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Summary of the deliverable

This report, Deliverable D3.1, titled 'Inland Flooding and Water Quality Community
Vulnerability Maps,' outlines the methodology and theoretical framework for assessing
vulnerability in the communities of the three NICHES core cities: Barcelona, Boston, and
Rotterdam. It is designed to complement T2.1 by mapping social-hydrological vulnerabilities
within socio-ecological-technological systems. For each city, socio-economic, ecosystem
quality characteristics, and sewer system configurations, as well as critical areas for unfiltered
discharges, have been studied to define key residential, commercial, and infrastructural zones
crucial for mitigating inland flooding and CSO vulnerability.
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1 Introduction

Humanity faces a wide variety of challenges, including the depletion and destruction of
natural resources and ecosystem services, climate change, and the resulting rise in the risk of
natural disasters (Cosgrove and Loucks, 2015, UN 2016, Rockstrom et al. 2023). With a
projected 68% of the global population expected to reside in urban areas by 2050 (UN 2019),
cities will experience escalating pressure and confront the challenges associated with
population growth. Cities hold a dual role, contributing to climate change while remaining
susceptible to its repercussions. In the face of increasing intense precipitation and
urbanization (Barceld, 2010; Keupers & Willems, 2013; Cutter et al., 2018), water hazards in
urban areas intensify. Simulations under Representative Concentration Pathway (RCP)
scenarios reveal a direct correlation: a 10% rise in impervious surfaces leads to a 10% increase
in flooding across European cities (Kaspersen et al., 2017). Urban flooding is a complicated
issue with rapidly changing flow patterns. Water flow exacerbated by obstacles like buildings,
presents complex dynamics in streets, crossroads, and underground spaces (Martinez-
Gomariz et al., 2018; Mignot and Dewals, 2022). Complicity added interplay between the
drainage system and surface flow. The symbiotic relationship between combined sewer
overflows (CSOs) and pluvial flooding in urban areas is a pressing concern addressed in this
discourse. At its core lies the inherent vulnerability stemming from the constrained capacity
of sewer systems. When confronted with intense rainfall, these systems often reach their
operational limits, creating a cascade effect leading to flooded urban areas and CSOs. CSOs
remain a major cause of water pollution (Rizzo et al., 2020; Botturi et al., 2021; Van der Werf
et al.,, 2021). This pollution leads to algal blooms, affecting water quality and ecological
balance (Rucinski et al., 2014; Stow et al., 2015; Steffen et al., 2014; Watson et al., 2016). The
repercussions of these ecological transformations reverberate through society. Access to
water bodies, a pivotal resource for recreational and communal activities, becomes
constrained, with communities confronting the prospect of enduring either temporary or
permanent loss of these invaluable aquatic assets (Locatelli et al. 2020). Moreover, the health
risks associated with contact with pollutants and pathogens become pronounced, posing a
direct threat to human well-being (Polo et al. 2004, Ashbolt et al. 2010, Colford et al. 2012,
McBride et al. 2012, Drayna et al. 2010). Waterborne diseases, facilitated by the
compromised water quality, emerge as a significant concern, impacting the health of
individuals dependent on these water sources for bathing and other purposes. In the
aftermath of CSOs and flooding events, the ecosystem grapples with the arduous task of
recovery, while society contends with the enduring ramifications of compromised
environmental integrity.

The NICHES project addresses this by promoting nature-based solutions (NBS) tailored to
urban vulnerabilities. The examples of NBS can vary from vegetation as a big park at the scale
of entire neighborhood to green roofs and walls at the scale of single buildings. High-level
vulnerability mapping is essential to comprehend and navigate the multifaceted nature of
these issues, offering a strategic vantage point from which to deploy nature-based solutions
(NBS). The adoption of such innovative planning tools is vital in not only mitigating the
immediate impacts of CSO and flooding but also in laying the groundwork for a more resilient
and sustainable urban future. Despite NBS potential, awareness is low among key
stakeholders, hindering urban water management. This lack of awareness poses a significant
challenge to unlocking the full benefits of NBS in urban water management. Without active
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engagement and understanding among key stakeholders, the potential for sustainable and
effective solutions remains largely untapped. It's not just about the technology; it's about
fostering a collective consciousness that recognizes the importance of nature-based solutions
in creating resilient and environmentally friendly urban water systems. By employing
vulnerability mapping, strategic planning for Nature-Based Solutions (NBS) can emerge as a
fundamental aspect of urban policy, effectively allocating resources in an equitable manner
to strengthen our cities against the escalating challenges of climate-induced water
management. This report confronting the urgency of integrating detailed vulnerability
assessments with strategic NBS planning, aiming to address the disparity between current
urban water management approaches and the evolving demands of environmental resilience
and societal well-being. It seeks to establish a comprehensive framework for considering
climate-change induced hydrological vulnerabilities, gathering evidence, and offering
guidance to decision-makers.

2 Analytical framework
2.1 Urban vulnerability as an overarching assessment framework

The understanding of vulnerability within the realms of climate change and disaster
management has garnered significant attention in research. Extensive research has been
conducted in the field of urban vulnerability (McCarthy et al., 2001). Vulnerability studies
consider factors like exposure to hazards, infrastructure sensitivity, and community
resilience. However, there is an ongoing debate regarding the terminology and methodology
to be applied. Vulnerability is often conceptualized as a function of exposure and sensitivity,
where adaptive capacity is regarded as a component of sensitivity (Cutter, 2011) or as
encompassing exposure, sensitivity, and adaptive capacity (IPCC, 2001; IPCC, 2007; Khajehei
et al., 2020; Cheng, 2019, Chang et al., 2021). Notably, research has highlighted that socially
and economically disadvantaged groups often face a disproportionate burden of flood
hazards in urban settings, highlighting the need for holistic vulnerability assessments (Collins
etal., 2019). In response, researchers have employed indicator-based approaches, integrating
social, technological, or physical, and ecological or environmental variables to capture the
spatial variability of flood vulnerability at the urban scale (Nasiri et al., 2019; Salazar-Briones
et al., 2020).

Despite the progress made in addressing vulnerability to climate change, there are several
research challenges and gaps that remain in the context of water management. Firstly,
research on vulnerability often lacks the integration of statistical approaches with the
normalization, weighting, and aggregation methods used in constructing an index, which
ultimately leads to inadequate validation of results (Moreira et al. 2021). This problem is
further worsened by a disregard for temporal dynamics. Secondly, research on vulnerability
in the context of water management has not fully explored the perspective of socio-
ecological-technical (SETs) systems. Often, substitutability studies typically focus on a single
social, ecological, or technological dimension, thereby missing the opportunity to
comprehensively understand the substitutability of services across different dimensions of a
system (McPhearson et al. 2022). This gap in understanding hampers our ability to develop
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holistic adaptation strategies that consider the interconnections between the different
dimensions of the SETs system, which can have a cascading effect. The explicit examination
of ecological and technological vulnerability in relation to floods remains limited, despite their
significant impact on understanding the full extent of flood risks (ROmer et al., 2012;
Weisshuhn et al., 2018, Chang et al., 2021). The exponential acceleration of complexity across
various systems and domains has reached a point where the singular advancement of
individual domains is unable to match its tempo. (Chester eta |. 2023, Rammelt et al. 2023)
Consequently, the imperative for interdisciplinary research, as exemplified by the framework
of Social-Ecological-Technological Systems (SETs), emerges as pivotal in adeptly navigating
and resolving these intricate challenges. Therefore, a more holistic approach is required,
integrating the social, ecological, and technological dimensions to comprehensively assess
flood vulnerability and enhance resilience planning (Cheng et al., 2017). By adopting the SETS
framework and considering exposure, sensitivity, and adaptive capacity, a nuanced
understanding of urban flood vulnerability can be achieved, aligning with principles of
sustainable development and strengthening urban sustainability (Grimm et al.,, 2017;
McPhearson et al., 2016; Markolf et al., 2018). Thus, further investigations are warranted,
employing the SETS framework to facilitate comparative analyses of flood risk management
and enhance our understanding of the complex dynamics within urban systems (lwaniec et
al., 2020, Chang et al., 2021).

2.2 SETS

The study will focus on examining the interplay among distinct Social-Ecological-
Technological (SET) domains concerning social vulnerability. Its objective is to comprehend
how interactions within social-ecological (S-E), social-technological (S-T), and ecological-
technological (E-T) couplings could potentially undermine the sustained well-being of urban
communities over the long term. Social domains encompass individuals, households,
neighborhoods, communities, and government. Ecological components involve organisms,
their populations, and the physical environment, such as soil, air, water, and climate.
Technological components comprise infrastructure, including roads, buildings, water
systems. The idea posits that vulnerability is not merely a product of physical exposure to
hazards but is also shaped by spatially explicit social, ecological, and technological factors that
influence how different systems and populations are impacted by environmental hazards
(McPhearson et al., 2022).

Indicators that encompass social, ecological, and technological aspects within a specific area
have diverse impacts, shaping social vulnerability in both intentional and unintended ways.
The social dimension is taking a central role and represents urban communities that might be
affected during hazards; the interaction of SETs dimensions refers to factors that will
influence the level urban communities will be affected.

For example, if individuals follow guidelines and avoid using washing machines to prevent
additional pressure on the sewer system (S-T), it impacts the social vulnerability of local
communities. The success of the government in implementing early warning systems and
adaptation policies (S) affects how urban communities are impacted by hazards (S).
Numerous interconnections exist among these dimensions, underscoring the potential
emphasis on the social-ecological (S-E) coupling and modifications in ecosystem services (ES)

10
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provision. For example, water bodies, during hot weather conditions, provide a cooling effect
for communities. Simultaneously, the quality of the ecosystem (E) plays a role in determining
its retention and detention capacity during heavy rainstorms, influencing the amount of
water entering impervious urban areas and the sewer system (S-E).

Additionally, ecological-technological (E-T) interactions may come into play, such as diverting
contaminated water from the sewer system when it reaches capacity during intense
rainstorm events. These effects often demonstrate interlinkages among the domains; for

instance, an expanded green area not only retains

'..S.,_ stormwater, reducing the strain on the sewer system
& % but also decreases the likelihood of contaminated
Qf g //\\ ”/T% water from the overloaded sewer system reaching
f // \\ ”%6 water bodies during combined sewer overflow events
g // \\ E “‘%;c and provides safe bathing water for local communities
.5'00 /  urban \ %“3;, (S-E-T) (Fig 1).
§ 7 / communities \ %
// 1 °““ Figure 1: SETS Framework in Social vulnerability
C e M *  (based on McPhearson et al. 2022)
scologicabtechnologieal Interactions These dynamics induce changes across the three

dimensions, tightly interconnected with one another. To comprehend this intricate web of
connections, it is imperative to understand how these dimensions collectively influence the
urban community's vulnerability from a spatially explicit perspective.

Understanding the dynamics of influence on local communities in the face of hazards like
CSOs and flooding can be facilitated by separating the concepts of vulnerability and exposure.
In the case of CSOs, where the overflow points into receiving water bodies (e.g., Barcelona's
main CSO located near public beaches), it is important to recognize that the impact on
communities may vary. Simply overlapping population density with CSO location does not
provide a comprehensive understanding. It requires a deeper analysis to identify which social
groups are more likely to visit the public beaches, taking into consideration factors such as
access to transportation and economic resources. For instance, residents with limited
financial resources may have fewer alternatives and be more dependent on public beaches
for leisure activities.

11



D3.1 Community vulnerability

3 Case studies
3.1 Metropolitan Area of Barcelona

The Metropolitan Area of Barcelona (MAB) comprises the city of Barcelona and 35 adjacent
municipalities, spanning over an urban and peri-urban area of 636 km?. The population of this
region is 3,239,337 people (2016), with half of the population concentrated in the
municipality of Barcelona, which houses 1,608,746 people (2016). The city is situated
between the rivers Besos and Llobregat, flanked by the Littoral Range and the Mediterranean
Sea. Although the rivers have witnessed catastrophic flood events with return periods higher
than 100 years, minor flood events occur frequently every year, primarily as a result of
convective and local precipitation in late summer and autumn. These events caused by
drainage and runoff problems affect both urban and rural areas. (Llasat et al.2013; del Moral
et al.2016, Cortes et al.2017).

Within the MAB, similar to a significant proportion of cities in Spain, there is operation under
combined sewer systems (CSSs). (Montserrat, 2015). The majority of CSSs are not designed
to collectively manage stormwater and wastewater during heavy rainfall periods. This leads
to the discharge of the sewer network exceeding its capacity, which leads to overflows into
the environment. The environmental impact of urban drainage in Barcelona is primarily
attributed to CSOs that occur in both the sea and rivers.

The closure of beaches due to high pollutant levels results in economic losses, which is
particularly significant for a city like Barcelona, where tourism and leisure play a vital role in
the local economy. Barcelona boasts nine beaches along its 4.5 km stretch of the
Mediterranean coast, attracting approximately 5 million visitors between May and
September each bathing season. With Barcelona's urban beaches being a popular attraction
for both residents and tourists, Barcelona City Council has undertaken an impact assessment
to evaluate the health effects on individuals due to the inadequate quality of bathing water
caused by CSO. The criteria for insufficient bathing water quality are based on concentrations
of E. Coli exceeding 500 cfu/100 ml. To assess the impact, a seawater quality model is
employed for continuous simulation of E. Coli concentrations throughout the bathing
seasons. The evaluation focuses on quantifying the duration of poor water quality during a
representative bathing season. Analysis of the 2009 time series simulations reveals that, on
average, at all beaches in Barcelona, exceedances of E. Coli was observed for 3.22 days, which
is 2.82% of the entire bathing season (Departament de Territori i Sostenibilitat. Generalitat
de Catalunya, 2019; Departament d’Interior. Generalitat de Catalunya, 2015, Ribas, Olcina
and Saur, 2020. Beyond tangible impacts, surveys conducted by Martinez-Gomariz et al. in
2021 shed light on the indirect effects on the city's image. Users exhibit a lack of awareness
about beach conditions, risks associated with CSO, and responsibility for beach closures.
Notably, more than half of the sample (58.3%) of interviewed residents change their plans if
there is a red flag, indicating potential revenue loss for businesses in the area.

Additionally, the Barcelona City Council applied the RD (Royal Decree) 849/1986 Regulation
of the Public Hydraulic Domain methodology to evaluate environmental damage caused by
CSO. The calculated damages for the year 2009 amount to €39M, emphasizing the substantial
economic consequences of inadequate water quality management.

12
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3.2 City of Boston

Boston, the capital city of Massachusetts in the United States, spans approximately 125 km?2.
Its 76 km long coastline features a mix of public and private shoreline stabilization structures
such as bulkheads, seawalls, and revetments (City of Boston, 2014). Notably, about 21 km2
of Boston's shoreline constitutes 'made land,' formed by filling tidal flats and marshes around
the original Shawmut Peninsula (Seasholes, 2003). This reclaimed land is notably low-lying
(Douglas et al., 2013), compounded by the broader issue of coastal Massachusetts sinking at
a rate of approximately 1.5 mm per year, equating to nearly 15 cm over the past century
(Nucci Vine Associates and GEO/Plan Associates, 1992).

Historically, Boston has grappled with harbor pollution, earning the reputation for having one
of the most polluted harbors in the US (The Boston Harbor Association, 2014). Key
contributors to this issue include wastewater treatment plant (WWTP) effluent discharges
and CSOs that have persisted for decades, detrimentally impacting water quality (Taylor,
2010). To combat this, the Massachusetts Water Resources Authority (MWRA) was
established in 1985, initiating capital improvements and expanding wastewater treatment
systems. A significant milestone was reached in 2000 with the opening of a 14 km long tunnel,
effectively halting long-term effluent releases into the harbor by redirecting wastewater
discharges to Massachusetts Bay. These infrastructure upgrades have successfully reduced
CSO discharge volume by over 86% in the past 27 years (BWSC, 2015). Despite these efforts,
the challenge of CSO remains relevant, underlining the ongoing need for comprehensive
solutions. In late May 2023, a recent public health warning was issued in Boston regarding a
CSO event. The Boston Water and Sewer Commission reported untreated overflows at two
locations. Additionally, the Massachusetts Water Resources Authority reported a treated
discharge at Outflow. The public is urged to refrain from contact with affected water bodies
for at least 48 hours post-overflow due to potential health risks associated with bacteria and
pollutants.

3.3 City of Rotterdam

Situated in the south-western quadrant of the Netherlands, Rotterdam encompasses an
expanse of approximately 200 km?. As of 2017, the city accommodates a population of
633,471, making it the second-largest urban center in the Netherlands. Beyond the urban
facade lies a hydrological discourse of notable complexity. While water supply security
constitutes a prevailing concern, the paramount hydrological challenge confronting
Rotterdam emanates from river flooding dynamics. This intricate hydrodynamic phenomenon
is precipitated by the confluence of upstream rainfall patterns and the consequential impact
of downstream sea level rise. It is noteworthy that a significant 80% of Rotterdam's
topographic area lies below sea level, therefore the city is mostly built behind dykes (RClI,
2013). The city of Rotterdam experiences CSOs approximately three times per year. CSOs and
stagnant water contribute to a dismal quality of urban surface water. The roots of this issue
trace back to the 1950s and 1960s post-war reconstruction, with much of the sewer
infrastructure reflecting that era. Groundwater leakage adds to the complexity, adding a
substantial flow to the WWTP. In attempts at progress, new urban and renewal areas deploy
separate sewer systems. These systems aim to channel runoff to the urban surface water and
wastewater to the treatment plant. However, a significant 70% of the annual runoff volume
still finds its way to the WWTP. Further complexities arise with the pumping of CSO discharge

13
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to the river through a pressurized pipe system, known as ‘pumped overflows' (PO). Despite
their contribution to system controllability, these PO operations are limited to around ten
times a year on average. In the face of excessive rainfall, even the strategic use of PO fails to
prevent CSOs into the city's surface waters.

The key observation here is the contrast between Rotterdam, Barcelona, and Boston. Unlike
Barcelona and Boston, Rotterdam lacks public beaches. However, it compensates with urban
canals and lakes that people utilize for recreational activities, involving direct contact with
potentially contaminated water.

4 Methodology

The initial phase involved the measurement of the vulnerability index using an indicator-
based approach, focusing on indicators derived from a comprehensive literature review.
Approximately 40 potential indicators underwent evaluation, and an inductive methodology
was applied to identify the most suitable ones based on the conceptual framework,
geographical specificity, and data availability. Subsequently, an assessment of exposure to
CSOs and floods was conducted. Finally, the outputs were overlapped to derive the final
score. (Fig. 2).
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Figure 2: Methodological framework.
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4.1 Indicators selection

To elucidate the interplay between hazard and urban communities, an essential first step
entails establishing the criteria for impact, focusing particularly on potential vulnerability
linked to hazard within the framework of Social-Ecological-Technical Systems (SETs).
Moreover, this procedure pinpoints the objects or entities prone to specific impacts. This
initial phase lays the groundwork for identifying communities displaying vulnerability. By
amalgamating social, environmental, and technological realms, this methodology facilitates
a comprehensive evaluation of social vulnerability, enriching our comprehension of the
intricate dynamics in motion. Table 2 lays out the selected indicators crucial for the
comprehensive assessment of risk. Indicators are organized into three distinct domains—
Social (S), Environmental (E), and Technological (T)—and further stratified into groups
representing Sensitivity and Adaptive Capacity. This strategic classification aligns seamlessly
with the previously outlined framework. Each indicator within its respective group carries
equal weight, reflecting a balanced consideration of their collective importance. The
justification and supporting literature for each indicator are provided, offering a transparent
rationale for their inclusion in the risk assessment. To enhance interpretability, each
indicator is accompanied by a directional sign indicating its impact on the final vulnerability
score—whether contributing positively or exacerbating vulnerability. More detailed
descriptions of each indicator, along with visualizations and explanations, can be found in
Annex 1.
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Table 2 Indicators selection

power plant, roads, agricultural
land )

urban communities

Guidotti et al. (2016)

DOMAIN CRITERIA INDICATORS RESOLUTION JUSTIFICATION References Sign
Polo et al. 2004, Martinez- izet
% senior population Census tract Older people more sensitive health conditions oloetal. 200 a’l Zgrzllnez Gomariz e neg
Age
Children are more vulnerable due to their developing physiological systems, higher rates of Polo et al. 2004, Ashbolt et al. 2010,
% minor population Census tract ingestion relative to body weight, and time spent outdoors. They are more likely to be exposed Colford et al. 2012, McBride et al. neg
Social sensitivity to pollutants 2012, Drayna et al. 2010,
Language skills
. . h . Pollack, Blackford, Herring, 2019,
an.d. . . Language barriers and unfamiliarity with local water sources can hinder understanding of water ° a§ ac ord,and erring, 2019
unfamiliarity % of population Census tract uality and safety measures, leaving them at risk of exposure to contaminated water. Garrido and Cod6 2017, Creese and nee
with local quality v ' & P : Wiebe 2012
system
% of lati ithi b . .
° OF population with Income above Census tract Higher income people have more means to cope pos
of the median
People in low-income areas might lack access to safe bathing water and rely on contaminated Angerville et al. 2013, Del Rio et al.,
. . . % of population with income below Census tract water due to inability to go to other public beaches due to the lack of personal car. Limited 2013; Montserrat et al., 2013; neg
SOCIcaal a;i?tpt“’e ecso‘:'uc(l):ic average financial resources could hinder their ability to address health issues arising from water, have Passerat et al., 2011, Pollacket al.
pacity fewer resources to cope 2019, Miller, Ebelt, and Levy 2022
People in low-income areas might lack access to safe bathing water and rely on contaminated
% of population rely on Census tract water due to inability to go to other public beaches due to the lack of personal car. Limited ne
government support financial resources could hinder their ability to address health issues arising from water, have g
fewer resources to cope, rely on government support
Ecological adaptive capacity Ecological connectivity 20m CSO events can e'xacer'bate urban rooc%ing in areas where the c'ombined sewel" systems are Passerat et al. 2011 pos
overwhelmed, which will affect terrestrial ecosystems by changing a threshold in parameters
Act tural , absorbi floodwat d iding vital water filtrati d
Ecological sensitivity Wetlands 20m ct as natural sponges, absorbing excess floodwater and providing vital water filtration an Chan et al. 2018 pos
habitat preservation benefits.
% of Gl 30m Higher ability to retain rainwater and reduces peak flow Fahy and Chang 2019 pos
Technological adaptive capacity Impervious surface 30m Impervious surface area increases direct runoff Palla and Gnecco 2015 neg
Deficit of sewer capacity 20m Deficit lead to higher chance of the overflow and reaching capacity of the sewer system neg
Technological sensitivity Slope more than 20% 20m Influences its collection efficiency Pratt and Chang 2012 neg
Proximity to public beaches Losing colling effect of public beaches
Exposure Population density 20m More densely populated area more affected Martinez-Gomariz et al. 2021
Critical infrastructure
(water/wastewater, 20m Critical infrastructure that could be damaged during flooding and have negative impacts on Wilbanks and Fernandez (2014);




4.2 Hazard Indicators

In the context of CSOs, hazard factors encompass the introduction of elevated concentrations
of microbial pathogens and other pollutants into receiving waters. Our approach at the basin
scale integrates hydrological and hydraulic modeling techniques (PDISBA, 2019) with
historical observations to estimate the locations of sewer overflow points (PECIA, 2023). The
data derived from the model includes instances of CSOs discharging into receiving water
bodies, as well as sewer back-ups occurring when combined sewer water exits the system
through manholes onto "dry-land," both of which have direct connections to pluvial flooding.
The indicators have been mapped in QGIS version 3.32.

4.3 Exposure

Exposure to contaminated water might occur through inhalation of aerosols near CSO
discharge points or direct contact during activities such as bathing and other recreational uses
of public beaches. To evaluate the potential exposure to toxic release of CSO, buffers of
varying distances around CSO points have been employed. Specifically, buffers of 250m,
500m, and 750m were applied to overflow locations (PECIA, 2023), aligning with the
methodology established by Brokamp et al. (2017). Subsequently, these buffers were overlaid
with population density data, which had been pre-sorted using a threshold of 0.01 people per
square meter, enabling us to discern potential areas of heightened presence of people. The
overlaid has been made by utilizing the Raster Calculator with a mean function.

In an endeavor to comprehensively assess the exposure of public beaches to contaminated
water resulting from combined sewer overflow (CSO) events, we expanded our methodology
to encompass a multi-faceted approach. This involved the application of buffers at varying
distances (1km, 2km, 5km, 8km, and 10km) around public beach locations. To enhance our
analysis, particularly in discerning the most visited beaches, we incorporated crowdsourced
photographic data (Raslan, 2023) from the Flickr platform. The study focused on extracting
photos with URLs tagged in the public beaches of AMB, utilizing modified MCSC land cover
categories. The data collection spanned from 2004 to 2021, resulting in 180,806 photographs
contributed by 13,557 distinct users. The point cloud of sorted post tags was converted into
a raster using QGIS' density analysis plugin with heatmap algorithms, enabling the
examination of areas with the highest concentrations of points. This raster was then overlaid
with the same pre-sorted population density data and the buffers surrounding public beaches
by raster calculator tool.

4.4 Social Domain Vulnerability Indicators

Social indicators have been selected based on their potential vulnerability during a flood
and CSOs event, with certain groups being more adversely affected and potentially
experiencing prolonged recovery periods. Older individuals, due to existing health
conditions, may be more sensitive (Martinez-Gomariz et al., 2021), while children, with
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developing physiological systems and increased outdoor activity, are inherently more
vulnerable and prone to exposure to pollutants (Ashbolt et al., 2010, McBride et al., 2013).
Language barriers and unfamiliarity with local water sources among refugee and immigrant
communities may impede understanding of water quality and safety measures, putting
them at risk of exposure to contaminated water (Pollack et al., 2019). Additionally,
individuals with vulnerable socio-economic status, particularly those in low-income areas or
reliant on government support, may face heightened impacts from a CSO and pluvial flood
events. Limited financial resources could hinder the ability of certain communities to
recover after flooding, access safe bathing water, and address health issues arising from
these threats. In contrast, wealthier individuals may have a broader range of bathing
options and greater resources to address health-related concerns (Angerville et al., 2013;
Passerat et al., 2011; Miller et al., 2022).

The indicators have been mapped in QGIS version 3.32. Given the substantial variation in
census block group sizes, indicators are processed to represent percentages over each
geography’s total population. Subsequently, the converted indicator values were normalized
within a 0 to 1 range using the provided minimum-maximum rescaling formula (1). Different
normalization techniques were tested to evaluate the sensitivity of choosing one of them,
and only marginal differences were identified.

. Xin —min (xin)

Yin = max(xin) — min (Xin) )

Where Yin is normalized value of indicator Xin, min(Xin), and max(Xin) represent the minimum
and maximum values of a specific indicator i, respectively.

The next step was estimating vulnerability score (Vs) using normalized values with the
following formula:

Vs =34, wil; (2)

Where Vs is vulnerability score, ", w; =1and 0<w; < 1, for all i=1,. . .,n, and w is the weight
(Table 2) associated with a normalized value (I) for the indicator i, and q is the number of
indicators.

The next step involves rescaling the vulnerability score to ensure it falls within the specified
range of 0 to 1 by applying geometric mean formula (3). In this score, a value of 0 denotes
minimal vulnerability, while a value of 1 signifies the utmost vulnerability.

Vs(R) = Vx1xx2*x3..Xn (3)

Where Vs(R) is recalibrating vulnerability score, and x1 * x2 * x3 ... Xn - vulnerability score
range for block groups.

The final step was converted into raster format for seamless integration into ecological and

technological domains vulnerability. With rescaled vulnerability score is translated into a
spatial representation and categorized ranging from "low" to " high."
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4.5 Ecological and Technological Domains Vulnerability Indicators

Ecological indicators are integral to risk assessment, defined as characteristics of ecosystems
that determine their capacity to retain and detain rainwater, thereby influencing the
volume of water entering the urban environment and impacting local communities. The
selected indicators, such as ecological connectivity, biodiversity, the presence of wetlands,
and the percentage of green areas, provide a comprehensive measure of ecosystem quality,
affecting water retention and runoff mitigation. As well as during CSO events, particularly in
areas with overwhelmed combined sewer systems, there is a potential exacerbation of
urban flooding, triggering changes in threshold parameters within terrestrial ecosystems.
The intricate interplay between functional biodiversity and challenges posed by CSO and
pluvial flood, as highlighted by Passerat et al., 2011, underscores the significance of
ecological indicators in understanding and mitigating these impacts.

The selection of technological indicators is based on landscape characteristics that
significantly impact the efficacy of engineered constructions in collecting rainwater. The
underlying principle is that increased water collection by these engineered constructions
results in reduced water entering the urban environment, thereby influencing local
communities. Key indicators, such as impervious surface area, play a crucial role in the
direct runoff in the area, exacerbating the challenges during heavy rainstorms (Palla et al.,
2015). A study conducted in Barcelona has specifically identified areas with a deficit in
sewer capacity, characterized by lower elevation within the city, experiencing heightened
pressure during intense rainstorms (PDISBA,2019). This deficit increases the likelihood of
overflow and reaching the sewer system's capacity. Additionally, the higher slope of the
landscape further influences the collection efficiency of engineered constructions,
highlighting the importance of technological indicators in assessing and managing the risks
associated with rainwater management in urban environments (Palla et al., 2015).

The indicators have been mapped in QGIS version 3.32. The data, initially presented in vector
format, was converted into raster format for seamless integration, ensuring the incorporation
of values where needed. For instance, in the wetland group, values were assigned based on
wetland area (e.g., a value of 1 for wetland locations and O for the remaining areas). Finally,
all indicators were rescaled from 0 to 1, facilitating integration across different scales and
units through the application of formula (1):

x; — min (x;)

yiscaled = max(x;) — min (x;)

where yi scaled is the rescaled value of the indicator X at cell i, min (Xi) is the minimum and
max (Xi) is the maximum value of the indicator X within the study area.

Subsequently, for each dimension group, we calculated the sum value, assigning equal weight

to indicators. This was achieved using the cell statistic function to identify values for each
pixel.
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4.6 Final score

To determine the comprehensive final score associated with combined sewer overflows (CSO)
and flood, the final score was calculated by integrating vulnerability and exposure.
Vulnerability maps and exposure maps, representing the Social-Ecological-Technological
(SET) vulnerabilities and the proximity to CSO events or flood exposure area, were combined
to generate a unified risk score. The calculation of the final score was executed through the
Raster Calculator using multiply formula (5):

Final score = vulnerability * exposure * hazard (5)
This approach ensures a balanced consideration of both vulnerability and exposure factors in

the final score. The resulting maps provide a spatially explicit representation of the combined
influence of vulnerability and exposure.
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5 Results

5.1 Social vulnerability map

Map of Social Domain of Social Vulnerability for Metropolitan Area of Barcelona
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The social vulnerability within the Barcelona metropolitan area is intricately woven into the
fabric of its diverse neighborhoods, each telling a distinct story of economic and demographic
disparities. Analyzing various factors such as unemployment rates, income distribution,
immigrant and refugee communities and minors and majors age groups provides a nuanced
understanding of the challenges faced by different communities (see annex 1).

When examining the socio-economic landscape, it becomes evident that vulnerable
populations are concentrated in specific regions. Areas characterized by lower income levels,
such as the border regions of Santa Coloma de Gramenet and Badalona, neighborhoods in
Cornella de Llobregat, and sections of |'Hospitalet de Llobregat, exhibit heightened social
vulnerability. Even within Barcelona itself, certain neighborhoods like Nou Barris, the
bordering areas with Sant Adria de Besos, and districts within Ciutat Vella face significant
socio-economic challenges.
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5.2 Ecological vulnerability map

Map of Ecological Domain of Social Vulnerability for Metropolitan Area of Barcelona
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In our thorough investigation into ecological vulnerability, we utilize a diverse set of
indicators, encompassing ecological connectivity, the presence of wetlands, and the
percentage of green space (see annex 1). This systematic approach enables us to depict a
detailed picture of the intricate ecological dynamics within the regions under scrutiny. The
core focus of our analysis reveals characteristics which might influence the retention/
detention capacity of ecosystems. This distinctive pattern is most pronounced in the highly
urbanized expanse encompassing Barcelona, L'Hospitalet de Llobregat, Cornella de Llobregat,
and Badalona. Within this densely populated and urban landscape, a significant prevalence
of impervious surfaces becomes evident—an unmistakable signifier of the profound impact
of urban development on the local ecology. In addition to less urbanized regions,
municipalities such as Sant Andreu de la Barca, Castelldefels, El Prat de Llobregat, Sant Cugat
del Vallés, Ripollet, and Cerdanyola del Vallées emerge as exemplars of a low ecological
vulnerability score.
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5.3 Technological vulnerability map

Map of Technological Domain of Social Vulnerability for Metropolitan Area of Barcelona

Technological vulnerability score
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Technological vulnerability, a key aspect of our analysis, is assessed based on several critical
parameters. These include the extent of impervious surfaces, the deficit in sewer capacity
(with specific relevance to Barcelona city), and the presence of slopes exceeding 20% (see
annex 1). In examining this vulnerability, a notable pattern emerges—higher vulnerability is
often associated with a combination of steeper slopes and extensive impervious urbanized
areas. This is vividly exemplified in Singuerlin, situated in the northern region of Barcelona
city, as well as in the distinctive landscape of Distrito de Sants-Montjuic within Barcelona city.

© 2023 Khromova Svetlana, NICHES. EPSG:25831

It's important to highlight that our approach includes an additional indicator, focusing on
sewer deficit per district. However, this specific metric is applied exclusively to Barcelona city
due to limitations in data availability for other municipalities. This targeted use of indicators
within Barcelona city may, in turn, affect the clarity and comprehensiveness of the
technological vulnerability assessment for areas beyond the city limits. As we delve into this
research, recognizing and addressing these nuances becomes crucial for a comprehensive
understanding of technological vulnerability across various urban landscapes.
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5.4 SET Vulnerability

SET Social Vulnerability Map: Metropolitan Area of Barcelona
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The combination of all three SET dominations, highlighted urban areas still can be seen
patterns of social vulnerability Santa Coloma de Gramenet and Badalona, neighborhoods in
Cornella de Llobregat, and sections of I'Hospitalet de Llobregat, Barcelona’s neighborhoods
like Nou Barris, the bordering areas with Sant Adria de Besos, and districts within Ciutat Vella
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5.5 Final score

5.5.1 Vulnerability + exposure for public beaches users

Metropolitan Area of Barcelona: Map of Risk for Public Beaches Users
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5.5.2 Vulnerability + exposure of Toxic Release from CSOs

Metropolitan Area of Barcelona CSO Toxic Release Risk Map

Risk of CSO Toxic Release
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6 Discussion

The application of the SETS approach to vulnerability assessment offers a compelling and
nuanced perspective on comprehending vulnerabilities within a specific area. The
examination of distribution dynamics within SET dimensions unravels unique drivers that
exhibit limited overlap. While the assessment of social vulnerability to CSO and floods aligns
with prior evaluations of vulnerable groups in metropolitan areas, the integration of the
Ecological (E) and Technological (T) dimensions introduces a fresh and comprehensive
viewpoint.

In line with the findings of Chang et al. (2021), who underscore the significance of ecological
indicators such as productivity and wetlands, our research underscores a noticeable impact
on the final vulnerability assessment results due to the inclusion of ecological indicators. The
recognition of this influence emphasizes the interconnectedness of social, ecological, and
technological aspects in shaping vulnerabilities. This integrative approach sheds light on the
multifaceted nature of vulnerability, transcending conventional assessments focused solely
on social factors.

Furthermore, our study highlights the need for a holistic understanding of vulnerabilities by
incorporating ecological and technological dimensions. By doing so, we contribute to a more
comprehensive and robust framework for vulnerability assessment that considers the
interplay of various factors. This expanded perspective facilitates a more accurate
identification of vulnerabilities and the development of targeted mitigation strategies that
address the diverse and interconnected challenges faced by communities in the studied area.

6.1 Limitations

It is essential to acknowledge the challenge posed by the limited accessibility of technological
indicators, such as information pertaining to sewer and drainage systems. This data is not
publicly available and often necessitates a time-consuming collaboration with public or
private institutions. This underscores the intricate nature of comprehensive vulnerability
assessments that encompass diverse dimensions. Each dimension contributes valuable
insights, but the process requires careful navigation through various data access challenges.
From a framework perspective, there is an open question regarding the integration of the
SETS framework into understanding vulnerability.lt necessitates more interdisciplinary
communication to comprehensively incorporate components like sensitivity and adaptive
capacity from ecological and technological perspectives. Bridging this gap is imperative for a
more holistic understanding of vulnerability, as it allows for a nuanced examination of how
social, ecological, and technological factors intersect and influence the overall vulnerability
landscape. This interdisciplinary approach is crucial for refining vulnerability assessments and
developing effective strategies for resilience and mitigation.

Another of these limitations is the difficult task of determining the distribution of
contaminated water, an intractable puzzle that makes accurate risk assessment difficult. The
complexity increases when trying to understand spatial dynamics, which emphasizes the need
to develop better modelling methodologies to effectively manage the movement of rainwater
in such complex terrain and sewer system interactions. Furthermore, it is important to
emphasize the lack of stakeholder perspectives in assessing vulnerability indicators and their
relative importance. The multifaceted nature of these viewpoints requires a more nuanced
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approach, and further research will be proposed to address gaps in understanding and
provide a more comprehensive framework for addressing vulnerability and risk to CSOs.

29



D3.1 Community vulnerability

7 References

Ashbolt, N. J., Schoen, M. E., Soller, J. A., & Roser, D. J. (2010). Predicting pathogen risks to aid beach management: the
real value of quantitative microbial risk assessment (QMRA). Water research, 44(16), 4692-4703.

Barcelo, D. (2010). Water quality and assessment under scarcity: prospects and challenges in Mediterranean watersheds.
Hydrology, 383(1), 1-4. https://doi.org/10.1016/j.jhydrol.2010.01.010

Bayulken, B., Huisingh, D., & Fisher, P. M. J. (2021). How are nature-based solutions helping in the greening of cities in
the context of crises such as climate change and pandemics? A comprehensive review. Journal of Cleaner
Production, 288, 125569. https://doi.org/10.1016/j.jclepro.2020.125569

Botturi, A., Ozbayram, E.G., Tondera, K., Gilbert, N.I., Rouault, P., Caradot, N., Gutierrez, O., Daneshgar, S., Frison, N.,
Akyol, C., and Foglia, A. (2021). Combined sewer overflows: A critical review on best practice and innovative
solutions to mitigate impacts on environment and human health. Critical Reviews in Environmental Science and
Technology, 51(15), pp.1585-1618.

Brokamp, C., Beck, A., Muglia, L. (2018) Combined sewer overflow events and childhood emergency department visits: A
case-crossover study https://doi.org/10.1016/j.scitotenv.2017.07.104

Cardona, 0.D., M.K. van Aalst, J. Birkmann, M. Fordham, G. McGregor, R. Perez, R.S. Pulwarty, E.L.F. Schipper, and B.T.
Sinh, 2012: Determinants of risk: exposure and vulnerability. In: Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation [Field, C.B., V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi,
M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge
University Press, Cambridge, UK, and New York, NY, USA, pp. 65-108.

Chakraborty, J., Timothy W. Collins, T. W., Grineski, S. E., (2019) Exploring the Environmental Justice Implications of
Hurricane Harvey Flooding in Greater Houston, Texas. Public Health.
https://doi.org/10.2105/AJPH.2018.304846

Chester, M.V., Miller, T.R., Mufioz-Erickson, T.A., Helmrich, A.M., lwaniec, D.M., McPhearson, T., Cook, E.M., Grimm, N.B.
and Markolf, S.A., 2023. Sensemaking for entangled urban social, ecological, and technological systems in the
Anthropocene. npj Urban Sustainability, 3(1), p.39.

Cosgrove,W.J., Loucks, D. P., Water management: Current and future challenges and research directions. Water
Resources Research. https://doi.org/10.1002/2014WR016869

De la Sota, C., Ruffato-Ferreira, V. J., Ruiz-Garcia, L., & Alvarez, S. (2019). Urban green infrastructure as a strategy of
climate change mitigation. A case study in northern Spain. Urban Forestry and Urban Greening, 40, 145-151.
https://doi.org/10.1016/j.ufug.2018.09.004

Depietri, Y. and McPhearson, T. (2017) Integrating the Grey, Green, and Blue in Cities: Nature-Based Solutions for Climate
Change Adaptation and Risk Reduction.

Dodman, D., B. Hayward, M. Pelling, V. Castan Broto, W. Chow, E. Chu, R. Dawson, L. Khirfan, T. McPhearson, A. Prakash,
Y. Zheng, and G. Ziervogel, 2022: Cities, Settlements and Key Infrastructure. In: Climate Change 2022: Impacts,
Adaptation and Vulnerability.

European Commission, 2019a. Communication from the Commission to the European Parliament, the Council, the
European economic and social committee and the Committee of the regions EU Biodiversity Strategy for 2030
Bringing nature back into our lives, COM/2020/380 final. https://www.eea.europa.eu/ims/ecological-status-of-
surface-waters

Garrido, M. R., & Codo, E. (2017). Deskilling and delanguaging African migrants in Barcelona: Pathways of labour market

incorporation and the role of adult education. Journal of Ethnic and Migration Studies, 43(16), 2757-2773.
https://doi.org/10.1080/1369183X.2017.1301161

30



D3.1 Community vulnerability

Green, D., & Houdmont, J. (2015). Lightning safety for outdoor workers. BMJ, 351, h3527.
https://doi.org/10.1136/bmj.h3527

Grimm, N.B., Faeth, S.H., Golubiewski, N.E., Redman, C.L., Wu, J., Bai, X. and Briggs, J.M., 2008. Global change and the
ecology of cities. Science, 319(5864), pp.756-760.

Hansen, R., Olafsson, A. S., Hagen, D., & Lundin, E. (2013). Transition in practice: A framework for understanding the
development of urban stormwater management arrangements. Water Research, 47(15), 5760-5770.
https://doi.org/10.1016/j.watres.2013.07.020

Hauer, M. E., Evans, J. M., & Mishra, D. R. (2016). Millions projected to be at risk from sea-level rise in the continental
United States. Nature Climate Change, 6(7), 691—695. https://doi.org/10.1038/nclimate2961

Heidrich, O., Dawson, R.J., Reckien, D., Walsh, C.L., 2013. Assessment of the climate preparedness of 30 urban areas in
the UK. Clim. Change 120 (4), 771-784. https://doi.org/10.1007/s10584-013-0842-4

Jenerette, D. G., Harlan, S. L., Stefanov, W. L., & Martin, C. A. (2011). Ecosystem services and urban heat riskscape
moderation: Water, green spaces, and social inequality in Phoenix, USA. Ecological Applications, 21(7), 2637—-
2651. https://doi.org/10.1890/10-1497.1

Katzschner, L., Heinrichs, D., & Bauer, A. (2018). Stormwater management in Berlin and the challenges for implementing
nature-based solutions: An analysis from a governance perspective. Environmental Science & Policy, 81, 76—83.
https://doi.org/10.1016/j.envsci.2017.12.005

Kim, D.G., Lee, S.J., Seo, J.H., Lee, W.K. and Han, M.Y., 2013. Sensitivity analysis of SWAT for water quality parameters
using the Plackett—Burman method. Science of the Total Environment, 443, pp.55-63.

Kroll, F., & Keijzer, E. (2020). Adapting urban infrastructure to climate change: The potentials and limits of decentralized
stormwater management in the Rotterdam City-Region. Land Use Policy, 91, 104385.
https://doi.org/10.1016/j.landusepol.2019.104385

Kuzniecow Bacchin, T., Sahasranaman, A., & Barcellos, C. (2018). Urban Flood Risk Management: A New Zeptospace
Approach. Sustainability, 10(6), 1802. https://doi.org/10.3390/su10061802

Leichenko, R., & O’Brien, K. (2008). Environmental Change and Globalization: Double Exposures. Oxford University Press.
McPhearson, T., & Haase, D. (2016). Advancing understanding of the complex nature of urban systems. Ecological
Indicators, 70, 566—573. https://doi.org/10.1016/j.ecolind.2016.03.054

McPhearson, T., Parnell, S., Simon, D., Gaffney, O., ElImqvist, T., Bai, X., Roberts, D., Revi, A., & Satterthwaite, D. (2016).
Scientists must have a say in the future of cities. Nature, 538(7624), 165-166. https://doi.org/10.1038/538165a

Measham, T. G., Preston, B. L., Smith, T. F., Brooke, C., Gorddard, R., Withycombe, G., & Morrison, C. (2011). Adapting to
climate change through local municipal planning: Barriers and challenges. Mitigation and Adaptation Strategies

for Global Change, 16(8), 889-909. https://doi.org/10.1007/s11027-011-9310-2

Mengistu, S.G., Guo, X., Dukes, M.D., Migliaccio, K.W., Li, Y.C. and Boman, B.J., 2017. Exploring green—grey infrastructure
combinations: An economic perspective. Journal of Environmental Management, 196, pp.570-579.

Miao, C., Ni, J., Borthwick, A. G., & Yang, L. (2007). Development and tests of a simple physically based model for real-
time simulation of catchment hydrology. Journal of Hydrology, 341(3-4), 27-41.

Nasution, M. Z., Yoshimura, C., & Lee, T. S. (2013). Flood hazard mapping using GIS and hydrodynamic model: a case study
in Malaysia. Natural Hazards, 66(3), 1735—1753. https://doi.org/10.1007/s11069-013-0701-2

31



D3.1 Community vulnerability

Newell, B., Crumley, C. L., Hassan, N., Lambin, E. F., Pahl-Wostl, C., Underdal, A., Wasson, R. (2005). A conceptual template
for integrative human—environment research. Global Environmental Change, 15(4), 299-307.
https://doi.org/10.1016/j.gloenvcha.2005.06.003

Niazi, N.K., Eaturu, A., Giammar, D.E. and Cai, Z., 2017. Feasibility of zinc recovery from the sludge generated during the
electrocoagulation treatment of cooling water. Chemosphere, 168, pp.1320-1328.

Noh, J., Lee, S., Ham, Y., & Boo, K. (2016). The impact of urban sprawl on the vulnerability to heat stress under climate
change: A case study for Republic of Korea. Applied Geography, 68, 24-34.
https://doi.org/10.1016/j.apgeog.2016.01.005

Norton, B.A., Coutts, A.M., Livesley, S.J., Harris, R.J., Hunter, A.M., Williams, N.S.G., 2015. Planning for cooler cities: A
framework to prioritise green infrastructure to mitigate high temperatures in urban landscapes. Landsc. Urban
Plan. 134, 127-138. https://doi.org/10.1016/j.landurbplan.2014.10.018

Olesen, J.E., Trnka, M., Kersebaum, K.C., Skjelvag, A.O., Seguin, B., Peltonen-Sainio, P., Rossi, F., Kozyra, J., Micale, F.,
Impacts and adaptation of European crop production systems to climate change. Europ. J. Agron. (2011)

Park, J.H., Ham, J., Kim, S., Kim, Y. and Lim, H., 2014. Long-term monitoring of water quality and assessment of spatial
distribution in the Nakdong River basin, Korea. Environmental Monitoring and Assessment, 186(1), pp.123-134.

Pauleit, S., & Duhme, F. (2000). Assessing the environmental performance of land cover types for urban planning.
Landscape and Urban Planning, 52(1), 1-20.

Perini, K., Rosbjerg, D., & Arnbjerg-Nielsen, K. (2012). Climate change impact assessment on urban rainfall extremes and
urban drainage: Methods and shortcomings. Atmospheric Research, 103, 106-118.
https://doi.org/10.1016/j.atmosres.2011.06.019

Pickett, S. T. A., Cadenasso, M. L., Grove, J. M., Groffman, P. M., Band, L. E., Boone, C. G., Burch, W. R., Grimmond, C. S.
B., Hom, J. L., Jenkins, J. C.,, Law, N. L., Nilon, C. H., Pouyat, R. V., Szlavecz, K., Warren, P. S., & Wilson, M. A.
(2008). Beyond urban legends: An emerging framework of urban ecology, as illustrated by the Baltimore
Ecosystem Study. BioScience, 58(2), 139—-150. https://doi.org/10.1641/b580207

Pivo, G., & Fisher, J. D. (2011). The walkability premium on housing values: Evidence from the Twin Cities. Journal of
Planning Education and Research, 31(4), 389—-407. https://doi.org/10.1177/0739456X10388438

Rall, E., Haase, D., & Kabisch, N. (2010). Coping with climate-induced urban change: A role for ecosystem services. Urban
Forestry & Urban Greening, 9(4), 333-337. https://doi.org/10.1016/j.ufug.2010.02.002

Raslan, S. (2023). Master’s Degree Final Project. The Influence of Land Covers on the Provision of Cultural Ecosystem
Services: A Social Media Approach in the Metropolitan Area of Barcelona. UAB-ICTA.

Reed, S. 0., Cadenasso, M. L., Childers, D. L., Grimm, N. B., Grove, J. M., Incze, L. S., Pickett, S. T. A., & Schimel, J. (2014).
Linking Ecosystem Services and Green Infrastructure: Spatial Planning Study for the Baltimore Metropolitan
Region. Report from the University of Maryland and Arizona State University to the Baltimore Metropolitan
Council, Baltimore.

Rigolon, A., Browning, M., Jennings, V., & Rigolon, L. (2018). Managing the land to control the climate: Theoretical and
empirical considerations for restoring urban green space for climate mitigation and adaptation. Land Use Policy,
76, 714-725. https://doi.org/10.1016/j.landusepol.2017.05.026

Rosenzweig, B., Solecki, W., DeGaetano, A., O’Grady, M., Hassol, S., Grabhorn, P & Cox, J. (2007). Developing an

Interdisciplinary, Cross-Sectoral Research Agenda for the Climate Change and Health Relationship: Workshop
Summary. National Institute of Environmental Health Sciences.

32


https://doi.org/10.1016/j.ufug.2010.02.002

D3.1 Community vulnerability

Rouholahnejad, E., Abbaspour, K.C., Srinivasan, R., Bacu, V., Lehmann, A., 2014. Application of a green—grey fuzzy model
for spatial assessment of urban development impacts on hydrology. Water Resour. Manag. 28 (8), 2277-2291.
https://doi.org/10.1007/s11269-014-0591-4

Sadler, R., 2009. Sustainability and the urban water-energy-climate nexus. Resour. Conserv. Recycl. 53 (11), 593-596.

Saha, D., Karmakar, S., Singh, V. P., & Bala, G. (2017). Soil water estimation using soil parameters: A multi-model study.
Journal of Hydrology, 546, 504-517.

Satterthwaite, D. (2008). Cities’ contribution to global warming: Notes on the allocation of greenhouse gas emissions.
Environment and Urbanization, 20(2), 539-549. https://doi.org/10.1177/0956247808096127

Shafique, M., Kim, R., Kim, Y., & Kim, H. (2018). Flood hazard mapping considering climate change for the Geum River
Basin, Korea. Journal of Hydrology, 556, 500-514. https://doi.org/10.1016/j.jhydrol.2017.12.038

Shen, L., Oki, T., Kanae, S., & Hanasaki, N. (2008). An improved method to construct a grid dataset of monthly P and ET
for global land surface areas. Journal of Hydrology, 353(1-2), 122-134.

Singh, R., & Kumar, A. (2018). Stormwater runoff quality and management practices in Indian urban areas: A review.
Environmental Monitoring and Assessment, 190(5), 291. https://doi.org/10.1007/s10661-018-6650-3

Stefanidis, P., & Stathis, D. (2013). Building urban landscapes for environmental sustainability and resilient communities.
Environmental Science & Policy, 33, 393—404. https://doi.org/10.1016/j.envsci.2013.05.002

Stewart, I. D., & Oke, T. R. (2010). Local Climate Zones for Urban Temperature Studies. Bulletin of the American
Meteorological Society, 46.

Tang, Z., Engel, B.A., Pijanowski, B.C., Lim, K.J., 2005. Forecasting land use change and its environmental impact at a
watershed scale. J. Environ. Manage. 76 (1), 35—-45. https://doi.org/10.1016/j.jenvman.2005.01.012

Tellman, B., Barnett, D., & Sun, S. (2018). Effectiveness of green infrastructure for urban stormwater management: a case
study in the Guadalupe River watershed of San Jose, California. Hydrological Sciences Journal, 63(1), 129-141.
https://doi.org/10.1080/02626667.2017.1404859

Thanh Noi, P., & Sebesvari, Z. (2017). The water-related impacts of climate change in the transboundary Mekong River
Basin: projecting towards a future of increasing extremes. Environmental Science & Policy, 76, 136—-144.
https://doi.org/10.1016/j.envsci.2017.07.001

Thornton, P. E.,, & Running, S. W. (1999). An improved algorithm for estimating incident daily solar radiation from
measurements of temperature, humidity, and precipitation. Agricultural and Forest Meteorology, 93(3—4), 211—
228.

Troy, A., & Grove, J. M. (2008). Property values, parks, and crime: A hedonic analysis in Baltimore, MD. Landscape and
Urban Planning, 87(3), 233-245. https://doi.org/10.1016/j.landurbplan.2008.06.005

Tzoulas, K., Korpela, K., Venn, S., Yli-Pelkonen, V., Kazmierczak, A., Niemela, J., ... & James, P. (2007). Promoting ecosystem
and human health in urban areas using Green Infrastructure: A literature review. Landscape and Urban Planning,

81(3), 167-178.

United Nations, 2014. World Urbanization Prospects: The 2014 Revision, Highlights.
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Highlights.pdf

Van Nieuwenhuijzen, A., Anderies, J. M., & Rodriguez, A. A. (2018). How Institutions and Biophysical Setting Shape Urban
Form and Land-Use Change: A Case Study of Vientiane, Lao PDR. Land, 7(1), 1.

Van Rompaey, A., & Di Gregorio, A. (2004). Land-use modeling at the urban fringe: A case study of the Brussels Capital
Region. Land Use Policy, 21(2), 129-145.

33



D3.1 Community vulnerability

Wang, R., Kaloush, K. E., & Chester, M. V. (2016). Life cycle assessment of permeable pavement as a sustainable choice
for stormwater management in the arid United States. Journal of Cleaner Production, 112, 2160-2170.
https://doi.org/10.1016/j.jclepro.2015.08.095

Wong, T. H. F., & BMT WBM Pty Ltd. (2014). CIRIA C697 The SuDS Manual. London: CIRIA.

Xie, Y., & Guo, S. (2019). A Comprehensive Assessment of Green Infrastructure Performance for Stormwater
Management: A Case Study in Beijing, China. Water, 11(7), 1494.

Yang, W., Friedl, M. A,, Gray, J. M., & Jin, S. (2006). Seasonal, interannual, and decadal variations in vegetation indices,
temperature, and precipitation in the northern Great Plains, USA. Earth Interactions, 10(9), 1-26.

Yin, D., & Yin, J. (2019). Urban land expansion in globalizing Shanghai, China: A sustainability challenge? Land Use Policy,
86, 394-404. https://doi.org/10.1016/j.landusepol.2019.04.011

Zarrin, A., Yang, Y., & Wang, R. (2019). An integrated model to assess the impacts of climate change and urban expansion
on urban water sustainability: A case study in the Baltimore Metropolitan Area. Science of the Total
Environment, 655, 825—-839. https://doi.org/10.1016/j.scitotenv.2018.11.162

Zhang, S., lia, B., Wang, W., Fu, B., & Zuo, D. (2015). The trade-offs and synergies between ecosystem services in the

Guanzhong-Tianshui Economic Region of  China. Ecological Indicators, 57, 394-403.
https://doi.org/10.1016/j.ecolind.2015.05.004

34



D3.1 Community vulnerability

TR T LT W PR TN )

http://niches-project.eu/

Project partners

peco uns SNNlele
logic etaaona T

University of
Y Sheffield

Northeastern
University

NICHES is made possible with the support of:

at

. . v
Sloghersar PI -
European Biodiversity Partnership p

- -

SPONSORED BY THE )

% Federal Ministry & L
of Education FY Ministerie van Landbouw,

and Research Natuur en Voedselkwaliteit

AGENCIA
ESTATAL DE
INVESTIGACION

35



D3.1 Community vulnerability

8 Annex 1 (Barcelona)

8.1 Social vulnerability
Population with income below average (minimum income)

Municipal Boundaries

% of Population with income per
consumption unit below 5.000 Euros
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The significance of this demographic lies in the unique challenges faced by individuals in low-
income areas, where economic constraints can amplify the risks associated with
environmental hazards.

One critical aspect is the potential lack of access to safe bathing water in low-income areas.
Individuals residing in these communities may find themselves relying on local water sources
that are contaminated due to insufficient infrastructure or limited resources for water
treatment. The inability to access cleaner alternatives, such as public beaches or recreational
areas with better water quality, is often compounded by the absence of personal
transportation, making it challenging for residents to travel to safer environments.
Moreover, limited financial resources can hinder the ability of individuals in low-income areas
to address health issues arising from exposure to contaminated water. Medical expenses,
including treatment for waterborne illnesses, can strain already tight budgets. The economic
burden of healthcare further exacerbates the vulnerability of this population, creating a cycle
where financial constraints impede the capacity to address and recover from health-related
challenges.

In times of flooding or sewer overflow, individuals with lower incomes also face additional
hurdles in coping with the aftermath. The lack of financial resources limits their ability to
secure temporary accommodations, replace damaged belongings, or rebuild homes and
infrastructure. This economic vulnerability prolongs the recovery process and increases the
long-term impact on the well-being of those in low-income areas.
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Income in census group acquired from unemployment benefits

Municipal Boundaries

% of income acquired from
unemployment benefits
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This demographic holds significant importance due to the unique challenges faced by
individuals who, dependent on public assistance, may confront heightened risks associated
with environmental hazards.

A critical aspect involves the potential lack of access to safe bathing water among those
relying on government support. Residents in this category may find themselves compelled to
depend on local water sources that are contaminated, driven by inadequate infrastructure or
insufficient resources for water treatment. The inability to access cleaner alternatives, such
as public beaches or recreational areas with better water quality, is compounded by the lack
of personal transportation, making it challenging for these individuals to travel to safer
environments.

Furthermore, the constrained financial resources of those relying on unemployment benefits
can impede their ability to address health issues arising from exposure to contaminated
water. The economic limitations may restrict access to medical care, including treatment for
waterborne illnesses, adding an extra layer of vulnerability. The financial constraints create a
scenario where individuals have fewer resources to cope with health challenges and the
aftermath of environmental hazards.

During flood or sewer overflow events, individuals dependent on unemployment benefits
may face additional hurdles in coping with the aftermath. Limited financial resources may
restrict their ability to secure temporary accommodations, replace damaged belongings, or
rebuild homes and infrastructure. This economic vulnerability prolongs the recovery process
and intensifies the long-term impact on the well-being of those relying on government
support.
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Population with income per consumption unit above the median

Municipal Boundaries

% of population with income per
consumption unit above 200% of the median
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The importance lies in the inherent capacity of individuals with higher incomes to navigate
and cope with the challenges posed by environmental hazards.

One fundamental aspect is that higher-income individuals possess greater means to adapt
and respond effectively in the face of flood-related adversities. Financial resources translate
into the ability to implement protective measures, such as investing in resilient infrastructure,
securing insurance coverage, and accessing alternative accommodations during emergencies.
This economic advantage equips them with a robust defense against the disruptions caused
by floods and sewer overflows.

Additionally, higher-income individuals are often better positioned to access timely
information and resources that can aid in preparedness and response efforts. Whether it's
through advanced warning systems, private infrastructure solutions, or participation in
community resilience initiatives, their financial capabilities enable them to proactively engage
in measures that reduce their vulnerability to environmental risks.
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Map of adaptive capacity
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Minor population
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Children, in their formative years, possess developing physiological systems that render
them more susceptible to the adverse effects of environmental hazards.

Firstly, their physiological systems, from respiratory to immune, are still in the process of
maturation, making them less resilient to the impact of pollutants associated with floods
and sewer overflows. Their organs and defenses are not as robust as those of adults,
rendering them more vulnerable to the health risks posed by contaminated water and air.
(Ashbolt et al. 2010)

Secondly, children exhibit higher rates of ingestion relative to their body weight compared
to adults. Whether it's through drinking water, playing in flooded areas, or simply putting
hands in their mouths after exposure, their increased contact with contaminated substances
heightens the risk of pollutant intake. This heightened exposure, coupled with their
developing systems, amplifies the potential health consequences.
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Senior population
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The demographic composition of a community, particularly the proportion of individuals aged
65 and above, serves as a crucial barometer when assessing vulnerability to flood and
combined sewer overflow. The aging population brings with it unique challenges that
significantly influence their ability to cope with environmental hazards.

Older individuals, by nature, tend to be less mobile than their younger counterparts. This
reduced mobility can pose a substantial obstacle when swift evacuation or relocation is
necessary in the face of flooding or sewer overflow. The need for assistance becomes more
pronounced, as many elderly individuals may require additional support in navigating
evacuation routes, accessing shelters, or meeting basic needs during emergency situations.
Furthermore, the aging population is often characterized by a higher prevalence of sensitive
health conditions. Chronic illnesses limited physiological resilience, and a heightened
susceptibility to stressors make older adults more susceptible to the adverse health effects
associated with floods and sewage overflows. The exacerbation of existing health issues and
the increased risk of acquiring new ailments underline the importance of tailored emergency
response strategies for this demographic.
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Communities that may have difficulty with language skills and unfamiliarity with local
system

Municipal Boundaries
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Among the various indicators, the significance of this demographic group lies in the presence
of language barriers and unfamiliarity with local water sources, factors that can impede their
comprehension of water quality and safety measures, consequently leaving them at
heightened risk of exposure to contaminated water.

Language barriers pose a substantial obstacle for immigrant and refugee communities when
it comes to accessing vital information about water safety. Communication gaps may lead to
a lack of awareness regarding the risks associated with floods and sewer overflows. Without
clear, accessible information in their native languages, these communities may struggle to
grasp the severity of the situation and the precautions necessary to protect themselves and
their families.

Moreover, the unfamiliarity with local water sources exacerbates the vulnerability of
immigrant and refugee communities. Many may not be accustomed to the specific water
dynamics of their new environment, including potential contaminants or the risks associated
with floods. This lack of familiarity can result in inadvertent exposure, as individuals might
unknowingly use or come into contact with water that poses health risks.
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8.2 Ecological vulnerability
Green area

["] Municipal Boundaries
Normalized Difference Vegetation Index

The presence of green spaces, characterized by vegetation and permeable surfaces, holds
significant importance in mitigating the impact of environmental hazards, notably by
enhancing the landscape's ability to retain rainwater and reducing peak flow.

Green areas, such as parks, gardens, and natural landscapes, play a pivotal role in rainwater
retention. The vegetation in these areas acts as a natural sponge, absorbing and holding
rainwater. The permeable surfaces, such as soil and vegetation, allow water to infiltrate into
the ground rather than contributing to surface runoff. This inherent quality of green spaces
helps regulate water levels, preventing rapid runoff and reducing the risk of flooding during
heavy rainfall events.

Furthermore, the presence of green areas contributes to a reduction in peak flow. When
rainwater is absorbed by soil and vegetation, it is released gradually, easing the pressure on
stormwater drainage systems. This gradual release of water helps prevent sudden and
intense surges in water flow, minimizing the risk of combined sewer overflow. By acting as a
buffer against peak flows, green areas contribute to the overall resilience of urban
environments, protecting infrastructure and reducing the likelihood of flooding.
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Functional biodiversity

[] Municipal Boundaries

Functional Biodiversity
Band 1 (Gray)
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This metric serves as a measure of the quality of ecosystems, influencing their ability to retain
water and mitigate runoff. The interplay between functional biodiversity and the challenges
posed by combined sewer overflow (CSO) events highlights the intricate relationship between
urban flooding and the health of terrestrial ecosystems.

Functional biodiversity represents the diversity of species within an ecosystem and the
specific roles they play in maintaining ecological balance. This indicator becomes crucial in
assessing vulnerability because the richness and functionality of a biodiverse system directly
impact its capacity to manage water dynamics effectively. Ecosystems with high functional
biodiversity are better equipped to retain water, slowing down runoff and reducing the risk
of flooding.

Combined sewer overflow events have the potential to exacerbate urban flooding,
particularly in areas where the combined sewer systems become overwhelmed. This overflow
can introduce pollutants and excess water into terrestrial ecosystems, altering ecological
thresholds and parameters. The presence of functional biodiversity becomes a determining
factor in the system's ability to absorb, filter, and recover from the impacts of combined
sewer overflow.

Healthy and diverse ecosystems provide a range of services, including water retention and
purification, which are crucial in mitigating the consequences of CSO events. The roots of
various plant species, for instance, help bind soil, preventing erosion and enhancing water
infiltration. Biodiverse habitats also contribute to the overall resilience of the landscape,
acting as natural buffers against the disruptions caused by excessive water flow.
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Ecological connectivity
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This metric serves as a reflection of the quality of an ecosystem and holds significant
importance in influencing the system's ability to retain water and diminish runoff. The
intricate connections within an ecosystem, denoted by ecological connectivity, play a critical
role in shaping the landscape's resilience to the challenges posed by urban flooding and
combined sewer overflow events.

Ecological connectivity refers to the network of interactions and linkages between different
components of an ecosystem, including various habitats, species, and ecological processes.
The presence of robust ecological connectivity indicates a landscape that functions as an
integrated and harmonious system. This interconnectedness is essential in influencing the
landscape's capacity to manage water dynamics efficiently, particularly in the face of
excessive runoff and flood events.

The ability of an ecosystem to retain water and reduce runoff is closely tied to its ecological
connectivity. Well-connected habitats facilitate the flow and absorption of water, preventing
rapid runoff and minimizing the risk of flooding. In contrast, fragmented or degraded
ecosystems may struggle to retain water effectively, leading to increased runoff and
heightened vulnerability to the impacts of combined sewer overflow.

Urban areas, in particular, benefit from strong ecological connectivity as it enhances the
landscape's natural capacity to absorb, filter, and manage water. Intact ecosystems act as
permeable buffers, slowing down the movement of water and reducing the pressure on
stormwater drainage systems.
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Presents of wetlands

[] Municipal Boundaries
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Wetlands, characterized by their unique ecological functions, play a pivotal role in mitigating
the impacts of environmental hazards, serving as natural sponges that absorb excess
floodwater and offering essential water filtration and habitat preservation benefits.
Wetlands act as natural sponges during periods of flooding, effectively absorbing and storing
excess water. Their capacity to hold significant volumes of water helps regulate water levels,
preventing widespread flooding in adjacent areas. This natural retention of floodwater is
instrumental in safeguarding communities from the destructive consequences of inundation,
providing a buffer against the potentially devastating effects of extreme weather events
(Chan et al. 2018).

Moreover, Taylor et al.2022 studied the water filtration capabilities of wetlands contribute
significantly to maintaining water quality. As floodwaters pass through these ecosystems,
various natural processes, such as sedimentation and nutrient absorption, work to filter and
purify the water. This not only improves the quality of water resources but also reduces the
risk of contamination associated with combined sewer overflow events. Wetlands, in this
regard, act as nature's water treatment systems, enhancing the resilience of ecosystems and
protecting the health of surrounding communities.

Beyond flood mitigation and water filtration, wetlands serve as vital habitats for diverse plant
and animal species. The preservation of these ecosystems is crucial for biodiversity and
ecological balance. The presence of wetlands contributes to the overall resilience of natural
environments, fostering habitats that support various species and promoting ecological
diversity.
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8.3 Technological vulnerability
Slope greater than 20%
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0 5 km

Steep slopes, characterized by gradients exceeding 20%, significantly impact the velocity of
water flow, influencing its collection efficiency and intensifying the risks associated with
environmental hazards.

Slopes greater than 20% amplify the velocity of water runoff during heavy rainfall or flooding
events. The accelerated flow, driven by the force of gravity on steep inclines, poses challenges
to the effective collection and drainage of water. This increased speed can overwhelm existing
sewer systems, leading to reduced efficiency in managing the volume of water, and
subsequently contributing to combined sewer overflow.

In the context of flood vulnerability, steep slopes create conditions where water can rapidly
accumulate and descend, increasing the likelihood of surface runoff. This runoff, when
unchecked, can result in flooding in lower-lying areas, affecting both urban and natural
landscapes. Additionally, the elevated speed of water flow on steep slopes raises the risk of
erosion and sediment transport, further impacting the quality of water and contributing to
the challenges associated with combined sewer overflow.
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Impervious surfaces

[_] Municipal Boundaries

Normalized Difference Built-up Index (NDBI)
scale

1

0 5 km

The presence of impervious surfaces plays a key role in increasing direct runoff, exacerbating
the challenges associated with flood events and combined sewer overflow.

Impervious surfaces, characterized by their inability to absorb water, create conditions that
elevate the direct runoff of rainfall. Unlike natural surfaces with permeable qualities, such as
soil or vegetation, impervious surfaces prevent water from infiltrating into the ground.
Instead, rainwater quickly flows over these surfaces, accumulating in larger volumes and
intensifying the potential for flooding.

In urban landscapes with high percentages of impervious surfaces, the impact is particularly
pronounced. The rapid runoff from roads, parking lots, and other impermeable structures
increases the risk of localized flooding, overwhelming drainage systems and leading to surface
water accumulation. This heightened vulnerability is exacerbated during intense rainfall or
storm events, where the impermeability of surfaces prevents the natural absorption of water.
The importance of impervious surfaces as an indicator lies in their role as drivers of direct
runoff. As urbanization and development contribute to the proliferation of impermeable
surfaces, understanding the implications for flood vulnerability becomes crucial. High
percentages of impervious surfaces not only increase the risk of flooding but also play a
significant role in the challenges associated with combined sewer overflow, as overwhelmed
drainage systems struggle to manage the excess water.
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Deficit of sewer capacity
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The inadequacy of sewer capacity becomes pivotal in influencing the vulnerability of an area
to environmental hazards, particularly by increasing the likelihood of overflow events and
pushing the sewer system to its limits.

A deficit in sewer capacity significantly raises the risk of overflow during periods of intense
rainfall or flooding. When the volume of water exceeds the capacity of the sewer system, it
leads to the spillover of untreated or partially treated wastewater into surrounding areas.
This overflow poses not only environmental risks but also jeopardizes public health by
exposing communities to contaminants and pollutants present in the wastewater.

The importance of identifying a deficit in sewer capacity lies in its direct correlation with the
increased likelihood of combined sewer overflow events. In urban areas with aging or
insufficient sewer infrastructure, the system may struggle to cope with the influx of water
during heavy rainfall, leading to backups and overflow. This vulnerability is further
compounded in situations where the capacity of the sewer system is insufficient to handle
the demands of a growing population or changing climate patterns.

The consequences of a deficit in sewer capacity extend beyond immediate overflow events.
They also contribute to the long-term challenges associated with maintaining water quality,
protecting ecosystems, and ensuring the resilience of urban infrastructure. Addressing and
mitigating the deficit in sewer capacity is essential for building sustainable and resilient sewer
systems that can effectively manage the complexities of stormwater and wastewater during
extreme weather events.
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8.4 Exposure
8.4.1 CSO

The evaluation of exposure to sewer overflows is based on official data regarding population
density in the area, along with authoritative information on public beaches. This analysis
includes a buffer distance from these beaches, ranging from 1 km to 8 km. The underlying
hypothesis suggests that individuals living closer to the beach are more inclined to choose
nearby areas, while those residing farther away have a broader range of options. This data is
subsequently correlated with the distribution of CSO (Combined Sewer Overflow) points
within the specified area. It is noteworthy that areas in proximity to hazard sites may have a
higher probability of being affected by contaminant releases.
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Proximity to public beaches
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Proximity to CSOs toxic release
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Social media data and proximity to public beaches (different value associate with each
public beaches, depends on the number of social media posts)
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8.4.2 Flood

The assessment of flood exposure involves scrutinizing official data on population density
and critical infrastructure, encompassing roads and power stations. Flood-induced damages
to critical infrastructure (Cl) have the potential to trigger disruptions in society, creating a
ripple effect that extends across different spatial and temporal scales (Pant et al. 2018,
Wilbanks and Fernandez (2014); Guidotti et al. (2016)). Additionally, the analysis considers
the impact on agricultural areas critical for sustaining the food supply (Pathak et al. 2018).
This data is subsequently integrated with flood risk information, specifically 500 years.
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[ Municipal boundaries
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9 Annex 2 (Boston)

Senior population
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Minor population
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People living below the poverty line
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People living in language isolation (speaks English less than "well")
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Social Domain on Social Vulnerability
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Slope greater than 20%
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Impervious area
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Green area
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Population density

Proximity to toxic release
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Flood hazard map

Vulnerability + exposure to CSOs toxic release
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Vulnerability + exposure to flood
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10 Annex 3 (Rotterdam)

Senior population

Minor population
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Person with a migration background whose origin group is one of the countries in the
continents of Africa, Latin America and Asia (excluding Indonesia and Japan) or Turkey.

Green area
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Build-up area
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Exposure to CSOs toxic release while swimming (Based on PC Lake model made in D2.1)
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