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Abstract: This study presents the implementation of a methodology for the formulation of a
vulnerability indicator for low-income urban territories in flood-prone areas, for two flood types:
Sudden and slow. The methodology developed a computational assessment tool based on the
Multiple Correspondence Analysis and the framework for vulnerability analysis in sustainable
science. This approach uses participatory mapping and on-site data. The data collection was easily
implemented with free software tools to facilitate its use in low-income urban territories. The method
combines the evaluation of experts using the of the traditional approach for the qualification of
the variables of vulnerability in its three components (exposure, susceptibility, and resilience),
and incorporates a computational method of the correspondence analysis family to formulate the
indicators of vulnerability. The results showed that the multiple correspondence analysis is useful
for the identification of the most representative variables in the vulnerability assessment, used for
the construction of spatial disaggregated vulnerability indicators and therefore the development of
vulnerability maps that will help in the short term in disaster risk management, urban planning, and
infrastructure protection. In addition, the variables of the susceptibility component are the most
representative regardless of the type of flooding, followed by the variables of the exposure component,
for sudden flood-prone territories, and the resilience component for slow flood-prone territories. Our
findings and the computational tool can facilitate the prioritization of improvement projects and
flood risk management on a household, neighborhood, and municipal level.

Keywords: multiple correspondence analysis; indicator; vulnerability; disaster risk reduction;
data-driven methods to monitor and assess progress towards sustainable development goals

1. Introduction

A flood is that event that, due to the precipitation, swell, tide or failure of some hydraulic structure,
causes an increase in the level of the free surface of the water of the rivers or of the sea, generating
invasion or penetration of water in places where there is usually none and, generally, damage to
the population, agriculture, livestock and infrastructure [1]. Floods are a global phenomenon that
implies multiple impacts ranging from economic loss to the loss of human life. According to the United
Nations, an average of 102 million people are affected every year by floods, surpassing those affected
by cyclones, hurricanes, or typhoons (37 million), and landslides (366,000) [2], generating the greatest
disasters throughout history [3]. Between 1990 and 2012, flooding affected over 36 million people and
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led to 44,000 fatalities [4]. Moreover, between 1973 to 2000 in Southern and Eastern Europe, the total
amount of damages reported was around 27.6 billion Euros and 24.5 billion Euros, respectively [5].
In addition, according to the World Health Organization (WHO) [6], floods can potentially increase
the transmission of waterborne diseases such as typhoid fever, cholera, leptospirosis, and hepatitis A;
vector-borne diseases such as malaria, dengue and dengue hemorrhagic fever, yellow fever and West
Nile fever, not counting the effects on mental health [7].

The Sendai Framework [8] defines factors such as rapid urban growth without planning, poverty,
inequality, poor land management, deficient urban policies, climate variability and climate change
as risk determinants. All those drivers might be found combined in low-income urban territories
exposed to floods. For the quantification of this kind of risk, it is necessary to study both the physical
conditions of floods and the vulnerability represented by the territorial occupation dynamics of the
communities. According to the Intergovernmental Panel on Climate Change (IPCC), urban areas will
be more exposed to extreme weather conditions, and therefore to flooding, increasing vulnerability
and risk [9,10]. In a climate change context, there is an open question relating to the quantification of
vulnerability in urban flood-prone areas [11] where information and resources are scarce, as is the case
in most of the commonly flooded municipalities in developing countries.

Vulnerability is understood as the susceptibility to be adversely affected by natural hazards and
is related to concepts that include sensitivity or susceptibility to harm and a lack of capacity to cope
and adapt [10,12,13]. There are multiple approaches for quantifying vulnerability, not only for people
but also for infrastructure, all depending on the quality and availability of the information [11,14–20].
Traditionally, vulnerability is evaluated with two frameworks—risk-hazard and pressure-and-release
models [21]. However, those models are not suitable for the definition of particular coping strategies
in low-income urban territories in risk areas in developing countries, as proposed by Turner et al. [22].

Although it is agreed that it is necessary to take into account the exposure, the views of the
community, governance [15,23,24], the socio-cultural, economic and environmental context [25–28],
these suggestions lack a scalable approach. The framework for vulnerability analysis in sustainable
science, proposed by Turner et al. [22], can be adapted to the conditions of low-income urban
territories exposed to floods [29] because it provides a detailed analysis by integrating more variables.
Additionally, considering resilience as a component of vulnerability, it is possible to analyze which
basic spatial units may recover faster after a disaster [30].

According to the framework for vulnerability analysis in sustainable science [22], there are three
main elements that shape vulnerability, namely: Exposure to a hazard event, susceptibility, and
resilience (Figure 1, adapted from [22]). Exposure is defined by the physical conditions of the system
and its environment in order to face the threat [31]. Susceptibility offers a measure of the possible
consequences that stakeholders may endure during a disaster, according to social values that may be
monetary, ecological, of human life and psychological (among others) [32]. Resilience is the capacity
of a system to react, resist, and recover from the impact of a disaster event [12,33]. The main goal
of measuring vulnerability is to know and understand a system at risk, in order to define coping
alternatives [34–36].

Vulnerability assessments rely on field data collection, generally through participatory techniques,
in order to incorporate the local knowledge of the communities and to enhance the understanding
and responsibilities of the communities and institutions in the disaster risk reduction process [37–41].
The participatory approach produces large amounts of qualitative data that needs to be properly
analyzed with techniques for the analysis of categorical data and social surveys [42] such as multiple
correspondence analysis (MCA) [43].
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MCA is a powerful methodology when using categorical variables from surveys. It is an extension
of the Correspondence Analysis and can be interpreted as a generalization of the Principal Component
Analysis using categorical variables [44]. MCA has been used in many fields such as fire management [42],
diagnosis and prevention of accidents [45], education and work insertion [46], and human exposure to
heavy metals [47], among others. We have selected MCA for two reasons. The first is that data needs
to be collected through surveys and the classification of variables resulting from expert evaluation
renders data in qualitative scales, and the second is the great potential of the multivariate tool to
perform an evaluation of each component of vulnerability or the joint analysis of the three (exposure,
susceptibility, and resilience) in order to unveil its relative importance.

Colombia is a developing country [48] that classifies its municipalities by categories from 1 to 6
depending on their income, (with the sixth category being the worst condition and category 1 being
the best condition) [49]; 87% of the Colombian municipalities are classified in category 6 [50] and 53%
of Colombian municipalities have more than 25% of their population with unsatisfied basic needs.
In addition, the country is frequently affected by floods, as until 2012 it occupied the tenth and eighth
place in the world by the number of deaths and damages, respectively, generated by this type of
hydro-meteorological disasters [51,52], with over 10 million people affected and more than two million
fatalities between 1990 and 2012. It is worth noting that more than four million of those affected and
almost 700 deaths were in the wet season of 2010–2011 [4]. These circumstances led the country to
formulate policies and regulations on disaster risk management that require detailed risk assessment
studies, including the assessment of vulnerability [53,54].

Most of Colombian territory presents a tropical fully humid climate, tropical monsoon, and
savanna climates according to the Köppen–Geiger climate classification [55,56]. These climates can
be found in other South America countries such as Ecuador, Perú, Venezuela, and Brazil; in African
countries like the Democratic Republic of the Congo, Uganda, the Republic of the Congo; and in
almost all the countries in Southeast Asia. Although those are the main features of climate in the
country, the three selected case studies differ between them on the basin response time. In the case of
Amalfi, floods are sudden or torrential due to the mountainous regime of the river, and in the cases of
Caucasia and Plato municipalities floods are slow due to their location on the floodplains of the rivers.
The methodology proposed in the present study may apply not only communities in the developing
world with similar climate features to those in Colombia but also to different kinds of flooding.
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The main goal of this research is to formulate a vulnerability indicator for low-income urban
territories in flood-prone areas. For that purpose, we evaluated exposure, susceptibility, and capacity,
adapting the framework proposed by [22] and we used MCA to identify and classify the most
important variables regarding vulnerability in order to calculate a particular indicator for each case
study. This paper is organized as follows. Section 2 outlines the case studies and the methods used in
the present study. In Section 3 we present the results for each one of the case studies, and in Section 4
we present the discussion and conclusions.

2. Materials and Methods

2.1. Municipalities, Case Studies

We selected case study areas within three Colombian municipalities [29,57]. These three
municipalities share common features such as accessibility, security, socioeconomic, scarcity in
human, financial, and technical resources to comply with the demands of national Colombian policies
for disaster risk management [53,54], and are classified in the lowest budgetary category in the country
(category 6) [49] (Figure 2). In terms of urbanistic features, they have in common a disorganized
occupation, especially around the protected areas by the riverbanks. The case studies are (i) Amalfi
with 25.6% of the population with Unsatisfied Basic Needs (UBN), (ii) Caucasia with 48.5%, and (iii)
Plato with 57.2% [58]. In addition, they have in common that they are constantly affected by floods
(Figure 3).

Sustainability 2019, 11, x FOR PEER REVIEW 4 of 19 

occupation, especially around the protected areas by the riverbanks. The case studies are (i) Amalfi with 
25.6% of the population with Unsatisfied Basic Needs (UBN), (ii) Caucasia with 48.5%, and (iii) Plato 
with 57.2% [58]. In addition, they have in common that they are constantly affected by floods (Figure 
3). 

These case studies are classified according to the basin response time. There are sudden or 
torrential floods [59–62] that usually occur due to an accelerated rise of water along a river or a specific 
area, produced by sudden and intense rains. They are unexpected, of short duration, and usually cause 
great damage to the population due to the fact that they leave little time for reaction (e.g., in the Amalfi 
case study). There are also slow or alluvial floods [59–62] that occur when there is persistent and 
generalized rain within a basin, generating a progressive increase in river flows until the water exceeds 
the maximum storage capacity, resulting in overflow and the consequent flooding of the flat areas 
adjacent to the main channel. These floods are slow and long-lasting (Plato and Caucasia case studies). 

 
Figure 2. Location of Colombia and the three municipalities under study (Plato, Caucasia, Amalfi). 

 
Figure 3. Floods reported by municipality [63–65]. 

0

2
4

6
8

10

Fl
oo

ds

Year

Floods reported by municipality

Caucasia (Antioquia) Plato (Magdalena) Amalfi (Antioquia)

Figure 2. Location of Colombia and the three municipalities under study (Plato, Caucasia, Amalfi).

These case studies are classified according to the basin response time. There are sudden or
torrential floods [59–62] that usually occur due to an accelerated rise of water along a river or a specific
area, produced by sudden and intense rains. They are unexpected, of short duration, and usually cause
great damage to the population due to the fact that they leave little time for reaction (e.g., in the Amalfi
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case study). There are also slow or alluvial floods [59–62] that occur when there is persistent and
generalized rain within a basin, generating a progressive increase in river flows until the water exceeds
the maximum storage capacity, resulting in overflow and the consequent flooding of the flat areas
adjacent to the main channel. These floods are slow and long-lasting (Plato and Caucasia case studies).
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The three case study areas were selected due to the high flooding impact reported in the urban
area, especially during the rainy season of 2010–2011. Mapping was done with voluntary participation
through social cartography exercises as well as community and local administration participation
with the research team, in terms of sharing available information, participation in workshops, and
interviews with officials related to risk management [66].

2.1.1. Amalfi, Antioquia

The Amalfi municipality is located in the northeast of the department of Antioquia, on a plateau, at
an altitude of 1550 m above sea level [67]. Geographically it is located between 6◦ and 54′ north latitude,
and 75◦04′ west longitude. Its urban center is surrounded by three small rivers which have caused
floods in the past and 433 floodable plots of land have been identified in the area prone (Figure 4) [57]
to sudden flooding. In those events, the roads have served as waterways for the small rivers. Among
the rivers inside the urban area is the Tequendamita river.
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2.1.2. Plato, Magdalena

The municipality of Plato is located in the center of the Magdalena department in the sub-region
of Valle de Ariguaní, on the right border of the Magdalena River. Geographically it is located between
9◦ and 46′ north latitude, and 74◦46′ west latitude. The geomorphology developed in the Magdalena
river basin is made of senile valleys, with ample flooding plains, alluvial terraces, strong erosion and
deposit zones, and main and secondary channels as products of the digression of the river due to the
low slope [68].

Two urban territories were evaluated: The Siete de Agosto and San Rafael neighborhoods, both
surrounded by drainage channels configuring a waterway between the Magdalena River and the
marshes from the wetland complex of Malibú (Figure 5). These were chosen as they are affected by
slow-onset flooding caused by the invasion of the wetlands, the modification and occupation of the
drainage channels connecting the river with the wetlands, and due to other factors like the burning
and disposal of solid waste and the lack of alternative wastewater drainage systems.Sustainability 2019, 11, x FOR PEER REVIEW 6 of 19 
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2.1.3. Caucasia, Antioquia

The municipality of Caucasia is located in the north of Antioquia, on the border with the Córdoba
department. Geographically it is located between 7◦58′ north and 75◦11′ west latitude. Due to its
geographical location, this is one of the most important municipalities in the region, close to the
confluence zone of important rivers such as the Cauca and Nechí rivers. The height of the urban center
is 50 m above sea level [69]. It is located among an important system of wetlands and natural channels,
which have deteriorated due to human activities (cattle raising, alluvial mining, and agriculture) [29],
with part of its territory located on the alluvial plain of the Cauca River.

Two urban areas were evaluated, both presenting slow-onset flooding: The La Victoria and San
Miguel neighborhoods (Figure 6). The communities from these two neighborhoods are socio-economically
vulnerable populations, living in households with unsatisfied basic needs (UBN), displaced by violence,
and with high rates of unemployment or work in informal activities.
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2.2. Data Collection

The variables representing the three components of vulnerability [22]—(i) exposure to a hazard
event (E), (ii) susceptibility (S), and (iii) resilience (R)—were selected from the literature [14,70–74],
refined, and qualified in workshops with 13 experts in the fields of disaster risk reduction, geology,
civil engineering, environmental engineering, and social sciences. The selected variables (Table 1) were
included into a survey to collect information from each household. We tried to obtain most of the
variables from the public and free data sources, as recommended in [30].

Generally, the variables used to define the exposure (E) component are linked to the physical
aspects of the infrastructure (location, quality of the built, and natural environments). In this research,
according to suggestions by Turner et al. [22], we also sought to integrate other social aspects such as
the presence of vulnerable people, the conditions of habitability in housing, and the losses and damages
caused by floods. The variables of the S component are related to those characteristics that indicate
a history and experience with floods and flood damage. The R component consists of a selection of
variables that are useful to measure the ability of people to face the adverse consequences of floods
according to the available resources and their skills [29].

The qualification of the variables given by the experts define scales of vulnerability depending on
the possible outcomes of the variable in each household in Low, Medium and High, and a numerical
value from 0 to 1 (0 no vulnerability—1 the highest vulnerability). Table 2 presents an example of the
possible alternatives given to the surveyor for the variable Typology of the building—material of walls
and floors (E), and their corresponding classification as high, medium or low [11]. Once the survey was
designed, we calculated a statistically significant random sample of households to be surveyed in the
case studies. The data collection was performed at household level as it is the smallest geographical
unit for measuring vulnerability conditions. This spatial scale allows a bottom-up approach that can
be generalized in bigger units (blocks, neighborhoods, etc.).
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Table 1. Vulnerability variables evaluated.

Vulnerability

Exposure Susceptibility Resilience

People with permanent disabilities Evacuation procedures Educational level reached of the
inhabitants of the home

Household inhabitants’ gender Access to public services Participation in associative organizations

Age of the inhabitants of the
household

Impact on the provision of public
services Access to health services

Family structure Employment level—Labor situation Housing availability after evacuations
during floods (R)

Overcrowding Income per household Access to warning systems

Angle of the building with respect
to the river channel

Economically dependent household
members Access to humanitarian aid

Household height with respect to
the base level of the river channel Family debts Access to media

Protective elements Loss of housing contents
Acceptance and result of the processes of

prevention, attention, and education
against risk

Number of windows and doors on
the most exposed façade

Investment on home repairs to avoid
damage and losses due to floods

Trust in the government institutions
response in case of an event.

Typology of the
building—Material of walls and

floors
Population density per block and homes

Awareness of the relationship between
environmental management and risk

reduction

Distance to the nearest drainage or
river State of preservation of the structure Awareness of the ability of institutions to

react to a risk situation

Building area Year of construction of the building Self-awareness of being under risk

Construction density of the block House tenure

Loss of flood energy considering block
form

Existence of insurance culture and
savings among the inhabitants of the

municipality

Road density per block

Type of structural foundation

Table 2. Qualification example for the typology of the building—material of walls and floors variable [29].

Variable Typology of the Building—Material of Walls and Floors

Possible outcomes of
the variable

Block, brick, stone,
polished wood, stepped

wall and adobe.

Bahareque, prefabricated
material, rough wood,

board, plank.

Guadua, cane, mat, other
vegetable, zinc, cloth,

cardboard, cans, waste,
plastics.

Qualification
(qualitative) Low (L) Medium (M) High (H)

Qualification
(quantitative) (0.2) (0.3) (0.5)

For the data collection, we used the Open Data Kit-ODK free and open-source software, developed
by Washington University [75]. We used three applications: “ODK Build” for the design of ordered and
clear surveys (Figure 7a); “ODK Collect” v.1.22.4, v.1.5.0, and v.1.7.0 to load the predesigned surveys
and perform the fieldwork with mobile phones with Android operating system version 4.3 (Figure 7b);
and the “ODK Aggregate” application necessary to store the information in an online server that finally
allows processing and data tabulation (Figure 7c).
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All datasets from the surveys were spatially referenced using Essentials GPS v.4.4.22 software
previously installed in all the phones used. In this way, it was possible to produce maps for visualization
and processing of data in licensed or free geographical information systems (GIS) (ArcGIS 10.3 and
Google Earth v.7.1.7.2606 and v.7.3.0.3832). See Figure 8.Sustainability 2019, 11, x FOR PEER REVIEW 9 of 19 
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2.3. Multiple Correspondence Analysis

Once the field surveys were completed, we used MCA to categorize the components of vulnerability.
With the results of the evaluation of the variables per household with MCA, it is possible to summarize
the information within a contingency table containing data regarding the frequency of the qualitative
variables surveyed in each household [76–78]. Similarity or dependency between the frequencies in
each cell of the contingency table are defined by a chi-squared test, giving the results of the percentage
of association or representation of variation (inertia) given by the singular value of each resulting
dimension [79]. MCA also computes the contribution of each variable in each dimension, given the
case one may introduce a cutoff value (for the sum of inertia of dimensions) in order to define how
many dimensions will be included in the final result.
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The resulting table (Table 3) from the surveys with the variable qualification consists of a number
of rows defined by the number of households surveyed and a number of columns defined by the
number of variables defined for each one of the variables being studied.

Table 3. Example of table used as input for the MCA.

Vi Vi+1 Vi+2 . . . . . . .. Vn

Household 1 M H M H
Household 2 L L M L

...
Household n H H M H

These tables were analyzed with the function MCA from the FactoMineR version 1.41 [80] package
developed for the statistical software R version 3.1.2. [81].

It is possible to locate the categories inside a Euclidean space of n dimensions equal to the ones
found previously. We can produce bi-dimensional space plots to evaluate the contribution of each
variable and therefore its importance in the variance. The farther from the origin, the most relevant the
variable to explain the inertia on the dimension.

In order to construct a vulnerability indicator (IV), we used the sum of the weights of the column
obtained in the MCA (WMCA) per variable, the sum that represents the contribution of each variable
to the inertia represented by the dimension. Then, each weight is multiplied by the quantitative
qualification given previously to the variable by the experts (WE). The above is performed for each
dimension that has been chosen for evaluation. The sum of the vulnerability indicator over all
the dimensions defines the indicator of total Vulnerability: IV =

∑k
j=1 IVdimension where IVdimension =∑n

i=1(WMCAVi) × (WEVi) where i represents the number of variables under study and j the number
of dimensions.

Then, a distribution by quartiles was applied to the IV to classify each household by order of
prioritization, with green colors (Group 1) third quartile, orange (Group 2) the mean and median, and
red (Group 3) first quartile, to finally produce vulnerability classification maps by households that,
according to the homogeneity of the results, was generalized to block scale.

3. Results

The results are an outcome of the MCA approach developed from the contingency table that
compared each individual (surveyed household) with the qualification of each one of the variables.

3.1. Slow-Onset Flood: Plato and Caucasia

We decided to aggregate both municipalities in the construction of the contingency table as the
variables evaluated in both municipalities were the same. The graphical representation of the MCA
results is shown in Figure 9, in which the two first dimensions are represented in the factorial plane
resulting from the MCA. Both dimensions explain 18.7% of the inertia or variability. Even though
this percentage is low and could be enhanced by using less variables, none were eliminated due to
the importance that all of them have for the objective of this research and considering that they were
recommended by local experts. The MCA plot of the two dimensions is useful in order to obtain a
general exploratory idea of the database and the possible clusters that could be formed.

In the Figure 9, ellipses are highlighted to show the significant clusters where households in Group
1 were surveyed in the Siete de Agosto Neighborhood, Group 2 households in San Rafael, Group 3 in
La Victoria, and Group 4 in San Miguel. Neighborhood Siete de Agosto is not significant, considering
that it is located in the center of the graph. It appears to mask its own vulnerability conditions, and
on the contrary, the neighborhoods of San Rafael, La Victoria, and San Miguel represent a greater
variation, which is due to their location.
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By removing the representation of households and agglomerated variables in the center of the
graph, we looked for the most significant variables (variables that were furthest away from the edges,
thus with the highest weight) for the evaluation of the vulnerability in the neighborhoods (Figure 10).
We found that the structural condition (V9), household income (V10), access to public services (V12),
loss of housing contents (V14), impact on the provision of public services (V15), evacuation (V17),
humanitarian aid (V18), access to warning systems (V19), and housing availability after evacuations
during floods (V23) were the variables that added the greatest variability to the behavior of the
vulnerability in the neighborhoods.
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In the cases of slow-onset floods, the variables that explain most of the vulnerability are those
of the susceptibility component—the structural condition (S), household income (S), access to public
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services (S), loss of housing contents (S), impact on the provision of public services (S), evacuation (S);
and the resilience component—humanitarian aid (R), access to alerts (R), housing availability after
evacuations during floods (R), leaving out the most significant variables of the exposure component.

In order to build the vulnerability indicator, the equations and procedure of the section “Multiple
Correspondence Analysis” were applied and obtained according to the division of the quartiles of
the most vulnerable households. With green colors (Group 1) representing low vulnerability, orange
(Group 2) medium vulnerability, and red (Group 3) high vulnerability, we produced vulnerability
classification maps for households that, according to the homogeneity of the results, can be aggregated
or generalized to block-level (Figures 11 and 12).
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The neighborhoods of Plato (Magdalena) appear to have mainly high vulnerability (Figure 11).
The vulnerability levels of Siete de Agosto neighborhood are only at the extremes (high or low), and
the San Rafael neighborhood showed all three types, with the blocks at the ends of the neighborhood
being the least vulnerable. In the neighborhoods of Caucasia (Antioquia) shown in Figure 12, we found
that the conditions of vulnerability among the neighborhoods are very heterogeneous. La Victoria,
which is the closest to the Cauca River, only high vulnerability was found for all households and blocks
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analyzed, and in San Miguel, vulnerability is more varied since there are three levels of vulnerability.
These insights may facilitate the prioritization of areas for improvement projects.

3.2. Sudden Floods: Amalfi

After the multiple correspondence analysis, we decided to consider the results in the first three
dimensions to increase the percentage of inertia. Dimension 1 represents 8.7%, dimension 2 represents
6.5% and dimension 3 represents 5.9%, accounting in total for 21.1%. Figure 13 shows the most
significant variables for each dimension, as follows: Type of structural foundation (V11), evacuation
(V34), number of windows on the most exposed façade (V14), loss of flood energy considering block
form (V3), distance to the nearest drainage (V6), year of construction of the building. (V8), and number
of doors and windows on the most exposed façade (V15). It is necessary to clarify that the numbering
of the variables is not the same for all case of studies.
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Figure 13. Variance of the variables analyzed by dimension of the multiple correspondence analysis
(MCA). (a) Exposure, (b) Susceptibility, (c) Resilience.

For the case studies of sudden floods, the variables that explain most of the vulnerability belong
to the susceptibility component: Type of structural foundation (S), evacuation (S), loss of flood energy
considering block form (S), and year of construction of the building (S). Regarding the exposure
component, these refer to the distance to the nearest drainage or river (E), and number of doors and
windows on the most exposed façade (E).
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Just like in the cases of Plato and Caucasia, in regard to the vulnerability indicator, the equations and
procedure of the section “Multiple Correspondence Analysis” were applied. With green colors (Group 1)
low vulnerability, orange (Group 2) medium vulnerability, and red (Group 3) high vulnerability.
This resulted in the vulnerability classification maps for households (Figure 14).
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4. Discussion and Conclusions

This paper shows a methodology for the assessment of vulnerability in low-income urban areas
at the household level. Working at the smallest geographical unit facilitates the aggregation of the
results in other geographical scales such as urban blocks, neighborhoods, or cities, which is essential
for social and physical infrastructure investment decisions, maximizing the probability of resources
being assigned to those who need it most. The property of scalability represents a bottom-up approach
for vulnerability assessments in any urban flood-prone territories. Our methodology can be also used
to generate maps relative to the vulnerability, by merging the results of the MCA with geographic data.
The geographical representation of vulnerability will help decision-makers in risk reduction with the
identification of areas in need of preventive measures, and the spatially differential levels of resilience
to floods.

In addition, the formulation of the indicator uses a flexible framework that can be adapted to
the social, physical, institutional, economic and environmental conditions of various low-income
urban territories. The MCA results are obtained based on these specific conditions, which allows
finding a particular weight for each specific variable according to its context. Also, by identifying
which variables are more representative, interventions can be determined according to the variables’
importance for the reduction of vulnerability.

From the results presented, we have identified that whether it is a sudden or slow-onset flood, the
susceptibility (S) component of vulnerability is the most significant. By reducing the predisposition
of communities to suffer damages from the flood events, it is possible to achieve a reduction of total
vulnerability. The S component is related to public management and planning for development. One
approach for intervention in low-income territories could be an initial corrective intervention to attend
these S variables, and then with more resources, implement more resource-consuming interventions
such as the relocation of families and households in order to reduce susceptibility.
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Considering the results from the slow-onset floods case studies, we argue that the long-term
exposure to flooding of parts of the housing structures results in a permanent deterioration, affecting
the ability to prevent further damage. This progressive deterioration of the structures is additional
to the damages to belongings, such as furniture, appliances and other items inside the house, as
well as low household income and the lack of public services. This means that the residents will not
be able to invest in the maintenance of the household and in replacing the items at the same time.
This situation increases their vulnerability and their unsatisfied basic needs. As for the variables related
to the resilience (R) component of vulnerability, they reflect the relationship between a protectionist
government ready to attend in case of an event and the preparedness of the communities to floods.
Due to the nature of the flood (slow onset), people with access to early warning or alert systems are
more likely to avoid damage to life and property.

On the other hand, regarding sudden floods, the timing of the event is most relevant. The variables
with the most significance are related to the structural damage to the foundations of the buildings
due to the impact of the flood. The age of the households and the structural type of the foundations
may define the capacity to withstand flood and maintain the structural integrity. Also, the timing
of the flood is of utmost importance for evacuation processes, and therefore a relevant variable for
vulnerability. Additionally, for the specific case of Amalfi, where streets may act as waterways during
a flood, the shape of the block is an important factor to reduce the energy of the flood.

For this case study, the other most important variables were those of exposure (E). Conditions
such as the distance to the nearest drainage or river and the number of windows and doors in the most
exposed façade, increase vulnerability.

Thus, for slow-onset floods, susceptibility and resilience are the most significant components for
vulnerability; while for sudden floods the components are susceptibility and exposure. Other studies
might further test this result and extend this framework. Our results reinforce the current approach to
risk management (Sendai Framework [8]) in which susceptibility interventions can be compared with
risk reduction processes, resilience with residual risk management processes (after reduction), and the
increase in exposure with the reduction or generation of new risks.

The Sendai Framework [8] promotes risk reduction and avoidance of risk generation. With
susceptibility being identified as the most relevant component of vulnerability, risk reduction and
development planning should become priority activities in urban territories with low income, which
are prone to slow as well as sudden floods.

We would like to clarify that we have applied the MCA results with the prioritization of certain
situations, but that all the variables and components are important for the vulnerability assessment.
Thus, all variables should be analyzed and interventions be designed for them, but given our focus on
municipalities with particularly limited resources, this analysis provides a starting point for identifying
the most effective investment strategy in flood risk management.

Regarding the methodology, the use of variables with statistical information from national
programs and social services facilitates the replication of and longitudinal analyses to identify how
vulnerability reduction evolves in the specific territories. We presented three case studies for two
types of floods. With an adequate characterization of the vulnerability variables, it is possible to
replicate this methodology for other hazards such as fires, avalanches, hurricanes, and flash floods. It
is also important to emphasize that the information provided by the communities is used to generate
spatialized knowledge and, thus, is useful for community decision-making.

The MCA has turned out to be a useful tool for community vulnerability assessment.
The construction of a vulnerability indicator allows the evaluation of vulnerability conditions in
a global manner and also for the evaluation of each component of vulnerability, such as susceptibility,
exposure, and capacity.

According to Colombian legislation, the results of this research are equivalent to detailed technical
studies for the incorporation of disaster risk management in territorial planning. The use of open-source
software and statistical tools extends the audience of its application in methodologies, such as the one
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presented in this paper, which allows local administrations to work within tight budgets. Therefore,
the application of the proposed methodologies is particularly useful for municipalities with a high
occurrence of disasters and limited resources.
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