage according to the income range of the population which is directly exposed to flood. Its formulation is presented in the form of Equation (6).


SiC=(Irv·a)+(Isv·b)



(6)







Irv—relative value indicator.



This represents the economic recovery capacity of a region against the damages of a given flood event. The indicator is calculated using the relationship between potential economic losses and the capacity to replace these losses, represented by the difference between the total income and the average expenditure of a family. In this way, Irv is intended to represent a socioeconomic variable, equalised according to the relationship between the potential loss caused by the flooding event and the economic class of the exposed population, assessing not an absolute loss, but rather, the ability to recover from the damage suffered. Irv is given by Equation (7).


IRV=(CDB+CDC)·AB·IS(12·TI·RC)



(7)




where




	
CDB: Cost of damage to a building



	
CDC: Cost of damage to building contents



	
AB: Total area built in the analysis unit



	
IS: Building susceptibility indicator



	
TI: Total Income of the population in the analysed region



	
RC: Average replacement capacity of the population in the analysed region








The whole formulation of this indicator can be found in Rezende et al. (2018) [50] and is based in Salgado (1995) [58].



IS—building susceptibility sub-indicator.



The indicator of the susceptibility of buildings is represented by the average height of the buildings in the analysed region. Buildings with one floor are more susceptible to flooding damages than multi-floors buildings. This indicator is used as a correction factor to the Irv, which is based on flood depth-damage curves.



Isv—social vulnerability indicator.



This indicator represents the portion of a region’s social vulnerability related to the percentage of people who are potentially the most vulnerable to flood events, from a physical point of view. It is related with people vulnerability to the hazard, represented by the velocity factor indicator (the product of flow velocity and water depth) and how rapid velocities can drag a person with the flow [59]. Isv is given by Equation (8).


Isv=a·[(IVP)n1·(IVFv)n2]+b·[(INP)n3·(IVFn)n4]



(8)




where




	
Ivp: indicator of vulnerable persons



	
Inp: indicator of non-vulnerable persons



	
IVFv: velocity factor indicator for vulnerable people



	
IVFn: velocity factor indicator for non-vulnerable people








The whole formulation of this indicator can be found in Rezende et al. (2018) [50].



IvpandInp—vulnerability of people sub-indicators.



Ivp represents the direct proportion of the population that is younger than 15 and older 60 years of age, in relation to the total population. It represents people who are more prone to flooding consequences. Inp is the complement of the Ivp.



IVF—velocity factor sub-indicator.



The velocity factor (VF) directly indicates the potential to drag people away during a flood event. The normalisation of IVF considers previous studies on the stability of people when exposed to water [60]. Based on this study, two risk classifications of the loss of stability were developed for vulnerable and non-vulnerable groups, as shown in Table 1.



The normalised formulations of IVFv and IVFn are given by Equations (9) and (10).


IVFv=0.9743·ln(VF)+2.3308



(9)






IVFn=1.0554·ln(VF)+1.3596



(10)








2.2.3. Sub-Index of Risk to System Functional Capacity (SiF)


This represents the system’s ability to continue providing part of its services during a flood event. This subscript considers the mobility risk indicator, represented by the relationship between road hierarchy and non-attendance by rail transport with the flooding event. This sub-index indicates the impact of the flood on traffic and people. It also assesses the impact on rescue access through the analysis of flooding of fire department resources and their surroundings, indicating potential difficulties in carrying out emergency actions. The general formulation is given by Equation (11).


SiF=(IMR·a)+(Ida·b)



(11)







Ida—aid access difficulty indicator.



This indirectly represents the difficulty of a given region to receive help from a specialised aid team. In the present study, due to ready access to data, the Fire Department of Rio de Janeiro in the Canal do Mangue catchment was used. Each facility was associated with an influence area, which can be penalised when the flood reaches the position where the Fire Department is installed. The penalisation considers the flood depth, representing the difficulty or even the impossibility of exiting the building.



IMR—mobility risk indicator.



The mobility risk indicator represents how much the transportation system is affected by a flood event, assessing the potential impact on the traffic of cars and people mobility. For this, it uses a road hierarchy indicator and a non-compliance indicator for rail transport, relating them to a permanence factor of flooding, as a hazard indicator. IMR is given by Equation (12).


IMR=[(Irh·a)+(Inrt·b)]n1·[IPF]n2



(12)







Irh—road hierarchy sub-indicator.



This indicator is given by the highest route hierarchy within the analysis area, according to the values presented in Table 2. The information of this hierarchy comes from CET-Rio, an organ of the Municipal Transport Department of Rio de Janeiro City.



Inrt—non-rail transport service sub-indicator.



This evaluates the lack of availability of subways or train stations in a radius of 1000 m and 500 m, indicating the places with the highest coverage of transport services, which would indirectly present better possibilities for mobility during flooding events. Inrt is given by the complement of the rail system offer indicator Irt, ranked according to the classification presented in Table 3.



IPF—permanence factor sub-indicator.



IPF is the hazard indicator relative to the permanence of flooding. This indicator indirectly assesses the stormwater network’s ability to drain floods, evaluating the time that urban areas stay flooded. It considers three classes: (i) water depths between 10 cm and 25 cm (T1); (ii) between 25 cm and 50 cm (T2); and (iii) above 50 cm (T3). Each class is normalised according to a maximum time for which the maximum impact of flooding could be reached. The definition of the maximum hazard time for each class considers the relative impact for the urban system. Thus, for class T1, areas flooded for three hours would have a high impact on the mobility of people, restricting their movements and increasing the possibility of transmission of waterborne diseases. For class T2, with floods of up to 50 cm, sidewalks are surpassed and traffic can be affected, assuming that a 60-min period of flooding is sufficient to result in a high negative impact. For class T3, a period of 30 min could have a significant impact on traffic, with total disruption, in case of floods exceeding 50 cm in depth. IPF is calculated by Equation (13).


IPF=(T1·a)·(T2·b)·(T3·c)



(13)







Equations (14)–(16) show the normalisation of each term of the IPF. The weights considered in this study aimed to prioritise the impact of higher water levels, considering the following values: a = 0.10; b = 0.22; and c = 0.68. These weights were originally proposed in the work of Zonensein [49].


T1=0.0056·t1



(14)






T2=0.0167·t2



(15)






T1=0.0333·t3



(16)




with,




	
t1: total duration of floods with water depths between 10 cm and 25 cm



	
t2: total duration of floods with water depths between 25 cm and 50 cm



	
t3: total duration of floods with water depths greater than 50 cm










2.3. A New Methodological Framework to Measure Urban Flood Resilience


This item presents in an organised and reproducible way for the logical sequence of the necessary procedures to apply the tools to evaluate urban flood resilience, considering the new framework proposed in this paper. It aims to provide a quick guide to facilitate the application of this methodology in other basins.



The existing tools already provide useful information for applications, for example, in mapping the results of specific sets of flood control interventions. However, a systemic overview and the proper organisation of these tools are essential to promote a systemic approach to the process of FRM. Therefore, the project should be oriented according to a risk logic, and not only “damages and losses reduction” internalising the residual risk from potential future uncertainties.



To provide a comprehensive view of the proposed framework, a flowchart of the necessary steps to assess the flood resilience in urban basins using the UFRI is presented in Figure 5. The following steps describe the development of the resilience assessment proposed in this paper, according to the criterion of future scenarios assessment, based on the use of a flood modelling process and UFRI mapping.



1. Watershed delimitation



Once the urban system to be evaluated has been established, the river basins that contribute to the system must be physically defined.



2. Delimitation of the modelling domain



In this phase, the areas that will be considered for the detailed hydrodynamic modelling process should be delimitated. If the modelling domain does not cover the whole basin, the boundary conditions must be defined.



3. Delimitation of the interest domain



The domain of interest must cover the entire threatened urban system. This step is very important and should be done with caution, since an incorrect definition of the limits of the domain of interest can exclude strategic or vulnerable areas from the analysis, thereby distorting the results.



4. Determination of the modelling system



The application of the method proposed in this paper allows a resilience evaluation to be performed in a concentrated way for the entire basin, providing a single value of resilience for the whole system. However, the use of UFRI necessitates defining the hydrodynamic modelling tool’s needs. It should be able to simulate flooding events considering the flow occurring both in the main channels and on the urban plains, providing results of flooding in the whole urban space. For a better evaluation of the system, the use of two-dimensional or quasi-2D modelling systems is recommended.



5. Definition of the modelling scenarios



The number of modelling scenarios will depend on the number of interventions sets to be evaluated. Each scenario should represent, in current and future situations, the drainage system conditions, the urban characteristics of the basin, and the hydrological events. The intersection of these conditions determines the final scenarios to be simulated.



6. Hydrological modelling



This step aims to estimate the design storms, as well as inflows to the modelling domain, which will be used in the hydrodynamic modelling phase. The scale of evaluation, concerning critical events to the urban watershed, should define the storm events.



7. Hydrodynamic modelling



Once the modelling tool and the simulation scenarios have been set, the database for hydrodynamic modelling is created, considering the boundary conditions imposed by possible downstream restrictions and flood hydrographs from upstream reaches. This step results in the responses of the hazard-related parcels of flood events (water depths, flow velocities and flooding permanence) for each of the simulation scenarios.



8. Socioeconomic and environmental information survey



This step can be carried out soon after the definition of the watershed area (step 1) or even after the delimitation of the domain of interest (step 3), in order to reduce the amount of information to be assessed, by limiting the survey area to that which will realistically be evaluated. Commonly, several government agencies provide necessary information for this study step, such as income distribution, population and built density, land use, road hierarchy, public services coverage, etc.



9. Constitution of independent indicators



Some of the proposed indicators that compose the UFRI depend only on social, economic and/or environmental information, and do not suffer from variations in flood dynamics. Such indicators are elaborated from the mapping of the socioeconomic and environmental information in the area of interest, comprising part of the vulnerability of the region. If future scenarios include land use changes or the implementation of adaptive measures in the urban system to increase resilience to floods, these indicators may also need to be revised.



10. Constitution of the dependent indicators



Beyond the flood hazard indicators themselves, which refer to the maximum flooding depth, maximum flow velocity and flooding permanence, there is also a series of socioeconomic indicators that vary according to the flooding response. Thus, these flood-dependent indicators, representing both the hazards and the associated vulnerability, are composed after running the simulation scenarios, which will provide the information necessary to complement the calculations.



11. Calculation of flood risk sub-indexes



After the construction of all the independent and dependent indicators, it is possible to calculate the subindexes of flood risk, which are divided into the three groups that relate to the resilience of a system: (i) capacity to resist; (ii) ability to recover; and (iii) ability to maintain operations, that is, the ability to remain functional.



12. Mapping the urban flood resilience index



From the flood risk sub-indexes, the Urban Flood Resilience Index can be mapped in the domain of interest for each simulation scenario, considering the return period of the storm and the conditions of the drainage system and the urban patterns. In this step, the partial UFRI maps, which represent resilience to floods, are drawn from a static point of view, as a direct response to a given set of hydrological events.



13. Evaluation of the urban resilience



Flood resilience must assume a multi-temporal characteristic, in which the response of the urban system involves the occurrence of several possible events, internalising the residual risk to the risk evaluation and management process, either by incorporating future scenarios with changes in the variables of hazard or vulnerability, or by the evaluation of hydrological events superior to the design storm. In this paper, one evaluation method is addressed, named here future scenarios criterion. In this evaluation approach, the occurrence of an intense hydrological event (with a pre-defined return period) in an adverse future scenario is considered, comparing the consequent UFRI results with the current scenario. From the mapping of the UFRI in each scenario (current and future) for the reference events, the average values of the UFRI in the urban system are calculated. The average UFRI results for each scenario are embedded in a resilience scale calculus, which will provide a numerical value to support the evaluation of the performance of urban interventions for flood mitigation, considering potential future stresses to the system. The next item provides more details about this proposed method.




2.4. Future Scenarios Criterion


Male [61] defines resilient infrastructures as “those systems of assets that will be able to survive and perform well in an increasingly uncertain future”. Considering this statement, the methodology proposed by Miguez & Vérol [28], which considers the analysis of future scenarios, is applied to assess the resilience of urban drainage systems to floods. In this method, the flood resilience of a basin is measured on a scale that evaluates the efficiency of a set of urban interventions to mitigate floods and the associated loss of efficiency when facing a future scenario of changes in land use patterns or climate conditions, based on the decrease of flood risk protection. To complete this analysis, the future risk of doing nothing is also estimated and compared with the behaviour of a set of future interventions. The method is better explained on the following.



In addition to the probability of occurrence of events of greater magnitude than that of the design event, when the actions to reduce flood risks are defined, there are uncertainties regarding the potential disturbance in the current hydrological patterns related to the climate change. Most studies comprising future assessments of the urban system operations consider the impacts of climate change using the Representative Concentration Pathway RCP-4.5 scenario, which represents a medium impact scenario, with a temperature increase between 0.9 and 2.0 °C for the year of 2040 [62]. When considering the end of the century, this increase may reach up to 6 °C [63].



Considering that the variation found in precipitation rates has an approximately linear behaviour in relation to the atmospheric temperature variation [64], estimates of the possible impacts of global climate change on intense rainfall regimes indicate a probability of increases of between 8% and 24% in precipitation volume.



In the case of coastal cities, there are also predictions of changes in mean sea levels (MSL), which could have significant impacts on the drainage systems of these regions. Global projections estimate potential increases of MSL of between 0.26 m and 0.55 m by the year 2100 in an optimistic scenario, and of between 0.45 m and 0.82 m in a more pessimistic one [65]. For Brazil, it is estimated that the MSL could behave similarly to these estimates [66], with a minimum increase of about 0.50 m [67]. Such changes will stress the operations of drainage networks based on the current criteria of hydrological and hydraulic standards, which do not consider the potential impacts of climate change.



The method to estimate flood resilience (FResI) proposed by Miguez [28] is here adapted for use with the UFRI as input, allowing assessments to be made of urban flood resilience considering the capacity to absorb potential future impacts. The original formulation used the FRI, that computes flood characteristics and possible consequences, using flood depths, flow velocities, flooding duration, affected dwellings, income, sanitation conditions and road hierarchies. The original FResI calculated a mean value of resilience to the entire watershed, comparing the variation of a flood risk index over time, assuming one current and one future condition [28], and considering that resilience was greater as the risk was lower—resilience was considered to work against risk materialisation.



The aFResI proposed in this paper is given directly by the resilience index and not with the application of a flood risk index, as proposed in the original paper. The adapted method uses the same mathematical construction, but it has incorporated a weight system to the two parcels that compose the aFResI, the loss of efficiency of the solution in a future situation (P1) and the efficiency of the solution in the future situation (P2), presented in the form of Equation (17).


aFResI=P1a·P2b



(17)







aFResI = adapted resilience index, with values between 0 e 1



P1 = parcel 1, which measures the loss of efficiency of the solution proposed in a future situation when compared to the present.



P2 = parcel 2, which measures the efficiency of the solution in the future situation, relating the behaviour of the system with and without the proposed set of measures in the future, subjected to the stressing conditions considered.



a e b = parcels weights



The parcel 1 (P1) is calculated by the subtraction of value 1 (100% of efficiency maintained) from the project UFRI in the present situation minus the project UFRI in the future situation divided by project UFRI in the present situation. Equation (18) presents the components of P1.


P1=1−(UFRIProjectPresent−UFRIProjetcFuture)UFRIProjectPresent



(18)







Parcel 2 (P2) represents UFRI considering a future with the implementation of the proposed project compared with doing nothing. It is calculated by the relationship between UFRI with project minus UFRI for doing nothing (no actions), both in the future situation, divided by UFRI with the project implementation in the future situation. P2 is calculated by Equation (19).


P2=UFRIProjectFuture−UFRINo actionsFutureUFRIProjectFuture



(19)







The future scenario examined in this study considers a medium impact scenario of climate change, with an increase of 0.50m on MSL and a 16% increment in precipitation intensity.




2.5. Case Study: Canal Do Mangue Catchment


The Canal do Mangue catchment (Figure 6) was chosen as a case study to exemplify the discussions in this work. This catchment is located in the northern part of the city of Rio de Janeiro, covering parts of downtown and the traditional neighbourhoods of Tijuca, Vila Isabel, Maracanã, Rio Comprido, Andaraí and Grajaú. Important landmarks are located at Canal do Mangue catchment, as the Maracanã Stadium, the Imperium Museum and the old railway station of Leopoldina. It drains a total area of around 45 km², presenting very steep headwater hills and a large lowland limited by the Guanabara Bay. Part of the lowlands is the result of landfills over wetlands and seashore areas in the Guanabara Bay, which were installed during the Portuguese imperial period for sanitation purposes and urban growth. This geomorphological pattern favours flooding at downstream plains, where the major part of the population is settled.



The catchment covers a highly urbanised area with consolidated occupation, and is one of the areas which is most susceptible to flooding in Rio de Janeiro. Part of the urban occupation, however, refers to informal substandard occupations (the “favelas”). In this kind of situation (dense occupation, high runoff generation and uncontrolled flows), structural measures based on sustainable urban drainage techniques are required within the compensatory measures approach, in a concept expressed by Baptista et al. [68]. In recent decades, we have been noticing considerable evolution in urban stormwater management concepts, covering aspects from low impact development to water sensitive urban design (see Fletcher et al., 2015). All approaches converge upon a strategy for urban stormwater management that favours source control measures distributed over the watershed, minimising urbanisation impacts in water cycle, comprising integrated solutions within urban landscape [69] and recovering part of the original hydrological functions.




2.6. Simulation Scenarios


The use of simulation scenarios can provide useful responses to basin to pre-defined storm events, considering possible alternatives to flood risk control by introducing interventions in the drainage system or by adapting urban configuration.



In this way, the present research considers the hypothesis that an urban system supported by smaller stormwater detention measures, distributed on the watershed, could offer greater resilience to flooding than that presented by systems with large and concentrated flood control structures. The evaluation of this hypothesis was carried out with the use of the proposed method and the simulation of one baseline situation and two project alternatives, with both being supported by mathematical modelling. The proposed method aims to support decision-making process, providing a tool to evaluate and compare multiple design approaches and different sets of interventions. Therefore, the proposed index was constructed to incorporate not only drainage system aspects, but also socioeconomic variables. This characteristic allows evaluations to be carried out of both interventions directly in the drainage network (flood control measures) and adaptation strategies to the urban environment, attempting to identify for vulnerability reductions.



In this paper, due to the case study comprises an already highly urbanised area, only flood control measures were considered in FSC application. This is therefore not a limitation of the proposal. Data availability, characteristics of the study area and modeller decisions will define the analysis aspect. The case study is used as an example to confirm the usability of the tool and the proposed framework. Therefore, the proposed scenarios aim to analyse the response of the drainage system to hydrological events simulating present and future conditions, considering the “doing nothing” alternative and two different design alternatives to the drainage system: C0—without interventions; C1—with concentrated interventions; C2—with distributed interventions.



The first condition without interventions (C0) aims to provide a baseline, allowing later comparisons with the project alternatives. It considers the hydraulic conditions of the urban drainage system without any measures being taken.



Then, the mathematical model is adapted to introduce large stormwater detention tanks (C1) to store part of the discharge of the main channels, reducing the peak flow. This alternative aims to reduce the hydraulic overload in some channel reaches with low flow capacity.



Finally, the model is adapted to introduce smaller detention structures (C2), which are distributed throughout the basin. These structures are located at the bottom of hillsides and on urban occupied plains, prioritising public spaces such as squares, gardens and parking lots, integrating drainage solutions into the urban open space system.



The evaluation of a more distributed set of interventions assumes a global tendency of urban stormwater management which tries to deal with flood events in a more sustainable way. As concluded by Zhang et al. [48], “the combination of conventional and decentralised stormwater management systems, which not only protect environmental quality but also promote water and energy savings, will prove to be the most practical solution for most cities in the future”. Therefore, the case study contributes to reinforcing the advantages of adopting distributed measures to face stormwater issues.



The simulation scenarios include a combination of hydrological events with urban system conditions. The hydrological scenarios can represent probabilities of occurrence (return periods) or future changes in climate behaviour. The urban system conditions can represent land uses and adaptations measures in drainage networks.



A climate scenario with MSL elevation and an increase in the rainfall volume reproduces the potential adversity in the Future Scenarios Criterion (FSC), which was applied in this study. This configuration aims to test the behaviour of the drainage system with the two proposed alternatives of intervention in a possible scenario of climate change. Note that this choice reflects a possible future stressing factor to the watershed, considering that it already presents dense occupation and problems related with unplanned land use and uncontrolled urban growth, including the presence of slums in the hilly areas.



The application of the FSC for the analysis of the urban flood resilience in this study considers the rainfall event with a 25-year RP, regarding the Brazilian national standards used for major drainage network assessments [70]. This configuration produces six simulation scenarios, as shown in Figure 7.





3. Results and Discussion


The resilience, as addressed in the technical discussion of this paper, is part of the risk management acting as a counterpoint to the fragilities of the urban system in the face of potential flood impacts. An estimation of the final flood resilience of the watershed is then carried out using the future scenarios criterion, which allows assessments to be made of flood control scenarios from a future impact perspective. Flood resilience mapping using the UFRI and flood resilience estimated by aFResI considering two different flood control projects are presented in the following items.



This research explores an alternative path for the evaluation of flood risk reduction plans, assuming the inverse logic of the simple damage reduction objective objective and, consequently, creating an approach focused on increasing the resilience to floods of the urban system.



The planning of urban interventions for damage reduction based on traditional flood risk management leads to the proposition of “flood control” measures, usually with large structural solutions, which, initially provide feasible hydraulic results for the system, considering a hydrological event of reference. However, by internalising the residual risk, concentrating solutions in large structures can reduce the system’s resilience, putting it at risk of uncertainties that can stress defensive measures, such as the occurrence of larger events, the lack of drainage maintenance, variations in the pattern of urbanisation or future changes in climatic patterns.



On the other hand, the resilience-based approach prioritises adaptive measures that seek to harmonise the relationship between the city and the flood cycle, since the very concept of resilience relies not only on the system’s responsiveness, but also on its ability to absorb and coexist with the negative impacts of floods.



In this work, the applicability tests for the proposed framework were undertaken to evaluate the potential loss of efficiency considering two design solutions for drainage system, taking into account the impacts of climate changes. This choice was suited to the case studied, since the Canal do Mangue watershed is already a consolidated urban area and there are few possibilities for urban changes. In this case, climate change was assumed as a future stressing condition. The results showed the advantages of adopting distributed measures which could better deal with increments in the runoff. In this section, only the final results are presented and discussed, as the main goal of this research is not to discuss in detail the formulation of the particular terms of the index, but to validate the framework as a whole.



3.1. Application of the UFRI in the Present


The spatial results of the UFRI application show the great response of the system after the implementation of the flood control measures for both project scenarios, as shown in Figure 8. UFRI mapping for Scenario 0 (C0) shows the current situation of the basin, with extensive low resilience areas. The difference between project scenarios (C1 and C2) shows the positive effect of more distributed measures over the basin, proposed on Scenario 2 (C2), resulting in a more spatialised impact of flooding reduction and, as a consequence, of increased resilience.



The permanence of several areas with low and moderate resilience (UFRI < 0.5) indicates the high criticality of flood problems in the Canal do Mangue catchment. Indeed, the basin suffers from frequent flooding events that cause huge damage and losses to the city. Most of these recurrent problems occur as a result of urban drainage system inefficiency and, at a lower frequency, because of the hydraulic incapacity of the main channels.



Due to its location in a flat urban area, the drainage system already presents natural flow difficulties imposed by physiographic conditions. Therefore, action is necessary to organise the superficial water flows produced by urban areas. The use of permeable pavements and distributed stormwater reservoirs may offer a solution, prioritising rainwater storage which mimics the basin’s natural behaviour. The result of Scenario 2 (C2) shows the impact of the adoption of distributed measures, reducing shallower and persistent floods.



A comparative evaluation of mapping the final results of UFRI in Canal do Mangue catchment can be performed by analysing the potential of reducing areas with low resilience and increasing areas with high resilience. In order to illustrate this analysis, the areas in different resilience ranges were accounted by classes, as shown in the UFRI scale presented in Table 4.



From this classification, the areas mapped within each of the five resilience classes were counted for each simulation scenario, considering the UFRI mapping resulting from the occurrence of a storm event of 25-year RP. This evaluation makes it possible to observe an important impact of the project alternatives in the reduction of areas with very low resilience and in the increase of areas with high and very high resilience. The graphic in Figure 9 shows the distribution of the resilience classes in the percentage of the area, considering the domain of interest.



The adoption of distributed measures (C2) allowed us to increase in areas classified with very high resilience by 41%, while the very low resilient areas were reduced by 87%. When considering the concentrated measures (C1), the very high resilient areas increased by 33%, while those classified with very low resilience were reduced by 77%.




3.2. Application of the Future Scenarios Criterion—FSC


The evaluation of urban flood resilience based on the FSC considers the value of the UFRI integrated for the entire urban basin. This value is calculated through the aFResI Equations, adapted from Miguez & Veról [28]. The average values of UFRI are for each simulated scenario (C0, C1 and C2), in the present and in the future.



The integrated UFRI of the watershed is represented by its average value, calculated by the area-weighted average, applied to all cells of the domain of interest. Table 5 shows the average value of UFRI for each scenario, before and after the implementation of flood control measures, and considering the current climate conditions and potential climate change in a future scenario, reflected in the MSL rise and the increase of stormwater intensity.



These values are applied in the aFResI Equations to calculate the urban flood resilience, considering future changes in hazard behaviour (flooding characteristics, as water depth, flow velocity and flooding permanence). Once these characteristics result both from the storms, which cause superficial flows, and from the tide, which causes resistance to stormwater flows, the potential impacts of climate change can affect the whole drainage system.



The results of the application of aFResI are presented in Equations (20)–(22) for scenario C1 (concentrated interventions), and in Equations (23)–(25) for scenario C2 (distributed interventions).




	
aFResI for Scenario C1—concentrated interventions:


P1=1−(UFRIProjectPresent−UFRIProjectFuture)UFRIProjectPresent=1−(0.73−0.68)0.73=0.93



(20)






P2=UFRIProjectFuture−UFRINo actionsFutureUFRIProjectFuture=0.68−0.600.68=0.12



(21)






aFResIC1=P1a·P2b=0.930.5·0.10.5=0.33



(22)







	
aFResI for Scenario C2—distributed interventions:


P1=1−(UFRIProjectPresent−UFRIProjectFuture)UFRIProjectPresent=1−(0.78−0.73)0.78=0.94



(23)






P2=UFRIProjectFuture−UFRINo actionsFutureUFRIProjectFuture=0.73−0.600.73=0.18



(24)






aFResIC2=P1a·P2b=0.940.5·0.180.5=0.41



(25)












The results show an advantage to the second set of interventions, prioritising distributed measures. The C2 was 24% more resilient. The weights were chosen equally for both parcels of the aFResI equation, but this was just an arbitrary choice. In fact, the weights definition process should be determined by decision makers according to their perceptions of the watershed characteristics and the urban pattern occupation. For example, if the decision maker is mainly worried about future challenges, P2 may receive a higher weight. In contrast, if the main worry is the design of a system that is capable of retaining its efficiency, P1 will receive greater weight. In this case study, the bigger the weight of the P2 parcel (weight b), the higher the relative increment in resilience achieved by the implementation of designed measures in C2. This behaviour is visualised in Figure 10, which presents the difference in aFResI for both intervention alternatives, considering three different criteria for the weighting process. In these examples, aFResI is 35% greater when P2 has a higher weighted value (0.75), and only 11% greater in the case where the P2 weight is lower (0.25).



In this case study, the partial results were able to show the best option, but it is not expected that the results will always be so clear. Note that the case compared distributed measures against more concentrated measures. However, both solutions involved stormwater storage propositions. If the design scenario had also considered an increase in channels dimensions, this type of measure would probably lead to efficient results in the present, but to much less resilient results in the future, since overflows would occur almost freely due to greater future discharges. In this way, we could obtain good present results, albeit overshadowed by a greater loss in the functional capacity in the future, which could produce some variations in the parcel results.





4. Conclusions


In complex systems like cities interacting and being affected by water dynamics, several interventions in different combinations can be “good solutions” to reduce potential damages from flood events. However, what does a good solution mean? Is it the best option today? Or perhaps it can be not the best today, but the one that can better resist future challenges? Thus, it’s necessary to improve the available tools for supporting the design process, and it would be useful to have an assessing method which is capable of assisting decision makers to prioritise resilience actions, taking into account the fact that resilience is a key feature in a changing (and uncertain) future.



This paper aimed to propose an alternative pathway to evaluate design options for urban flood control, assessing resilience in quantitative terms. In this way, it presented a methodological framework to assess and consider flood resilience in urban watershed planning and design through the application of the Urban Flood Resilience Index (UFRI) and the Future Scenarios Criterion (FCS). The proposed method shifts the traditional approach of simply reducing floods or flood losses by creating a framework which is focused on assessing flood resilience in urban systems, considering the results over time.



The resilience-based approach is also capable of prioritising the use of adaptive measures in the design process, aiming to reconcile city functions and flood events. Therefore, the resilience concept motivates the search for solutions which make cities more prepared to live with floods, even in stressing conditions, as in scenarios of climate change. Although the UFRI is not capable of directly measuring human risk perception, the proposed framework can be used to evaluate potential urban development booms in flood-prone areas resulting from the reduction of flood frequency as a consequence of flood control investments. In this way, false risk perception can be properly addressed in urban planning when structural flood measures are being considered.



The UFRI allowed the resilience values on the watershed to be spatialised. On the other hand, the Future Scenarios Criteria were able to present integrated results on resilience variation, from present to future conditions, for different design alternatives, considering climate change effects or unplanned urbanisation scenarios, for example.



In particular, a case study was developed and presented to illustrate the methodology, using the Canal do Mangue watershed in Rio de Janeiro/Brazil, as an example. This study considered two possible design alternatives for flood control: one with concentrated and the other with distributed measures. The proposed framework worked as expected, allowing comparisons to be made between the various options, and showing the advantages of adopting distributed measures over the watershed, which was reflected in a resilience value that was 24% higher compared to the results obtained for the set of concentrated solutions. The specific result refers to a choice of equal weights in the formulation. This is just one of the possible results, and decision makers are free to revise the distribution of the weights from case to case, as necessary.



By providing one integrated resilience value to the entire basin, the FSC criterion allowed comparisons to be easily made between the proposed interventions, considering its adaptive capacity in the face of future uncertainties. However, this integrated result composes one of the main contributions of this research. The spatialised resilience maps can be used to improve each design alternative, identifying the critical areas. It can be also useful not only to assess flood control projects, but also actions in the urban landscape. If a set of urban design measures are adopted, including urban zoning, restricting or limiting occupation in fragile flood-prone areas, or defining minimum standards to flood-proof buildings, these actions can be evaluated within the proposed framework.



Despite its limitation, i.e., mainly in representing human behaviour aspects of resilience, the present study aims to contribute to a more robust flood resilience assessment in urban catchments. The indicator formulations and index methodological steps were proposed and explained in the present study, aiming to provide a replicable framework for tests, comparative studies and urban planning.



Therefore, the resilience approach can be used as a supporting tool for the hierarchising of a varied set of interventions and for defining the greatest positive impacts on complex city system behaviour. In a more comprehensive way, the proposed framework goes towards the ecosystem evaluation principle, in which the ability of a system to withstand the impacts of anthropic modifications is evaluated.



In future, the research will assess the applicability of the framework in non-occupied areas of growing cities, in order to provide an evaluation method for planning urban development. The application of the framework should be able to provide decision-making processes with predicted responses of the watershed to flooding events, given a set of potential land uses and urban patterns. The expected result is to prove the applicability of this framework in urban planning. The continued application of the framework, especially in regions that are suffering occupation pressure, will be fundamental in addressing the key challenge highlighted by Keating et al. [39]: “if resilience cannot be empirically verified, how can we know we are measuring actual resilience?”. We hope that the present findings will allow improvements to be made, both in sustainable urban planning and in the flood resilience measurement framework itself.
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	Flood Risk Index



	FRM
	Flood Risk Management
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	GI
	Green Infrastructure



	LID
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Figure 1. Schematic representation of an urban cell and how it works in a model mesh. 
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Figure 2. Urban landscape flooding possibilities. (A) urban landscapes; (B) channel overflows; (C) storm drain overflows; (D) urban flooding. 
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Figure 3. The hierarchical arrangement of Urban Flood Resilience Index—UFRI. 
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Figure 4. Composition of the Urban Flood Resilience Index—UFRI. 
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Figure 5. Flowchart of procedures for estimating flood resilience in urban basins using UFRI. 
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Figure 6. Localisation of Canal do Mangue catchment. 






Figure 6. Localisation of Canal do Mangue catchment.



[image: Water 11 01485 g006]







[image: Water 11 01485 g007 550]





Figure 7. Representation scheme of the simulation scenarios. 
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Figure 8. Spatialisation of the UFRI doing nothing (C0) and with concentrated (C1) and distributed (C2) interventions. Results from a 25-year RP event. 
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Figure 9. Distribution of resilience classes in the percentage of the area of the domain of interest. 
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Figure 10. Adapted Flood Resilience Index (aFResI) of Canal do Mangue catchment, considering different weighting for the Equations parcels. 
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Table 1. Classification of IVF according to classes of drag risk and related to the Velocity Factor VF.
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Vulnerable People—V

	
Non-Vulnerable People—NV




	
Risk

	
VF

	
IVFv

	
Risk

	
VF

	
IVFn






	
Null

	
0.050

	
0.00

	
Null

	
0.000

	
0.00




	
Low

	
0.100

	
0.09

	
Low

	
0.300

	
0.09




	
Moderate

	
0.175

	
0.63

	
Moderate

	
0.500

	
0.63




	
High

	
0.250

	
1.00

	
High

	
0.700

	
1.00
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Table 2. Normalisation of the road hierarchy indicator Irh.






Table 2. Normalisation of the road hierarchy indicator Irh.





	Hierarchy
	Irh





	1
	1.00



	2
	0.94



	3
	0.77



	4
	0.50



	5
	0.11
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Table 3. Classification of the Rail system offer indicator Irt.






Table 3. Classification of the Rail system offer indicator Irt.





	
Class

	
Number of Rail Stations in a Radius of

	
Total Number of

	
Irt




	
500 m

	
1000 m

	
Rail Stations






	
1

	
0

	
0

	
0

	
0.00




	
2

	
0

	
1

	
1

	
0.21




	
3

	
1

	
0

	
1

	
0.34




	
4

	
0

	
2

	
2

	
0.44




	
5

	
1

	
1

	
2

	
0.51




	
6

	
2

	
0

	
2

	
0.57




	
7

	
0

	
3

	
3

	
0.62




	
8

	
1

	
2

	
3

	
0.66




	
9

	
2

	
1

	
3

	
0.70




	
10

	
3

	
0

	
3

	
0.74




	
11

	
0

	
4

	
4

	
0.77




	
12

	
1

	
3

	
4

	
0.80




	
13

	
2

	
2

	
4

	
0.82




	
14

	
3

	
1

	
4

	
0.85




	
15

	
0

	
5

	
5

	
0.87




	
16

	
1

	
4

	
5

	
0.89




	
17

	
2

	
3

	
5

	
0.91




	
18

	
3

	
2

	
5

	
0.93




	
19

	
0

	
6

	
6

	
0.95




	
20

	
1

	
5

	
6

	
0.96




	
21

	
2

	
4

	
6

	
0.98




	
22

	
3

	
3

	
6

	
1.00











[image: Table]





Table 4. Resilience classes.
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	Resilience
	UFRI Values





	Very low
	0.00–0.25



	Low
	0.25–0.49



	Moderate
	0.50–0.69



	High
	0.70–0.89



	Very high
	0.90–1.00
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Table 5. Average values of UFRI for the Canal do Mangue catchment, under current and future climate conditions, for each simulated scenario (C0, C1 and C2).
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Alternatives

	
UFRI




	
Current

	
Future






	
C0—doing nothing

	
0.65

	
0.60




	
C1—concentrated interventions

	
0.73

	
0.68




	
C2—distributed interventions

	
0.78

	
0.73
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