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Abstract: The article proposes a framework establishing a disaster resilience index applicable world-
wide that accounts for differences between countries in terms of development and in terms of the
relevance of several resilience dimensions. To achieve this index, countries were clustered using
an indicator that reflected their performance according to the Sustainable Development Goals. For
each cluster of countries, a Delphi process was used to obtain scores for every resilience dimension
and sub-dimension that were then transformed into weights that varied from cluster to cluster to
reflect differences in sustainable development. The article discusses the methodology that led to
the quantification of the weights according to the Delphi process, as well as its results. The results
highlighted the anticipated differences between different groups of countries, but also reflected
cluster-specific features that should be accounted for when analyzing disaster resilience. The article
also discusses different applications and possible improvements of the proposed framework based
on comments collected during the Delphi process.

Keywords: disaster resilience; disaster risk; Sustainable Development Goals; cluster analysis;
Delphi method

1. Introduction

Resilience is one of the most widely used and yet debated terms in disaster re-
search [1,2]. A generally agreed-upon definition of resilience has been provided by an
intergovernmental expert working group from the United Nations Office for Disaster Risk
Reduction [3], but this definition does not describe what countries or communities should
do to become resilient. In this context, many different frameworks were developed to
understand what factors contribute to resilience in different locations and cultural contexts,
most of which tailored to specific geographic areas and/or to different scales [4—6]. On the
one hand, these specific approaches are necessary so that practitioners can implement local
measures to enhance resilience [7-9]. On the other hand, this variety of approaches makes
it difficult for researchers to make a comparison across countries using the same tools.

Resilience can be seen to reflect the choices of societies to address disaster risk across a
wide range of influential factors. However, the importance of resilience goes beyond its
connection with disaster risk, as it has been recognized to be a common element of existing
international frameworks for disaster risk reduction, sustainable development, and climate
change [10,11]. Resilience is thus seen as the key parameter that can ensure the coherence
between these frameworks [12]. In light of this, efforts are being currently dedicated to
identify more clearly these connections and ensure the referred coherence, namely in terms
of their indicators. For the particular case of sustainable development, an increasing body
of research has been targeting these issues [13,14], discussing the connection of resilience
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with economic development [15,16], environmental sustainability [17,18], and social devel-
opment [19,20], thus laying the groundwork to achieve a sustainable development agenda
that is resilient to current and future risks.

Despite many attempts to quantify resilience, its operationalization still remains un-
clear [21]. This issue can be connected to the continuous evolution of the concept of
resilience in the risk and disaster management fields, e.g., see the recent discussion in [22]
and references therein. Furthermore, some of this evolution can also be connected to the
analysis of resilience at different geographic scales. Still, the extent of research dedicated
to these different geographic scales has not been the same. While a significant amount
of research has been dedicated to examining community-level disaster resilience, e.g.,
see [6,22] and references therein, research addressing the development of larger-scale and
globally applicable disaster resilience assessment methods is scarcer. For example, the
generalized applicability to other countries of the approaches that were used to analyze dis-
aster resilience in countries such as the United States [23,24], Indonesia [25], Korea [26,27],
China [28-30], Hong Kong [31], Zimbabwe [32], Australia [33], and Italy [34] is not straight-
forward, namely when the objective is to make adequate country-level comparisons and
policy development prioritizations. Recent examples that attempted to address these lim-
itations are the disaster resilience index proposed in [35] for risk-informed sustainable
development, or the Global Resilience Index Initiative [36]. Still, there is currently little
information about the latter to understand the methodology that will be employed, and the
approach proposed in the former lacks some external validation (e.g., by external experts)
despite its comprehensiveness.

Some of these operationalization challenges have also been addressed by the research
developed in connection with the spatial resilience framework, which focuses on the ca-
pability of territorial systems to bounce back after unexpected shocks/disturbances and
achieve the desired functions while simultaneously evolving towards a new organization
of that system [27,37]. The broad perspective of spatial resilience, which has evolved be-
yond its narrow introduction in the analysis of ecological systems [38], lays the ground for
studying the ability of territorial systems to preserve their identity and functions due to the
influence of internal and external factors [39,40]. Interesting applications of the concepts
involved in this framework have been presented when analyzing disaster recovery [41] and
in the development of a city-level resilient place assessment conceptual model [42]. Some
operationalization attempts have also been developed for certain components of spatial
resilience, namely an innovative proposal for measuring the vulnerability of spatial sys-
tems [43] or a methodology to measure the long-term impact of disasters on development
opportunities and socioeconomic resilience [44].

Given there are still challenges that require further research to address the opera-
tionalization of the spatial resilience framework [45,46], indicator-based approaches remain
popular methodologies for measuring resilience at the country level [47], and a useful anal-
ysis of the current state of resilience measurement using these approaches was presented
in [48]. However, one of their drawbacks is the difficulty of defining a threshold for each
indicator, or aggregation of indicators, to establish if a country is performing well or poorly.
In the absence of natural thresholds for which a given indicator already sets clear targets
(e.g., the proportion of population below the international poverty line), analysts often
scale the indicators within a range represented by the best- and worst-performing countries.
On a global scale, this could lead to thresholds that may not be achievable by a certain
country under consideration, given its level of development. Alternatively, it may be more
useful to define these thresholds based on the characteristics of the country that reflect its
relevant means, resources, skills, and capabilities to achieve a level of resilience that allows
it to adapt and recover more successfully when faced with a disaster. A generalization of
this line of reasoning suggests the hypothesis that each dimension of resilience can have a
different importance according to the context of a given country. The significance of this
proposition lies in the fact that identifying these differences would provide a sharper focus
on the resilience dimensions that should be prioritized for improvements. Furthermore,
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it would also avoid performing comparisons with unrealistic resilience targets that are
incompatible with the country’s socioeconomic characteristics, thus providing a significant
step toward guiding the prioritization of policy development and investments related to
disaster resilience.

To address these issues and show the validity of the referred hypothesis, the present
research proposes the use of development indicators as a measure to distinguish different
countries in terms of their socioeconomic structures that are relevant to disaster resilience.
As such, the research proposes a framework that establishes a general disaster resilience
index applicable worldwide that accounts for differences between countries in terms of
development and in terms of the relevance of several resilience dimensions. The purpose of
this framework is to identify groups of countries that share similar sustainable development
characteristics related to disaster resilience and, for each group, identify the resilience
dimensions that are more relevant. This identification will then provide the ability to
make a more rational comparison of disaster resilience levels between countries while
supporting the previously referred prioritization of policy developments and investments
related with disaster resilience. Given the characteristics of the proposed framework, it
can be seen to sit between a global level resilience assessment, which is normally used
to compare countries but might overlook some specific aspects of local resilience, and a
community-based resilience assessment, which in turn focuses on the local characteristics
of resilience, sometimes precluding the possibility to compare results across countries or
even across different regions of the same country.

To account for different development levels, countries were clustered using an indicator
that reflects their performance according to the Sustainable Development Goals (SDGs) [49].
By using this approach, countries can be ranked and compared within a given cluster, and
meaningful thresholds can be set for each indicator. For each cluster of countries, a Delphi
process [50] was then used to ask a series of experts to score the importance of each resilience
dimension and sub-dimension of the proposed resilience index. These scores were transformed
into weights that varied from cluster to cluster in order to reflect differences in sustainable
development. By using this approach, the index can account for the relative importance
of each dimension and sub-dimension of resilience within a given cluster and provide a
unique methodology that can be applied worldwide. In addition to presenting the framework
for the disaster resilience index, the proposed study discusses the methodology that led to
the quantification of the weights for each resilience dimension and sub-dimension for each
cluster of countries according to the referred Delphi process, and analyses the results that
were obtained. Globally, the results highlighted the anticipated differences between different
groups of countries, but also reflected cluster-specific features that should be accounted
for when analyzing disaster resilience. The article also analyses the validity of using the
SDGs as a baseline to cluster countries, and provides a general overview of how countries are
performing. Following that, it also discusses different applications and possible improvements
of the proposed framework in the future, specifically based on the comments collected during
the Delphi process.

2. Methodology
2.1. General Overview

The proposed research was developed according to the workflow presented in Figure 1
and was structured as follows. In order to develop a resilience framework that is applicable
at a global scale and meaningful to inform local policies, the world’s countries were first
divided into clusters according to their level of sustainable development (see step 1.a
in Figure 1). Simultaneously, a disaster resilience index (DRI) was created, based on a
thorough literature review, that suggested indicators that could be used to reflect relevant
dimensions and sub-dimensions of resilience. A weighted combination of indicators
reflecting these dimensions and sub-dimensions was then formulated to establish the index.
The innovative aspect of the proposed index is that the weights were defined by cluster in
order to reflect the different importance of the referred dimensions and sub-dimensions for
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a group of countries with similar development characteristics (see step 1.b in Figure 1). To
establish these weights, an expert evaluation approach based on the Delphi method [50]
was adopted, in which several researchers, practitioners and policy makers were asked to
rate the importance of each resilience dimension and sub-dimension for a given cluster
of countries (see step 2 in Figure 1). Further details about each of the referred steps are
presented in the following sections.

A 4

Figure 1. Workflow of the proposed research.

/ EXPERTS (DELPHD 2

2.2. Clustering of Countries Based on Sustainable Development

The clusters of countries were identified using indicators that reflected groups of
countries with similar levels of sustainable development. These indicators were defined
using the SDG framework [49]. By using this approach, it was expected that homogeneous
groups of countries exhibiting similar sustainable development levels would be able to
achieve resilience through the same means. As such, within a given cluster, the performance
of countries in achieving resilience could be compared. The SDGs were represented using a
group of 17 indicators, and their selection was based on three factors:

(1) The ratio between the dimensions of sustainable development adopted by the SDG
framework: since this framework considers 7 economic goals, 5 social goals, and
5 environmental goals, the relation 7:5:5 was kept when selecting the indicators.

(2) Data availability: indicators were selected in order to have the highest number of
countries with no missing values and to limit the need for data imputation.

(3) A connection to the field of disaster risk reduction (DRR): given that DRR is considered
to be a cross-cutting issue by the SDG framework, indicators were selected in order to
have a larger relevance to this field when possible.

With respect to the first factor, it was noted that when an indicator was not available
for one of the goals, it was substituted with one belonging to the same dimension but
connected to different goals. As such, indicators for Goal 14 (Life below water) and Goal
17 (Partnership for the goals) were replaced by indicators associated with Goal 11 (Make
cities and human settlements inclusive, safe, resilient, and sustainable) and Goal 16 (Peace,
justice, and strong institutions), respectively. The final list of indicators is presented in
Table 1, along with information regarding the data sources and the time range of the data
for each indicator. In terms of data availability, not many countries were seen to have
full coverage of data; those that did were mostly developed countries. Countries that
lacked sufficient or any data were mostly small nations, islands, or war-torn areas, and thus
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were not considered in subsequent stages of the study. In all, a total of 174 countries were
selected (a full list is presented in Table S1 of the Supplementary Materials), most of which
(98.8%) had a maximum of two missing values, while 83.2% had no missing values. Still,
given that the referred cluster analysis required a complete dataset, a strategy was defined
to impute these missing values. Among the different available imputation methods [51],
the “nearest neighbor” method was seen to perform well when the correlation among
data samples was significant (each sample corresponded to the indicator data of a given
country). After performing a Pearson’s correlation analysis, the corresponding results
showed that correlation coefficients among certain countries was large, thus supporting
the use of the “nearest neighbor” method to complete the dataset. By using this method,
the missing value of a certain indicator of a given (target) country was replaced by the
value of the same indicator of the (candidate) country that showed the highest correlation
with the (target) country exhibiting the missing value. When different candidate countries
were found to have similarly high correlation values with the target country, the missing
value was selected from one the countries based on a meaningfulness indicator defined
mostly based on geographical proximity. In cases in which, despite the meaningfulness
indicator, there were still multiple candidate countries for the missing value, the average
of the indicator data from the several countries was used. Further details on the data
imputation strategy are provided in Table S2 of the Supplementary Materials.

Table 1. Indicators selected from the SDG framework.

Dimension Goal Indicator (Unit) Source Years
Economic Gl 1 Proportion of population below USD 1.25 per day—poverty line (%) World Bank ! 2008-2018
. . . . Food and
Economic I 12 Proportion of population below minimum leve} of dletaroy energy Agriculture 2014-2016
consumption—prevalence of undernourishment (%) o e o
rganization
Economic G3 13 Neonatal, infant, and under-5 mortality rate (number of deaths) World Bank 2 2016
Percentage of girls and boys who achieve proficiency across a broad
. range of learning outcomes, including in literacy and in mathematics 4 .
Social G4 14 by end of lower secondary schooling cycle (based on credibly UNESCO 2009-2017
established national benchmarks) (%)
Percentage of seats held by women in national parliament and/or Inter-Parliamentar
Social G5 15 subnational elected office according to their respective share of the Union 5 y 2017
population (%)
. Level of water stress: freshwater withdrawal as a proportion of United Nations
Economic Gé 16 available freshwater resource (%) Statistics Division © 2014
. . . . TN United Nations
Economic G7 17 Proportion of population with access to electricity (%) Statistics Division © 2014
United Nations
Statistics
Economic G8 18 Growth rate of GDP per person employed (annual % per capita) Division—Analysis 2015
of Main
Aggregates”
International
Economic G9 19 Employment in industry (% of total employment) Labour 2000-2016
Organization
Social G10 110 Gini Index (0 to 100) World Bank ° 2012-2015
Environmental ci1 1 Mean urban air pollution of partlculsate matter (PM10 and PM2.5) UI'ut'ed Nflt}().ns . 2014
(mcg/m?) Statistics Division
. . . EM-DAT: the
Environmental G11 2 Losses from natural disasters, by chméte and non-climate-related international 2008-2018
(replaces G14) events (number of lives lost) . 10
disaster database
United Nations
Environmental G12 113 Material footprint per capita (ton per capita) Environment 2010

Programme !!
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Table 1. Cont.

Dimension Goal Indicator (Unit) Source Years
Environmental G13 114 CO2 emissions per capita (ton per capita) World Bank 2 2014
Environmental G15 115 Red List Index (0 to 1) United Nations 2017

Statistics Division
. Number of victims of intentional homicide (number United Nations
Social Gl6 16 per 100,000) Statistics Division ® 2012-2015
. Perception of public sector corruption—Corruption Transparency
Social G16 (replaces G17) n7 Perception Index (0 to 100) International '3 2017

1 https:/ /data.worldbank.org/indicator/SL.POV.DDAY; 2 http:/ /www.fao.org/sustainable-development-
goals/indicators/211/en; 3 https://data.worldbank.org/indicator /SP.DYN.IMRT.IN; 4 http:/ /data.uis.unesco.
org/index.aspx?queryid=3419; > http:/ /archive.ipu.org/wmn-e/classif.htm; ¢ https:/ /unstats.un.org/sdgs/
dataportal; 7 https:/ /unstats.un.org/unsd/snaama; 8 https:/ /ilostat.ilo.org/data; 9 https:/ /data.worldbank.org/
indicator/SLPOV.GINT; 10 http:/ /www.emdat.be/database; 1 https:/ /environmentlive.unep.org/indicator/
index/12_2_1; 12 https:/ /data.worldbank.org/indicator/EN.ATM.CO2E.PC; 13 https:/ /www.transparency.org/
research/cpi/; all links were last accessed on 21 July 2022.

Before determining the sustainable development score of each country, the data for
each indicator was normalized using the min—-max method [51], and some indicators were
reverse ordered to ensure the unidirectionality of all indicators (i.e., small values repre-
senting a better performance and larger values representing a worse performance). The
sustainable development score of each country was then defined using a compensatory
method represented by the mean of the indicator values while considering equal weigh-
ing among the indicators, given that all goals are seen to be equally important for the
2030 Agenda [49]. Furthermore, since there was a different number of indicators for each
dimension, assigning equal weights to each indicator maintained the relative importance
between the economic, social, and economic dimensions.

The clusters of countries were identified by performing a cluster analysis on the com-
plete dataset. A cluster analysis is a multivariate analysis methodology used in many
research fields to identify patterns in a set of observations [52,53]. Formally, a cluster repre-
sents a collection of observations that are similar to each other and dissimilar from another
group of observations. The cluster analysis was performed using the non-hierarchical
k-means clustering approach, which minimizes within-cluster variances, and considering
distances between observations determined by the Euclidean distance [52,53]. The number
of clusters was established based on preliminary analyses that examined the evolution
of several internal cluster validity indices for a number of clusters between two and ten.
The selected indices were the Silhouette index (which represents an average measure
of how similar an observation is to its own cluster), the Elbow index (which represents
the within-cluster variation), the gap index (which represents a measure of changes in
the within-cluster variation), the Calinski-Harabasz index (which represents the ratio
of between-cluster and within-cluster variations), and the Davies—Bouldin index (which
represents the ratio of within-cluster and between-cluster distances) [52,53]). Plots of the
evolution of the referred indices are presented in Figure S1 in the Supplementary Materials;
these indicated that a number of clusters of 3, 4, 5, or 6 could be selected. In order to
examine the differences in the results obtained by selecting a different number of clusters,
the cluster analysis was performed for these four cases. The results of each cluster analysis
are presented in Tables S3-56 in the Supplementary Materials. In order to discuss these
results, the notation Cxi#y is used to refer to the yth cluster of countries that was obtained
when performing a cluster analysis with x clusters.

When examining the results for 3 clusters (Table S3), the analysis was seen to divide the
world into developed, developing, and non-developed countries. When selecting 4 clusters
(Table S4), the results indicated that cluster C3#1 was essentially divided in two: clusters
C4#1 and C4#2. Cluster C4#1 had 23 countries from C3#1 that included the least-developed
African countries along with Haiti, while cluster C4#2 had 29 countries (26 from C3#1 and 3
from C3#2) that included African and Asian countries. Cluster C4#3 had 69 countries (all
from C3#2 except 4 that were from C3#3) that included developing countries from various
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continents, but mainly from South America and Asia. Cluster C4#4 had 53 countries (all
from C3#3) that included the best-performing countries from Europe, as well as other rich
and developed countries from several continents (e.g., Australia, Canada, Chile, Israel,
Japan, New Zealand, and the USA). When increasing the number of clusters to 5 (Table S5),
the result that stood out the most was the creation of a cluster (C5#3) with only 4 countries
(3 Gulf countries and Bangladesh). The remaining clusters involved smaller changes with
respect to the analysis that considered 4 clusters. As can be seen in Table S5, cluster C5#1
had 26 countries that were all in cluster C4#2 except one, cluster C5#2 had 65 countries that
were all in cluster C4#3, cluster C5#4 had 26 countries that were all in cluster C4#1 except
4, and cluster C5#5 had 52 countries that were all in cluster C4#4 except 6. Increasing the
number of clusters to 6 led to much fewer variations. As can be seen in Table S6, 3 clusters
were identical to those obtained when considering 5 clusters: the countries in clusters C6#2,
C6#3, and C6#4 matched those in clusters C5#4, C5#1, and C5#3, respectively. With respect
to the remaining 3 clusters, it can be seen that cluster C6#1 had 47 countries that were all
in C5#5, and that clusters C6#5 and C6#6, with 40 and 31 countries, respectively, were the
result of dividing cluster C5#2 in two, with the addition of 5 countries from cluster C5#5.

Based on the results obtained from the different cluster analyses, 4 clusters were
considered for the current study. Although it could be argued that having a larger number
of clusters might have been better to ensure that countries in each cluster were more similar,
the fact that the number of countries across the clusters was significantly unbalanced when
considering 5 or 6 clusters (due to the 4-country cluster) undermined the selection of these
options. To further illustrate the 4-cluster results, a map identifying the countries in each
cluster is shown in Figure 2.

juswdolaA9( 9|qeu

Figure 2. Division of the world countries in 4 clusters.

2.3. Resilience Assessment Framework

In the last three decades, a significant amount of research focused on disaster re-
silience [54]. Over the years, the general framework used to describe resilience expanded
and encompassed many additional components compared to the models that were pub-
lished during the periods of the Yokohama Strategy and Plan of Action for a Safer World [55]
and the Hyogo Framework for Action 2005-2015 [56], shifting the focus from the definition
and quantification of resilience [57-59] to the implementation of policies to foster it, while
reducing disaster risk [60—-64]. Unfortunately, despite these efforts, all the contributions
coming from different research fields and diverse backgrounds (academics, practitioners,
policy makers) rarely converged. As such, the DRI proposed herein considered these differ-
ent contributions as one framework and was able to account for local variations in resilience
without losing track of its general structure. Therefore, the development of the proposed
DRI was based on the analysis of a considerable number of resilience indices/frameworks
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available in the literature, including academic publications, handbooks, and guidelines for
practitioners. The literature review covered academic research outputs [48,63,65-67] and
grey literature written in the context of practical field experience [7] and community-based
capacity building [68], international frameworks for policy makers [69,70], and technical
guidelines on assessment and recovery [8,9], covering not only disaster practice, but also
development, climate change, sociology, psychology, and anthropology [23,71].

Based on this review, a list of dimensions, sub-dimensions, and indicators was com-
piled to define a comprehensive DRI. The structure of the index was developed in order
to be articulated enough to encompass all the relevant aspects of resilience, while simul-
taneously remaining simple enough to be shared with the highest possible number of
participants during the subsequent Delphi process. It is noted that, during the development
of the DRI, sub-dimensions of a given dimension whose definitions were not significantly
different, or that were represented by highly correlated or identical indicators, were ag-
gregated. As a result, the first iteration of the structure of the proposed DRI involved a
total of 37 sub-dimensions, divided according to 6 dimensions, as presented in Table S4
of the Supplementary Materials. In order to test the practical applicability of this first
structure, a trial version of the subsequent Delphi process was performed with the help
of a few experts that did not participate in the final version of the Delphi process. The
main outcomes of this test indicated that the number of sub-dimensions was too high, and
that some of them could be aggregated. As a result, a new aggregation was performed for
sub-dimensions with indicators that could be seen as similar, as well as for those whose
scores (i.e., the weights) were similar during the test, in order to achieve a maximum of 5
sub-dimensions per dimension. Following this review, the final structure of the proposed
DRI involved a total of 6 dimensions and 23 sub-dimensions. Table 2 lists the dimensions
and the sub-dimensions of the proposed DRI, which is then followed by a short description
of the sub-dimensions in each dimension.

Table 2. Final structure of the proposed DRI

Dimension Sub-Dimension

Social fabric
Awareness and preparedness
Social (5) Social capital
Social capacity
Social support

Economic level
Wealth distribution
Economic (5) Pre-disaster financial services
Post-disaster financial services
Resources

Natural resources

Environmental (2) Land use

Type of settlement
Habitat (3) Homes
Regulations and planning

Health
WaSH (Water, Sanitation, and Hygiene),
electricity, waste treatment
Telecommunications
Transportation
Local services

Infrastructure (5)

Trust in government
Institutional (3) Disaster preparedness and mitigation
Disaster response and recovery
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2.3.1. Dimension 1: Social

This dimension encompasses all the characteristics of the population that enable it to

cope with an external event and recover from it, and includes the following sub-dimensions:

Social fabric—this represents the composition of the population. It can also help to
define the potential post-disaster needs. This sub-dimension reflects indicators related
to household size, number of female-headed households, number of children per
woman, population growth, migration rate, crime rate, social disparity index, quality
of life, and educational level.

Awareness and preparedness—this illustrates all the characteristics specifically related
to knowledge about risk, attitude towards risk and disaster preparedness, and risk
reduction measures taken at the household /community level. This sub-dimension
reflects indicators related to knowledge and perception of risk, risk aversion, and
previous disaster-related experience.

Social capital—this describes all the characteristics that make a community feel like
one. This sub-dimension reflects indicators related to attachment to place, sense of
community, trust in the community, participation in community activities, common
beliefs, and social networks.

Social capacity—this defines all the qualities and skills that make communities able
to withstand adversities, but do not specifically target disaster preparedness. This
sub-dimension reflects indicators related to adaptive capacity, problem-solving skills,
leadership, capacity building, labor power, and access to resources such as financial
resources, tools, materials, and food stocks.

Social support—this represents a household’s access to support from institutions
at different levels (community, municipality, region, and country levels). This sub-
dimension reflects indicators related to social security, financial support, counselling
services, social assistance and general social services, and entitlement to rights.

2.3.2. Dimension 2: Economic

This dimension encompasses all the available economic resources of the population

at the household and the country levels that enable it to cope with an external event and
recover from it, and includes the following sub-dimensions:

Economic level—this represents the amount and source of economic resources on
which the population can rely. This sub-dimension reflects indicators related to the
level of income, diversification of income, and sources of income.

Wealth distribution—this describes how wealth is distributed across the population
and among genders. This sub-dimension reflects indicators such as the GINI index or
the ratio of high income among women/men.

Pre-disaster financial services—this describes the amount of financial services that are
available before a disaster. This sub-dimension reflects indicators such as the number
of insurance policies, the number of banks, the number of mortgages, and savings.
Post-disaster financial services—It describes the amount of financial services that can
be provided after the occurrence of a disaster. This sub-dimension reflects indicators
related to loans and donations.

Resources—this defines all the basic resources that are necessary to face a crisis and
meet the response and recovery needs. This sub-dimension reflects indicators related
to food production, availability of building materials, and manufacturing.

2.3.3. Dimension 3: Environmental

This dimension accounts for the available natural resources and their use, and includes

the following sub-dimensions:

Natural resources—this represents the amount and diversity of natural resources. This
sub-dimension reflects indicators related to land cover classification, available natural
resources, and available biomass.
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Land use—this describes how natural resources are exploited and preserved. This
sub-dimension reflects indicators related to air quality, water quality, erosion rate,
inappropriate land use, deforestation, habitat loss, and biodiversity.

2.3.4. Dimension 4: Habitat

This dimension accounts for the relevant characteristics of the built environment, and

includes the following sub-dimensions:

Settlements—this describes how the population is spatially distributed in the area and
the type of entitlement/ownership. This sub-dimension reflects indicators such as
population density, percentage of slums/informal settlements, ratio of urban/rural
areas, percentage of owners/renters/squatters, and type of ownership.

Homes—this describes the type and quality of single housing units. This sub-dimension
reflects indicators related to housing density, building techniques, year of construction,
quality of the housing, and number of mobile homes.

Regulations and planning—this represents the existence and implementation of reg-
ulations connected to the built environment. This sub-dimension reflects indicators
related to the presence and implementation of building codes, the availability of
housing regeneration plans and urban development plans, and the degree of law
enforcement related to the built environment.

2.3.5. Dimension 5: Infrastructure

This dimension covers the infrastructures that can be disrupted by a disaster and may

require assistance in case of an emergency, and includes the following sub-dimensions:

Health—this quantifies the capacity of the health infrastructure to treat patients when
faced with a disaster. This sub-dimension reflects indicators such as the number
of people covered by health insurance and the number of physicians, beds, hospi-
tals, prehospital services, and health centers, as well as their spatial concentration
and accessibility.

WaSH (Water, Sanitation, and Hygiene), electricity, waste treatment—this quantifies
the capacity of the water, electrical power, sewage, and waste-treatment infrastructures.
This sub-dimension reflects indicators such as the number of power plants, the number
of households with electricity and water, the existence of alternative power sources,
and the number of people with access to water sanitation and hygiene services.
Telecommunications—this describes the availability of telecommunication facilities.
This sub-dimension reflects indicators such as the number of radio transmitters, the
number of households with a fixed telephone, the number of subscriptions to mobile
phones, or the number of subscriptions to broadband communications.
Transportation—this describes the quality and spatial distribution of transportation
networks. This sub-dimension reflects indicators such as the capacity of the public
transportation network; the number of airports, bus terminals, and ferry facilities; the
density of the road network; or the number of paved roads.

Local services—this quantifies all the local facilities that can be useful in case of an
emergency for shelter or to fulfil other primary needs. This sub-dimension reflects
indicators such as the number of pharmacies, grocery stores, fire stations, police
stations, cars, hotels, or shops.

2.3.6. Dimension 6: Institutional

This dimension describes the institutional attitude /behavior toward disaster risk and

regarding the implementation of disaster risk reduction, as well as post-disaster response
and recovery, and includes the following sub-dimensions:

Trust in government—this quantifies the population’s level of trust in the local and
national governmental institutions in case of a disaster. This sub-dimension reflects
indicators such as abstention rate, corruption index, high election turnouts, or the
number of past or ongoing conflicts.
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e Disaster preparedness and mitigation—this defines the engagement of local and
national governmental institutions in the identification of risk, the implementation
of mitigation measures, and the ability to produce and engage the population in
preparedness campaigns. This sub-dimension reflects indicators such as the capacity
for data collection, the availability of risk maps, the capacity for contingency planning,
and the number of emergency drills, early warning systems, and disaster risk-related
information campaigns.

e  Disaster response and recovery—this describes the capacity of local and national govern-
mental institutions to help the population during an emergency in an effective and timely
fashion, and to provide the means to support a fast recovery. This sub-dimension reflects
indicators such as the type of civil protection systems that are in place, the availability of
emergency funds and emergency shelters, and multisector coordination.

2.4. Delphi Process

In order to statistically support the hypothesis that each component of resilience
might have a different importance according to the context, a correlation analysis could
be performed between the dimensions of resilience and indicators related to disaster
response and recovery. However, in order to do so, extensive data would need to be
collected across the world for decades, ex ante and ex post, to assess how each of these
components influenced response and recovery [72,73]. Even though the recent release of
international frameworks for disaster risk reduction and sustainable development [74,75]
and the increasing focus on climate change adaptation solutions [76] are encouraging data
collection, we are still far from reaching the level where this analysis could be done solely
based on data [77-80]. In order to overcome this limitation and still be able to extract
meaningful insights, the Delphi method was used to conduct further analyses.

The Delphi method began to be developed in the 1940s by the RAND Corporation
(from Santa Monica, CA, USA) and was introduced to the general public in the 1960s [81]
as a group technique that aimed to derive consensus on a given topic by consulting a group
of experts with relevant professional backgrounds using questionnaires with controlled
opinion feedback. Despite some of the weaknesses related to this method identified in
certain fields, (e.g., see [82] for a thorough discussion), it continues to be widely used and
is considered to be a valid instrument for reaching consensus and supporting decision
making, including in disaster- and resilience-related research fields [83-85]. The main
features of the Delphi method [50,86-88] are that:

e It guarantees the anonymity of the experts involved, which, among other advantages,
avoids the negative influence that the personality and/or status of the experts could
have on certain individual answers.

e It uses repetition to strengthen the results. This means that the experts must be
consulted at least twice on the same question/topic, which gives them the ability to
reconsider their answers based on the information they are provided with regarding
the opinions of the overall experts.

e Itincludes controlled feedback, which means that the exchange of information between
the experts is only carried out by means of a group coordinator.

e It allows the statistical analysis of the experts’ responses. This means the questions
need to be formulated in a way that allows the later quantitative and statistical pro-
cessing of the corresponding responses.

In the current research, the Delphi process not only provided an answer to the specific
question about the importance of each dimension of resilience, but it also generated a debate
about existing resilience assessment methods, the concept of resilience, the separation between
academic research and fieldwork, and the differential implementation of disaster risk reduction
worldwide. Some of these outcomes are discussed in the following sections. Globally, the
Delphi process that was carried out aimed at answering the following three questions:

e Do academics, practitioners, and policy makers agree on the proposed conceptual
framework for disaster resilience assessment?
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e s the methodology of tailoring the disaster resilience assessment framework to groups
of countries useful and viable?

e  For each cluster of countries, what is the importance of each dimension of the disaster
resilience assessment framework for achieving disaster resilience?

As mentioned previously, the Delphi process aims at exploring options and reaching
consensus through a series of questionnaires collected in different rounds, without partici-
pants meeting or interacting. The first round explains the assumptions and the hypothesis
the researcher wants to analyze or the possibilities he /she wants to explore. Usually, during
this round, all the participants position themselves vis-a-vis the research question. In the
following round(s), after the results of the first round are made public, participants have a
clear understanding of their position with respect to that of the whole group. This method
was found to be appropriate for the purposes of the current research, since the objective
was to involve a large number of experts from different fields of expertise and geographic
areas, without physically gathering them together to avoid interactions and any mutual
influence. Furthermore, this method was also chosen due to its ability to provide an open
forum for discussion that might generate relevant suggestions for future developments on
the topic of resilience assessment.

Implementing the Delphi process requires several methodological options to be con-
sidered, such as the number of rounds/iterations, the threshold for defining consensus, and
the selection of the experts. The available literature does not provide an objective answer
regarding the optimal number of iterations. Some authors indicated two [89], three [90], or
four [50] iterations, but the common practice is to stop when a consensus is reached [91].
Still, the acceptable level of consensus is also difficult to define [92], particularly since it
might also change when adding iterations [91]. Many options are available to define the
acceptable level of consensus, both quantitative and qualitative [93], depending on the
number of participants and on the target of the Delphi process. For the purpose of the
presented research, two rounds were adopted, as they were seen to be sufficient to achieve
consensus. Consensus was considered to be achieved when the answers of at least 51% of
the respondents regarding the scores of each resilience dimension and sub-dimension fell
into categories 4 and 5 (i.e., “agree” or “strongly agree”) [93,94].

Regarding the number of experts, no agreement was also found in the available lit-
erature. The number of experts is often selected as a function of the available time to
perform the Delphi process, the scope of the consultation, or the availability of experts in
that field [95]. Furthermore, the selected number of experts also needs to account for the
fact that, from one round to another, the number experts willing to participate can drop
significantly [91]. Certain authors recommended the number of experts to be lower than
50 [96], while others considered larger values [85]. In the present research, the rationale
underlying the selection of experts was based on their geographic distribution and on the
heterogeneity of the overall group of experts in terms of domains of expertise. Globally, the
objective was to involve a number of experts providing an adequate geographic coverage
of the four clusters of countries that were defined (see Section 2.2). Simultaneously, the
selected group of experts also needed to exhibit a balanced distribution with respect to the
three fields of expertise related to disaster management that were considered: scientific
research, fieldwork, and policy making. Considering this rationale, a first list of more
than 500 specialists was selected based on the literature review and personal recommenda-
tions/word of mouth. Following an initial contact, not all the experts agreed or were able
to participate in the Delphi process. The first round involved the participation of 95 experts
from 31 countries; Figure 3a shows their distribution (in percentage) across the clusters of
countries. For completeness, Figure 3b presents the percentage of experts that participated
from each of the three fields of expertise.
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Figure 3. (a) Distribution of experts that participated in the first round of the Delphi process for each
cluster of countries; (b) distribution of experts by field of expertise.

As mentioned previously, the structure of the Delphi process was defined following an
initial discussion with a group of experts (who did not participate in the final version of the
Delphi process) and a pilot study involving two research groups. These initial tests were
carried out before contacting the final group of experts in order to ensure the survey was
clear and easy to fill. During this stage, the adequacy of several options for the structure of
the questions was examined, such as budget allocation, pairwise comparison, ranking, and
discrete attribution [51]. The first round of the Delphi process was then conducted using the
online survey tool Jotform, whereas a simpler form developed in MS Word was used for the
second round. The experts were contacted by e-mail, through social media (LinkedIn), or
in person, and were informed about the anonymity of the results, the approximate duration
of the survey (20 min), and the possibility of the Delphi process having two or more rounds
during which they could adjust their answers of the first round.

In the first round, the experts were asked to assign uncorrelated importance scores
(from 1 to 10) to each dimension and sub-dimension of the resilience assessment framework
presented in Section 2.3. They were asked to define the scores for the clusters of countries
for which they had more experience and according to their knowledge regarding the
current importance of these dimensions and sub-dimensions to describe disaster resilience.
Furthermore, experts were also asked to provide additional background and justifications
for their selections, as well as feedback on the general resilience assessment framework.
The complete survey that was used in the Delphi process is presented in the Supplementary
Materials (SM5), and the corresponding results are discussed in Section 3. For the second
round, after sharing the results of the first round with the experts, they were then asked
to rate their agreement (on a scale of 1 to 5) with the results obtained for each resilience
dimension and sub-dimension and for the cluster(s) they contributed for in the first round.
Experts were also given the opportunity to revise the answers provided in the first round
and add further comments and suggestions. Although a more detailed scale was used to
score the options during the first round, a scale from 1 to 5 was found to be appropriate
enough to establish whether a consensus was reached during the second round [87,93].

The first round was carried out between August and October 2019, while the second
round was conducted in November 2019. The number of participants of the second round
was 30, mostly due to the shorter timespan for which the results needed to be obtained. A
decrease in the number of participants between rounds is considered normal, and there is
no threshold to establish whether the number of respondents is sufficient or not. However,
30 experts seemed to be a reasonable number to establish a consensus [85,91]. Figure 4a
shows the distribution of experts for the second round (in percentage) across the clusters
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of countries, while Figure 4b shows the percentage of experts who agreed or strongly
agreed with the scores obtained for all dimensions and sub-dimensions. As can be seen,
this percentage summed up to 76%, and it was thus considered sufficient to conclude the
Delphi process.
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Figure 4. (a) Distribution of experts that participated in the second round of the Delphi process for
each cluster of countries; (b) level of agreement reached by the experts in the second round of the
Delphi process.

3. Results

The results obtained from the Delphi process are presented in the following, and are
divided into two sections. Section 3.1 discusses the scores and weights obtained for each
dimension, while Section 3.2 analyses the results obtained for each sub-dimension in more
detail, focusing essentially on the weights of each sub-dimension. All the weights were
determined based on the scores using the methodology outlined in Section 3.1. Clusters 1
to 4 are also termed C1 to C4 hereafter for simplicity. Further insights and implications of
these results and additional suggestions obtained from the Delphi process are discussed in
Section 4.

3.1. Results Obtained for Each Dimension

The average value of the scores (SC) obtained through the Delphi process for each
resilience dimension and for each of the four clusters of countries are presented in Table 3.
In addition, for each cluster, the normalized weights (W) of each dimension are also
represented in percentage. The results indicated that, on average, the scores obtained
for each dimension were high, ranging between 7.2 (for the Environmental dimension
in C1) and 8.9 (for the Social dimension in C4). Globally, the results showed that the
highest scores were obtained for C4 (with an average of 8.7), while C1 exhibited the lowest
scores (with an average of 7.7). This indicated that, in general, countries exhibiting a
higher level of development tended to assign higher scores to the components of resilience.
Furthermore, by analyzing the scores obtained for all the clusters, it could be seen that,
overall, the dimensions found to be more important to achieve resilience were the Social
and the Institutional dimensions, with average scores of 8.45 and 8.42, respectively. On the
other hand, the Environmental and Habitat dimensions were those found to be the least
important, with average scores of 8.0 and 8.07, respectively.
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The weights were obtained by first transforming all the scores to a range between 0.1
(to ensure that all weights were non-zero) and 1.0 using the min—-max method according to
the following expression [51]:

(x; —min(x))(1—0.1)
max(x) — min(x)

xi =01+ 1)
where x is a vector with all the scores; min(x) and max(x) are the minimum and maximum
scores, respectively; x; is the ith score value; and x/ is the transformed ith score value.
The transformed scores of each cluster were then normalized to obtain the corresponding
weights. It was noted that weights obtained by this process reflected the distribution of
scores among the dimensions of a given cluster, but did not reflect the differences in the
scores from cluster to cluster. For example, although C1 and C3 had the same score for
the Social dimension, the corresponding weights were 27.4% and 13.6%, as can be seen in
Table 3.

Table 3. Average scores (SC) and normalized weights (W) of the resilience dimensions by cluster.

Social Economic Environm. Habitat Infrastruct. Institutional
SC W SC W SC W SC \4Y SC W SC W
Cluster 1 8.2 27.4% 8.2 27.4% 7.2 4.4% 7.6 13.6% 7.4 9.0% 7.8 18.2%
Cluster 2 8.5 23.7% 8.3 20.8% 7.6 10.4% 7.6 9.8% 7.8 13.3% 8.4 22.0%
Cluster 3 8.2 13.6% 8.6 18.8% 8.2 13.9% 8.5 17.0% 8.5 16.7% 8.8 20.1%
Cluster 4 8.9 20.5% 8.3 13.7% 8.1 11.8% 8.6 16.8% 8.8 18.6% 8.8 18.6%

For a better visual comparison, the weights obtained for each dimension of each
cluster are also shown in Figure 5. When analyzing these weights, it was interesting to
note that C1 exhibited the highest and the lowest weights among all the clusters. This
cluster included some of the poorest countries in the world, mostly from Africa, and its
weights reflected a large asymmetry between the contribution of each dimension to achieve
resilience. According to the experts, one of the more important resilience dimensions for
this cluster was the Social dimension (W = 27.4%), reflecting the fact that the population is
usually the first, and often the only, actor in disaster recovery. The economic dimension
was another equally important resilience dimension for this cluster (W = 27.4%), as a
lack of economic means seemed to be the main issue in disaster response, which very
often relies on massive international aid. On the other hand, the weights obtained for
the Environmental and Infrastructure dimensions (4.4% and 9.0%, respectively) indicated
that they were seen as the least-relevant ones. With respect to C2, its results were seen
to be similar to those of C1, which was expected, given that both included some of the
least-developed countries of the world. For countries in C2, the Social dimension was still
the most relevant one (W = 23.7%), closely followed by the Institutional (W = 22.0%), and
the Economic (W = 20.8%) dimensions. According to the answers of the experts, these
countries can be seen to rely more on the support of the institutions, both before and after a
disaster. Among all the clusters, C2 had the highest weight for the Institutional component.

When analyzing the results for C3, this cluster was seen to be the one with the smallest
range of weights across the six dimensions (6.5%), which meant that, for these countries, all
the dimensions were expected to have similar contributions to achieve resilience. According
to additional comments provided by the experts of the Delphi process, this happens
because, in the countries of C3, there seemed to be a form of compensation between
all the dimensions, and none of them was actually essential alone to manage the entire
disaster cycle. Finally, regarding C4, which included the most developed countries of
the world, most of the dimensions had high weights. According to the results, the Social,
Infrastructure, and Institutional dimensions were the key dimensions of resilience, followed
by the Habitat and the Economic dimensions, while the Environmental dimension was the
least-important one.
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Figure 5. Weights obtained for each resilience dimension by cluster.

To complement these results, Table 4 shows the ranks of each dimension for each cluster
(based on their weights for each cluster), as well as the overall rank of each dimension
among all clusters (based on the average weights W of each dimension). As can be seen,
the global ranks indicated that the Social dimension (W = 21.3%) was the most important
one, followed by the Economic (W = 20.2%), Institutional (W = 19.7%), Infrastructure
(W = 14.4%), Habitat (W = 14.3%) and Environmental (W = 10.1%) dimensions. While the
top three dimensions were seen to have very close average contributions, it should be noted
that the Institutional dimension had the most stable contribution across the four clusters.
These results highlighted the importance of the governmental bodies and the population for
DRR, both before and after an event occurs. As mentioned by one of the experts, “without a
robust emergency management system, a community cannot recover” and “a community that does
not implement DRR or trust its authorities and institutions will not be able to mitigate a disaster’s
impact due to the lack of preparedness measures in place such as exercising, pre-positioning of
goods, inter-agency coordination mechanisms, etc., and a weak, corrupt government will prevent
the affected community from rebuilding such as in Port-au-Prince, Haiti”. Although there is
general agreement regarding the idea that the population is the first and most important
respondent in case of a disaster, if institutions do not function properly, it will be difficult
for a disaster-affected region to fully recover. Furthermore, as another expert noted, if
institutions function properly, they will also act as facilitators for achieving a more resilient
population. On the contrary, “if institutions do not work properly, ... , in the end, it is all on the
people”, as highlighted by another expert.

Table 4. Ranking of the dimensions based on their relative importance for each cluster.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Global
Social 1 1 6 1 1
Economic 1 3 2 5 2
Environmental 6 5 5 6 6
Habitat 4 6 3 4 5
Infrastructure 5 4 4 2 4
Institutional 3 2 1 2 3
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3.2. Results Obtained for Each Sub-Dimension
3.2.1. Dimension 1: Social

The weights obtained for the several sub-dimensions across the four clusters are
presented in Figure 6, while Table 56 of the Supplementary Materials presents all the sub-
dimension scores and weights. By analyzing the weights of the sub-dimensions across the
four clusters globally, Social Capacity appeared to be the most relevant sub-dimension (with
an average weight of 22.7%), followed by Social Support (with an average weight of 20.3%)
and Social Capital (with an average weight of 20.2%). On the other hand, the least important
sub-dimension was Social Fabric (with an average weight of 17.8%), which, according to
several comments from the experts, seemed to be more relevant to vulnerability analysis
rather than a key component of disaster resilience. Nevertheless, there was no agreement
across the clusters as to which was the most relevant sub-dimension. For C1 and C2, it
was Social Capacity; for C3, it was Social Support; whereas for C4, it was Awareness and
Preparedness. The results found for C1 and C2 reflected the fact that these countries seem
to rely more on the capacity of the population to manage the disaster recovery on its own,
and often do not provide the population with adequate support for such recovery. As
noted by one of the experts, “Social cohesion enables the people to immediately respond to any
disaster. Following the 2005 earthquake in Pakistan, we saw that the local community supported
the disaster victims”. Regarding C3 and C4, the results reflected the increasing importance
of the Awareness and Preparedness sub-dimension, which seemed to come from the fact
that these countries are shifting the focus of disaster risk management from response to
prevention as a way to achieve resilience.

Cluster 4 | NEESESEINNDTNCANNNNNONHANN " 20.7% 19.7%
Cluster 3 N EISIONENNNNIOSNNNSTAN19.1% 22.8%
Cluster 2 | IGESENNNNDNGCANNNNPOMNN 22.4% 18.7%

Cluster | IENENIISOYRI  285% 20.0%
0% 20% 40% 60% 80% 100%
B Social Fabric B Awareness and Preparedness
B Social Capital Social Capacity
Social Support

Figure 6. Weights obtained for each Social sub-dimension by cluster.

By analyzing the weights obtained for the several sub-dimensions across the individual
clusters, the relative importance of the five sub-dimensions were seen to be relatively
uniform for C2, C3, and C4. For C4, the range of the weights was only 2.0%, while for C3
and C2, it was 4.9% and 5.6%, respectively. Generally speaking, these results indicated
that the more developed a country was, the more similar the weights were across the
sub-dimensions. However, some of the experts noted that this uniformity did not exactly
reflect the current situation; instead, it reflected what is expected to happen over the next
few years, which is why they accepted these results in the second round. On the other hand,
for C1, the range was much higher (17.1%) due to the Social Capacity sub-dimension weight
of 28.5% (the largest weight among all the clusters) and the Awareness and Preparedness
sub-dimension weight of 11.5% (the smallest weight among all the clusters). These weights
were consistent with comments from experts, who highlighted that populations of countries
in this cluster are so poor they often do not have means to invest in preparedness. As noted
by one of the experts, “Communities are the first responder of any emergency or extreme event.
Due to a lack of a functional local government and given the limited and delayed support from
provincial/national governments, the social component becomes more important than in developed
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countries”. Furthermore, such populations are also often disengaged from the disaster
resilience discourse, given that they are struggling with other issues.

3.2.2. Dimension 2: Economic

The weights obtained for the several Economic sub-dimensions across the four clusters
are presented in Figure 7, while Table S7 of the Supplementary Materials presents all the
sub-dimension scores and weights. The global analysis of the sub-dimension weights across
the clusters indicated that Resources was the most relevant sub-dimension (with an average
weight of 24.3%), followed by Pre-disaster Financial Services (with an average weight of
19.9%) and Post-disaster Financial Services (with an average weight of 19.5%). On the other
hand, Wealth Distribution was considered to be the least important sub-dimension (with
an average weight of 17.3%). Regarding this result, some of the experts stressed that, given
that poor communities in countries with unequal wealth distribution tend to suffer greater
losses, the low probability of having a truly equal society downplays its overall importance.

Cluster 4 [FOENNOZNN163% 19.2% 26.2%
Cluster 3 [N 1910% 22.5% 24.1%
Cluster 2 NN N1120:3% 20.3% 23.0%
Cluster 1 [ iGONNZ000 24.0% 16.0% 24.0%

0% 20% 40% 60% 80% 100%
B Economic Level B Wealth Distribution
Pre-disaster Financial Services Post-disaster Financial Services
Resources

Figure 7. Weights obtained for each Economic sub-dimension by cluster.

When analyzing the weights obtained for the several sub-dimensions across the
individual clusters, several aspects could be highlighted. Unlike that of the Social dimen-
sion, the range of the weights was seen to be relatively uniform across the clusters in
this case. Furthermore, with the exception of C1, the distribution of weights among the
sub-dimensions followed a certain pattern. The weights reflected the existence of one
sub-dimension with the largest weight (which was always Resources—related to primary
needs such as food, shelter, and livelihood—and had a weight of 23% or larger), of one sub-
dimension with the smallest weight (this sub-dimension varied depending on the cluster,
but its weight was around 15%), and three sub-dimensions with similar weights (around
20% on average). On the contrary, for C1, the weight distribution pattern was different. In
this case, there were two sub-dimensions that were equally the most important ones (Re-
sources and Pre-Disaster Financial Services, with a weight of 24%) and two sub-dimensions
that were equally the least important ones (Economic Level and Post-Disaster Financial
Services, with a weight of 16%). These results reflected the fact that the population of more
developed countries usually has access to post-disaster financial support or emergency
funds, whereas that of poor countries usually relies on their own savings. This conclusion
was also highlighted by experts, who noted that “communities have to face the aftermath of an
event with limited external support, while wealthier households have more options to mitigate or
prevent the impacts of external events, and have better living and safer housing conditions”.

3.2.3. Dimension 3: Environmental

The weights obtained for the several Environmental sub-dimensions across the four
clusters are presented in Figure 8, while Table S8 of the Supplementary Materials presents
the sub-dimension scores and weights. The Environmental dimension had only two sub-
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dimensions that described the availability of natural resources and how they are managed.
As noted before, globally, this was the least-important dimension. According to the experts,
this reflected the fact natural resources may not be a deciding factor to enhance resilience,
given that several countries with limited resources exhibited highly resilient societies and
economies. The distribution of weights for these two sub-dimensions was similar across
the clusters and indicated that the way resources are managed is more important than the
existence of the actual resources. This conclusion reflected multiple factors connected to the
importance of having a more rational and conscious management of land use, which will
then enhance the resilience of communities against disaster impacts, e.g., see [97-99]. As
an example of this situation, one of the experts noted that “the rivers flowing through Panama
City flood regularly during the rainy season because people throw garbage in them; this garbage
clogs the waterways and ultimately leads to flooding”.

Cluster 4 SR % e 54.8%
Cluster 3 E2% e 56.8%

Cluster2 4490% 0 55.8%
Cluster 1 0% e 59.9%

0% 20% 40% 60% 80% 100%

M Natural Resources Land Use
Figure 8. Weights obtained for each Environmental sub-dimension by cluster.

3.2.4. Dimension 4: Habitat

The weights obtained for the several Habitat sub-dimensions across the four clusters
are presented in Figure 9, while Table S9 of the Supplementary Materials presents the
sub-dimension scores and weights. When analyzing the weights obtained for the several
sub-dimensions across the individual clusters, a clear difference between the developed
and less-developed countries could be observed. For C1 and C2, the most important
sub-dimension was Settlement (with a weight of 35% and 34% for C1 and C2, respectively),
whereas for the more developed countries of C3 and C4, the most relevant sub-dimension
was Regulations and Planning (with a weight of 38% and 36% for C3 and C4, respectively).
Furthermore, when looking at the least-important sub-dimensions, the roles of the previ-
ously referred sub-dimensions were basically reversed. These results essentially reflected
the fact that in less-developed countries (C1 and C2), regulations are usually less enforced
and informal settlements are more common, while developed countries (C3 and C4) trust
the enforcement of regulations to achieve resilience. Furthermore, this was also supported
by the comments of several experts, who highlighted that “countries that allow unregulated
building and sprawl tend to be more seriously impacted by disasters and lack resilience”, “inadequate
materials can also worsen the effects of a disaster”, and “the increase of uncontrolled urbanization
due population growth is a key component of disaster resilience given that highly dense (often poor)
urban settlements are more vulnerable, and it is very hard to have effective planning for disaster
reduction in such areas”.
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Figure 9. Weights obtained for each Habitat sub-dimension by cluster.

3.2.5. Dimension 5: Infrastructure

The weights obtained for the several Infrastructure sub-dimensions across the four
clusters are presented in Figure 10, while Table S10 of the Supplementary Materials presents
the sub-dimension scores and weights. As for the Habitat sub-dimensions, the weights that
were obtained for the several Infrastructure sub-dimensions also reflected some differences
between developed and less-developed countries. By analyzing the weights of the sub-
dimensions across the four clusters globally, WaSH, Electricity and Waste Management,
and Health appeared to be the most relevant sub-dimensions (with average weights of
22.8% and 22.4%, respectively), closely followed by Local Services (with an average weight
of 21.3%). On the other hand, Telecommunications was clearly the least important sub-
dimension (with an average weight of 16.3%).

Cluster 4 [IIETENEZIEN77%0  18.6% 20.8%
Cluster 3 IINBSENNG7NNT783% M 17.0% 21.2%
Cluster 2 [N200%195% 0 197% =  20.7% 20.2%
Cluster 1 [N25SE7N282% 1 10.3% 12.8% 23.1%

0% 20% 40% 60% 80% 100%
B Health ® WaSH, Electricity, Waste Management
B Telecommunications Transportation

Local Services

Figure 10. Weights obtained for each Infrastructure sub-dimension by cluster.

When analyzing the weights obtained for the several sub-dimensions across the
individual clusters, the relative importance of the five sub-dimensions were seen to be
relatively uniform for C2, C3, and C4. On the other hand, for C1, the range was much
higher (17.9%) due to the WaSH, Electricity and Waste Management sub-dimension weight
of 28.2% (the largest weight among all the clusters) and the Telecommunications sub-
dimension weight of 10.3% (the smallest weight among all the clusters). Despite this range,
it was noted that for C1, the relevant pattern among the weights of the sub-dimensions
was related to the fact that WaSH, Electricity and Waste Management, Health, and Local
Services had much larger weights than Telecommunications and Transportation. This result
might be explained by the fact that, for countries in this cluster, infrastructures related to
these two sub-dimensions cannot be relied upon, even in pre-disaster conditions.

3.2.6. Dimension 6: Institutional

The weights obtained for the several Institutional sub-dimensions across the four
clusters are presented in Figure 11, while Table S11 of the Supplementary Materials presents
the sub-dimension scores and weights. In terms of sub-components, for C3 and C4, post-
disaster measures seemed to be more relevant than disaster preparedness and mitigation.
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This result was explained by one of the experts for C4 as being related to the fact that
“in developed countries, the culture of civil protection is still based on a strong response from the
institutions, however these countries are trying to shift the focus to pre-disaster measures that could
avoid the need of such a huge deployment of institutional resources in the aftermath of an event”.
On the contrary, for C1, Disaster Response and Recovery were significantly less relevant
than the other sub-dimensions. This indicated that, in this case, communities are not likely
to be able to rely much on institutional support in the aftermath of a disaster.

Cluster 4 NENSIZNNNG26% 35.3%
Cluster 3 [INNEAZNNEsEZm—— 36.9%
Cluster 2 | NENZO07NNNNSEsm. 34.5%
Cluster 1 [0/ E0 0% 20.1%

0% 20% 40% 60% 80% 100%
W Trust W Disaster Preparedness and Mitigation

Disaster Recovery and Response

Figure 11. Weights obtained for each Institutional sub-dimension by cluster.

4. Discussion

Aside from the contributions for determining the weights of the resilience dimensions
and sub-dimensions presented in the previous section, the experts also shared their opinions
on the proposed theoretical framework and the cluster-based approach as a way to achieve
a more targeted resilience assessment. In addition, the experts provided further insights
regarding potential improvements of the methodology. A brief discussion of these issues is
presented in the following.

Regarding the theoretical framework, all the experts agreed that it could be adopted
as proposed. Given that the panel of experts included academics, practitioners, and policy
makers from multiple countries, this consensus indicated the potential of the proposed
framework to be applied at different stages of disaster risk management by various stake-
holders. Furthermore, several experts also suggested that the framework could also be
applied in the individual analysis of specific dimensions. This was mostly proposed by
practitioners, based on the fact that non-governmental organizations and other field organi-
zations usually focus on one dimension according to their sector of intervention. The role
of policy makers would then be to synergize contributions from each dimension and, with
the support of this framework, prioritize actions in the areas that are more relevant to the
country to achieve resilience. The idea of focusing on specific dimensions before addressing
the overall resilience was also suggested by experts, who argued that different dimensions
were only likely to interact with each other after they individually reached a certain level
of resilience. As an example, it was pointed out that it is difficult to achieve resilience in
the Habitat dimension if the Economic one does not achieve a certain threshold, given that
poor people tend to live in denser and, usually, more vulnerable and hazard-exposed settle-
ments [100]. Furthermore, a similar reasoning should be applied to the sub-dimensions.
For example, scoring high in the Economic dimension was not likely to significantly benefit
resilience if some of its sub-dimensions scored very low; e.g., if wealth distribution was
particularly unequal across the population, the poor would inherently become poorer, more
vulnerable, and less resilient [101].

The results that were obtained for the scores of the sub-dimensions were sometimes
more evenly distributed than what was understood from the comments of the experts. This
occurred because, in some cases, the respondents did not attribute the scores based on
the current relative importance of the sub-dimensions, but on their expected or desired
importance, which ideally gave more similar weights to each different sub-dimension. This
was also one of the reasons why the results for developed countries showed higher and
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more evenly distributed scores: the minimum level is reached in each component and their
relative importance becomes more similar. According to some respondents in C4, this effect
also occurred because developed countries show a sort of compensatory approach, across di-
mensions and within them, where the shortcomings of one dimension can be compensated
by the higher performance of another. Still, this will only happen, as mentioned before,
once each dimension has reached a certain minimum level of performance. Until this goal
is achieved, dimensions need to be prioritized, and a non-compensatory approach needs to be
adopted. Given that the minimum level of performance that activates a shift in the focus
on each specific dimension still needs to be understood, this issue should be the subject of
future research. Nevertheless, the outcomes of the Delphi process clearly indicated that
the dimension and sub-dimension scores and weights would change according to how a
given country develops, which was consistent with the cluster-specific approach that was
proposed herein. Furthermore, it was also noted that, if needed, it would also be possible
to determine dimension and sub-dimension scores and weights tailored to assess resilience
for a specific hazard. In this case, the Delphi process would have to involve experts with a
specific background connected to the desired hazard.

Aside from being able to establish the minimum level of performance, after which
the dimensions and sub-dimensions can begin mutually compensating each other, further
research should also address the definition of target levels of resilience relevant to different
clusters. Currently, given that there is no clear definition of the specific target resilience
that needs to be achieved, existing approaches assessing the resilience of countries are
only able to use these assessments to compare scores among countries or with the world’s
best-performing country. Being able to define such a target would provide a more objective
measure to achieve resilience. However, despite continuous efforts addressing this issue
(e.g., see [102] and references therein), further research is still needed. Nevertheless, the
proposed framework is an alternative approach to the current state of the art, given that it
introduces the possibility of comparing the resilience performance of a given country with
others in a cluster of countries with similar characteristics. By using this approach, policy
makers will be less likely to make comparisons involving less realistic targets, and can
focus on advancing the development of certain dimensions individually. In this context, the
proposed resilience assessment framework can be used not only for the initial analysis, but
also as a tool to monitor improvements related to achieving specific targets. Furthermore,
it can also be useful as an instrument to prioritize policy lines after understanding which
dimension is not contributing or preventing others from effectively contributing to the
overall resilience.

Regarding the cluster-based approach, the experts found the idea of tailoring the
assessment framework to different groups of countries to be sound and adequate. In terms
of the actual clusters that were considered in the research, the experts agreed with their
definition. Still, a few experts that scored C3 noted that assigning the scores was challenging
due to the large size of this cluster. To overcome this difficulty, the experts suggested to
either recluster C3 into at least two sub-groups or examine the possibility of using a larger
number of indicators for the global cluster analysis. The first suggestion could not be
implemented simply by performing a global cluster analysis involving more clusters, as
seen in Section 2.2. Therefore, different clustering methods might be tested, and different
approaches for measuring the distance between clusters should also be analyzed in future
research. On the other hand, the second option suggested that involving more indicators
might make the size of the clusters more uniform, which is not the most likely effect of
involving more indicators. Two experts also proposed an adaptation of the framework
by dividing the assessment into rural and urban regions. It is believed that this could be
applicable at the country level, but in order to do so, it would require a significant number
of indicators collected at the scale of urban/rural settlements. Lastly, it was noted that
the results of the cluster analysis should be seen as a dynamic output that can change as
a function of multiple factors. On the one hand, these changes can be connected to an
increase in data availability or to updates in the values of the indicators. On the other hand,
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these changes can also stem from factors related to the impacts of large-scale disrupting
events (e.g., disasters caused by natural hazards, climate change, pandemics, or wars). As
such, the cluster analysis should be seen as a tool that should be repeatedly implemented
over time to capture these changes.

5. Conclusions

The presented research analyzed the feasibility and relevance of developing a resilience
assessment framework that could be applied worldwide, while being simultaneously tai-
lored to clusters of similar countries. By using this approach, cluster-specific weights could
be defined for each dimension and sub-dimension of the proposed resilience assessment
methodology, and a more consistent comparison of countries was achieved. The results
of the Delphi process that was carried out to determine the cluster-specific weights for
the proposed framework supported this rationale and provided feedback and suggestions
for further developments. Therefore, the proposed framework was seen to be a relevant
instrument to identify the strengths and weaknesses of a given country in issues related
to disaster risk reduction and sustainable development, and to guide the prioritization of
policy development and investment on these topics. Furthermore, the proposed framework
provided a tool for comparing the resilience performance of a given country with others
in a cluster of countries with similar characteristics. This type of analysis is important to
avoid comparisons that involve unrealistic resilience targets, given a country’s current level
of development, and provides a sharper focus on the resilience dimensions that need to be
prioritized for improvements. The regular implementation of the proposed framework can
also be used to monitor changes in the development and resilience of a country or to reflect
the impacts of a large-scale disrupting event, such as a disaster caused by a natural hazard,
climate change, a pandemic, or a war. To illustrate the potential of the proposed framework,
the following summarizes some of the more relevant outcomes that were established based
on the results of the Delphi process:

e  The proposed cluster-specific approach for analyzing and achieving disaster resilience
was supported by the fact that the scores and weights of the resilience dimensions and
sub-dimensions changed according to the level of development of the countries in each
cluster. Therefore, to assess the level of disaster resilience in a given country, the proposed
framework should be used, and the resilience dimensions and sub-dimensions weights
that were determined for the cluster of that country should be considered.

e Among the six dimensions of resilience that were considered, the Social and the
Economic dimensions were those that were given more weight to achieve resilience
across the four clusters, while the Habitat and Environmental dimensions were those
that were given less weight. The Institutional dimension had the third-highest weight,
and was the one with the most stable contribution across the four clusters.

e In clusters involving the least-developed countries, the dimension weights were seen
to reflect a large asymmetry in the contribution of each dimension to achieve resilience.
This indicated that certain resilience dimensions need to be prioritized for improvements.

e In clusters involving more developed countries, the dimension weights were more
evenly distributed. This indicated that each dimension was likely to have achieved a
minimum level of contribution to resilience. Still, the characteristics of this minimum
level are not understood yet and should be the focus of further research.

e  When analyzing the sub-dimensions of the Social dimension, it was seen that, for
the cluster involving the least-developed countries (C1), Social Capacity was given a
much larger weight than the other sub-dimensions. On the contrary, the weights of
the sub-dimensions were more uniform for the other three clusters.

e  When analyzing the sub-dimensions of the Economic dimension, the Resources sub-
dimension was seen to be the most relevant across the four clusters.

e  When analyzing the two sub-dimensions of the Environmental dimension, their
weights were seen to be similar across the clusters, and indicated that the way resources
are managed is more important than the existence of the actual resources.
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e  When analyzing the sub-dimensions of the Habitat dimension, the weights obtained
for the several sub-dimensions across the individual clusters showed a clear difference
between developed and less developed countries. For the latter, Settlement was the
most important sub-dimension, while for the former, the Regulations and Planning
sub-dimension was the most relevant one. This indicated that in less developed
countries (C1 and C2), regulations are usually less enforced and informal settlements
are more common, while developed countries (C3 and C4) trust the enforcement of
regulations to achieve resilience.

e  When analyzing the sub-dimensions of the Infrastructure dimension, WaSH, Electricity
and Waste Management, and Health were seen to be the most relevant sub-dimensions
across the four clusters, particularly in the least developed countries (C1).

e  When analyzing the sub-dimensions of the Institutional dimension, Disaster Response
and Recovery was seen to be significantly less relevant for the least developed countries
(C1). This indicated that communities might be unable to rely on institutional support
in the aftermath of a disaster.

Despite the encouraging results that were obtained with the proposed framework,
some of its features should be analyzed in further research to determine their impacts on
the results and identify potential limitations. One of these features was related to the initial
cluster analysis of the countries. This analysis was constrained by the availability of data for
the selected indicators, and further analyses should be carried out in the future involving
more indicators as the corresponding data for the SDG framework become more available.
In addition, instead of clustering countries based solely on their sustainable development
score, the possibility of using a combination of this score with available country-level
hazard exposure indices (e.g., similar to those available in [103]) should also be analyzed
in order to enhance the connection with disaster risk. Furthermore, alternative clustering
approaches (i.e., in terms of clustering method and number of clusters) should also be
tested to understand the effects of different options. These different options may also
influence the implementation of the Delphi process since, for example, if a larger number of
clusters is selected, a larger number of experts may also be required. While engaging more
experts may be seen as a challenge, involving a larger number of clusters may be beneficial
for the experts, since providing survey responses that are applicable to smaller groups
of countries may be easier. Regarding the Delphi method itself, there are also aspects
that could be further analyzed. For example, strategies to increase participation retention
between rounds should be pursued, and using alternative hybrid Delphi approaches that
combine a Delphi process with other techniques such as the nominal group technique or
focus groups should also be explored (e.g., see [104]). Further research directions related
to the proposed framework should also target the selection of indicators for the selected
resilience dimensions and sub-dimensions (e.g., see [48] as a starting point) and establish a
methodology (similar to that in [105]) that could measure/validate the prediction capacity
of the proposed framework. The empirical data needed for this methodology can be
based on the damage and loss indicator data collected within the scope of the Sendai
Framework for Disaster Risk Reduction [106] and other sources (e.g., see the approach
followed in [107]).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/su14159162/s1, Figure S1: Results of the internal cluster validity indices, S8: Survey used
in the Delphi process, Table S1: Countries selected in the research, Table S2: Imputation of missing
values: identification of the nearest neighbors, geographical meaningfulness, and availability of data,
Table S3: Clusters of countries considering 3 clusters, Table S4: Clusters of countries considering
4 clusters, Table S5. Clusters of countries considering 5 clusters, Table S6: Clusters of countries
considering 6 clusters, Table S7: First structure of the proposed DRI, Table S8: Average scores (sc) and
normalized weights (w) of the Social sub-dimensions by cluster, Table S9: Average scores (sc) and
normalized weights (w) of the Economic sub-dimensions by cluster, Table S10: Average scores (sc)
and normalized weights (w) of the Environmental sub-dimensions by cluster, Table S11: Average
scores (sc) and normalized weights (w) of the Habitat sub-dimensions by cluster, Table S12: Average
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