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Abstract: The results of recent climate projections for the city of Barcelona show a relevant increment
of the maximum rainfall intensities for the period 2071-2100. Considering the city as a system
of systems, urban resilience is strictly linked to the proper functioning of urban services and the
knowledge of the cascading effects that may occur in the case of the failure of one or more critical
infrastructures of a particular strategic sector. In this context, the aim of this paper is to assess
urban resilience through the analysis of the behavior of the main urban services in case of pluvial
floods for current and future rainfall conditions due to climate change. A comprehensive flood risk
assessment including direct, indirect, tangible and intangible impacts has been performed using
cutting edge sectorial and integrated models to analyze the resilience of different urban services
(urban drainage, traffic, electric and waste sectors) and their cascade effects. In addition, the paper
shows how the information generated by these models can be employed to feed a more holistic
analysis to provide a general overview of the city’s resilience in the case of extreme rainfall events.
According to the obtained results, Barcelona could suffer a significant increase of socio-economic
impacts due to climate change if adaptation measures are not adopted. In several cases, these impacts
have been geographically distributed showing the specific situation of each district of the city for
current and future scenarios. This information is essential for the justification and prioritization of
the implementation of adaptation measures.
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1. Introduction

Urban resilience refers to the ability of an urban system—and all its constituent socio-ecological
and socio-technical networks across temporal and spatial scales—to maintain or rapidly return to
desired functions in the face of a disturbance, to adapt to change and to quickly transform systems that
limit current or future adaptive capacity [1].

In this context, a city can be considered as a system of systems, and its urban resilience is strictly
linked to the proper functioning of urban services and the knowledge of the cascading effects that may
occur in the case of the failure of one or more critical infrastructures of a particular strategic sector [2].
Moreover, urban areas are complex systems that cannot be understood by sectorial and disciplinary
approaches alone [3,4], and the focus of smart cities models on strengthening different sectors with
technological advancement could contribute to building upon a city’s resilience in terms of dealing
with natural hazards [5].

This paper shows how pluvial flood urban resilience can be assessed by analyzing the behavior of
critical urban services and the related cascading effects in the case of failures due to heavy storm events.
With this aim, sectorial and integrated models have been developed and calibrated to analyze the
resilience of several urban services in Barcelona for current (baseline scenario) and future (business as
usual scenario) rainfall conditions up to the horizon of 2100 [6]. In addition, the information generated
by these models, together with the historical information available for each urban service, has been
used to feed a more holistic model which covers all the urban services of the city. This twofold
approach, including risk treatment (implementation of adaptation strategies) in a comprehensive flood
risk management process, is presented in Figure 1.
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Figure 1. Twofold approach to achieve an urban resilience assessment for current and future scenarios.

A flood-resilient city can be defined as a city which is able to resist, absorb, accommodate
and recover from the effects of a flood hazard in a timely and efficient manner, including through
the preservation and restoration of its essential basic structures and functions [7]. In this context,
flood resilience assessment has been performed in Barcelona through a 1D/2D urban drainage model
linked to other urban services models to evaluate the cascade effects produced by urban floods on
traffic, electric and waste collection systems. The employment of a coupled 1D/2D urban drainage
model providing flow variables (flow depths, flow velocity and flood extension) on urban surfaces
during pluvial flood events is essential to perform tangible and intangible risk assessments. Moreover,
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the results of these integrated models have been used to feed a holistic tool to assess the resilience of
the city as a whole.

The paper proposes specific and holistic approaches to assess pluvial flood resilience in urban
areas. The approaches are complementary and interconnected and can be used to understand the
interrelations between urban services and infrastructures, as well as representing a valuable tool for
decision making.

2. Materials and Methods

2.1. The Effects of Climate Change on Maximum Rainfall Intensity in Barcelona

Recently, the Climate Research Foundation (Fundacién de Investigacion del Clima; hereafter,
FIC from the acronym in Spanish) provided climate projections and predictions for different climate
variables in Barcelona, the results of which are summarized in Figure 2. These results confirm the
same trends as other previous studies developed for the city and are in line with the data from the
last Climate Plan published by Barcelona City Council [8]. According to the data provided by FIC,
phenomena such as extreme rainfall, heatwaves and droughts could experience significant increases
due to an acceleration of the hydrological cycle [6,9].
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Figure 2. Extremes compass rose for Barcelona: maximum point change in extreme climate events
over the century, taking into account return periods between 2 and 100 years. The center represents
no changes, and the edge corresponds to an increase of 100% for every variable except for heat wave
days (the border is +1000%) and extreme temperature (the border is +10 °C). Thick lines represent the
median scenario, and the shaded area is the uncertainty region (5-95%).

Particularly, in the case of maximum rainfall intensities and the horizon of 2071-2100 for the city
of Barcelona, the value of the coefficient of climate change (defined as the ratio between future and
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current maximum intensities, for certain return periods and time intervals) [10,11] was found to be in
a range between 1.07 and 1.26 depending on the frequency and duration of each maximum rainfall
intensity (Figure 3).
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Figure 3. Fiftieth percentiles of the climate change coefficients obtained for different rainfall durations
and return periods for the horizon 2071-2100 for the city of Barcelona [6].

These results were obtained using statistical spatial and temporal downscaling techniques on
20 future pluviometric series provided by 10 general atmospheric circulation models, forced by
Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios and previously validated for a
historical control period (1976-2005) [6]. The climate change coefficients in Figure 3 represent the 50th
percentile of the results obtained.

Once these climate change coefficients were obtained, they were applied to synthetic storms with
different return periods (T1, T10, T50, T100 and T500) used for the last drainage master plan of the city
of Barcelona [11] obtained through the alternating blocks method. Figure 4 shows the urban drainage
Barcelona project design storm for a return period of 10 years with a duration of approximately 2 h
and 30 min after the application of climate change coefficients for each different rainfall duration.
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Figure 4. Urban drainage Barcelona project design storm with a return period of 10 years and a duration
of 2 h and 35 min [6].

2.2. 1D/2D Coupled Approaches for Urban Pluvial Modelling

Urban areas have a complex topography and contain small-scale elements such as streets and
buildings that are usually not taken into account in standard river floodplain studies [12]. Therefore,
a higher resolution is required to represent features at the city scale, although this may lead to larger
computational time, notwithstanding the fact that urban model areas are generally smaller than a river
floodplain. For all of these reasons, urban, pluvial flooding requires a different modeling approach
than the one used for fluvial flooding [12].
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During the last two decades, several authors have published papers about the need to develop
and use urban stormwater models (USMs) based on coupled approaches (the modeling of the surface
and sewer flows at the same time by 1D/1D or 1D/2D models) to represent adequately urban flood
caused by surcharged sewers [13-16] and carry out realistic flood risk assessments [17].

Although the choice between using a 1D or a 2D surface overland flow model (to be coupled to a
1D sewer model) determines the accuracy of results and the computational time required to obtain
them, when the flow overtops street curbs and does not remain within the street profile, using a 2D
model is crucial [12,18].

In 1D/2D USMs, the underground sewer network is represented by a 1D sewer model while the
surface flow is computed using a 2D model. The 2D model reproduces the urban surface topography
and is essential to achieve a more realistic simulation of the flow spreading across complex urban
surfaces, with results such as flow depths and velocities anywhere in the urban model area [12].

USM can be semi-distributed (SD) or fully distributed (FD). SD models, commonly applied in
urban stormwater modeling, are based on subcatchment units where rainfall is applied, while runoff
is estimated and routed according to specific hydrological losses and rainfall-runoff transformation
methods. FD models, which are generally more detailed and theoretically more realistic, are based on
the two-dimensional (2D) discretization of the overland surface, where runoff volumes are estimated
and directly routed by the 2D overland flow module [19]. Both kinds of approaches can be followed to
create 1D/2D coupled models that are able to simulate, at the same time, the behavior of the sewer
system and the urban surfaces and their mutual interaction in case of pluvial flooding events (Figure 5).
Finally, hybrid models (H) can account for runoff produced by rainfall which is directly applied from
subcatchment units formed by building areas (roofs, terraces and courtyards) and directly conveyed
into the sewer systems; for the other impervious (streets, sidewalks, squares, etc.) and pervious
(parks and natural areas) urban surfaces, the 2D overland flow model computes and routes the runoff
produced by the rainfall directly applied to these surfaces [20]. These approaches are represented in
Figure 5.
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Figure 5. Scheme of semi-distributed (SD) (a), fully-distributed (FD) (b) and hybrid (H) (c) 1D/2D
coupled urban stormwater model (USM) approaches (adapted from [19]). In brown, subcatchment
units are represented, while blue lines and arrows indicate the pathway of the runoff from the source
(subcatchment units or discretized 2D surface) to the sewer system.

The amount of runoff entering the underground sewer network is limited by the hydraulic
efficiency of surface drainage structures (inlets, transversal grates, etc.) [21-23] and their state of
maintenance and clogging [23,24], although these aspects are often neglected in urban drainage
models [19]. Generally, SD models apply all the runoff estimated in a given subcatchment directly
into the selected computational node of the sewer system, without accounting for the hydraulic
capacity of surface drainage capacity. With this assumption, this kind of model only considers the
flooding that occurs when the sewer system surcharges and neglects urban floods produced by the
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poor capacity of inlet systems [19]. On the contrary, FD modelling packages, such as Infoworks ICM
(Integrated Catchment Modeling) software [25], can take into account the hydraulic performance of
surface drainage systems connecting network nodes with the 2D overland surface mesh by weirs,
orifices and other experimental equations [20,21].

2.3. Barcelona Semi-Distributed 1D/2D USM

After the two first investigations concerning the development and calibration of a detailed 1D/2D
USM in Barcelona, covering approximately half of the administrative land of the city (more than
50 km?) [20,26], a new SD model has been developed and calibrated in the framework of this work [2]
and the new drainage master plan of the city (PDISBA, from the acronym in Spanish) [11,27].

The large amount of effort related to the analysis of the deficit of surface drainage systems through
the last two drainage master plans of the city and the consequent implementation of thousands of
inlets in all the urban catchments allow the assumption that stormwater could be quickly introduced
into the sewer system by avoiding uncontrolled runoff circulation and aiming to develop an SD 1D/2D
USM (referred to as 1D/2D USM in the following).

Moreover, the new 1D/2D USM presents two relevant improvements with respect to the previous
ones: the model includes the main and secondary sewer network, reaching a total length of 1650 km of
pipes, and covers the whole hydrological area of the city (administrative land and upstream surfaces),
exceeding 120 km? of model domain.

The model, with more than 85,000 nodes and a discretized 2D domain in an unstructured mesh of
more than 1,360,000 cells, was developed through the Infoworks ICM (Integrated Catchment Modeling)
software (www.innovyze.com) [25] and was calibrated and validated using the historical data recorded
by more than 100 flow depth gauges located in the city’s sewage network and more than 20 rain gauges
distributed in the analyzed domain using Thiessen polygons [11,27]. The average size of the 2D cells
for overland flow modeling is in the range of 25-100 m?.

The model required high-quality topographic information (physical data from the network,
digital terrain model 2 X 2 m with a resolution in height of approximately 15 cm) and phenomenological
information (rainfall data and flow level for the calibration phase), in addition to an adequate hardware
configuration to reduce computation time during numerical simulations [20].

The new 1D/2D USM allowed the estimation of flow variables (flow depth, flow velocity and flood
extension) on the surface prone areas by several numerical simulations of historic events and synthetic
storm hyetographs for current and future scenarios. These values were used for the flood hazard and
intangible risk assessment (concerning pedestrian and vehicular circulation) and the evaluation of
tangible direct and indirect impacts. The same outputs were also used to feed other integrated models
of critical urban services to assess the cascading effects of floods in these sectors.

2.4. Modeling of the Effects of Pluvial Floods on Several Urban Services

Projections of rainfall and sea level rise were used to feed the 1D/2D coupled USM to analyze the
hydraulic behavior of the underground sewer system and the overland flood-prone areas in the case of
pluvial floods for current and future rainfall conditions.

Concerning the assessment of multiple hazards and risks, the proposed methodology is based on
the development of coupled models and tools (“loosely or integrated models”); thus, the outputs of
certain models are used as inputs in others according to the scheme presented in Figure 6 [27].
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Figure 6. Scheme of loosely coupled model approach used for the multi-hazards assessment [27].

The aim of the developed loosely coupled models was the assessment of multi-hazards and
multi-risks (including direct and indirect impacts) produced by urban pluvial floods and the cascading
effects on other urban services (electrical system, waste collection system and surface traffic system).
Table 1 summarizes the analyzed services affected by pluvial floods in Barcelona, the behavior of
which was based on the developed loosely coupled models [27]. Figure 7 shows the analyzed
interrelationships to assess the resilience of some main city services in the case of urban flooding
episodes [28].

Table 1. Loosely coupled models developed and used for the flood resilience analysis in Barcelona.

Loosely Coupled Model Involved Sectors Main Purposes
1D/2D coupled model Utban drainage Flood.hazard assessment and socio-economic
flood risk assessment for people and properties
Flooding—traffic model Urban drainage and surface traffic Assessment of flood h‘azard and flood impacts on
traffic system
Flooding—electric model Urban drainage and electric system Assessment of flood hazard and flood impacts on

electric system

Flooding—waste collecting ~ Urban drainage and waste collecting ~ Assessment of flood hazard on waste collecting
model model system

Climate Models Climate Data Flood Modelling

/Flood Model Outputs /
/ (Depth & Velocity) /

Y
Social Impacts

Economic Impacts

(Impacts on 'mpadss e‘;’;;“erg’ 'mpacg[g\”,;'aﬁ'c Impacts on Waste
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Stationary Vehicles
VoL ., P , . Obstructions
! 0SS of power ' | Resupplyof | in Road !
Impactson || = TTTTTTTTTTTTTTTTTOOC . Diesel for Backup! ' oo e
Pedestrians : Generators ;

Traffic Control
System Failures

Figure 7. Diagram of the impact analyses carried out within this paper and the potential cascading effects.

2.5. Social Flood Impacts Model

Pluvial flood impacts can be classified into tangible and intangible impacts and direct and indirect
impacts [29]. In this study, socio-economic impacts produced by pluvial flooding have been assessed
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according to comprehensive and detailed methodologies carried out and implemented in previous
investigations in several urban areas [29,30].

In the social field, for the assessment of the intangible impacts, human risk focuses on the safety
of pedestrians and vehicles exposed to pluvial flooding events. Risk is defined as the combination of
hazard and vulnerability according to the approach proposed by Turner et al. [31] and implemented in
previous studies [29,30]. According to this, hazard assessment is based on the severity and frequency
of the hydrodynamic variables and is classified based on specific flood hazard experimental criteria
regarding pedestrian and vehicular stability in urban flooded areas (Figure 8) [27,32-34].

0.5

0.4
High hazard
‘€03
< High hazard
g
Qo 02 Me
Medium hazard
0.1 . Low hazard
Low hazard
0.0
Velocity [m/s] Velocity [m/s]
(a) (b)

Figure 8. Experimental flood hazard criteria for (a) pedestrians and (b) vehicles.

Regarding flood vulnerability for pedestrians, it is considered to be a function of exposure and
sensitivity, taking into account several indicators such as demographic density, the percentage of
people of a critical age and of foreign inhabitants and the number of critical infrastructures. By setting
thresholds for the proposed indicators, the vulnerability of each census district can be qualitatively
scored and classified as low, medium and high. On the other hand, in order to assess the vulnerability
for vehicular circulation, the exposure for each urban street, expressed in terms of vehicular daily
intensity, is considered. Based on this value, flood vulnerability regarding vehicular circulation
is qualitatively scored and classified as low, medium and high, in a similar manner to pedestrian
vulnerability [28-30].

Methods for risk determination can be qualitative or quantitative, with both having limitations.
If we define risk as the probability or threat of a hazard occurring in a vulnerable area, flood risk can
be assessed through a flood risk map related to a determined scenario and return period by combining
hazard and vulnerability maps [29,30]. Pedestrians and vehicles are expected to be the most potentially
affected by floods in Barcelona. Their risk is related to their stability, and in Barcelona, this is assessed
for the present (baseline) and also for the future (business as usual (BAU)) scenarios according to the
rainfall variable projections for different return periods.

Qualitative risk assessment defines hazards, vulnerability and risk levels by significance levels
such as “high”, “medium” and “low” and evaluates the resultant level of risk against qualitative criteria.
In this case, hazard and vulnerability maps are generally elaborated through specific criteria and
indexes, and so risk maps will be created by multiplying the vulnerability index (1, 2 or 3, corresponding
to low, medium and high vulnerability) by the hazard index (1, 2 or 3, corresponding to low, medium
and high hazard). Finally, the total risk varies from 1 to 9, where higher levels indicate higher risk
according to the following risk matrix (Figure 9) previously employed in other works [29,30].



Sustainability 2020, 12, 5638 9 of 25

Hazard
Low Medium High
Low Medium

Vulnerability Medium Medium
High Medium

Figure 9. Proposed flood risk matrix for pedestrians and vehicles [28,30].

2.6. Economic Flood Impacts Models

Regarding economic flood risk assessment in Barcelona, tangible direct and indirect damage
were considered [28]. Specifically, tailored flood depth-damage curves were developed for the case of
Barcelona [35,36] and used to feed a detailed damage model regarding properties and vehicles (the two
most affected assets by pluvial floods in the city). The model was already successfully applied for the
city of Badalona [30,37] and validated using insurance claims according to the data received from the
Spanish public insurance company “Consorcio de Compensacion de Seguros (CCS)” [28]. This public
entity covers all the damage produced by extraordinary events, such as damage related to natural
hazards (e.g., pluvial floods). On the other hand, indirect damages were assessed by an econometric
model, achieving a constant relation between direct and indirect tangible damage. This model was
also validated using field data [28].

2.7. Integrated Flooding—Surface Traffic Model

The simulations related to the integrated flooding—surface traffic model in Barcelona were
carried out using a mesoscale model and the TransCAD Transportation Planning software (https:
//www.caliper.com/tcovu.htm) adopted by city council’s mobility department (https://www.caliper.
com/tcovu.htm) [38]. The mesoscale model simulated the vehicular flow in each link of the street
network; each link contained detailed information regarding the volume of traffic, its typology (for
example: number of cars, trucks, bicycles, etc.), travel time, the residual capacity of the section, etc.
Flood maps produced through the city’s 1D/2D USM were used as inputs for a dynamic traffic model
to estimate the effects within the city’s surface transportation network produced by pluvial floods.
A recent study developed by Pyatkova et al. [39] analyzed how the flow depth information can be
used as criteria to approximate the reduction of vehicular free-flow speeds to 20 kmh~! along streets
that have standing water, with a reduction to 0 kmh™! where the water depths exceed a threshold
value (Table 2). As previously mentioned, the mesoscale traffic model contained information on a wide
number of parameters relating to traffic flows for each road section, including the maximum speeds
allowed on each section. To simulate the effect of flooding within the traffic model, we needed to adjust
the maximum allowable speed parameters based on food model outputs. This approach involved
using geospatial analysis as a precursor to modify the input data of a traffic model, as outlined in
Evans et al. [38], where the outputs from the 1D/2D USM were used to spatially define vehicular speed
restrictions along the road network. The results from the traffic model run under flooded conditions
were compared to the benchmark traffic model (the traffic model run under dry weather conditions)
and the impacts in terms of relative disruption to traffic flows were analyzed.

Table 2. Flood hazard effects on traffic flow (from [38,39]).

Flood Depth Range (m)  Hazard Classification = Maximum Vehicle Speed (km/h)
Flow depth < 0.1 Low Road speed limit
0.1 < Flow depth < 0.3 Medium 20
Flow depth > 0.3 m High 0 (Road closed)
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Here, flood hazard analysis was performed by a GIS (Geographic Information System) spatial
analysis of the flooded road links; the rules applied in relation to traffic speed reductions are outlined
in Table 2, and the flow depths were provided by the 1D/2D coupled USM. The results of this analysis
were used to select and modify the maximum allowable speed limits for flooded roads within the traffic
model based on the flood hazard. Using these new input parameters, the traffic model was run and
the results compared to the normal (dry weather) traffic modelling conditions. Detailed information
about the approach can be found in the work published by Evans et al. [38].

2.8. Integrated Flooding—Electric System Model

This model analyzed the potential effects of pluvial floods on the electrical system of the city
of Barcelona, with special emphasis on critical infrastructures such as high and medium-voltage
substations, as well as distribution centers, taking into account the possible effects of climate change.

The model was designed for the hazard, risk and cost assessment of the electrical assets, as shown

in Figure 10.
Energy Non Supplied
_>
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Electrical Percentage of N Auxiliary Generation
locations area afected Cost (AGC)
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_>
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Figure 10. Integration of GIS spatial analysis for flood assessment on the electrical model.

In particular, the flooding hazard level of each electrical infrastructure was assessed on the basis
on flood influence areas of 5 m, 25 m and 30 m in radius with respect to their location depending
on the asset type (distribution center (DC), medium-voltage (MV) and high-voltage (HV) substation
respectively), as well as considering the flow depths values every 2 m in order to avoid local errors and
potential uncertainties of the electrical asset location and of the source data provided by the 1D/2D
USW model. In addition, a 10 cm threshold was used to consider significant local flooding. Using these
parameters, the flood affections were classified as complete, partial or null, quantifying the percentage
of flooded surface in each area of influence of each electric infrastructure according to the methodology
proposed by Sanchez et al. [28,40].

One of the most important uncertainties of this model was the lack of knowledge about the
specific location of critical electrical infrastructures (sometimes located on surfaces and at other times
underground or with self-protection elements which were not always known).

For the impacts analysis, a vulnerability curve (known as a fragility curve in the energy sector)
of the electrical infrastructure proposed by the Federal Emergency Management Agency [41] was
used. The curve relates the probability of failure of an electrical infrastructure to the flood depth.
Furthermore, this curve was partially modified to carry out a sensitivity analysis of the final results
regarding this input [40]. The results obtained from the analysis of the percentage of flooding surface in
each area and from the fragility curve were computed to obtain a probability of failure, later categorized
into four different risk categories as shown in Table 3.
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Table 3. Failure probabilities for electrical assets.

Probability Range Categorical Description
Pr <0.01 Low Failure Probability (LFP)
001 <Pr<01 Moderate Failure Probability (MFP)
01<Pr<05 High Failure Probability (HEP)
Pr>05 Non-Acceptable Failure Probability (NAFP)

The cost assessment was based on estimations based on GIS computing; furthermore,
we established the supply area of each electrical location using Thiessen polygons and obtained
the power supplied through an estimation of the consumers per area based on the census of the city.

Based on these estimations, it was possible to extract the number of consumers affected and the
time needed to repair the substation as well as the cost of the energy not supplied, the cost incurred by
businesses, auxiliary generation and the damage received by the location [40].

2.9. Integrated Flooding—Waste Collection System Model

In the case of pluvial floods, waste containers can lose their stability due to buoyancy, dragging or
overtopping, thereby allowing debris and leachate to escape from the containers and contaminate the
floodwater and the environment [42]. On the other hand, the containers displaced by the flow can
obstruct superficial drainage pathways or obstruct narrow streets, exacerbating the effects of the flood.
Consequently, waste containers’ stability in the case of pluvial flooding is definitely an environmental,
safety and health concern which needs to be addressed in a context of urban flood resilience assessment.

In order to analyze the significance of this problem in Barcelona, an integrated flooding—waste
collection system model was developed and validated. In the city, there are more than 27,000 containers,
which can be classified according to the type of waste they contain (waste, organic, paper and cardboard,
plastic and packaging and glass), their volume in liters (3200, 3000, 2400, 2200 and 1800 L) or the manner
in which they can be loaded (lateral, bilateral, rear or underground) (Figure 11) [27,42]. In order to
study the stability of these containers, stability curves depending on the type of container, their filling
degree and the overland flow parameters (flow depth and velocity) were created [42].

1380 mm.

Waste Organic  Paper and Packaging
cardboard

Glass

(b)

Fraction
Glass

« Organic

* Packaging

* Paper and cardboard

* Waste

o

950 mm 1450 mm 1450 mm 7.200 mm
Organic Paper and Packaging
cardboard

Glass

(@) ()

Figure 11. (a) Container distribution in Barcelona classified according to fraction type and types of
containers as they are loaded by the bin lorry, (b) lateral load and (c) bilateral load. Adapted from
Martinez-Gomariz et al. [42].
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Finally, on the basis on the location of the containers (Figure 11) and the flow parameters provided
by the 1/D/2D USM model, flood hazard maps showing the unstable waste containers were created
for an historical storm event to validate the model and several synthetic project storms of 1, 10 and
50 years [27,42].

2.10. Holistic Model of Urban Resilience

The information and the results provided by the 1D/2D USM were used as inputs to the HAZUR®
holistic tool for the evaluation of the potential cascading effects produced by pluvial floods on several
main urban services (as well as others not contemplated by the integrated flood models previously
described) and to estimate their recovery time for current and future scenarios. This analysis involved
34 urban services grouped into nine sectors with 563 critical infrastructures. The main urban sectors
and services analyzed included the water cycle, energy, telecommunications, transport, emergencies,
public health, environment and green infrastructures, waste and citizens. The HAZUR® tool is capable
of analyzing cascading effects generated from certain impacts (Figure 12). In the case of pluvial floods,
impacts and cascade effects on electric and transport sectors were assessed for several synthetic project
storms with different return periods (T1, T10, T150, T100 and T500) for current (baseline) and future

(BAU) scenarios.
OO0 0 O

© \©
© O

Figure 12. Cascading effects simulated by HAZUR® for a pluvial flood with a 10 year return period
in Barcelona.

Taking into account the down-times included in the HAZUR® tool (obtained from the sectorial
models or by expert assessment) and considering the interdependencies which exist between several
services and infrastructures, the cascading effects can be simulated [43]. Figure 12 presents an example
of cascading effects generated by a 10 year return period flood event in Barcelona. In this case, as can be
seen in Figure 12, the tool allows us to see that the lack of capacity of the drainage system in the upper
part of the city generates a flood on the high-speed ring “Ronda de Dalt”, stopping the circulation of
vehicles. This affects many other services (such as medical emergency services, the local police or the
citizens), and it also causes the failure of the other high-speed ring “Ronda Litoral”, which in turn
would affect the same services as before (in another area of the city) as well as the port of the city due
to the connection of this highway with that infrastructure.

3. Results

The 1D/2D USM and the derived loosely coupled (integrated) models described in the previous
section were developed and validated using field data provided by sensors and historic collected
information to estimate the potential effects of climate change on the urban drainage sectors and the
cascading effects on other main urban services [27]. The use of this modeling approach allowed us
to achieve valuable results in terms of flood hazards, as well as in terms of socio-economic risk and
impacts on other sectors of the city. In this section, the specific results directly related to the urban
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drainage sector and the other analyzed urban services (surface transport, electric system and waste
collection) are presented.

3.1. Assessment of Social Impacts Produced by Pluvial Floods

3.1.1. Flood Risk for Pedestrians

The hydraulic behavior of the urban drainage system of the city (considering both the hydraulic
response of the sewer network and the overland flow on the urban surfaces) was simulated using
the 1D/2D USM for a large set of synthetic projects storms with return periods T of 1, 10, 50, 100 and
500 years for current and future scenarios. As our first results, following the specific flood hazard
criteria for pedestrians presented in Section 2.5, detailed flood hazard maps were created.

The results also allowed the estimation of flood hazards for pedestrians for each district of
the city (with a total area of approximately 102 km?) and their evolution in the case of a climate
change scenario. The results concerning the current scenario show that areas classified as having
high flood hazard conditions have reduced risk for low return periods (null for T = 1 and less than
5% for T = 10, with this last one being the designed return period for the sewer system of the city),
which progressively increases for higher return periods. This notwithstanding, the results show that
climate change scenarios could produce an increase in high flood hazard areas of between 20% and
50%. Additionally, for the simulation corresponding to return period T1 and BAU scenario, the high
flood hazard area is null for each district [28].

To assess the flood risk for pedestrians, flood hazard was combined with the human vulnerability,
which was achieved according to the indicators mentioned in Section 2.5 (details can be found in [28]).
Vulnerability was qualitatively assessed for each census district in low, medium and high levels.
These classification ranges resulted in the vulnerability map presented in Figure 13, which was also
considered for BAU due to the mainly consolidated urbanistic characteristics of the city [28].

(CiitaiiVellal

Vulnerability for pedestrians
= ow
== Medium

== High Sants-Montjuic;

Figure 13. Vulnerability maps for pedestrians.

As stated above, the flood risk results were presented in terms of flood risk maps for all the
considered return periods and scenarios (baseline and BAU). Figure 14 shows the flood risk maps
related to a rainfall storm event with a return period of 10 years for both scenarios.
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Figure 14. Example of flood risk maps for pedestrians for a synthetic 10 year return period projected
storms related to (a) baseline and (b) business as usual (BAU) scenarios.

Furthermore, the high-risk area (in percentage) for pedestrians was broken down into districts in
order to observe the riskiest districts in terms of pedestrians’ stability. Moreover, in order to highlight
the effect of climate change in terms of the increase of high-risk areas in Barcelona, we also present the
variation of high flood risk areas for pedestrians according to the 10 districts into which Barcelona is
administratively divided (Figure 15). It is possible to observe the major increases of high flood risk
areas (around 30% for the whole district of Barcelona) with respect to the climate change coefficients
(from 12% to 16%) for the same return periods [28].

s 60% g 20% &
S £50% | g 2
%~ 40% E et
$ 2 30% [ . 3 A 15% 5
S g 20% . 1 § w9
£ 10% E @ oot || : | | H g §
0% 10% 5
T1 T10 T50 T100 T500
Floods related to return periods
mmmm Ciutat Vella Fmm Eixample
s Sants-Montjuic Les Corts
B Sarria-St. Gervasi mmmm Gracia
mmmm Horta-Guinardé mmmm Nou Barris
mmm St. Andreu mm St. Marti
=== Barcelona +++@++ Climate Change Factors

Figure 15. Expected increase of high-risk areas according to the future conditions.

3.1.2. Flood Risk for Vehicles

The flow variables (flow depths and flow velocity) provided by the 1D/2D USM were also used to
generate flood hazard maps for vehicles for each district of the city and their evolution in the case
of a climate change scenario. The results concerning the current scenario show that areas classified
with high flood hazard conditions have reduced risk compared to the case of pedestrians; in particular,
high hazard is null for T = 1 and is less than 5% for T = 10, with this last one being the designed
return period for the sewer system of the city, which progressively increases for higher return periods.
This notwithstanding, the results show that climate change scenarios could produce an average increase
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of 30% for the whole city with a peak of 50% for specific districts. Additionally, for the simulation
corresponding to return period T1 and the BAU scenario, the high flood hazard area is null for each
district [28].

In order to assess the vehicles’ vulnerability, three levels were also proposed based on a unique
indicator: The vehicular flow intensity (VFI) expressed in veh/day. Depending on this value and
defined thresholds, the vulnerability of each urban road was classified into three levels (low, medium
and high) [28]. The final vulnerability map is shown in Figure 16.

Furthermore, for vehicles, flood risk was assessed through the elaboration of flood risk maps for
all the considered return periods and scenarios (baseline and BAU). Figure 17 shows the flood risk
maps related to a rainfall storm event with a return period of 10 years for both scenarios.

Vulnerability for vehicles
—Low
—Medium
— High

T I @]

Figure 16. Vulnerability map for vehicles. Green, orange and red colors indicate low vulnerability
(vehicular flow intensity (VFI) < 100), medium (100 < VFI < 1000) and high (VFI > 1000), respectively.

Risk for vehicles %
Flood: 10 years return peri
Future conditions (BAU)

—Low
—Medium
—High

@)

~—Low
—Medium
—High

(b)

Figure 17. Example of flood risk maps for vehicles for synthetic 10 year return period projected storms

related to (a) baseline and (b) BAU scenarios.
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In this case, the assessment has also been broken down into districts in order to observe the riskiest
districts in terms of vehicles’ stability. Moreover, in order to highlight the effect of climate change in
terms of the increase of high-risk areas in Barcelona, we present the variation of high-flood risk areas
for vehicles in all of the districts (Figure 18). In this case, it is also possible to observe a major increase
of high flood risk areas (from 20% to 40% for the whole city area) with respect to the climate change
coefficients (from 12% to 16%) for the same return periods.

& 100% 20% g
fo % 80% | 18% g B
% 'Cf’i 60% 16% % %
g = 40% 14% g S
A= 20% 12% O
0% 10%
T1 T10 T50 T100 T500
Floods related to return periods
mmm Ciutat Vella B Eixample
Sants-Montjuic Les Corts

I Sarria-St. Gervasi e Gracia

mm Horta-Guinardé s Nou Barris

B St. Andreu . St. Marti

E===4 Barcelona e ©- Coef. Canvi climatic (%)

Figure 18. Expected increase of high-risk areas according to the future conditions.
3.2. Assessment of Economic Impacts Produced by Pluvial Floods

For the estimation of tangible direct damages caused by pluvial floods generated by urban floods,
both properties and vehicles were considered in the economic assessment. According to the claims data
provided by the Spanish re-insurance company (CSS), these two risk categories are the most significant.

According to the developed methodology to estimate property damage, flow depths on the streets
provided by the 1D/2D USM were properly reduced to achieve flood depths for properties using
specific sealing coefficients, which were collected for 14 land uses in Barcelona [35,36]. As a second
step, flood damages suffered by the properties were evaluated on the basis of tailored flood depth
damage curves for all the 14 land uses; a detailed flood damage model was developed and validated in
previous studies [28,30]. Models considered different typologies of properties: without basements,
with a basement and with up to two basements. On the other hand, configurations with or without
parking access were considered [28,30].

Regarding the evaluation of vehicle damage, a novel methodology—also based on the concept
of damage curves—was implemented. The methodology tried to reduce the uncertainty due to the
mobility of vehicles, proposing heterogeneous vehicular occupation for several areas of the city based
on the information provided by aerial photographs [28,37]. For this assessment, flood damage curves
developed by the Army Corps of the United States of America [44] for five types of vehicles were
adapted for the case study of Barcelona [28,37]. These curves were converted into a single damage
curve weighted according to the percentage of vehicle types in Barcelona, also taking into account
their depreciation according to statistical information concerning vehicle types and their age [28,30,37].

For both properties” and vehicles’ flood damage assessment, damage maps were achieved for
the return periods T1, T10, T50, 100 and T500 and current (baseline) and future (BAU) scenarios and
aggregated for each district of the city (Figures 19 and 20). These figures show how future rainfall
conditions for a projected storm of 10 years significantly worsen the situation in several districts of the
city. Specifically, it can be observed that all the districts of the downtown would suffer high losses,
and the better situation of several districts upstream would be exacerbated due to climate change.
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Figure 19. Example of economic flood damage maps for properties for synthetic projected storms of
10 years related to baseline (a) and BAU scenarios (b) indicating aggregated damages for districts.

Moreover, for both scenarios, the expected annual damage (EAD) [29] for the whole city including
flood damages related to properties and vehicles [30] was calculated. The results indicate that, due to

climate change, the EAD would grow from € 39.8 M to € 54.7 M [28].

Finally, the methodology for the estimation of indirect damages produced by pluvial floods based
on an econometric method of input—-output (IO) tables indicated a linear relationship between direct
and tangible losses. Specifically, according to the obtained results, indirect tangible damages produced
by pluvial floods in Barcelona could represent around 29% of direct damages. This increase could be
taken into account in the previously reported EAD [28].
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Figure 20. Example of economic flood damage maps for vehicles for synthetic projected storms of
10 years related to baseline (a) and BAU scenarios (b) indicating aggregated damages for districts.
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3.3. Assessment of the Effects of Pluvial Floods on the Surface Traffic Service

The climate-related resilience of a city depends on its capacity to maintain the correct functioning
of the main urban services during extreme weather events such as pluvial floods. The results of the
impacts produced by this kind of floods on the surface traffic system were analyzed according to the
methodology presented in Section 2.7. In this case, flood hazard was assessed through flood hazard
maps elaborated on the basis of flood depths provided by the 1D/2D USM and the specific hazard
criteria previously presented. Hazard maps were elaborated for the return periods T1, T10, T50, T100
and T500 and current (baseline) and future (BAU) scenarios. Examples of flood hazard maps are shown
in Figure 21. Comparing the results for both scenarios, it can be observed that, for the total amount of
1492 km, the increase of the road links that could be affected by speed reduction ranged between 3%
and 30% depending on the return period, while the increase in terms of closed road links could be
around 20% for all the considered return periods (Figure 22).

Finally, through the TransCAD mesoscalar traffic model, the increase in transit time for all the
synthetic storm events was assessed and monetized following the methodology proposed by the
Multi-Color Handbook [45]. The monetization of the increase of traveling time for the whole city
allowed the estimation of a specific EAD for baseline (1.82 M€) and BAU (2.0 M€) [28,38].

Key

= T10 No CC Closed Links

T10 No CC Reduced Speed Links|
Unaffected Links

— T10CC Closed Links
T10 CC Reduced Speed Links
—— Unaffected Links.

Figure 21. Example of flood hazard maps for surface traffic for synthetic projected storms of 10 years
related to baseline (a) and BAU scenarios (b).

km of roads with reduced speed km of closed roads
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400
. 300 : 400
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200
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(a) (b)
Figure 22. Representation of the effects produced by pluvial flood on the surface transport system in
Barcelona for current (baseline) and future (BAU) scenarios in terms of km of roads with reduced speed
(a) and km of closed roads (b).
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3.4. Assessment of the Effects of Pluvial Floods on the Electric System

Through the maximum flow depths provided by the 1D/2D USM and the geolocation of electrical
infrastructures, an impact analysis was carried out according to the methodology presented in
Section 2.8.

Figure 23 shows an example of the risk assessment carried out for all the electrical assets for
return periods of T10 and T100. Here, it is possible to see the most affected areas and electrical assets,
which are classified within the categories specified in Table 3 and sized with respect to their failure risk.
It is possible to observe that the area near the Besos riverside is clearly the most affected by pluvial
flooding, showing the densest cloud of affected locations. Additionally, the figure shows the increase
of the failure probability from the blue-colored baseline scenario (BAS) to the BAU scenario, colored
in green.

Legend
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* LFP (PF<0.01)

Legend

BAS T100
* LFP (PF<0.01)

® MFP (0.01<PF<0.1) * ® MFP (0.01<PF<0.1)
@ HFP(0.1<PF<05) ® HFP (0.1<PF<0.5)
© @ NAFP (PF>0.5) @ NAFP (PF>0.5)
Do 1 = 2 BAUT10 forzent; BAU T100
W% ¢ LFP(PF<0.01) - « LFP (PF<0.01)
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X
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Figure 23. Example of risk maps of all the electrical assets studied for T10 (a) and T 100 (b).

Table 4 shows the number of electrical infrastructures potentially affected by pluvial flood in
Barcelona for baseline and BAU scenarios and their potential level of impact. The table also shows the
social impact that each type of flooding provokes in society by counting the number of people affected
in each case (reaching, in the worst case, 725,119 out 1,620,343 total people in Barcelona) and the losses
provoked for each case, which in the worst scenario amounts to 771,129.01 €. It should be noted that
the high (HV) and medium-voltage (MV) substations with a potential flood risk have been studied
throughout the city, while only the distribution centers (DCs) in the vicinity of Besdés and Llobregat
rivers and coastal areas were considered [28,40].
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Table 4. Electrical infrastructure potentially affected by pluvial flood in Barcelona for baseline (BAS) and

BAU scenarios. DC: distribution center; HV: high-voltage substation; MV: medium-voltage substation.

Return Period Scenario Type of Number of Customers Costs
Location Locations Affected Affected Provoked
DC 165 14,984 90,403.68 €
BAS HV 6 116,872 2377.23 €
MV 11 94,231 5585.61 €
o DC 187 290,613 192,823.10 €
BAU HV 6 116,872 3709.35 €
MV 13 150,723 2231.57 €
DC 227 295,490 304,720.21 €
BAS HV 6 116,872 11,267.27 €
MV 13 372,311 6627.44 €
10 DC 254 314,932 476,756.76 €
BAU HV 7 116,872 20,367.44 €
MV 15 372,311 18,549.21 €
DC 249 314,044 451,294.19€
BAS HV 7 116,872 19,438.12 €
T100 MV 13 372,311 12,771.98 €
DC 272 315,991 556,183.29 €
BAU HV 8 116,872 28,873.49 €
MV 15 581,566 41,375.86 €
DC 296 318,232 633,795.69 €
BAS HV 9 215,368 56,870.91 €
500 MV 17 582,487 28,035.45 €
DC 324 320,679 771,129.01 €
BAU HV 11 215,368 66,869.66 €
MV 18 725,119 53,948.15 €

3.5. Assessment of the Effects of Pluvial Floods on Waste Collection System

The integrated flood—waste collection model allowed the estimation of the potential number of
unstable containers and their location on specific hazard maps based on their typology and degree of
filling for the return periods T1, T10 and T50 [27,28,42]. This analysis showed that, for the most extreme
episode (T50), some districts of the city such as Ciutat Vella and 1’Eixample could have between 20%
and 25% of their containers dragged due to the flow and that, in some cases, this amount could increase
to values above 30% for the BAU scenario. Figure 24 shows, as an example, the computed number of
containers which are potentially unstable for each district under the assumptions of current and future
rainfall conditions for a designed 10 year return period storm.
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Figure 24. Distribution of computed number of containers which are potentially unstable for each
district under current (baseline) and future (BAU) rainfall conditions due to a flooding corresponding
to a designed 10 year storm.

3.6. Assessment of Flood Resilience through a Holistic Approach

The holistic model was used to determine the recovery time of the city in the case of extreme
episodes of pluvial flooding produced by extreme rain events. The analysis of the holistic simulations
allowed the estimation of a recovery time of approximately 1.5 h (calculated as an average value for
all the events with return periods T1, T10, T50, 100 and T500), while for the BAU scenario, this value
increased up to 2 h.

4. Discussion

The potential increase of maximum rainfall intensities in Barcelona due to climate change could
produce a significant increase of tangible and intangibles impacts due to pluvial floods. This paper
aimed to perform a comprehensive multi-risk assessment using a detailed 1D/2D USM and several
loosely coupled models in order to estimate direct impacts not only due to the poor efficiency of the
drainage systems of the city but also due to several cascading effects on other critical urban services.
This kind of analysis represents a key tool for decision makers to achieve a reliable estimation of the cost
of not acting and to propose and justify correct adaptation measures which are able to reduce a large
set of tangible and intangible impacts. For the case of Barcelona, the development and calibration of a
1D/2D USM and its integration in several loosely coupled (or integrated) models allowed us to perform
a multi-risk analysis whose main important outputs are shown in Table 5. Moreover, the geographic
detailed analysis of the potential flood impacts could help in the prioritization of the implementation
of adaptation measures [46]. For example, the results provided by some impact models concerning
intangible (safety for pedestrians and vehicles, stability of containers) and tangible (economic losses for
properties and vehicles) damage indicate that the highest economic and social risks are concentrated in
the districts located in the downtown of the city (near the sea).
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Table 5. Potential pluvial flood impacts due to climate change assessed by loosely coupled models.
EAD: expected annual damage.

Indicator (BAU

Model Type of Impact vs. Baseline) Values for T/EAD
Pedestrians:
Increase (%) of high +30 (T10), +34 (T50), +32
1D/2D USM Intangible flood risk area for S; 1}32;3;30 (T500)
pedestrian and vehicles 138 (T10), +42 (T50), +34
(T100), +25 (T500)
Increase (%) of EAD
1D/2D USM + Tangible (including properties, 429

vehicles and indirect
damages)

Damage model

Increase (%) of km of

}F]zt?fz isolfe;- Tangible & Intangible  closed roa'ds; EAD c'iue to (Tl-’(-)%i, (Ill ;% (-,}65%(();1:5_‘(_))(’)1-3 (1)\/[€
travelling time rise
Increase (%) of the
1D/2D USM + Taneible & Intaneible number of flooded +31 (T10), +60 (T50), +66
Electric model & & electric infrastructures;  (T100), +116 (T500); + 0.18 M€
related EAD

Increase (%) of the
Intangible number of unstable
waste containers

1D/2D USM +
Waste model

+13 (T10), +12 (T50), +11
(T100), +10 (T500); 0.012M€

5. Conclusions

This paper demonstrates how the integration of a detailed and calibrated 1D/2D USM with other
models and tools which are able to describe the behavior of other urban services can be useful to
simulate the response of these services during pluvial floods produced by heavy storm events.

Furthermore, through the development of these loosely coupled models, socio-economic impacts
related to these events can be estimated and the cascading effects can be fully analyzed, as well as the
interrelationships between services and critical infrastructures.

In this study, the effects of floods in the potential context of climate change for the city of Barcelona
have been analyzed through a multi-risk approach, and the results of this assessment, in terms
of tangible and intangible impacts, have been presented for the whole city and with a geographic
discretization (i.e., in terms of city districts).

The results demonstrate that Barcelona could suffer a significant increase in these impacts due
to climate change if adaptation measures are not adopted. It was demonstrated that increments of
maximum rainfall intensity of 12-16% could cause increments of more than 25-30% in terms of social
impacts (e.g., intangible damages such as the increase of areas classified with high hazard conditions
in case of pluvial flood events) and of 42% of economic losses (including tangible direct and indirect
damages) expressed in monetary terms through the concept of EAD that has been calculated for each
analyzed urban district. Economic losses related to traffic disruption due to pluvial floods could
also increase by 9%, while for the electric system, the increase of economic damage could be 70%,
although the final EAD result was shown to be quite low.

Moreover, the average recovery time of the city (defined as the time in which urban services do
not recover their normal functioning) could increase from 1.5 to 2 h due to climate change effects.

Finally, the paper shows the geographical distribution of the socio-economic impacts.
This information could be very useful for the prioritization of implementation of adaptation measures.
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