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SUMMARY

Climate change, combined with the rapid and often unplanned urbanisation
trends, is associated with a rising trend in the frequency and severity of disasters
triggered by natural hazards. Among the weather-related disasters, floods and
storms (i.e. hurricanes) account for the costliest and deadliest in the last decades.
The situation is of particular importance in Small Islands Developing States
(SIDS) because their relative higher vulnerability to the impacts of climate
change, due to their location, fragile economies, limited resources, and more
vulnerable habitats. Therefore, SIDS must implement adaptation measures to face
the impacts of climate change and those of the urbanisation growth; for which is
necessary to have an appropriate Disaster Risk Assessment (DRA), which should
include the hazard itself, the intrinsic socio-economic vulnerability of the system
and the exposure of infrastructure and humans to the hazard.

Traditional DRA approaches for disaster risk reduction (DRR) have focused
mainly on the natural and technical roots of risk, this is the modelling of the
hazard and implementation of physical and structural defences, for which the
hazard component is the centre. Traditional DRA methods pay no or little
attention to the other dimensions of disaster risk, and do not often investigate
the spatial and temporal relationships between the hazard, the vulnerability and
the exposure components. A better alternative when dealing with DRA is a
holistic risk assessment, which looks at risk as a whole, looking into the
components and seeking to understand the interactions, interrelatedness and
interdependences between different processes and parts of the whole.

Hence, DRA could be more successful if it considered the adaptive nature of
vulnerability and exposure components in their frameworks. This dissertation’s
main objective is to develop and test a disaster risk modelling framework that
incorporates socioeconomic vulnerability and the adaptive nature of exposure
associated with human behaviour in extreme hydro-meteorological events in the
context of SIDS. To accomplish the main objective, we developed a methodology
to incorporate the adaptive nature of risk into traditional DRA. The so-called
ADRA method incorporates elements of socioeconomic vulnerability that account
for local characteristics of a particular case study and the dynamic nature of
exposure to account for household protective behaviours (i.e. evacuation, in-situ
preparation).

We test our modelling framework in a case study using the Caribbean island
Sint Maarten (the Dutch side of Saint Martin) and using as hazard the most
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recent disaster caused by Hurricane Irma in September 2017. We use the findings
of a fact-finding mission in the island in the aftermath of the hurricane that
included a face-to-face and a web-based survey to collect key elements of
vulnerability, exposure, evacuation and risk. The mission's findings allow us to
propose a framework to assess socioeconomic vulnerability in the context of SIDS
in a post-disaster context using an index-based approach. The method called PeVI
has a modular and hierarchical structure with three components: susceptibility,
lack of coping capacities, and lack of adaptation.

Furthermore, to assess the current levels of exposure, we use two approaches.
First, we use the survey results to evaluate the actual evacuation rates observed
during Hurricane Irma using logistic regression models. The regression models
results allow us to identify some factors that can act as predictors of evacuation
behaviour, and we extrapolate the results for the whole Sint Maarten. The results,
shown as probabilistic evacuation maps, aim to measure at neighbourhood scale
the likelihood (or not) to evacuate and lower (or not) the exposure levels. The
second method is based on an agent-based model (ABM). The ABM is used to
assess exposure to water-related natural hazards dynamically by modelling the
flow of information from several sources during Hurricane Irma in Sint Maarten,
and how the different sources and level of trust may influence a particular
household to undertake protective actions at the household level. Using the ABM,
we also provide probabilistic maps of protective behaviour; we model evacuation
and in-situ protection as measures to reduce exposure levels in a household.

We end the dissertation by presenting a practical web-application for disaster
risk management (DRM) and evacuation purposes on the island of Sint Maarten.
The web application was conceptualised based on the main drivers of evacuation
based on the finding of this research.

This research contributes to DRA using a new methodology that considers
disaster risk not as a static attribute of the system, but as one in a constant
adaptation by including the dynamic of the system due to households' behaviour.
Incorporating behavioural adaptation into DRA frameworks may lead to a
different representation of risk. Hence, the usability of the outputs for DRM policy
and strategies may increase by offering a more holistic view of how vulnerability
and exposure may evolve. Our methodology is a holistic assessment of risk,
ADRA, assess disaster risk using an adaptive approach, in which the exposure
component is explicitly quantified and mapped. ADRA is a people-centred
approach and can be used to quantify which protective measures can be more
useful to lower risk (to life) and show where those measures will have a more
significant impact. In addition, the findings of this dissertation offer practical
recommendations for disaster risk managers and policymakers in Sint Maarten to
reduce the risk to natural hazards in the island.
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SAMENVATTING

Klimaatverandering, in combinatie met snelle en vaak ongeplande trends in
verstedelijking, wordt in verband gebracht met de toenemende frequentie en
intensiteit van natuurgevaren. Van deze weer-gerelateerde rampen zijn
overstromingen en stormen (oftewel orkanen) verantwoordelijk voor de duurste
en dodelijkste rampen van de laatste decennia. De situatie is in het bijzonder
belangrijk voor Kleine Eilandstaten in Ontwikkeling (SIDS) vanwege hun relatief
hoge kwetsbaarheid voor klimaatverandering, als gevolg van hun locatie,
kwetsbare economie, beperkte grondstoffen en kwetsbare huisvesting. Daarom
moeten SIDS aanpassingsmethoden implementeren om de impact van
klimaatverandering en verstedelijking tegen te gaan. Dit vereist een
Rampenrisico-beoordeling (DRA), wat bestaat uit onder andere de natuurramp
zelf, de intrinsieke socio-economische kwetsbaarheid van het systeem en de
blootstelling van mens en infrastructuur aan de ramp.

Traditionele DRA methodes voor Rampenrisico-beperking (DRR) leggen de
focus op voornamelijk de natuurlijke en technische oorzaken van het risico, oftewel
het modelleren van de ramp en de implementatie van fysieke en structurele
verdediging, waarvoor het gevaarcomponent centraal staat. Traditionele DRA
methodes schenken weinig tot geen aandacht aan de ruimtelijke en tijdelijke
verbanden tussen de ramp, kwetsbaarheid en mate van blootstelling. Een beter
alternatief om met DRA om te gaan is een holistische risicobeoordeling, wat kijkt
naar het risico als geheel, waarbij ieder component wordt bekeken en waarbij men
tracht om de onderlinge interacties, verwevenheid en afhankelijkheid tussen de
verschillende processen en het geheel te begrijpen.

Om die reden kunnen DRA succesvoller zijn als er rekening gehouden wordt
met de adaptieve aard van kwetsbaarheids- en blootstellingscomponenten in de
raamwerken. Het hoofddoel van dit proefschrift is om een raamwerk voor
rampenrisico modellering te ontwikkelen en testen, wat gebruik maakt van
menselijk handelen in extreme hydro-meteorologische gebeurtenissen in de context
van SIDS. Om dit hoofddoel te bewerkstelligen hebben we een methodiek
ontwikkeld om de adaptieve aard van risico in traditionele DRA op te nemen.
Deze zogenaamde ADRA-methode omvat elementen van socio-economische
kwetsbaarheid wat lokale karakteristieken verklaart in een bepaalde case study
en de dynamische aard van blootstelling om huishoudelijk beschermend gedrag
(oftewel evacuatie, in-situ voorbereiding) te verklaren.



We testen ons modelleerraamwerk in een case study op het Caraibische eiland
Sint-Maarten met als ramp de recente orkaan Irma van September 2017. We
gebruiken de bevindingen van een fact-finding-mission in de nasleep van de orkaan
met een face-to-face en virtuele enquéte om de belangrijkste elementen van
kwetsbaarheid, blootstelling, evacuatie en risico te verzamelen. De bevindingen
van de missie hebben ons in staat gesteld om een raamwerk voor te stellen
waarmee socio-economische kwetsbaarheid beoordeeld kan worden in de context
van SIDS in een post-natuurramp context met een geindexeerde aanpak. Deze
zogenaamde PeVI methode heeft een modulair en hiérarchische structuur met drie
componenten: vatbaarheid, gebrek aan =zelfredzaamheid, en gebrek aan
aanpassing.

Verder gebruiken we twee aanpakken om de huidige blootstellingsniveaus te
beoordelen. Ten eerste gebruiken we enquéteresultaten om de actuele
evacuatiegraden die geobserveerd zijn tijdens orkaan Irma te evalueren met
behulp van logistieke regressiemodellen. De resultaten van de regressiemodellen
laten ons enkele factoren identificeren die als voorspellers voor evacuatiegedrag
gebruikt kunnen worden voor heel Sint-Maarten. De resultaten, getoond als
probabilistische evacuatiekaarten, hebben als doel om op wijkniveau de
waarschijnlijkheid op evacuatie te meten en om de blootstellingsniveaus te
verlagen. De tweede methode is gebaseerd op een agent-based models (ABM). Het
ABM wordt gebruikt om de dynamische blootstelling aan water-gerelateerde
natuurrampen te beoordelen door de informatiestroom van meerdere bronnen
tijdens orkaan Irma op Sint-Maarten te modelleren, en hoe de verschillende
bronnen en het vertrouwensniveau een bepaald huishouden kan beinvloeden om
beschermende acties te ondernemen op huiselijk niveau. Met behulp van het ABM
genereren we probabilistische kaarten van beschermend gedrag; we modelleren
evacuatie en in-situ protectie als middelen om blootstellingsniveaus in een
huishouden te reduceren.

We eindigen het proefschrift door een praktische webapplicatie te presenteren
met als doel Rampenrisico-management (DRM) en evacuatie op het eiland van
Sint-Maarten. De webapplicatie was geconceptualiseerd op basis van de
belangrijkste drijfveren voor evacuatie gebaseerd op de bevindingen van dit
onderzoek.

Dit onderzoek draagt bij aan DRA door gebruik te maken van een nieuwe
methodiek die rampenrisico niet als statisch attribuut van het systeem beschouwt,
maar als een attribuut in constante adaptatie door de dynamiek van het systeem
ten gevolge van huishoudelijk gedrag mee te nemen. Gedrag meenemen in DRA
raamwerken kan leiden tot een andere representatie van risico. Daardoor kan de
bruikbaarheid van de uitkomsten voor DRM-beleid en strategie toenemen door
een meer holistisch beeld te tonen van hoe kwetsbaarheid en blootstelling kunnen



evolueren. Onze methodiek is een holistische beoordeling van risico, ADRA, en
beoordeelt rampenrisico met een adaptieve aanpak, in welke de
blootstellingscomponenten expliciet gekwantificeerd en in kaart gebracht is.
ADRA is een mensgericht aanpak en kan gebruikt worden om te kwantificeren
welke middelen meer effect hebben op risicoverlaging en tonen waar deze middelen
een significantere impact zullen hebben. Daarnaast biedt dit proefschrift
praktische aanbevelingen voor ramp-risico managers en beleidsmakers in Sint-
Maarten om het risico van natuurrampen op het eiland te verlagen.
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1.1 MOTIVATION

In a changing climate, disasters triggered by natural hazard events such as
hurricanes, storm surges, and flash floods are projected to increase in severity and
in frequency (Hoeppe, 2016; IPCC, 2014). Moreover, in addition to a changing
climate, the rapid and often unplanned expansion of urban areas and in particular
those located close to coastal regions is also exposing more people and economic
assets to disasters triggered by natural hazards, and it is projected that more
disasters associated with the expansion of urban coastal cities will continue in the
near future (Harrison and Williams, 2016; Kundzewicz et al., 2013; Sterzel et al.,
2020). This combination of urbanisation trends, increased numbers of natural
hazard events and demographic growth are creating the perfect scenario to have
more frequent and more severe disasters.

Changes in climate are of special importance in the context of Small Island
Developing States (SIDS), because SIDS are especially vulnerable to the
associated impacts of climate change due to their location, fragile economies with
limited diversification, restricted resources, and more vulnerable habitats (CRED-
UNISDR, 2015; Robinson, 2017; Turvey, 2007). Impacts of climate change on
SIDS can turn into significant loss of life and damage to property and

infrastructure, and an easily damage the entire economy of a small country
(UNFCCC, 2005).

According with the Insurance Information Institute (2019), there is a rising
trend regarding global weather-related disasters and their associated losses
(Figure 1.1). In addition, as reported in (CRED-UNISDR, 2015), floods and storm
have been the main accountable source of economic impact (Figure 1.2 (a)), and
also amongst the most catastrophic in terms of loss of life (Figure 1.2 (b)). Hence,
adaptation and mitigation of the effects of climate change in coastal urban areas
and of SIDS is necessary for the sustainability of these regions and to minimise
the losses associated with disasters.
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Figure 1.1 Global weather-related natural catastrophes by disaster type and associated
losses (1980-2018). Based on data from the Insurance Information Institute (2019).
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Figure 1.2 Impacts of disasters triggered by natural hazards (1995-2015). (a) Recorded
economic damage by disaster type (USD). (b) Number of deaths by disaster type. Source:
(CRED-UNISDR, 2015).

Implementation of climate-change adaptation measures should include
planning programs, such as community-based development strategies, disaster
risk assessment, assessment of the critical physical, social, economic, and
environmental issues in combination with raising awareness, and communicating
existing and future risks to local communities (Nurse et al., 2014; Robinson, 2017).
In that regard, disaster risk management (DRM) has been the pillar to address
or mitigate the impacts of weather-related disasters. The next section describes
current approaches and defines DRM as well as identifying some of the gaps in
this field.

1.2 DISASTER RISK MANAGEMENT - DRM

1.2.1 Definitions

Disaster risk management is defined as a method to identify, assess and reduce
risk through a series of strategies, policies and measures that aim to promote
improvement in disaster preparedness, response and recovery (IPCC, 2012b). It
is widely accepted by researchers and policy makers that the first step towards a
sustainable DRM strategy is the proper assessment of the disaster risk (Samuels
et al., 2009). In this thesis disaster risk assessment (DRA) is considered the first
and an essential step in DRM, hence both terms DRM and DRA will be used
interchangeably throughout this document.

According to UNDRR (2017), DRA is defined as “A qualitative or quantitative
approach to determine the nature and extent of disaster risk by analysing potential
hazards and evaluating existing conditions of exposure and vulnerability that
together could harm people, property, services, livelihoods and the environment
on which they depend.”
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From the definition presented above, it is necessary to adopt and tailor some
definitions to the scope of this thesis. According to IPCC (2012a), disaster risk
can be defined as the potential disruption of the normal functioning of a society
or community with possible consequences for loss of life, injury, or destruction or
damage of infrastructure, which can occur to a society in a specific period of time.
In a technical sense, disaster risk is defined as the combination of three elements:
hazard, exposure and vulnerability (Figure 1.3).

Vulnerability

Disaster
Risk

Figure 1.3. Elements of risk. *Adapted from (IPCC, 2012b).

In the context of this research, the term hazards refers to the possible future
occurrence of natural or human-induced physical events that may have adverse
effects on vulnerable and exposed elements (Birkmann, 2006); exposure refers to
the inventory of elements (people and /or goods) in an area in which the hazardous
events may occur (Cardona et al., 2012); and vulnerability refers to the
propensity of exposed elements such as human beings, their livelihoods, and assets
to suffer adverse effects when being exposed to and impacted by hazard events
(Birkmann, 2006).

1.2.2 DRM Approaches

Due to the very nature of disasters and the elements that compose disaster
risk, DRA is not a fixed science; instead, it is a method that is in constant
evolution based on new concepts and understanding of the different elements that
constitute it (Cardona et al., 2012). Traditional methods of disaster risk
assessment in water-related events have mainly focused on the natural and
technical roots of risk, the focus has been on reducing the likelihood of the hazard
to cause an impact through physical and structural defences, for which the hazard
component is the centre (Sayers et al., 2013), and as such these methods are
limited in comparison to current theories. Traditional approaches evaluate the
system by looking at the parts and linearly combining these or simply assessing
the individual components without any real integration (Vojinovié¢, 2015). These
conventional methods are known as Integrated Flood Risk Management
approaches (PEARL, 2016; Vojinovi¢ and Abbott, 2012).
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However, there are also other roots that need to be taken into account, such
as social, economic and technological roots that are better suited to measuring
the vulnerability and exposure components. A better alternative when dealing
with DRA is a holistic risk assessment, which looks at risk as a whole, looking
into the components but also seeking to understand the interactions,
interrelatedness and interdependences between different kinds of processes or
parts of the whole (Aerts et al., 2018; Cardona et al., 2012; Vojinovi¢ and Abbott,
2012).

1.2.3 DRM Gaps and Requirements

Traditional DRM approaches have failed to address risk analysis from a holistic
point of view. Of the three elements that compose risk, hazard modelling can be
considered to be the technical component; it is also the most studied one, as it is
relatively easier to undertake in comparison with the other elements of disaster
risk (Birkmann et al., 2013). In contrast, current vulnerability and exposure
assessments require a more holistic approach (Cardona et al., 2012).

Vulnerability Assessment

There are a huge number of vulnerability assessments to natural hazards in
the literature. Nguyen et al. (2016) present an extensive review of 50 studies on
the use of vulnerability indices associated with the impacts of climate change on
coastal areas across a range of hazards. However, Nguyen et al. (2016) concluded
that there is a lack of standardisation of concepts and methods to assess
vulnerability, making them difficult to compare for different areas; they call for
the adoption of a consistent and standard methodology and justify pursuing
indicator-based vulnerability assessments. The call for the use of indexes to have
a consistent set of metrics to assess vulnerability is not new; similar
recommendations are also presented in Comfort et al. (1999) and Cutter et al.

(2003).

In addition, some existing methods to assess vulnerability lack the adaptability
required to look holistically into the drivers of vulnerability. Current methods are
not flexible or easily adaptable to reflect the local characteristics of a particular
case study (Turner et al., 2003; Vojinovi¢, 2015), rather offering a generic picture
of vulnerability based on standard parameters, which are normally extracted from
census data. For this thesis, it was also necessary to have a vulnerability
assessment that could incorporate in the analysis the special characteristics of
small island states. SIDS are categorised as the most vulnerable nations in the
world, given their higher and continual exposure to the effects of climate change
and because of their relative geographical isolation (Scandurra et al., 2018).

Furthermore, holistic vulnerability assessments benefit from having a new
method that allows the effects of a recent disaster to be captured and by using
field data collection rather than a desk study.
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Exposure Assessment

Regarding exposure, traditional methods have used the term exposure as part
of the vulnerability component of disaster risk. Exposure is a necessary, but not
sufficient, determinant of risk. It is possible to be exposed but not vulnerable, and
the opposite can also be true, this is to say, it is possible to be vulnerable but not
exposed to a particular hazard (Cardona et al., 2012). Traditionally, the exposure
component has been expressed as a physical vulnerability (i.e. land use, existence
of buildings) (Balica et al., 2012), but while this assumption may be true to assess
risk to infrastructure or to assess economic impacts, it may not be the case to
account for an individual’s or household’s exposure. Traditional DRA methods
fail to incorporate the actions that individuals or households may undertake to
reduce their exposure: for example, evacuating from risky areas or taking
proactive and precautionary measures against the impact of the hazard, such as
elevating their house or installing hurricane windows or shutters before or after
being impacted.

DRA Needs

As shown above, current DRM practices rarely integrate the effects of local
characteristics, and do not often investigate the spatial and temporal relationships
that exist between the hazard, the vulnerability and the exposure. Hence, DRM
could be more successful if it considered the adaptive nature of vulnerability and
exposure components in their frameworks. Disaster risk should not be assessed as
a static attribute of the system, but as one in constant adaptation by including
the impact on the system due to the behaviour of individuals, businesses and
governments (Aerts et al., 2018). Incorporating behavioural adaptation into DRA
frameworks may lead to the better representation of risks. Hence, the usability of
the outputs for DRM policy and strategies may increase by offering a more holistic
view of how vulnerability and exposure may evolve. However, approaches that
are able to incorporate explicitly such adaptivity are currently underdeveloped
(Cardona et al., 2012).

It seems clear that new theories and methods are needed in order to assess risk
from a holistic point of view. In terms of the vulnerability component, assessments
based on an index-based approach can serve for this purpose. Index-based
approaches can be used to incorporate these elements that make the vulnerability
of SIDS unique, as well as to incorporate elements that can be changed after a
disaster, such as risk perception and awareness, among others.

In terms of the exposure component, the latest knowledge of Complex Adaptive
System (CAS) theory and agent-based models (ABM) can be used to undertake
the challenge of assessing this component holistically. CAS is a suitable framework
because it allows the complexity of risk to be captured, how risk may evolve from
actions, and interactions within and between human systems and the natural
environment. Using Agent-Based Models (ABM), it is possible to simulate these
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interactions and determine the exposure component using an adaptive method
rather than the static method that current methodologies use.

1.3 RESEARCH OBJECTIVES

The aim of this thesis is to develop and test a disaster risk modelling framework
that incorporates: socioeconomic vulnerability and the adaptive nature of human
behaviour in extreme hydro-meteorological events in the context of a small island
developing state. The specific objectives are:

1. To propose an adaptive disaster risk assessment framework that
incorporates elements of socioeconomic vulnerability and human
behaviour.

2. To develop a protective action model based on an ABM to evaluate the
exposure component of disaster risk under extreme hydro-meteorological
events.

3. To evaluate the potential benefits of an Adaptive Disaster Risk
Assessment (ADRA) framework in comparison with traditional
approaches for DRA.

1.4 RESEARCH QUESTIONS

Based on the objectives of this research, this thesis explores and addresses the
following questions:

1. What elements of socioeconomic vulnerability are important in an
adaptive risk framework in the context of a SIDS?

2. What are the main predictors of adaptive behaviour to reduce exposure in
a SIDS?

3. How beneficial is ADRA over traditional DRA?

1.5 RESEARCH APPROACH

1.5.1 Scope

This PhD was carried out within the European Commission’s Seventh
Framework Program Preparing for Extreme And Rare events in coastal. regions
(PEARL) project. Due to project objectives and requirements, this research aimed
to develop adaptive risk management strategies for coastal communities against
extreme hydro-meteorological events, minimising social, economic and
environmental impacts and increasing the resilience of Coastal Regions.
Furthermore, the case study site was selected based on the needs of the PEARL
project.
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1.5.2 Workflow

In order to address the main objective of this research, we present a
comprehensive framework for disaster risk assessment that integrates the
adaptability of disaster risk. The proposed framework builds on the steps for the
disaster risk assessment approach proposed by the United Nations Development
Programme (UNDP, 2010). In Figure 1.4 we present the steps adapted to include
the novelties of the proposed methodology in this dissertation. It is worth noting
that steps 2 and 3 can be assessed in parallel or in reverse order based on the
objectives of the study.

Step one: corresponds to the understanding of the current situation, the needs
and gaps for the objectives, and the case study. In this step we identified the data
needs as well as data collection. This thesis uses data collected during a field
campaign and complemented with information and data from previous research
or provided by other researchers from the PEARL project in which this PhD took
place.

Problem identification and
Data collection

(5) () (&)

Adaptive Disaster Risk
Assessment

DRM tool development <+

Figure 1.4. Adaptive Disaster Risk Assessment steps. *adapted from (UNDP, 2010).

Step 2: consists of the modelling of the potential hazards; this is the
identification of possible physical threats, their location, intensity and likelihood
of occurrence. In this dissertation, the type of hazards to be modelled corresponds
to floods and hurricane winds.

Step 3: the vulnerability assessment is performed, which aimed to capture the
multifaceted phenomena of socioeconomic vulnerability. Vulnerability was carried
out in this dissertation using an index-based approach.

Step 4: exposure assessment consist in determining the likelihood of
individuals or infrastructure to be exposed to a specified hazard. In this
dissertation exposure was evaluated in two steps. First, an analysis of the observed
evacuation behaviour during Hurricane Irma was performed. And, second, using
the results of the observed evacuation patters we implemented an ABM for
modelling protective actions done at household level to account for the adaptive
nature of the exposure component.
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Step 5: consists of the comparison and assessment of the results of traditional
DRA methodologies against our results using the proposed ADRA framework.
ADRA was computed by combining the results of the hazard modelling with those
of the socioeconomic vulnerability and exposure ABM model.

Step 6: Based on the findings of the most relevant elements of socioeconomic
vulnerability and the main predictor of evacuation in Sint Maarten, we have
developed a tool aimed to be used for disaster risk management, in particular for
evacuation.

1.5.3 Case Study

Study Area

The island of Saint Martin is located in the Leeward Islands in the northeast
Caribbean Sea. The island is divided into two administrative units (Figure 1.5):
the northern part Saint-Martin with an area of 53 km? is an overseas collectivite
of France, and the southern part Sint Maarten with an area of 34 km? is one of
the constituent countries of the Kingdom of the Netherlands (Vojinovi¢ and Van
Teeffelen, 2007).

63°15'0"W 63°10'0"W 63°5'0"W
) L f

Saint-Martin
France collectivite
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""E\L,,// TS
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Souices: Esil GEBGH. NOAR, Nationa Besgrashis Garnin, HERE. Geonzmes org. and other
contributars; Earil Garmin, CEC(E, NOA NEDT, and sther sontributars
T

Figure 1.5. Location of Sint Maarten in the Caribbean Sea.

The magnitude and path of Hurricane Irma exposed the entire population of
the island. However, this research focuses only on the Dutch part of the island.
The official population on the Dutch side was 40,535 in 2017 (STAT, 2017).
However, the numbers may not include all the undocumented immigrants, whose
increase in numbers is considered one of the most significant social issues and
drivers of vulnerability on the island (Bosch, 2017). According to non-official
sources and during the interviews conducted during the fieldwork after Hurricane



Adaptive Disaster Risk Assessmet

Irma, the research team estimates that around 10,000 illegal immigrants might
have been living on the Dutch part of the island before Hurricane Irma struck in
September 2017. Previous figures put the number of undocumented immigrants
close to 20,000 people (Geerds and de With, 2011).

The geographic location of the island, in the Atlantic Hurricane belt, exposes
Sint Maarten to numerous hazards; the most noticeable are hurricanes which can
cause (a combination of) strong winds, storm surges, pluvial flooding and
mudslides. Since records began in 1851, a total of 20 major hurricanes (Category
3 or higher on the Saffir-Simpson Hurricane Wind Scale) have hit Sint Maarten.
The most notable major hurricanes that have affected the island include
Hurricane Donna in 1960, Hurricane Luis in 1995, Hurricane Lenny in 1999 and
more recently Hurricane Irma in 2017 (the most catastrophic on record to date)
(MDC, 2015).

Hurricane Irma Synopsis in Sint Maarten

The 2017 Atlantic hurricane season was one of the most active on record since
records began in 1851 (NOOA, 2017). The 2017 season produced 17 named
storms; 10 became hurricanes of which six were categorised as major hurricanes,
i.e. Category 3 or higher on the Saffir-Simpson Scale (MDS, 2018). Hurricane
Irma was the ninth named hurricane of the 2017 hurricane season, which
originated from a tropical wave formed on the west coast of Africa around Cabo
Verde on 27 August and dissipated on 13 September in mainland USA (Cangialosi
et al., 2018), causing widespread destruction across its path.

During its lifetime, this catastrophic hurricane made seven landfalls, four of
which occurred as Category 5 across the northern Caribbean Islands. Irma’s
second landfall was on the Small Island Developing State (SIDS) of the island of
Sint Maarten on 6 September 2017 (Figure 1.6), with maximum recorded winds
of 295 km/h and a minimum pressure of 914 mb (Cangialosi et al., 2018). At the
time, it was considered the most powerful hurricane on record in the open Atlantic
basin.

In terms of fatalities associated with Hurricane Irma, 11 direct deaths were
reported on Saint-Martin (the French part of the island) and 4 on Sint Maarten
(the Dutch part). Also, one indirect death was reported on Sint Maarten
(Cangialosi et al., 2018). It is important to mention that during our fieldwork it
transpired that the community of Sint Maarten believe that the reported number
does not reflect the real number of casualties on the island associated with Irma.
Their beliefs are based on the level of destruction and the gossip that circulated
the island in the aftermath of the hurricane. During the survey, we heard that
the real death toll ranges from 200 up to 1,000 deaths, with Irma primarily
affecting the undocumented immigrant population. Also, the reports of injured
people are estimated at around 250 to 300 people caused by Hurricane Irma on
the island (ECLAC, 2017).

10 |
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L% *’ 1
Figure 1.6. Satellite image of Hurricane Irma on 6 September 2017. Sint Maarten can
be seen through the eye of the hurricanel.

Hurricane Irma also caused significant economic damage by destroying homes,
schools, public buildings, businesses, and infrastructure. It is estimated that over
90% of housing had some damage, with 50% of these suffering from average
damage or worse. It is also estimated that around one-third of the buildings were
destroyed entirely (Netherlands Red Cross, 2017). The direct physical damage on
the island was estimated at around US$1 billion (ECLAC, 2017).

1.6 THESIS OUTLINE

Given the research motivation, questions, objectives and scope already
presented, this thesis is structured in ten chapters (Figure 1.7), including the
introductory section (Chapter 1) and the outlook and reflections from this
dissertation (Chapter 10). The research chapters are structured as follows:

Chapter 2 contains the description of the fact-finding mission that was carried
out in the case study in the aftermath of Hurricane Irma. It includes the
methodological design of the tools used to collect data in the post-disaster
environment as well as the main finding of the fieldwork with regard to elements
of the socio-economic vulnerability, exposure and risk on the island.

! Source:https://www.weerplaza.nl/weerinhetnieuws/live-blog/orkaan-irma-raast-over-bovenwindse-eilanden/3567/
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Problem Identification and Methods.
Chapter 1

}

ADAPTIVE DISASTER RISK ASSESSMENT - ADRA
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Adaptive Risk. ADRA. Emergency Communication.
Chapter 8 Chapter 9

ABM - Literature Review.
Chapter 6

.

Outlook.
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Figure 1.7 Overview of the methodological approach of the thesis.

In Chapter 3, we present a framework to assess socio-economic vulnerability
in SIDS in a post-disaster context. We assess the vulnerability by computing a
vulnerability index in combination with a principal component analysis. The
index-based vulnerability-assessment approach, called PeVI, has a modular and
hierarchical structure with three components: susceptibility, lack of coping
capacities, and lack of adaptation, which are further composed of factors and
variables. With the data collected in the aftermath of Hurricane Irma, we could
incorporate into PeVI elements that can change after a disaster (e.g. risk
awareness, risk perception, and access to information).

Chapter 4 presents the results of a multi-hazard assessment for Sint marten
using Hurricane Irma as the base hazard. We took into account wind hazard from
a maximum gust wind model and flood hazard to account for potential pluvial
flood and storm surge in the study area using a synthetic, but plausible scenario,
corresponding to a 100-year recurrence interval and a storm surge of 0.5 m.

12
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Chapter 5 details the evacuation behaviour analysis observed in the case
study during Hurricane Irma in September 2017. Based on a review of previous
evacuation behavioural studies we have examined several factors to assess the
validity as predictors (or not) of observed evacuation behaviour using logistic
regression models and we selected those proven to be statistically significant to
build a regression model of evacuation behaviour that is used in the setup of
behavioural rules of the ABM in Chapter 7, as well as to map the evacuation
behaviour on the Dutch part of the island.

Chapter 6 corresponds to a state-of-the-art literature review in the use of
ABM in water-related disasters. The extensive literature review on this topic is
presented because human behaviour is the central concept of the adaptive disaster
risk framework of this dissertation, and ABM was chosen as the modelling tool to
capture variability in the exposure component of risk. In the review, among other
topics, we present some identified knowledge gaps, methodological issues and
suggestions to enhance ABM applications as a novel tool in DRM, and we offer
some recommendations and future directions, some of which were taken into
account during the model setup of the ABM in Chapter 7. An important comment
is that the literature review for the other concepts of disaster risk used in this
dissertation is presented in a separate section in each corresponding chapter.

Chapter 7 contains the ABM model used to assess exposure to water-related
natural hazards dynamically. The ABM model the flow of information during
Hurricane Irma in Sint Maarten, and make predictions regarding protective
actions at the household level. The ABM model uses the findings of Chapter 5 to
setup the evacuation rules of the agents.

Chapter 8 contains our adaptive disaster risk assessment framework (ADRA),
and its application in the case study of Sint Maarten. We use Hurricane Irma as
the hazard component (Chapter 4), the vulnerability assessment carried out in
Chapter 3, and the exposure component was incorporated using the results of the
ABM model presented in Chapter 7. Then we compare our results against
traditional DRA methodologies, and conclusions are drawn.

Chapter 9 presents a web application that was developed to be used as a tool
for disaster risk management (DRM) and evacuation purposes on the island of
Sint Maarten. The web application was conceptualised based on the main drivers
of evacuation found in Chapter 5 as well as users’ needs identified during the
fieldwork presented in Chapter 2.

13






CAPTURING ELEMENTS OF
VULNERABILITY, EXPOSURE
AND RISK

This chapter presents a household survey and the main findings related to
vulnerability, exposure and risk to extreme weather events in the aftermath of
the category 5 Hurricane Irma in Sint Maarten. The post-disaster context posed
challenges in relation to data collection, determination of sample size and timing
of the fieldwork. The survey was conducted using a combination of face-to-face
interviews and web-administered questionnaires. This method proved useful in
achieving a better coverage of the study area as well as obtaining a greater overall
response rate. With regards to the timing of the survey, it was found that a period
of six months after the hurricane for the field data campaign was adequate in
terms of availability of resources and emotional distress of respondents. Data
collected in the survey was categorised into general household information,
hurricane preparedness and reaction, and risk perception/awareness. Survey
findings show that the factors that increased vulnerability and risk on the island
include a high tenancy rate, low insurance coverage, lack of house maintenance,
low evacuation rate, not receiving a clear warning, and lack of preparation. The
factors that reduce vulnerability include high hurricane awareness at a household
level and high tendency of rebuilding houses with comparable quality to houses
that can sustain hurricanes.

This chapter is based on:

Medina, N., Abebe, Y., Sanchez, A., Vojinovi¢, Z., & Nikolic, I. (2019). Surveying After a
Disaster. Capturing Elements of Vulnerability, Risk and Lessons Learned from a Household

Survey in the Case Study of Hurricane Irma in Sint Maarten. Journal of Extreme Events, 6(2).
Doi:10.1142/52345737619500015.



Adaptive Disaster Risk Assessmet

2.1 INTRODUCTION

In the immediate aftermath of a hurricane concerns and efforts need to be
focused on the relief effort, needs assessment, safety, health, and well-being of
inhabitants (Alexander, 2015; Petak, 1985; Tan, 2013; Walle et al., 2013).
However, when the immediate emergency has passed, reconstruction should
commence and the bringing back of living standards to at least the pre-disaster
status. As identified in previous work (Vojinovié¢, 2015), an assessment of risk and
vulnerability to hurricanes and floods is vital for reconstruction efforts and future
planning activities.

In this chapter we present the main findings of a field data collection campaign,
lessons we learnt while collecting data in a post disaster environment on Sint
Maarten after the devastation caused by Hurricane Irma in September 2017, and
some of the main finding regarding vulnerability, exposure and risk to disasters
triggered by natural hazards in the island.

2.1.1 Need for post-disaster data

Due to the lack of data available that could be used in the computation of
vulnerability and risk, it was evident that collecting data in Sint Maarten was
important for the reconstruction efforts and future planning activities, especially
data concerning vulnerability, exposure and risk of population and infrastructure
to extreme weather events at household level as explained above. The World Bank
report on Data Against disasters triggered by natural hazards (Amin and
Goldstein, 2008) offers a good guide to understanding the different data needs
during the different phases of a disaster. The information needs in a recovery
phase vary from losses per household and economic and business losses to data
needed on the availability of water, schools, and health facilities, levels of
vulnerability to disasters triggered by natural hazards, the status of land
ownership, among others.

Several authors have addressed the need for information at a household level
in different phases of a disaster. The work of Birkmann et al. (2016) present some
of the findings of a household survey in a highly exposed area to extreme weather
events for the Megacity of Lagos in Nigeria. In their approach, the survey focused
on different characteristics of vulnerability, resilience, and transformation as a
critical element for any planning and decision-making in the context of climate
change. Similarly, Shah et al. (2018) present an approach to elaborate household
vulnerability and resilience assessment to flood disasters in two districts in
Pakistan affected by the floods of 2010; The research was carried out using a
dataset of 600 face-to-face household interviews, in which it was identified how
the different components of vulnerability change from place to place and resulted
in specific recommendations for each one of the study districts. Bird et al. (2011)
highlight the importance of conducting post-disaster surveys to gain a better
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understanding of human behaviour and the significance of this information in
improving community-based disaster risk mitigations.

In addition, post-disaster data have to be collected and managed to assess the
risk and to support the tasks of various organisations such as government, the
scientific community, financial institutions and nongovernmental organisations
(NGOs) (Wirtz et al., 2012). The importance of data collection just after a
disaster to understand and meet the needs of the affected population has also
been recognised by the United Nations Office for the Coordination of
Humanitarian Affairs (OCHA, 2016). This office, supported by the Ministry of
Foreign Affairs of the Netherlands, established a global humanitarian data centre
aiming to centralise, process, visualise and analyse humanitarian data.

2.1.2 Challenges to data collection after a disaster

In any data collection campaign, it is vital to have clearly defined objectives,
which is especially true in post-disaster data collection since the acquisition of
this data is more challenging for any researcher in many ways. First, researchers
will probably conduct the data collection in an environment with restricted
transportation, accommodation and food supplies among others (Benight and
McFarlane, 2007; Henderson et al., 2009; Morton and Levy, 2011). Second,
researchers must navigate through emotional distress and post-traumatic stress
disorder (PTSD) in the community to be addressed in the post-disaster phase
(Haney and Elliott, 2013; SAMHSA, 2016). Third, an evacuated and relocated
population might be out of reach to be surveyed (Kessler et al., 2008).

Given all these possible limitations that can be faced during post-disaster data
collection, it is crucial for a research team to keep in mind that conventional
approaches in the design of surveys may not apply or may be misleading in times
of disaster and need to be adapted to local circumstances (Lavin et al., 2012;
Liang et al., 2012; Richardson et al., 2009). Accordingly, it is important to find a
balance between keeping the research quality and maintaining sufficient sample
size with the limitations that can be experienced in the field.

Sampling strategy and methods

Surveying in post-disaster circumstances should, therefore, consider among
other aspects, the best possible sampling strategies and methods. Norris (2006)
presents a summary of usage of different sampling strategies such as convenience
sampling, census, purposive sampling, and random and quasi-random sampling.
Norris’s findings show that convenience and random sampling methods are used
more often in studies after disasters triggered by natural hazards. Liang et al.
(2012) also evaluate three sampling methods for selecting houses for post-
hurricane damage assessment simple random sampling, equal spatial sampling,
and route-based strategy, and conclude that the route-based sampling method
showed an acceptable level of performance.
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The method of post-disaster surveying is also an important factor. Since
disasters usually result in infrastructure damage, conventional survey modes such
as face-to-face and telephone surveys are proved to be challenging to conduct
(Kessler et al., 2008). In the first case, the main challenges include damaged roads
that impede the travel of interviewers, concerns of criminal hazards and disease,
difficulty contacting people either because they have been evacuated or because
the area is entirely devastated (Henderson et al., 2009; Kessler et al., 2008). In
the case of telephone surveys, the main challenges are telephone service
interruptions and lower participation or response rates, especially from low-
income people (Henderson et al., 2009; Kessler et al., 2008). The final selection of
a survey method should be done based on the characteristics of the type of
disaster, the population size affected by the disaster and human idiosyncrasies
(Henderson et al., 2009). But given the nature of disasters, several authors (see
Kessler et al., 2008; Skinner and Rao, 1996) agree on multiple-frame sampling as
the preferred method to minimise some of the most concurrent issues in post-
disaster surveys, as it achieves a better representation of the population in the
final sample selected compared to single frame methods.

Timeframe for data collection

Another critical aspect in post-disaster data collection is when to perform the
fieldwork. The decision should equally consider: (i) sufficient time for the relief of
the population and (ii) not waiting for too long after the event as the target
population could forget critical aspects to be collected in the fieldwork (Henderson
et al., 2009; Lavin et al., 2012). Kessler et al. (2008) also note that surveys need
to be performed as soon as possible after a disaster so that the outcomes of the
survey can be used for planning decisions. Although it was not possible to find a
unified definition on the best time to perform a survey, based on the reviewed
papers for this work, the “normal” time to start data collection campaigns vary
from 4 to 6 months after a disaster occurred.

One of the most documented and studied disasters is Hurricane Katrina in
2005; authors have performed studies in the impacted area of that hurricane and
studies regarding hurricane Katrina can be considered as a standard or reference
case study. The role of professionals from the region of New Orleans conducting
research after hurricane Katrina was studied and shows that 6 months elapsed
before the collection of information was optimal. The reasoning behind this lag
was to obtain funding, to allow enough time for the target population to return
to a “normal” situation after the hurricane, to properly train students for the field
mission and bureaucracy (Haney and Elliott, 2013). Also, in a research focus on
lessons learned in survey methodologies on the impact of Hurricane Katrina to
the population of New Orleans, Henderson et al. (2009) summarised 4 different
projects carried out in this area, the starting timeframe of which vary from a
minimum of 4 months up to 6 months.
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Ethics in the data collection

It is common practice to deploy research teams into an area hit by a disaster.
While many of these projects and research are conducted with the best of the
intentions, some, unfortunately, are opportunistic (Sumathipala et al., 2010). As
such, several authors have addressed some of the most common ethical issues
while surveying in a post-disaster community and offer suggestions on how to
avoid or minimise the risk of violating these issues and how to balance the critical
need for research in and after the disaster, with the ethical responsibility to
protect the research participants. (Hendriks et al., 2015), points out that all
disaster research activity should be balanced with the ethical responsibility to
protect vulnerable participants. It is suggested that the selection of participants
should not be done solely by the research team but include local and relief
organisations in the selection process.

Similarly, Sumathipala et al. (2010) presents some of the main ethical
challenges that need to be accounted for while designing and performing post-
disaster research, some of which are: targeting most vulnerable population such
children and women, the mental health implications of the disaster on the target
population, experiments and sample collection without ethical approval. Also,
Sumathipala et al., stresses that research in a post-disaster community needs to
be contextual and regionalised, the use of international guidelines is essential, but
the local context should never be left out in the design and research work.
Additionally, O'Mathuna (2010), points out that while doing research, the
protection of participants and minimising harm are the researchers’ highest ethical
priorities. In this work, O’Mathtina also comments on the importance of including
formal ethical approval, informed consent, balancing burdens and benefits,
participant recruitment, coercion, the role of compensation, and conflicts of
interest.

2.2 SURVEY DESIGN AFTER HURRICANE IRMA

2.2.1 Conceptual Design

Data preparation

For the data collection and survey campaign, having a good source of building
locations improves the accuracy of the study through improving random sampling
selection methods, increasing precision by saving time and valuable resources, and
increasing the sample size (Kaiser et al., 2003; Roper and Mays, 1999). In Sint
Maarten, the main challenge while preparing the survey was the lack of a
consistent and up-to-date geographic database of residential buildings. The official
source of information available to the team dated back to 2008, and it was
provided as a shapefile by the Ministry of Public Housing, Spatial Planning,
Environment and Infrastructure of the Government of Sint Maarten (Ministerie
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van Volkshuisvesting, Ruimtelijke Ordening, Milieu & Infrastructuur — VROMI).
After visually assessing the quality of this file, it was concluded that the data was
outdated and did not accurately represent the number and location of buildings
on the island (see Figure 2.1-a and Figure 2.1-b). The nonexistence of a new
shapefile at the moment of data preparation was confirmed by the ministry of
infrastructure of the island.

The geographic dataset was updated following a similar approach of previous
research studies with inadequate data where Open Street Maps (OSM) data was
used as a source of information for disaster management. This follows the
experiences by Latif et al. (2011), where the authors discuss the role of Open
Street Maps for disaster management in Bangladesh. They describe the process
of using Yahoo Aerial Imagery within OSM as a backdrop for map production.
Michael (2014) reports on a project called ‘missing maps’ which is an initiative
led by the Humanitarian OpenStreetMap team to create free, digital maps of the
world. With the concept of using satellite images as background in OSM,
volunteers all over the world can trace the outlines of buildings, roads, parks, and
other urban elements to create free maps. Michael (2014) reported that the first
big test case was Lubumbashi, a city in the Democratic Republic of Congo and
explained the potentiality of this approach in Haiti after the 2010 earthquake. In
a similar manner, Homberg et al. (2017) offer a relatively complete list of which
datasets should be collected before a disaster strikes. In this work, Homberg
presents a data sets preparedness index that is computed based on completeness,
recency and accuracy, and reliability and is tested in a case study after typhoons
in The Philippines and floods in Malawi. The geographic components in their
computation use datasets available from OSM for these two case studies.

In the case of Sint Maarten, OSM data and official data (from VROMI) were
merged and cleaned, creating an updated map of residential buildings. The merged
shapefile was further improved by visual comparison with a high-resolution SPOT
satellite image of the island taken on 16 February 2017 (i.e., prior to Hurricane
Irma). The spatial resolution of the SPOT image is 20 cm (IGN, 2017). With this
approach, it was possible to detect and include newly constructed buildings that
were not represented in the shapefile (see Figure 2.1-(a)) and to remove buildings
that no longer exist on the island (i.e., demolished structures) (see Figure 2.1-
(b))

Because the household survey target population was limited to residential
buildings, it was necessary to check the land use or type of each building. The
data cleansing was carried out in four phases (Figure 2.2): (i) Buildings listed as
residential were selected from the original VROMI database. (ii) Building use was
then verified with the OSM attribute of land use. (iii) By using the locations of
commercial and industrial buildings in Google Maps, it was possible to remove
some buildings mislabelled as residential, and (iv) by using the location of hotels
and accommodation reported in booking.com and Airbnb web pages, it was
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possible to detect buildings that were incorrectly categorised as residential.
Buildings with mixed use were not accounted for residential.

Figure 2.1. Sources of buildings data — OSM, VROMI and SPOT satellite image. (a)
Shows the buildings shapefile extracted from OSM using the satellite image as a
background. The blue polygons represent buildings existing in the database whereas the
rest are new buildings missing in the OSM database. (b) Shows the VROMI shapefile in
beige and red line over the SPOT image. It is observed that some buildings have been
demolished.

The data cleansing results in the classification of buildings into eight different
land  use  types: 1. Residential, 2.  Hotel/Accommodations, 3.
Commercial/Industrial /Services, 4. Sport/Leisure, 5. Medical /Health centres. 6.
Religious, 7. Educational, 8. Correctional (Figure 2.2). A total of 11,128 units
were of residential use, and those were the ones selected as the target population
size for the household survey.
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Figure 2.2. Categorisation of buildings by type of use.
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Sample Size and Household Random Sampling

Using a random sampling method, for a target population of 11,128 residential
buildings, the number of respondents needed to obtain statistically significant
results was 267 houses. This number of houses would provide a confidence level
of 95% and a 6% margin of error. Furthermore, assuming a 90% response rate to
the survey, the sample size was adjusted to 296 residential houses and rounded
up to 300 houses.

A random sampling technique was used across the entire geodatabase in order
to select the residential buildings to be surveyed. For this, the Sampling Design
Tool for ArcGIS? was used. It was important that the sample buildings were
uniformly distributed among the eight major administrative districts of Sint
Maarten since they have different socio-economic characteristics and therefore
different capacity to respond and adapt to the consequences of major weather
events. Table 2.1 shows the number of selected houses per district to be
interviewed.

Table 2.1. Number of existing, targeted and selected households per district

Number of % Houses per ## Houses # Houses

Cole Bay 2071 18.6% 56 58
Cul de Sac 2524 22.7% 68 67
Little Bay 1079 9.7% 29 28
Lower Prince’s Quarter 2389 21.5% 65 66
Lowlands 334 3.0% 9 5
Philipsburg 457 4.1% 12 11
Simpson Bay 367 3.3% 10 7
Upper Prince’s Quarter 1907 17.1% ol 58

2.2.2 Collection Modes

The collection of data in Sint Maarten after Hurricane Irma was carried out
using a mixed-mode survey methodology, using face-to-face interviews as the
primary method and a web self-administered questionnaire as a complementary
method. The face-to-face administered interview was chosen based on previous
post-disaster studies which find out that respondents prefer this method because
they feel listened to and can tell their stories, this serves as a relief from the post-
disaster stress and increases the chances to obtain a better response rate
(Henderson et al., 2009; Norris, 2006). Furthermore, the ability to help the

2 https://coastalscience.noaa.gov/project/sampling-design-tool-arcgis/
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respondent to understand specific questions when in doubt (Irvine et al., 2012)
and the certainty of covering the whole extension of the questionnaire were
important (Holbrook et al., 2003).

Also, performing a face-to-face interview allowed the team to get a general
knowledge of the island and to collect extra information through a semi-structured
interview at the end. This part of the interview gave the opportunity to focus on
crucial topics and was often used to solicit information about issues that are
considered to be sensitive (Lavrakas, 2008) such as government performance,
income, immigration, riots, and looting, which were widely discussed by
respondents in our survey.

One of the critical challenges in Sint Maarten during the data collection was
the limited access to some specific areas to perform face-to-face interviews. The
factors include difficulty to access gated houses without a doorbell, presence of
dogs that made it difficult or impossible to reach the front door, houses currently
uninhabited due to reconstruction works, non-permanent residents in houses used
for summer holidays, no residents at the time and date when the visits were
performed, and gated condominiums where security guards denied access to the
team. These challenges were mainly but not limited to high-income areas, and led
to low coverage in some districts.

As the overall response rate from the face-to-face interview was lower than that
designed for the study, the team included a secondary method to collect data.
The complementary collection method was a web self-administered version of the
face-to-face survey. The secondary method was used to increase the response rate,
due to its faster response rate at a lower cost (Duffy et al., 2010; Lefever et al.,
2007). In addition to increasing the response rate, web surveys had been used
previously in “hard to reach” populations to expand the geographical coverage of
the study (Baltar and Brunet, 2012).

2.2.3 Survey preparation

The first step to prepare the questionnaire was the selection of the language to
administer the interview. It is important to note that there are more than 25
registered nationalities on the island with Dutch and English being the official
languages of the country and large French and Spanish speaking communities.
Despite the multiple nationalities and languages present on the island, the survey
was designed in English.

The selection was made on the basis that English is one of the official
languages, is the official language spoken in the administration of the island and
is also the preferred language within the population due to the high volume of
North American tourists, which in 2016 accounted for 63 % of stayovers (STAT,
2017). However, in the implementation of the survey, the team found some areas
of the island where only Spanish was spoken and given the presence of a native
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Spanish speaker in the team, the survey was performed in their native language.
The transcription into digital format was done in English.

The questionnaire for the face-to-face interviews consists of three parts (Figure
2.3-a). The topics covered are: (i) general household information, (ii) hurricane
preparedness and reaction, and (iii) risk perception/awareness. The questionnaire
has between 46 and 51 questions depending on evacuation decision taken by the
household during Hurricane Irma. The online version of the survey questionnaire
was created using Google Forms and also designed only in English.

The link to access the survey was shared through the Facebook pages of
different organisations located on the island such as churches and aid /help groups
created after Hurricane Irma and was sent to individuals that were identified as
active participants in those groups and contacts created during the field mission.
Participants were asked to share and distribute the survey among friends and
relatives on the island. The online version kept all the original questions of the
face-to-face questionnaire, but it was reorganised in such a way that it optimises
the screen presentation and the navigation of respondents.

The final design consisted of 11 sections (Figure 2.3-b). A copy of the face-to-
face interviews is presented in Appendix A. The copy of the online version can be
accessed through (PEARL, 2018).
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Figure 2.3. Survey questionnaire structure. (a) Face-to-face Survey. (b) Web Survey

24



Capturing Elements of Vulnerability, Exposure And Risk

2.2.4 Pre-Survey logistics and preparation

Given the limited resources on the island, even five months after Hurricane
Irma, all the materials needed to perform the field surveys were prepared and
printed before travelling to the island. These included 350 hard copies of the face-
to-face questionnaires, pre-prepared maps showing the locations of the 300
randomly sampled houses, and named fieldwork papers following similar
approaches that can be found in humanitarian projects carried out by the Red
Cross (American Red Cross; Eros, 2018). In total, the study area was subdivided
into 45 fieldwork papers, and all the targeted households for the survey were
already marked with a unique identifier that was used both in the maps and in
the hard copy of the questionnaire.

2.3 SURVEY

2.3.1 Data Collection

The face-to-face surveys were conducted by two of the authors of this study.
The fieldwork was carried out from 12 February until 3 March of 2018. A pilot
study was carried out on the first day to evaluate whether the initially chosen
sampling framework and technique were adequate and wuseful for the
characteristics of Sint Maarten. A total of 12 interviews were carried out in the
pilot, and from the responsiveness of the inhabitants obtained, it was concluded
that the face-to-face method was adequate for the data collection. Furthermore,
the pilot was conducted by the two interviewers together, allowing the team to
establish a common basis for performing the interviews.

For security and identification purpose, the vehicle used during the survey was
properly marked as part of a post-Hurricane Irma impact assessment team with
logos of the research institute leading the fieldwork (Figure 2.4). The interviewers
also wore an institute t-shirt and hat which turned out to be crucial because some
respondents only agreed to participate in the survey once they were entirely sure
the team was not part of the government. This was mainly related to sharing
sensitive private information such as immigration status, household size and
income of respondents and the feeling that government reaction after Hurricane
Irma was not good enough.

During the survey, if it was not possible to interview the initially randomly
selected household, the interviewer proceeded to select a new one. The new
selection was performed based on the closest house available to the original point
that was willing to participate. It is worth mentioning that the initial survey
protocol established to move to the right-hand side of the house, but this proved
challenging on the field due to the limitations of a post-disaster area. Reasons
that led to change the target house were: a) no presence of people in the house,
b) no adult to respond at the time of the visit, ¢) the house was abandoned or
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under reconstruction and uninhabited after Hurricane Irma, or d) the person
declined to participate. After proper identification and explanation of the purpose
of the survey, the interviewer proceeded to ask the full questionnaire and the final
semi-structured part as remarks.
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Figure 2.4. Team identification on the field during interviews.

The survey protocol established that interviews would be carried out on
Monday to Friday from 8:00 hours until 17:00 hours and during Saturdays from
8:00 hours until 15:00 hours, leaving Sundays as a preparation and resting day.
The protocol was later adjusted to fit better the characteristics and daily
behaviour of the residents of Sint Maarten. For example, Saturday and Sunday
were fully scheduled for data collection. Adjusting the protocol had two main
advantages on the overall performance of the fieldwork: (i) the respondent age
group was normally distributed since, in weekdays, the team encountered a high
number of retirees and (ii) it was possible to increase the chance of finding
residents in some areas where potential respondents were not available during
weekdays. In addition, working hours were also shifted to start at 9:00 am to
avoid traffic jams in the early morning in the few main roads of the island. There
was also a briefing of the main findings and challenges faced during the day in
order to account for any change or adjustment to the survey protocol for the
upcoming days. The protocol established that at the end of each week, a more
extensive meeting would be held to adjust the survey based on the evidence of
the work done until that moment. For example, based on assessments, a question
related to the sources of warning information used by the respondent during
Hurricane Irma was removed because it created confusion and respondents found
it redundant to a previous question.

For the web version of the survey, the questionnaire was initially posted on 9
March 2018, and kept online for three weeks until 31 March to be consistent with
the number of weeks that the face-to-face interview took place.
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2.3.2 Response Rate, Confidence Level and Margin of error

The total number of respondents of the household survey using the mixed data
collection mode was 260. A total of 207 responses correspond to the face-to-face
interviews and 53 responses to the web survey. However, five of the web-survey
respondents were living on the French side when Hurricane Irma hit the island
and hence where discarded from the analysis. Therefore, the findings presented in
the next section of this chapter is based on the analysis of the responses of 255
households. This corresponds to a response rate of 82.6% with a margin of error
of the survey of 6.07% using a confidence interval of 95%.

To illustrate the geographical location of the respondents, Figure 2.5 shows the
percentage of respondents according to the survey method used at neighbourhood
level. As mentioned earlier, a face-to-face interview was conducted in most parts
of Sint Maarten. However, in the less accessible, more prosperous, gated
neighbourhoods of the island, the web-administered survey was best employed.
Figure 2.5 illustrates that the web-administered survey was indeed
complementary to the primary collection method.
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Figure 2.5. Survey collection methods per neighbourhood.

2.4 SURVEY - RESULTS

2.4.1 Main findings

The following section presents the main findings of the household survey
regarding vulnerability and risk assessment grouped into four categories: (1)
Household and demographic parameters, (2) Information, awareness and
experience of hurricanes, (3) Evacuation behaviour and (4) Risk perception. For
the full report on the findings we refer to the full report (PEARL, 2018).
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Household and demographic parameters

Census and demographic data are vital to compute vulnerability to extreme
weather events (Cardona et al., 2012; Sorg et al., 2018; Vojinovi¢ et al., 2016). In
Sint Maarten, this information was only available aggregated at country level.
This data is too low-resolution to perform an in-depth analysis on the root causes
of vulnerability, which requires block or neighbourhood level data. Hence, the
household survey included questions collecting demographic information. One
important demographic aspect is the country of origin as it can be directly related
to some of the components of vulnerability such as language limitations,
knowledge of the evacuation routes and experiences with past hurricanes Figure
2.6 shows that the comparison of respondents’ countries of origin with those
reported in the 2011 official census (STAT, 2017) are consistent. The main
difference is that this research shows more respondents from The Netherlands and
fewer respondents from Saint-Martin. However, in general, there is a good
indication in terms of representation of the selected sample.

17.8%
others | N 7’55

Guyana 359

W Census Data (2011)
Sint Martin T 5.9%

0.0% m Household survey
Aruba %%0{2
India 2'2%%
Dominica 4;‘:{5%
Jamaica 5%[}6,0%
Curacao 4.1%

The Netherlands % 10.05%
Dominican Republic —10-122%4%

0.0% 10.0%% 20.0% 30.0% 40.0%

Percentage

Figure 2.6. Country of Origin. Respondents of the household survey (blue bars) vs.
census data 2011 (orange bars). This graph is intended to show that the sample size of
the household survey adequately captures the multi-ethnicity of Sint Maarten when
compared with the latest official census data available.

The number of years living in Sint Maarten is another indicator that can be
used to assess vulnerability. Length of residence increases the knowledge of the
associated risk of living in a hurricane-prone area, the sense of belonging and
general knowledge of the island in case of evacuation, and increases the chances
of having a social network. Figure 2.7 shows that 65% of the respondents have
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been living in Sint Maarten between 20 and 50 years. Hence, at least one member

of the household has experienced at least one of the previous major hurricanes

such as Hurricane Luis in 1995

or Hurricane Lenny in 1999. Hurricane Luis was

repeatedly mentioned as the most significant hurricane the island had experienced

before Hurricane Irma and was
destruction.
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Figure 2.7. Number of years respondents have been living in Sint Maarten

House ownership and house

material are also key demographic components

that can be used to indicate the levels of vulnerability and risk. In Sint Maarten,

53% of the households live in rental houses, while the remaining 47 % live in their

own houses (see Figure 2.8). Analysing household ownership by district, the

proportion of rental houses is higher in the most deprived areas of the island. For

example, in Lower Prince’s Q
respondents are tenants.

uarter and Philipsburg, 61% and 77.8% of the
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Regarding decade of construction, approximately 60% of the houses in Sint
Maarten were built after 1990, of which 40% were built between 1990 and 1999
(see Figure 2.9-(a)). That decade is worth mentioning since Hurricane Luis
happened in 1995. Hurricane Luis was a tipping point in the history of Sint
Maarten both in construction methods and awareness of hurricanes.

In Sint Maarten, 78% of the surveyed households live in concrete wall houses
and approximately 20% live in wooden houses Regarding roof material, 69% of
the respondents’ houses are made of metallic sheets/Zinc (Figure 2.9-(b)). Using
the data we collect it is not possible to correlate those house material with the
ownership of the land.
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Figure 2.9. House construction characteristics. (a) shows the percentage of
respondents’ houses by decades of construction (b) actual numbers and materials (of

walls) of construction by decades of construction

As illustrated in Figure 2.10, in Sint Maarten, 47% of respondents do not have
house insurance while 26% of the respondents answer that they “do not know” if
the house is insured. Evaluating this by district, regardless of the socioeconomic
status, all of them, except the Lowlands, show a lower insurance coverage

proportion.
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Figure 2.10. Home insurance coverage in Sint Maarten by district.
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Information, Awareness, and Experience with Hurricanes and Storms

Prior experiences with hurricanes are of special importance, as they are
associated with negative feelings such as worry and fear which have been reported
to increase awareness and evacuation intentions (Demuth et al., 2016). In Sint
Maarten, 80% of respondents reported they had experienced three or more
hurricanes (Figure 2.11-(a)). Due to its strength and level of destruction,
Hurricane Luis is the most remembered hurricane in Sint Maarten and constantly
used as a reference for past experiences. Regarding the availability of information,
respondents answered they know where to get up-to-date information on early
warnings or evacuations when a hurricane is approaching the island. 77% of the
respondents expressed that they know where to get information from a moderate
to a great extent (Figure 2.11-(b)). Radio, Internet, and television, in that order,
are the means to get the latest information during a hurricane.
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Figure 2.11. (a) Number of hurricanes remembered by the respondents and (b)
Percentage to what degree people know where to get information about early warning and

evacuation

Concerning information specifically about Hurricane Irma, the vast majority of
people in Sint Maarten, 98%, were aware of the hurricane before it hit the island
(Figure 2.12). Most people knew about Hurricane Irma well in advance to take
measures to protect their lives and property. 55% of the respondents expressed
that they were aware of Hurricane Irma in a range of 4 to 7 days and 19% from
8 to 14 days before Hurricane Irma’s landfall (Figure 2.12-Series 1).

During the face-to-face survey, it was detected that there was a difference
between the moment people were aware of the existence of Hurricane Irma and
when they understood how severe the threat from this hurricane was to lives and
properties. This signifies that respondents were not fully aware of the severity in
advance. To capture the difference in the level of awareness of the hurricane by
residents (i.e., hurricane existence and its severity), a new question was later
included in the web survey regarding knowledge of the severity of Hurricane Irma.
It was found out that about 80% of these respondents only considered Hurricane
Irma as a real threat in a range of 0 to 3 days prior to landfall (Figure 2.12-Series
2). Despite the lower statistical significance of the web survey alone, the survey
data shows that even if most residents knew about Irma four or more days before
its landfall, they realized about its severity very close to the landfall.
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Figure 2.12. People’s awareness of Hurricane Irma. (Series 1) How many days in
advance they knew about Hurricane Irma and (Series 2) How many days in advance they

knew about the severity of Hurricane Irma (only asked in the web survey).

Evacuation Behaviour

Concerning Hurricane Irma, 69% of the respondents did not evacuate (Figure
2.13). Of the 31% who evacuated, nearly 80% evacuated before the hurricane hit
the island. But a remarkable 16% evacuated during the hurricane putting their
lives in danger. The main reason to evacuate during the hurricane was that their
houses collapsed during the hurricane and people had to run to neighbours houses
looking for shelter. About 63% of those who chose to evacuate prior to the storm,
sought shelter with friends’ or relatives’ whose houses they perceived were
stronger than their own and to be with beloved ones during the hurricane. Hotels
were the preferred evacuation locations for 21% of the evacuees, as they thought
(incorrectly) that hotels were built to withstand a hurricane and that water and
food would be available in the days after the hurricane. The number of people
and assets exposed to certain hazards has previously been identified as one of the
major drivers of vulnerability (Vojinovi¢ and Abbott, 2012).
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Figure 2.13. Evacuation percentage during Hurricane Irma by district. Philipsburg is
the district with the highest proportion of evacuees.
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On the other hand, only 3% evacuated to public shelters. In Sint Maarten,
schools, churches, and community centres serve as official shelters and there are
no buildings dedicated to serving only as such. The reasons given for this low
percentage is that residents perceived their own houses (or chosen location to
evacuate) as stronger structures than the official shelters. The perceived strength
of houses to resist the hurricane was the most significant reason for not
evacuating, with 86% of respondents giving this reason (Figure 2.14). Also, the
belief that conditions of public shelters may not be adequate in terms of basic
supplies (i.e., water, food, beds) was another reason not to choose to evacuate to
them, with 21 % of respondents saying this is somewhat or more influential in
their choice. Residents also remarked that staying at home has an extra advantage
as they can protect their house against looting and repair window shutters and
secure doors during the hurricane (especially when the hurricane’s eye passes).

To those respondents who decided not to evacuate during Hurricane Irma, a
set of questions was asked to gain a deeper insight into how influential different
reasons were for staying at home. Among those were how strong they thought
Hurricane Irma would be, how strong they thought their houses were, influences
based on previous experiences that led them not to evacuate, not having enough
information or not trusting the source from where they are getting it among other
factors. The predominant reasons people gave were the perception of more
wellbeing and safety when staying at home, the perception of having stronger
houses compared to the public shelters and past experiences with hurricanes. We
found that the third main reason not to evacuate was the perception that
Hurricane Irma would not be a threat. Around 34% of respondents (see Figure
2.14) considered it from to somewhat influential to extremely influential in the 5-
point Likert-type scale response used for these questions (Vagias, 2006).
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Figure 2.14. Main factors that influenced the decision not to evacuate during

Hurricane Irma in Sint Maarten.

The factors that had non or little influence on the decision to not evacuate
were unawareness of where to evacuate (89%), need of assistance to move to a
shelter (96%), fear of looting (88%), not receiving any warning (91%) and no trust
in institutions (94%).
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The perception on the island is that the infrastructure for current officially
designated shelters is not strong enough and does not provide enough resources.
People do not see any added value to evacuate to those shelters. However, the
perception about the location of the existing ones is appropriate in terms of
geographical coverage for 40% of the respondents.

Risk perception

Most of the respondents consider the Government of Sint Maarten as the main
body responsible for preventing losses during a hurricane. However, inhabitants
recognize their role in the disaster management during an extreme event (second
in frequency of responses as shown in Figure 2.15-(a)), and the Dutch government
is listed as the third most common answer in frequency. It came as a surprise
since the island became a constituent country in 2010 based on the 2000 status
referendum. The referendum, among other reasons, was held to look for economic
and administrative independence on the island.

More than 60% of the interviewees responded that the Government of Sint
Maarten could have prepared better to reduce the direct impact of Hurricane
Irma (Figure 2.15-(b)). The perception of the citizens is that the government of
the island could have better regulations in place for the construction of buildings
and the land use development on the island regarding the material, methods, and
location of the houses. They also noted that inspection and enforcement of the
regulations are necessary. In addition, the respondents mentioned that better
warning information is needed from the authorities, with clear messages
containing both arrival time, strength of the hurricane and clearly stating the
need to evacuate (or not) from some areas.
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Figure 2.15. (a) Perception of respondents regarding who is responsible on the island
during a disaster. (b) Evaluation of respondents on the performance of the government’s

preparedness and prevention of disasters.

To evaluate how Hurricane Irma may influence future evacuation behaviours
on the island, the likelihood of evacuations with different intensities of storms or
hurricanes was explored. This question was posed as a Likert-type chart with five
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categories: Definitely would not — Probably would not — About 50-50% - Probably
would and Definitely would. Only the two extremes of this Likert question present
a significant number of respondents as shown in Figure 2.16.

What is observed for the respondents is that with the increase in the magnitude
of a forecasted hurricane, there is an associated increase in willingness (and
perceived need) to evacuate and a decrease in those that definitely would not
evacuate at almost the same rate. It is remarkable that in a future Category 5
hurricane, the number of people who expressed a definite willingness to evacuate
is almost the same as those that definitely would not evacuate. What this means
for Sint Maarten residents is that despite the recent disaster associated with
Hurricane Irma, half of the respondents still prefer to seek shelter in his/her own
house.

We recognise that self-accounted responses must be treated with special
caution (Baker, 1991). Survey responses may be bias for the still fresh memory of
the disaster caused by hurricane Irma, and that actual evacuation behaviour may
be different form the answers we manage to collect. Despite the cautionary that
we must observe with this data, we believe it is still is a good starting point to
explore how the impact from Hurricane Irma may shape future evacuation in the
island and serve as basis to establish shelter capacity and resources allocation, as
well as coordination of stage or sectorial evacuation if needed.
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Figure 2.16. Future evacuation behaviour in relation to storm/hurricane categories

(Saftir-Simpson Hurricane Scale)

2.4.2 Discussion and interpretation

Household and demographic parameters

After hurricane Luis in 1995, most of the residents of Sint Maarten built their
homes to withstand a Category 4 hurricane. The subsequent hurricanes that hit
the island did not cause significant damage to properties or lives. The perception
of the research team is that the combination of these factors led to a point where
residents felt prepared to withstand any hurricane based on their previous
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experiences, but the strength of a Category 5 hurricane like Hurricane Irma
caught most of the island’s residents unprepared. Hurricane Irma greatly
surpassed Luis in terms of wind speed and barometric pressure. Additionally,
residents did not take into account that even if the lesser hurricanes that occurred
in the last two decades did not cause significant structural damage, they might
have weakened the structure slightly each time.

From the fieldwork, the research team observed that people are rebuilding their
damaged houses in concrete (i.e., concrete walls and roofs) (Figure 2.17-(a)).
However, it was also observed that those who cannot afford or are not willing to
build in concrete fall in two categories. The first is those using better
reconstruction materials, such as longer or extra screws to fix metallic sheet roofs
to the structure and the second category is those self-repairing with no or little
guidance from the government using low-quality materials due to economic
limitations and availability of materials on the island (Figure 2.17-(b)). The first
category can be considered as a positive change and is a clear indication of

adaptation to the disaster.

Figure 2.17. Observed reconstruction in the island. (a) With stronger materials (block,
concrete). (b) With weak materials (wood).

House ownership affects the vulnerability of households, as tenants may not
feel the same responsibility in strengthening the houses they live in and are less
willing to spend money on a property they do not own. On the other hand,
landlords may take a longer time to repair damaged houses under a rental
contract. Furthermore, in most cases rented houses in Sint Maarten are not
insured, and reconstruction of damaged rented houses may take longer since the
local rent laws do not explicitly specify who is responsible for that task.

The low insurance coverage is contrary to the regulations, in Sint Maarten that
it is mandatory to have home insurance when taking out mortgages. The reasons
mentioned by respondents for the low house insurance coverage on the island
include the high rate of premiums, low trust of the insurance companies, not
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getting paid what the house is worth, slow claim processing and poor client
service. The low coverage rates of house insurance in conjunction with high
tenancy is alarming for Sint Maarten considering how vulnerable some
neighbourhoods are to disasters.

In terms of land development in Sint Maarten, large parcels of land are leased
by private landlords. On the leased lands, the landlord does not allow the lessee
to build concrete houses. Even if the building code specifies that the construction
must be done using concrete or other solid materials, lessees may be obliged to
build wooden houses. That further increases the vulnerability of the households.
The reason behind the prohibition of building in concrete is that landlords are
required to pay a more significant compensation from them if they want to
terminate the lease. Some of these private lands do not have public infrastructure
such as canals to collect the rainwater, or the installation of underground
electricity due to the government lacking the authorization to build there.

Information, Awareness, and Experience with Hurricanes and Storms

Hurricane Luis had been repeatedly mentioned during the survey, and it is
observed that Hurricane Luis has changed among others people’s awareness to
hurricanes. The behaviour of the inhabitants of the island has changed positively,
especially immediately after the hurricane. As depicted in Figure 2.9-b,
immediately after Luis, most inhabitants adapt, and hence, reconstruct or built
new houses of materials such as concrete to withstand strongest hurricane wind
forces.

However, that adaptive behaviour is lost over time as the social memory fades.
Due to its strength and devastating effect, Hurricane Irma will be the reference
and most remembered hurricane in the future, and it will boost the awareness of
the population. Similar to the adaptive behaviour after Hurricane Luis, this study
observed that inhabitants were rebuilding stronger residences after Irma. Such
behaviour is not unique to Sint Maarten. For example, (Colten and Giancarlo,
2011) report that adaptive policies initiated in response to hurricanes in the U.S.
Gulf Coast were gradually ignored as social memory fades. This effect had already
been reported during the days previous to the hit of hurricane Isaac in 2012 in
the affected areas from Hurricane Katrina in the United States, where residents
showed a more proactive behaviour towards the hurricane warnings and
preparation when compared with other areas that were hit by less severe
hurricanes.

Regarding hurricane preparedness, one of the most common complaints of the
respondents is that although they were aware of Hurricane Irma approaching the
island, they did not have enough time to react and prepare to withhold the effects
of the hurricane. It is important to mention that some schools were open until
September 4 and some people had to work on September 5, a day before Irma’s
landfall. Other reasons respondents mentioned for the lack of preparedness
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included that they did not receive a clear warning on the severity of Hurricane
Irma, the hurricane intensified and moved to the island rapidly, and there was a
shortage of materials to strengthen houses or the price of materials escalated just
before Hurricane Irma’s landfall.

Hurricane severity and communities’ experiences and memories also play an
essential role in preparedness. For example, residents that were affected by
Hurricane Katrina in the U.S. showed a more proactive behaviour and
preparedness to Hurricane Isaac in 2012 compared to areas hit by less severe
hurricanes (Milch et al., 2018). However, the influence of past experiences
regarding awareness and preparation decreases with time and is associated with
how emotionally strong the past events were (Milch et al., 2018). In the case of
Sint Maarten, when Irma hit the island, most people have forgotten what damage
a strong hurricane can cause on the island as the last severe hurricane, Luis,
struck the island 22 years ago, and this contributed to the lack of preparedness.

Evacuation Behaviour

Based on the destruction caused by Hurricane Irma, it is expected that people
will respond more proactively to future hurricane forecasts, warnings and
evacuation orders. However, based on the survey results and past trends, it is
expected that evacuations to public shelters will remain unpopular as the general
feeling among residents is that the shelters are not strong enough. It is highly
likely that residents with concrete houses will not evacuate as they feel they will
be safe.

Regarding evacuation to hotels, even though hotels were reported as one of the
preferred locations to evacuate during Hurricane Irma, it is expected that the
number of people evacuating to hotels in future hurricanes will decrease
significantly. Most hotels sustained extensive damage as they were made of
inferior construction materials for a hurricane-prone area, such as plywood, and
because of their proximity to the shoreline, exposing them to storm surge damage
(see Figure 2.18).

Another factor that played a major role regarding evacuation behaviour during
Hurricane Irma was the announcement that public shelters would be closed before
Hurricane Irma’s landfall. The main reason provided by the authorities was that
there was no guarantee for the safety of those who chose to evacuate to a public
shelter. A new order to open some of the public shelters was only communicated
to the public during the afternoon of 5 September. However, according to the
findings of the fieldwork, that message did not reach the broader population of
the island. The mixed evacuation orders will play a vital role in the lack of trust
in institutions, warnings and evacuation orders (or advisory) for future hurricane
seasons.

The information collected about the inhabitants’ perception of existing public
shelters is of great use for the Sint Maarten Disaster and Emergency Management
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group in the context of future evacuation behaviour if, as a result of the experience
with Hurricane Irma, they decide to implement massive evacuations in future
hurricane seasons.

Figure 2.18. Damage to hotel infrastructure. (a) Sonesta Maho (Simpson Bay) (D)
Great Bay Hotel (Philipsburg)

Risk Perception

The perception of this research team is that residents of Sint Marten perceived
they were not vulnerable to hurricanes prior to Hurricane Irma. This belief was
based on the construction of “strong” concrete houses after the devastation caused
by Hurricane Luis. Not experiencing hurricane disasters for two decades fed this
misconception of safety and lack of proper warning information by authorities.
Reaction and preparation by the inhabitants are expected to be high in the coming
hurricane seasons, but this is an effect that is expected to fade through time.
Therefore, regular hurricane awareness campaigns must take place in the coming
years. It is important that parents pass their experience/knowledge of Hurricane
Irma to the next generation as it was observed that younger generations of Sint
Maarten did not know what a “real” hurricane can do to the island.

The semi-structured component of the household survey allowed the team to
collect sensitive data to understand the formation of risk directly associated with
the performance perception of the government during the emergency and disaster
associated with Hurricane Irma. From this analysis, it was found that in general,
the perception of the island’s inhabitants is that the authorities performed poorly
in all the phases of the disaster risk management. These include
miscommunication and insufficient warnings about the severity of the hurricane.

The decision of the government not to open the public shelters before Hurricane
Irma’s landfall for those in need was highly criticized and viewed by the residents
as one of the major failings during the emergency. The role of the government in
the immediate aftermath of the hurricane was also criticized. Interviewees
mentioned that the destruction to the island’s economy due to the looting of
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supermarkets, shops, jewellery stores and other businesses in the immediate
aftermath of Hurricane Irma was significant and considered by many as more
critical than the direct destruction of the hurricane. This negative perception has
had an undesirable and direct effect on people’s trust in institutions for the future
hurricane seasons. These findings need to be taken into consideration when
communicating future hurricanes potentially affecting the island.

Hurricane Irma will create a positive effect on awareness and risk perception
to hurricanes and as such the government of Sint Maarten should act with caution
to not act based on fear and create false alarms in future hurricane seasons. Special
caution should be taken in the lower-elevation areas which are prone to flooding
and storm surges during a hurricane. Since Hurricane Irma was a relatively “dry”
hurricane, some residents living in flood-prone areas may rebuild or reinforce their
houses to withstand winds and pressures but neglect the effects of flooding in a
possible scenario of a “wet” hurricane or storm.

2.5 LESSONS LEARNED DURING THE SURVEY

Surveying in the aftermath of Hurricane Irma on the island of Sint Maarten
was as challenging task as initially expected. Firstly, some logistics issues needed
to be addressed such as mobilizing the team to the affected area, which was only
possible five months after Hurricane Irma due to airport damage. Accommodation
on the island was also very limited as hotels and other buildings sustained
significant damage. Overall, five months from the event and the start date for
data collection could be considered optimal in terms of availability of resources
on the island. Being in the reconstruction phase also served the survey by
obtaining a reasonably good response rate as participants were in a better mood
and willing to participate.

The adapted mix-mode survey, based on face-to-face interviews and the
complementary web survey, proved to be beneficial in the context of a post-
disaster assessment of vulnerability. By using the web survey, the team could
reach areas that could not be covered within the timeframe of the fieldwork
activities, and helped increasing the response rate of the study. Results are
encouraging and suggest the mix-method as an adequate alternative as a post-
disaster data collection method. It is important to note that the team sent
reminders on social media about the survey every week and batches of responses
were obtained in the following hours.

The preparation of maps using different sources to the ones used in this
research was found to be beneficial during the fieldwork. It saved time by allowing
the team to identify the targeted houses before the data collection and to prepare
the daily work routes more efficiently. OpenStreetMaps has the potential to be
used as a primary source of geographic information in areas with poor or no data
in post-disaster assessment.
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Proper identification of the survey team during the fieldwork was important,
as a team with no government association played an essential role in the success
of the field mission in terms of the response rate. This was especially true in those
areas where the reconstruction activities were still underway or not yet started.
Association with local authorities may have led to low response rates in some
regions of Sint Maarten.

In a multicultural environment with different languages, the role of bilingual
interviewers was very important for the success of the survey. In this particular
case study, some areas are predominantly Spanish and French speakers and
sometimes have limited or no English knowledge. Having a native Spanish speaker
gave the team the possibility to perform some of the surveys in Spanish, which
increased the response rate in specific sectors of Sint Maarten. In contrast, as the
team members did not speak French, there was a lower coverage rate or limited
interaction in the semi-structured part of the interview in the French-speaking
regions. Regarding the web survey, having the survey and the invitation to
participate in it only in English could have acted as a bias towards which regions
of Sint Maarten could have access and willingness to participate in the survey.

The household survey performed on the island of Sint Maarten in the context
of a post-disaster area after Hurricane Irma proved to be a good way for assessing
vulnerability and risk at the local level, allowing the research team to include
individual changes into a broader analysis of vulnerability based on statistical
data. In addition, the household survey performed in the aftermath of Hurricane
Irma explored more in depth how risk perception changed and how Hurricane
Irma may have potentially modified evacuation behaviour for possible future
hurricanes on the island. This information is relevant in the development of a
disaster risk management plan on the island, and additionally it can be utilized
for future raising awareness campaigns and the design of an early warning system.
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SOCIOECONOMIC
VULNERABILITY ASSESSMENT IN
SIDS

This chapter presents a methodology to assess and map socioeconomic
vulnerability in SIDS at a neighbourhood scale using an index-based approach
and principal component analysis (PCA). The index-based vulnerability
assessment approach has a modular and hierarchical structure with three
components: susceptibility, lack of coping capacities and lack of adaptation, which
are further composed of factors and variables. Applying the combined analysis of
index-based approach with PCA allows us to identify the critical neighbourhoods
on the island and to identify the main variables or drivers of vulnerability. Results
show that the lack of coping capacities is the most influential component of
vulnerability in Sint Maarten. From this component, the “immediate action” and
the “economic coverage” are the most critical factors. Such analysis also enables
decision-makers to focus their (often limited) resources more efficiently and have
a more significant impact concerning disaster risk reduction.

This chapter is based on:
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3.1 INTRODUCTION

There is no unique definition of vulnerability in the scientific community (Paul,
2013). The definition of vulnerability for scientific assessment depends on the
purpose of the study and can only be considered meaningful regarding a specific
at-risk situation (Ciurean et al., 2013; Cutter et al., 2003; Nguyen et al., 2016).
Regarding socioeconomic vulnerability to natural hazards, as the scope of this
thesis, one of the most widely used definitions is the one given by the
Intergovernmental Panel on Climate Change (IPCC). The IPCC defines
vulnerability as “the propensity or predisposition to be adversely affected, and it
encompasses a variety of three dimensions susceptibility to harm, lack of capacity
to cope and lack of capacity to adapt” (IPCC, 2014). In summary, the IPCC
concept of vulnerability is the degree to which a system is susceptible to, and is
unable to cope and recover from the adverse effects (McCarthy et al., 2001).

Based on the IPCC definition of vulnerability, this research uses a methodology
that allows capturing the three dimensions of vulnerability Susceptibility, Coping,
and Adaptation. As it was discuss in Chapter 1, index based approaches are
preferable in DRM to allow standardise concepts and to allow risk comparison
among different implementations. Also, index based approaches are more flexible
and allow to include local and relevant driver of vulnerability that are context
specific.

An index based vulnerability assessment approach has been extensively used
and reported for flood and weather-related events (Balica et al., 2009; Balica et
al., 2012; Connor and Hiroki, 2005; Cutter et al., 2003; Kleinosky et al., 2006;
Percival and Teeuw, 2019; Sorg et al., 2018; Vojinovi¢ et al., 2016). The results
and conclusions of those studies suggest and support the feasibility of using an
index-based approach for the assessment of socioeconomic vulnerability in the
context of SIDS.

In accordance, we adopt as the starting point for the assessment of
vulnerability the work we initially presented in Sorg et al. (2018), in which we
developed an index-based framework to assess vulnerability. The assessment
method called PeVI is based on multiple indicators and is composed of three
major components on which we defined vulnerability. PeVI was conceived to be
flexible and easy to adapt to properly reflect the information available and the
needs of a case study.

In this chapter, we present the results of an expanded PeVI, in such a way
that the index is able to capture key components of vulnerability in an island
prone to frequent hurricane and floods (Vojinovi¢ and Van Teeffelen, 2007), and
to capture how these components can alter the island vulnerability after a major
disaster by incorporating a household survey in the aftermath of Hurricane Irma.
Our approach, this is taking into account the changing in dynamics after a
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disaster, offers a different view on vulnerability assessment to extreme weather
events and is aligned with recommendations in literature (Birkmann, 2008).

We have expanded PeVI by adding elements that can change after a disaster
such as elements of risk awareness and perception and access to information. We
also include elements related to the possible immediate actions to face the
potential hazard, which are essential in the context of a small island due to the
impossibility to move completely away from the possible threat. Finally, we use
information collected in the aftermath of a hurricane that can be associated with
the direct impact (building and infrastructure damage) and how the society was
adapting to the disaster (speed of recovery and construction methods and
materials).

The methodology presented in this study is applied in the case study of Sint
Maarten, one of the Leeward Islands on the northeast Caribbean Sea. Despite the
general agreement among stakeholders and academia on the importance of having
a vulnerability assessment for small islands in order to have a proper strategy to
reduce risk to climate associated events, the island of Sint Maarten lack such a
study for the whole island to date. The need for a vulnerability assessment in Sint
Maarten was evident after the disaster caused by Hurricane Irma in September
2017. Vulnerability and risk assessments are an essential input for disaster risk
reduction and adaptation planning to climate-related hazards and to support the
island’s reconstruction efforts.

In addition to expanding the vulnerability index, we have extended the analysis
and interpretability of results by combining the index-based result of PeVI, with
the use of Principal Components Analysis (PCA) into the methodology.
Aggregate indices of vulnerability, such as the one computed in this research are
useful in identifying where the hotspots of vulnerability occur. Moreover, it gives
decision-makers a powerful tool to focus their efforts for disaster risk reduction.
However, the generation of a single composite vulnerability index can be
problematic, because information regarding the relations between the original
variables is averaged in the resulting aggregated index (i.e. from many variables
to a single number). Two different locations may have a similar vulnerability
index value, but the driving variables may differ (Abson et al., 2012). To overcome
this issue, we use the PCA technique that allows returning to the original
variables to understand and interpret the aggregate vulnerability index.

3.2 METHODOLOGY AND DATA

3.2.1 Data sources used for the vulnerability assessment

To perform the vulnerability assessment on Sint Maarten two different sources
of information were used. First, we used the data collected during the fieldwork
campaign which was extensively explained in Chapter 2. Second, census data was

45



Adaptive Disaster Risk Assessmet

used to complement the survey data. The information available regarding census
data in Sint Maarten was only available at the whole island scale. This level of
information is not considered sufficient when performing vulnerability analysis.
Vulnerability index computation at smaller scales is advisable as they help in the
identification of the most critical areas and as such be beneficial for the local
government to guide the reduction of vulnerabilities to disasters triggered by
natural hazards more efficiently and to have targeted mitigation plans/measures
(Balica et al., 2009; Rufat et al., 2015; Sorg et al., 2018).

According to the department of statistics of Sint Maarten, the island is divided
into eight zones, 24 districts, and 54 neighbourhoods (Figure 3.1). For Sint
Maarten, we managed to have partial access to information corresponding to the
last population and census conducted in 2011 at the neighbourhood scale.
Limitation to access the full extent of the census data poses a restriction to the
number of variables and the scale we used in this study.
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Figure 3.1. Administrative divisions of Sint Maarten at Neighbourhood and Zones
scale. Texts in red are the zone’s names, and texts in black are the names of the

neighbourhoods.

3.2.2 Vulnerability Index

The framework selected for the computation of the vulnerability index in Sint
Maarten is an extension on the work presented in Sorg et al. (2018). The PEARL
vulnerability index (PeVI) aims to incorporate as many variables as possible to
gain full insight into the vulnerability of a city or a region under analysis. PeVI
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has a modular and hierarchical structure with three main components:
susceptibility, lack of coping capacities and lack of adaptation capacities. All three
components consist of several factors which in turn are computed using a number
of variables in a three-to-four-level hierarchy structure. The modular approach
allows using any relevant and available information that captures the main
components or drivers of vulnerability for the local conditions of Sint Maarten
and to take into account not only the intrinsic and extrinsic factors of
vulnerability but also takes into account the recent disaster caused by Hurricane
Irma.

In the following subsections, the definition and computation of the three
components of vulnerability, as well as the final vulnerability assessment, is
presented. We recognise that some of the variables of a factor can be placed in
another factor or component of the index; for example, the education variable
may be used as an indicator for either the lack of adaptation capacities or in the
awareness factor in the lack of coping capacities component. For this reason, we
present in the following sections the explanations we used to support the rightness
of use in each component based on literature review and expert knowledge. In
addition, the supplementary material that accompanies the paper on which this
chapter is based on contains a detail explanation on the computation of each
variable and shows all the formulas, tables, questions and values we used to
compute the index (See Medina et al., 2020, Supplementary material 1).

Susceptibility

Susceptibility in this research is defined “as ‘the current’ status of a society and
its likelihood to be harmed’ (Sorg et al., 2018). In the second level of the hierarchy,
this component has four factors: Demography, Poverty and Income, Housing and
Infrastructure, as shown in Figure 3.2.

The Demography factor uses data from the 2011 census, and only one
variable is used to compute it, the Vulnerable Age Groups. This variable has been
extensively used in previous vulnerability assessments for natural hazards (Cutter
et al., 2003; Fekete, 2009; Ogie and Pradhan, 2019; Sorg et al., 2018). In this
group, it is suggested to include the segment of the population that is highly
dependent (children younger than five years old) and the elderly population (older
than 65 years old). These groups are more likely to require assistance, protection,
transportation, financial support, and medications before and during disasters.

The factor Poverty and Income is a function of two variables Dependency
Ratio and Unemployment Ratio, which are based on census data. Dependency
Ratio is an economic parameter that captures the ratio between the population
in a non-working age (i.e. younger than 15 years old and retirees) and the
population in working age (i.e. 15 to 65 years old) (Nandalal and Ratnayake,
2011; Sorg et al., 2018). Higher values of this variable indicate higher pressure on
the working group to be able to support the dependent one. Unemployment Ratio
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is the relation concerning the number of people register as unemployed and the
number of potential workers (Fekete, 2009; Scheuer et al., 2010; Sorg et al., 2018).
A higher rate of unemployment ratio reflects lower economic means to prepare
appropriately for a disaster or to recover from its effects. This segment of the
population may require more external aid from the government or other
humanitarian organisations during the pre-disaster and during the recovery

phases.
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Figure 3.2. Structure of the Susceptibility component for the vulnerability index
(PeVI), applied in the case study of Sint Maarten. The figure shows the four levels of
hierarchy and the source of information used to compute each variable. The numbers

next to the arrows indicate the weighting factor to compute the next level,

The Housing factor is directly related to the physical characteristics of
buildings that increases or reduces vulnerability. In this study, the variables that
define the housing factor are building material and the decade of construction of
houses. Building material is computed using observations we made during the
fieldwork. The data collected for this variable in the surveyed houses was the
walls and roof primary material. This variable is directly related to the structural
strength of the building to resist adverse extreme weather conditions. As such,
concrete houses are expected to have better resistance (lower susceptibility) than
wooden houses (higher susceptibility) (Ciurean et al., 2013; Kappes et al., 2012).
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The decade of construction variable is of relative importance in Sint Maarten as
it is a variable that has a direct relation with the construction method and
material. We assumed that the older the house, the more vulnerable it is to
natural hazards. As presented in Medina et al.(Medina et al., 2019), in Sint
Maarten, it has been observed a significant change for better construction
materials and better construction techniques after major disaster events such as
those caused by hurricanes Dona (1960), Luis (1995) and Hugo (1998), and again
after Irma (2017). Also, we assume that the older the building, the more
susceptible a building is to withstand a natural hazard. The assumption was based
on the natural process of material degradation, and also from field observation
and data collection, where residents do not perform regular maintenance to their
houses.

The susceptibility to Infrastructure factor includes three variables: Road
Infrastructure, the type of electricity supply and the damage estimate to buildings
caused by Hurricane Irma. Road Infrastructure is of vital importance during all
phases of an extreme weather-related event, as they may get disrupted or highly
damaged. Road infrastructure is vital for facilitating evacuation, emergency
services, relief supplies, the flow of goods and clean-up activities (Berkoune et al.,
2012; Markolf et al., 2019). To account for roads susceptibility three elements
were used: Type of road (primary, secondary or tertiary), road material (Asphalt,
concrete and unpaved) and terrain slope that is computed from the DEM as the
average slope in percentage.

The type of road is extracted directly from OpenStreetMap attributes. Primary
roads were considered more vulnerable since the few that exist are already working
on full capacity and the limited redundancy on the transportation network make
them almost mandatory to drive under any possible evacuation plan. This
situation makes the primary roads more susceptible to collapse under an extreme
weather event (Koks et al., 2019; Singh et al., 2018). It is essential to include the
road material in the index because more susceptible materials such as roads built-
in natural terrain or asphalt can be easily erodible during rainfalls. The slope of
the roads is important because of the roads susceptibility increases in high steep
areas due to the poor or non-existing drainage (Koks et al., 2019; Scawthorn et
al., 2006), and the average slope of the road also influences the feasibility to access
it (de Ruiter et al., 2017; Keller and Atzl, 2014).

The second variable used to compute susceptibility to infrastructure is the
type of electricity supply. Electricity is a critical component in the recovery phase
as societies depend significantly on the use of it, from household use to its vital
use in other critical facilities such as hospitals and airports (Barben, 2010;
Mohagheghi and Javanbakht, 2015; Ouyang and Duenas-Osorio, 2014). The
importance of this variable in Sint Maarten lies on the high destruction potential
of hurricanes and floods to electric power system components, causing widespread
outages over a long period of restoration and recovery. Also, blackouts are costly
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and entail considerable disruption to a society (Jufri et al., 2017; Panteli and
Mancarella, 2017; U.S. Congress, 1990). In Sint Maarten, the type of electricity
supply was collected during the fieldwork at the street level and later the length
was measured in the office using a map of the island. The categories of electricity
supply on the island are aerial and underground. Aerial distribution lines were
considered to have high susceptibility value to weather-related events. Hence,
areas with underground electricity supply have low susceptibility compared to
areas with aerial supply. Areas with no electricity supply did not account in the
computation of the variable. We acknowledged that underground electricity
distribution lines could also be affected by floods. However, for the Sint Maarten
vulnerability assessment, this is simplified to include only the effects of wind on
the electric system based on the observed effects of Hurricane Irma.

Finally, the third variable on the susceptibility of infrastructure is the
building damage estimate. The importance of using this variable is that it can be
a reasonable estimation of the proper use (or not) of building codes and
administrative capacity (and willingness) to enforce regulations and to some
extent to be used as predictors of damage for future hurricanes (Taramelli et al.,
2015). In addition, households that experience damages in the past may change
their risk management behaviour to a most proactive reaction towards extreme
events (Birkmann et al., 2016).

This variable is computed using the damage assessment for buildings done by
Emergency Management Service, Copernicus (EU-JRC, 2017). The information
obtained from Copernicus was a shapefile format of the buildings of Sint Maarten
with the damage estimated in five categories for each building “Completely
destroyed”, “Highly damaged”, “Moderately damaged”, “Negligible to slight
damage” and ‘“not affected” by Hurricane Irma. Due to the rapid assessment
performed by EU-JRC, (2017), the use of this information may have limitations
of scale, resolution and data interpretation. Despite this disclaimer, the
information was considered useful for rapid evaluation of the physical impacts of
Hurricane Irma and how susceptible or not the building infrastructure was to the
effects of a Category 5 hurricane.

Lack of Coping Capacities

The lack of coping capacities refers to “the strengths and resources for direct
actions which potentially can lead to a reduction in the consequences of a
hazardous event” (Sorg et al., 2018). In the PeVI, it is composed of six factors:
Social Network, Immediate Actions, Government, Economic Coverage,
Information and Awareness (see Figure 3.3).

The Social network factor is computed using two variables, Household size
indicator and Immigration. From the census data, the average number of
inhabitants per household in each neighbourhood is extracted to compute the
variable Household size.
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index (PeVI), applied in the case study of Sint Maarten. The figure shows the four levels
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next to the arrows indicate the weighting factor to compute the next level.

Taking into account the formation of safety nets in the form of social networks,

Welle et al. (2014) state that an increase in household size decreases vulnerability

due to mutual help. The work of Lianxiao and Morimoto (2019), also suggests
that the more people in the family, the higher the ability to respond. For this
study, a household with only one individual is considered to have a higher lack of
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coping capacities. In households with four or more inhabitants, this variable is
considered not to influence the variable negatively. We acknowledge that
expanding the household size can also affect the vulnerability by increasing the
scarcity of resources, an increase in the number of care of dependants and a higher
population density (Cutter et al., 2003; Hashim et al., 2018). However, these
associated adverse effects are accounted for in other variables of the PeVI.

To measure the lack of capacity due to the variable Immigration, we use a
question from the survey. We asked for the number of years a respondent was
living in Sint Maarten. It was decided to use the number of years lived on the
island rather than the place of birth. Here we assumed that the more years a
person has been living in a place could lead to a reduction of the vulnerability as
they learn to cope and increase the knowledge of flood protection measures
(Aboagye, 2012; Rufat et al., 2015).

The number of years in a place has been previously identified to increase the
general knowledge of the city, such as the best places where to evacuate and also
to navigate through the bureaucracy to request and receive help from the
authorities (Dash and Gladwin, 2007; National Research Council [NRC], 2006;
Rufat et al., 2015). The number of years living in a place can also facilitate tighter
social networks (Depietri et al., 2013). A stronger social network can increase the
coping capacity through economic, social and emotional support (Nakagawa and
Shaw, 2004) as well as increasing knowledge about past disasters and exchange
information about the risk of future events (Rufat et al., 2015). On the other
hand, recent migrants (less than five years living in a place), can potentially have
cultural, economic and language barriers, which in turn can affect access to
warning information and access to post-disaster aid (Cutter et al., 2003; de
Hamer, 2019; Depietri et al., 2013; Maldonado et al., 2016).

One crucial element to increase the coping capacities is the ability to take
immediate action, getting to safety in a fast and secure way during a weather-
related event. In the case of floods, having a multi-storey building allows to move
quickly to a higher zone and in this way avoiding direct contact with the hazard
and also to protect belongings from getting damaged from the floodwaters (Rufat
et al., 2015; Sorg et al., 2018). During the fieldwork, we collected the number of
floors of the surveyed houses. To compute this variable, we use the ratio between
the number of houses with only one floor and the total number of houses in the
neighbourhood.

A second variable for immediate action is related to the number of cars
available in the household. It is a measure of the ability to evacuate during an
emergency. We compute the variable car ownership based on a question from the
survey. It is the ratio of the number of cars to the total number of inhabitants in
the household. A ratio of 0.2 or bigger (i.e. having at least one car for each five-
person), corresponds to a household with higher coping capacities. The smaller
the ratio, the more vulnerable the household. Non-car ownership decreases the
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ability to move out of the hazard zone when required and closely related with low
income and poverty factor (Colten, 2006; Rufat et al., 2015; Tapsell et al., 2002)
and, not owning a car is highly correlated with non-evacuation behaviour (Karaye
et al., 2019).

The government factor is computed using the variables, trust in institutions,
the performance perception of the government during Hurricane Irma and the
perception of the inhabitants about the quality of the emergency infrastructure
on the island. All the variables of this factor are calculated using questions directly
asked during the field survey. Previous studies such as Balica et al. (2012) also
used the lack of trust in institutions as a variable that lower vulnerability. Vari
et al. (2013), concluded that low levels of trust in institutions were highly
correlated with variables that increase vulnerability such as low level of education,
lower incomes and unemployed status as well as a strong relation with those who
suffered the most damages. To address the trust in institutions variable, we used
two questions of the survey. In the first one, we asked the participant that if
based on their previous hurricanes experiences, they trust in official sources of
warning evacuations on the island. The second one is related to those respondents
that directly expressed they did not evacuate during Hurricane Irma because they
did not trust the official warning. The higher coping capacities were assigned to
those respondents that answer they have trust in authorities “to a great extent”
and the lowest coping capacities for those respondents that answered they “do not
trust at all” authorities. All the answers in between were assigned a proportional
degree of vulnerability.

The second variable used in the government factor is the performance
perception of the government in response to Hurricane Irma. Failures and inaction
from governments are identified as a significant driver of present and future risk
and can intensify the disaster impact (Birkmann et al., 2016; Khunwishit and
McEntire, 2012). Low-performance perception has a direct relation to households
with a lower income and low level of education, houses that have shown low or
non-changes in risk management at the household level (Birkmann et al., 2016).
Thus, they can be categorised as not being (fully) prepared in the event of new
hazards events. Government performance perception is computed using a survey
question indicating the relation between losses during Hurricane Irma and the
responsibility of the government of the island. We use larger coping capacity in
this variable for respondents that do not blame the government for the losses in
the island and lowest coping capacities to those respondents that “strongly’ blame
authorities for the losses in the island.

As a final variable in the Government factor, we asked in the survey the
perception of the respondent regarding the availability, location and accessibility
to the existing emergency infrastructure. The questions used to build this variable
were the sufficiency of shelters and if their locations were adequate, and if the
road infrastructure was appropriate and sufficient to evacuate. A proper
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emergency infrastructure is vital for vulnerability and risk reduction. Emergency
infrastructure acts as a way to mitigate the consequences of a disaster by
potentially reducing exposure, especially among the socially vulnerable population
(Karaye et al., 2019). In the PeVI applied in Sint Maarten, the higher the number
of shelters available, the lower the vulnerability. For the computation, a strong
agreement in the number of shelters or its adequate location or a proper road
infrastructure is value as higher coping capacity (low vulnerability), and strong
disagreement is ranked with lower coping capacity (higher vulnerability).

The fourth factor is the Economic coverage and is calculated using two
variables I/nsurance and House ownership. Both variables are assessed based on
survey questions, one directly asking if the household has insurance for disasters
triggered by natural hazards and another if the respondent own or rent the house,
respectively. Home [Insurance for disasters triggered by natural hazards can be
seen as one of the most effective self-protective actions at the household level as
a preventive measure in the coping strategies dimension of vulnerability
(Maldonado et al., 2016; Rufat et al., 2015; Sorg et al., 2018). Homeowners with
insurance are less affected by disasters triggered by natural hazards as they can
absorb, rebuild and recover from losses more quickly once affected by the disaster
(Cutter et al., 2003; Khunwishit and McEntire, 2012). For this study, having
insurance is rated with high coping capacity, whereas not having one is assigned
the low capacity to cope with the effects of a disaster. In the households where
participants do not answer the question or expressed lack of knowledge whether
or not the house is insured we assigned an intermediate level of vulnerability.
Those above, under the assumption that these households may not be insured and
the question was avoided because in Sint Maarten it is mandatory to have home
insurance when taking out mortgages (Medina et al., 2019).

House ownership has a direct relation with vulnerability to disasters triggered
by natural hazards. First, house ownership is an indicator of available financial
resources for adaptation and risk management (Preston et al., 2008). Second, it
has been linked to increasing preparedness to weather-related events due to the
sense of appropriation (Lechowska, 2018). Homeowners have shown more
willingness to prepare their houses to withstand the expected magnitude of a
specific hazard and more constant maintenance of the infrastructure. Also,
according to (Steinfiihrer and Kuhlicke, 2006), this behaviour is associated with
the local attachment effect (the emotional bonds of an individual to a specific
place). As a consequence, in this study, we associated the houses with their owner
living on it, with a higher coping capacity and less vulnerable to disasters
triggered by natural hazards. For those houses with renters, a lower coping
capacity is used in the computation of this variable.

The factor Information is included as part of the coping capacities
component. Warning information flow is essential to reduce vulnerability. Access
to warning information needs to be received with sufficient time to react to a
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possible threat. The information also needs to be accurate, usable and
understandable. We use three variables for this factor Access to information,
FEvacuation Knowledge and Warning Information. This factor is constructed
entirely from survey questions.

In disaster risk management, one of the key drivers that negatively influences
socioeconomic vulnerability is the lack of access to information (Cutter et al.,
2003). Therefore, it is vital to acquire and disseminate the most accurate
information in order to better utilise and target limited resources (Percival and
Teeuw, 2019). Population in potential risk that has access to information has at
least the theoretical opportunity to reduce its vulnerability by acting accordingly
to the information received (Steinfithrer and Kubhlicke, 2006). Information in
disaster management refers not only to have the means to distribute the warning
messages to the whole population at risk but that the information transmitted
contains sufficient elements that allow the population to act accordingly to

minimise the impacts of a disasters triggered by natural hazards (Nguyen et al.,
2016).

To compute the Access to information variable, we asked in the survey if the
respondent knew where to get up-to-date information on early warning and actual
evacuation news or instructions. We made no distinction between official sources
of information and other sources. If the respondent answer that they know “to a
great extent” from where to get access to warning information, we assigned a
higher coping capacity value, and “not knowing” where to access information is
assigned a low capacity to cope. The Evacuation Knowledge variable is computed
based on a question asked to those who decide not to evacuate during Hurricane
Irma. Low capacity to cope with the threat is given to the respondents that
expressed that not knowing where to evacuate was an extremely influential reason
to stay at home. We compute Warning Information with the number of days in
advance (lead time) people receive warning information regarding the potential
arrival of Hurricane Irma. The earliest awareness regarding Hurricane Irma the
highest the coping capacity.

The last factor of the lack of coping capacities component is Awareness.
Knowledge and risk awareness of a specific hazard are good indicators of the
household levels of disaster preparation (Cutter et al., 2003; Percival and Teeuw,
2019). We measure this factor using the risk perception and the risk knowledge of
the respondent and the frequency of getting information when a storm approaches.
Risk knowledge plays a central role in vulnerability assessment as knowledge is a
necessary precursor of preparedness (Cutter et al., 2003; Rufat et al., 2015).
Knowledge of the hazard has been previously used as a measure of the coping
capacities of a community, and it is recognised as a prerequisite to be able to
trigger evacuation and coping mechanisms (Birkmann and Fernando, 2008). For
Sint Maarten, this variable is evaluated using the number of hurricanes
respondents remember that have hit the island directly while they were living on
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the island. Higher coping capacity is assumed to respondents that experienced
more hurricanes because of the increase in risk knowledge based on first-hand
experience. Similarly, the lowest coping capacity in this variable is for the
respondents with no hurricane experience.

The variable Risk perception is considered crucial in vulnerability and risk
reduction. It is defined as “intuitive risk judgements of individuals (and social
groups) in the context of limited and uncertain information” (Slovic, 1987). Risk
perception has the potential to either mitigate or enhance the potential of a hazard
(Lechowska, 2018; Paul, 2013). There is a strong correlation between perceiving
being at risk and vulnerability reduction behaviour. In contrast, low perception
of risk in high exposed zones has proved to have catastrophic consequences in loss
of life and high losses due to lack of preparation or protective behaviour(Messner
and Meyer, 2006; Rufat et al., 2015). Risk perception has also been reported as
one of the main reasons when deciding whether or not to evacuate during an
extreme weather event (Dash and Gladwin, 2007; Medina et al., 2019; National
Research Council [NRC], 2006). For those that did not evacuate during Hurricane
Irma, we asked in the survey whether or not the decision to not evacuate was
based on their feeling that Hurricane Irma would not be a real threat. Given the
magnitude of the disaster caused by this hurricane, the minimum coping capacity
value is for those respondents that ranked this question as “an extremely
influential” reason not to evacuate.

How often an individual or group of individuals check for the latest updates
regarding warning and evacuation information is a sign of increased awareness
and readiness to cope with the adverse effects of a potential hazard. A positive
effect on risk perception due to being regularly exposed to media has been
extensively verified as reported in Hong et al. (2019). Staying up-to-date to the
type of hazard allows citizens to adjust their behaviour when the hazard is
approaching (i.e. stay home or go to a safer place) (Dieker, 2018; FEMA, 2013).
Frequency of Information is incorporated in the coping capacities component
using a survey question. We asked how often the interviewee checks for weather
information when a hurricane or tropical storm is announced. Due to the high
uncertainty in the path and the frequency of hurricanes in Sint Maarten, the
lowest coping capacity is for respondents that check weather information with a
frequency of less than once a day, and the highest one to those checking the
updates throughout the whole day.

Lack of Adaptation Capacities

The lack of adaptation capacities “is closely related to change and the ability
to deal or recover from the negative impacts of a future disaster’ (Sorg et al.,
2018). The four factors of this component are education, gender equity, level of
investments and the vulnerability assessment of the critical infrastructure in the
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island. Each factor within this component was computed using only one variable
(Figure 3.4).

Collection
Method
1/4 Al 1 g Census
Education +—— Education Level Data
1/4 A2 1 . . Census
= - Gender Parity Ratio
Gender Equity L Data
_
1/4 A3 1 Speed Recovery from Team
Investments Hurricane Irma Observation
A.4 1 ;
L V4 —— Critical Infrastructure Previous
Infrastructure Work
Level-1 Level-2 Level-3
(Components) (Factors) (Variables)

Figure 3.4. Structure of the Lack of Adaptation Capacities component for the
vulnerability index (PeVI), applied in the case study of Sint Maarten. The figure shows
the three levels of hierarchy and the source of information used to compute each variable.

The numbers next to the arrows indicate the weighting factor to compute the next level

The level of education is the variable used for Education factor, and it is
evaluated using census data by computing the ratio between the number of people
reported holding at least high school degree and the population over 18 years old.
We follow a similar approach as the one presented in Sorg et al. (2018) and Fekete
(2009). Higher levels of education can be used as a measure of the economic
capacities of a household as it may lead to better salaries. Wealthier households
can prepare and mitigate better for disasters and are expected to recover faster,
employing their economic status (Cutter et al., 2003; National Research Council
[NRC], 2006; Rufat et al., 2015). Besides, people with higher formal education
levels have shown more access to information (Steinfithrer and Kuhlicke, 2006).
In contrast, people with lower /levels of education has been observed to have less
awareness or limited understanding of warning information towards the
potentially catastrophic effects of an extreme event. Low education levels are also
associated with less capability of adopting emergency measures and with
limitations to access recovery information (Cutter et al., 2003; Welle et al., 2014).

We use the variable gender parity ratio in education as a measure of gender
equity. Adopted from Sorg et al. (2018), this variable is calculated using the
ratio of the number of females holding primary, secondary or tertiary education
and the respective number of males with the same levels of education. A ratio of
1 on this indicator means equity in access to education and is the desired value;
therefore, we assigned the highest adaptation capacity in the computation.
Advantages for man in the parity ratio ranges from zero to one and larger than
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one represents an advantage for women. We assign low adaptation capacity to
both of the extreme values of this variable. As summarised in Smith and Pilifosova
(2001), it is frequently argued that adaptive capacity will have a more significant
(positive) impact if the access to resources is distributed equally. Without equity,
adaptive actions for vulnerability reduction may benefit only those sectors or
individuals best placed in society (Adger, 2006). Hence, integrating elements of
equity in the identification of wvulnerability is key to achieve effective
implementation of vulnerability reduction programs that include the marginalised
sectors (Neil Adger et al., 2005).

The variable speed of recovery was observed by the research team five months
after Irma impacted in the island. Though a subjective observation made by the
field team, the compiled information is of great use to detect which areas were
bouncing back faster (and stronger) in the reconstruction phase as a sign of
adaptive capacities. The assessment of recovery speed was made for the entire
Dutch part of the island, and averaged by neighbourhood and classified into five
categories from very slow to very fast recovery, assigning from low to high
adaptive capacities respectively. The capacity of a city to rebound from
destruction has been used as a measure of resilience and adaptation capacities by
several authors; a summary of those can be found in Gunderson (2010).

The variable Critical infrastructure is defined in the context of this research
as physical assets that play an essential role in the functioning of the society and
the economy. We include in this category facilities for electricity generation,
access to water and food, public health, telecommunication, sheltering, education
and transport. Damage to critical infrastructure can impede or limit access to
disaster relief and are crucial in restoring essential services to normalise lives and
mitigate the impacts of the disaster (Bach et al., 2013; Garschagen et al., 2016;
Lovell and Mitchell, 2015). Hence, evaluating the vulnerability of the critical
infrastructure of a city or region can be a good indicator of how fast the city will
recover. For Sint Maarten, such evaluation already existed from a previous work
of the research team in a total of 200 buildings (UNDP, 2012). Vulnerability to
critical infrastructure took into account the physical condition of the buildings
and the flooding potentiality. Each building then was assigned a vulnerability
value in a five points scale low, medium, high, very high and extreme vulnerability

Vulnerability Computation

The implementation of the vulnerability index consisted in the computation in
Microsoft Excel© of each one of the 27 variables described above. This process
was performed in 49 out of the 54 neighbourhoods of Sint Maarten. Five
neighbourhoods did not have enough information to compute the vulnerability
index or its components; those were: Back Bay, Geneva Bay, Salt Pans, The
Harbour and The Airport (see Figure 3.1 and Figure 3.7). Then, the variables are
combined to produce every factor using the associated weight, and by combining
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factors, each one of the components is computed. Finally, by using equal weight,
the three main components of the vulnerability index are added to produce the
PeVI for each neighbourhood in Sint Maarten (Equation 3.1 and Figure 3.5).

1 1 1
Vulnerability = §Susceptibility + 3 Lack of Coping Capacitie + 3 Lack of Adaptation (3.1)

Lack of Level-1
Coping Capacities (Components)

{ 1/3

Figure 3.5. Composition of the vulnerability index (PeVI), for the case study of Sint

1/3

Maarten with the three main components in the level-1 of hierarchy. The number next
to the arrows correspond to the weight of each component in the computation of the PeVI

Index.

Variables used in the computation are of different nature and characteristics,
ranging from quantitative to qualitative values and from different data sources
(census, survey, observation and third parties). Such heterogeneity on the input
data requires a standardisation of the data to ensure uniformity in scales and
units (Percival and Teeuw, 2019). The data used in the computation of the PeVI
can be categorised into four data types:

Type 1 — Census data: Variable of quantitative nature. Data (a number) in
this category represents the total number of inhabitants in each neighbourhood
for a specific variable; for example the number of people five years old or younger,
and the number of residents per household.

Type 2 — Categorical variables: A variable that can take on one of a limited,
and a usually fixed number of possible values; for example building wall materials
(Concrete, brick, wood, others) and type of electricity supply (aerial, underground
and no electricity).

Type-3: Likert scale questions: Measures how people feel about a question
of the survey, based on a rating scale. There are three different ranges of this type
of questions. One ranging from “Not at all influential” to “Extremely influential”,
other from “Strongly disagree” to “Strongly agree” and the third one from “To a
great extent” to “Not at all”. Examples in this category are the perception of the
sufficiency in the number of shelters in the island and the influence of particular
variables to not evacuate during Hurricane Irma.
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Type-4: Binary questions: Questions in the survey in which the answer is of
the type Yes or No. An example is house ownership.

All variables are standardised in numeric and dimensionless values, ranging
from 0 to 100 (from lowest vulnerability to highest vulnerability). This
standardisation allows to perform operations among the different units and
magnitudes of variables, to weight them and to make comparisons. For Type-1
variables, the standardisation is done by multiplying the ratios or numbers
obtained in the computation by 100, except for gender parity ratio, which was
obtained using a min-max normalisation method. For Type-2 variables, a specific
value of vulnerability from 0 to 100 is assigned to each possible answer the
categorical variable can take. In the Type-3 variables, for the answers “strong
agreement’, “extremely influential’ and “not at all’, a value of 100 is assigned.
Similarly, a value of 0 is used to answers strongly disagree, not at all influential
and to a great extent. With an exception in the variable emergency infrastructure
where the Likert scale is inverted (strongly agree = 0 and strongly disagree =
100). The intermediate possibilities of the Likert scale are assumed to be evenly
distributed over the minimum and maximum value. Type-4 variables are
standardised with a high value of vulnerability (80) to negative answers (absence
of) and a low vulnerability value of 20 to affirmative answers (presence of). The
complete set of formulas and values used for the 27 variables is presented in the

supplementary material that accompanies the paper on which this chapter is
based (See Medina et al., 2020).

3.2.3 Vulnerability Mapping

The PeVI for Sint Maarten and its primary three components susceptibility,
lack of coping capacities and lack of adaptation, were cartographically displayed
using GIS software (ArcMap 10.5). We mapped each one of the components in
five classes of vulnerability (Very low, Low, Medium, High and Very high) using
natural breaks classification method. The selection of the classification method is
not a trivial choice. The resulting vulnerability maps and future decisions made,
based on the maps, are very dependent on the classification method to be
employed. The choice needs to be closely related to the aim of the vulnerability
assessment (i.e. support for decision making, prioritising, and funding allocation).
A poor choice in the method can be misleading (Papathoma-Kohle et al., 2019).
We select natural breaks (Jenks) as a classification method for the spatial
representation of vulnerability and its components.

With natural breaks classification, classes are based on natural groupings
inherent in the data. Breaking points between classes are identified that best
group similar values, and that maximise the differences between classes. The
features are divided into classes whose boundaries are set where there are
relatively significant gaps in the data values (Smith et al., 2018; Wei et al., 2020).
The properties of the natural breaks classification method make it the most
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suitable for dividing neighbourhoods whose vulnerability is similar because it
reduces the variance within each class (Vojinovié¢ et al., 2016). It is important to
note that natural breaks is a data-specific classification method, and hence it is
not useful for comparing multiple maps that use different underlying information.

For the reason mentioned above, it is not possible to make quantitative
comparisons amongst the maps we produce. However, this does not necessarily
mean that no comparison can be made, for example, all neighbours classified in
the “very low” (dark green) group, viewed relatively, they all have a lower priority
concerning the component or index it represents. Also having a “Very low” value
in one of the maps does not mean that a specific neighbourhood is not vulnerable
(or another component) it just has somewhat a lower priority than other
neighbourhoods.

3.2.4 Principal Components Analysis (PCA)

PCA is a multivariate statistical technique that can be used to analyse several
dependent variables (which usually are inter-correlated) in a dataset. PCA aims
to draw conclusions from the linear relationship between variables by extracting
the most relevant information in the dataset in the form of a (reduced) set of new
orthogonal variables that are called principal components (Abdi and Williams,
2010).

PCA reduces the number of variables by identifying the variables that account
for the majority of data variance, and by identifying the similarities between
individuals for all variables, and by doing so, highlighting the main contributing
factors to the phenomenon under investigation (Abdi and Williams, 2010; Husson
et al., 2010). PCA works by performing an orthogonal linear transformation in an
N dimension space to identify the vector that accounts for as much as possible of
the total variability. The first vector is called the first Principal Component (PC-
1). After the first principal components is extracted, the method continues
building principal components that are also orthogonal and linearly uncorrelated
to the previous component and each time accounting for as much of the maximum
of the remaining variability as possible.

To run the PCA, we select the level 2 of the hierarchy structure, corresponding
to the factor level. PCA was run using a total of 14 factors. PCA analysis in this
research was carried out using a package in R called factomineR (Lé et al., 2008).
The first step in the PCA analysis is the analysis of missing data, which was done
using an R package called missMDA (Husson and Josse, 2016). This package uses
an iterative method to impute data in the missing values by taking into account
both similarities between individuals and relationships between variables. It works
in a way that the PCA is constructed from observed data only (i.e. no contribution
from the imputed data). (Husson and Josse, 2016; Husson et al., 2010). The
dataset we used consisted of 49 individuals (neighbourhoods), 14 variables
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(factors), one quantitative illustrative variable (vulnerability) and one qualitative
illustrative variable (administrative zones).

After this step, all variables were normalised using z-scores. It is advisable to
perform such standardisation for comparisons of data across variables.
Standardisation generates variables with a mean of 0 and a standard deviation of
1. Even when the units of measurement do not differ, this operation is generally
preferable as it attaches the same importance to each variable (Husson et al.,
2010; Oulahen et al., 2015). Then, we run the PCA on the standardised data
using varimax rotation. This step is done to simplify the relationships among the
variables and to clarify the interpretation of the factors (Fernandez et al., 2016).

3.3 RESULTS AND DISCUSSION

3.3.1 Correlation Analysis and Selection of Number of Principal
Components

Variables and Factors Screening

We screen all the variables of the PeVI for singularity and collinearity. This
procedure is done in order to reduce the problems when analysing the data. The
data screening on the entire set of original variables is done using the correlation
and covariance matrices produced with the Principal Components Analysis
(PCA). This step ensured that highly correlated variables are removed before the
computation of the index. We found that a variable named economic status (of
each neighbourhood) which was subjective based on field observations, had a
strong correlation (R?=0.86) with other variables of the index and therefore
creating data redundancy. For that reason, we decided to remove it from the
analysis.

We re-run the correlation test with the remaining variables to reassure their
relevance. We found a strong positive correlation (R?=0.76) between two factors
of the coping capacities, immediate action (C.2) and economic coverage (C.4).
This high correlation can be explained because the immediate action factor in this
index has elements that could be directly related to the wealthy of households
such as car ownership. Data from the survey reveals that in Sint Maarten the
possession of cars on the island is not limited to wealthy households. Hence, we
decided to keep both factors in the vulnerability assessment to adequately capture
the effect of car ownership on the island’s vulnerability.

For this study, 27 variables were used to compute the final PeVI of Sint
Maarten. Eight for susceptibility, 15 in the lack of coping capacities and four in
the lack of adaptation capacities. Based on this conceptual approach, the
socioeconomic vulnerability to floods and hurricanes in Sint Maarten was
computed and analysed from a spatial point of view, through a vulnerability index
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integrated into GIS, but within the limits of data availability from census, field
data collection and data from third parties.

Selection of the number of Principal Components

The selection of how many components to include in PCA is an arbitrary
decision but must follow some guidelines. For this research, we define the number
of principal components in two steps. First, we decide to only keep factors with
eigenvalues (contribution) greater than 1, using the Kaiser criterion as reported
in Husson et al. (2010), and second, that the minimum number of principal
components selected explain at least 60% of the variation of the original data.
The first plane of analysis, composed by the first two dimensions of the PCA run
in Sint Maarten dataset account for 40.7% of the total dataset inertia or
individual’s total variability. The percentage explained by the first two principal
components, is an intermediate percentage, and the first plane represents only
part of the data variability; thus, we consider the next dimensions (PC-3 and PC-
4). The cumulative variability explained in the first four dimensions is 62.5%.
Hence, for Sint Maarten, we select four principal components for the PCA (Figure
3.6).
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Figure 3.6. Scree plot with the decomposition of the total inertia on the component of
the analysis. The first four principal components explain 62.5 % of the inertia in the
data.

3.3.2 Vulnerability Index and components

The three main elements on which vulnerability was assessed are presented in
Figure 3.7. Susceptibility (Figure 3.7-a), Lack of coping Capacities (Figure 3.7-
b), and Lack of Adaption (Figure 3.7-c), and the resulting vulnerability index
(PeVI) is presented in Figure 3.8. Furthermore, Table 3.1 we present the top 5
most critical neighbourhoods for the PeVI and for each component of the
vulnerability index. The complete table with the computed values for all
neighbourhoods is presented in Appendix B. Figure 3.9 presents a closer look at
the top five driving factors for each one of the critical neighbourhoods.

63



Adaptive Disaster Risk Assessmet

BFBOW 636 0W s3ta0W B320W
n L L I

E Fe'a0N
(a) Lower Prince's

Cul de Sac Quarter

Lowlands

[F18°20°N

Upper Prince's

Susceptibility Quarter

No Data

[0 very Low

1 (s Feoon
Medium N
e ¢ 12 J—

- Very High — T — T 1 |

Esn, Gaemin, GEBCO, NOAA NGOC. and siher contributors
T

E b [F18'a0N
= Lower Prince's

Quarter

Lowlands

Simpson
Fezon

Upper Prince's

Little Bay || Quarter

Lack of Coping
Capacities
No Data
[0 very Low
4 [ Feoon
Medium N
s R e
- Very High —_ I — T " J

s, Gaemin, GEBCO, NOAA NGOC, #nd siher contributors
T

E [F18°40°N
( C) = Lower Prince's

cudesac / /| . Quarter

Lowlands 1S

Simpson
Ba |F8°20°N

Lack of Adaptation Little Bay |
Capacities
No Data

[ very Low

q i e 00N

/ Upper Prince's
¢ Quarter

Medium

N
:l Laoh 0 1 2 4 Kilormeters A
- Very High L L L I 1 L I I |

Esn, Garmin, GEBCO, NOAA NGOC, and other contributors
T

Figure 3.7. Susceptibility (a), Lack of coping capacities (b), Lack of adaptation
capacities (c) for Sint Maarten at the neighbourhood scale. Numbers represent the
identification (ID) of each neighbourhood, as presented in Appendix B and Table 3.1.
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Figure 3.8. PeVI vulnerability index for Sint Maarten at the neighbourhood scale.
Numbers represent the identification (ID) of each neighbourhood, as presented in
Appendix B and Table 3.1.

In terms of susceptibility (Figure 3.7-a and Figure 3.9-a), for the top five
more critical neighbourhoods (Table 3.1 ), Housing is the most important driving
factor to increase susceptibility in these neighbourhoods, followed by the
infrastructure factor. Inferior quality in the construction materials and the
associated high level of destruction after Hurricane Irma in these neighbourhoods
can explain why these areas of the island are the most susceptible ones. These
neighbourhoods are also the place of residence of a considerable portion of the
undocumented immigrants. This group has been struck especially hard by
Hurricane Irma, as Irma damaged both their houses and their financial capacity.
A successful plan to lower risk and vulnerability in Sint Maarten to extreme
events will require a high level of compromise from the local authorities to improve
and monitor the building codes in the island to accurately reflect the high
potential hazard to hurricanes and floods.

Regarding infrastructure susceptibility, it is necessary to highlight that Sint
Maarten is a very densely populated territory, the island is the most densely
populated country in the Caribbean and the 12! in the world (United Nations,
2019). Population density pushes the limits of the island in terms of expansion or
upgrade of the physical infrastructure such as roads and inadequately planned
urban expansion in the riskiest areas such as hillsides (VROMI, 2015). The
electricity supply in these critical neighbourhoods was very susceptible, as a
considerable portion of the network remains aerial. The electricity company (or
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the government) cannot undertake the upgrade of the system in some of the
neighbours because that requires intervention on private land and landowners
may not allow it. It was observed during the fieldwork that some of the critical
neighbourhoods were still in the restoration process of electricity lines.

Table 3.1. The five most critical neighbourhoods for PeVI vulnerability index and the
three components: Susceptibility, Lack of coping capacities and Lack of adaptation

capacities.
Top 5 most critical neighbourhoods NI:),,L
Component (Value)
1 2 3 4 5
36) 6) 14) 33) 37)
Susceptibilit Dutch Simpson Bay ) Over the Middle
uscep Y Quarter Village “?;jf)or Pond Region
(41.3) (34.5) ' (34.36) (34.0)
33 52
Lack of Copi 35) o ) O >h O )h
ack ot Coping . - - ver the ver the
Capacities H%IS(%%%) Mount William Philipsburg Pond Bank
i .
(55.2) (46.7) (44.9) (44.1)
ek of 36) 3) 53) 52) 45)
. Dutch . Over the Ocean
Adaptation Maho Vineyard
. Quarter Bank Terrace
Capacities (54.1) (52.56)
(57.3) (51.3) (50)
) 36) 52) 35) 33) 31)
Pevl Dutch Over th Mount
Vulnerability e Over the Bank Bishop Hill ver the o
Ind Quarter Pond William
ndex (41.1) (39.4)
(44.9) (38.7) (38.7)

In contrast, Ocean terrace, Betty’s Estate and Dawn Beach are amongst the
less susceptible neighbourhoods in Sint Maarten. These neighbourhoods have a
large proportion of gated condominiums, some of which belongs to the time-
sharing schemes that are abundant on the island. In Betty’s state are located
some of the wealthier houses we observed of permanent residents of the island;
and according to findings during the fieldwork, the direction of the winds in this
part of the hills favour the lesser destruction during Irma. Another factor
contributing to low values of susceptibility is demography; the proportion between
the number of people in working age and the most vulnerable age group indicates
that there is a right balance in the number of the population to take care of the
most vulnerable part of the population.
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Figure 3.9. Top five critical neighbourhoods in Sint Maarten for each component of
the vulnerability index. Susceptibility (a), Lack of coping capacities (b), Lack of
adaptation capacities (c) and PeVI vulnerability index (d). The bars in the polygons
represent the magnitude of each factor in the respective component or the component in
the index. Labels in red represent the administrative zones and in black the neighbourhood

naines.

In terms of lack of coping capacities (Figure 3.7-b and Figure 3.9-b),
Immediate action and Economic coverage are the critical factors associated with
the low capacities to cope with the effects of hurricanes and floods in the most
critical neighbourhoods. An explanatory variable that decreases the coping
capacities is that in Sint Maarten house ownership is particularly low, with more
than 53% of respondents living under rental agreements. Tenants in the island
generally do not feel the responsibility to maintain and strengthen the houses they
occupy and landlords are not also active in repairing the houses. The situation is
even more complicated in those areas where the land is leased, in which usually
it is forbidden (by the owner) to build a house with durable materials, which is
against the construction code but a common practice in leased areas. Another
explanatory variable is the low coverage of home insurance. We found that
residents of Sint Maarten do not take insurance due to high rate of premiums,
low trust of the insurance companies, not getting paid what the house is worth,
slow claim processing, and poor client service.
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On the other hand, Dawn Beach, Vineyard, St John Estate and Maho
neighbourhoods have the highest coping capacities on the island. In these
neighbourhoods, the driving variables of high coping capacities are related to
higher awareness and access to information as well as the high capacity to react
fast to the potential hazard (variable immediate action).

In terms of the lack of adaptation capacities (Figure 3.7-c and Figure 3.9-
c), none of the factors in PeVI predominantly explains the lack of adaptation
capacities across the critical neighbourhoods of Sint Maarten. An analysis location
by location is needed to understand what factors are driving low adaptation
capacities in the critical neighbourhoods. Maho, Vineyard and Ocean Terrace are
especially critical in the gender equity factor. The ratio between male and female
inhabitants with education is especially skewed in these neighbourhoods. The
critical component in Dutch Quarter and Over the Bank is the variable
Investments, measured as the speed of recovery after Hurricane Irma. This
variable was valued as low during the fieldwork as we observed slow or no
reconstruction of buildings in these areas. The education level also contributes
largely to the lack of adaptation capacities in these neighbourhoods where the
literacy rate was reported to be the most precarious in the island. In contrast, the
less vulnerable neighbourhoods in terms of having the best adaptation capacities
were identified to be Point Pirouette, St John Estate, Diamond and Nazareth.

In terms of overall vulnerability index (Figure 3.8 and Figure 3.9-d), we
identified that the most critical neighbourhoods are Dutch Quarter, Over the
Bank, Bishop Hill, Over the Pond and Mount William. Generally speaking, all
these neighbourhoods present relatively high values in the three components used
to compute the vulnerability index. Four of the top five most vulnerable
neighbourhoods are in the top five of the lack of coping capacities, being this
component the most influential driver of vulnerability in Sint Maarten.

3.3.3 Principal Components Analysis (PCA)

The contribution values of each factor to the PCA analysis, as presented in
Table 3.2 shows the degree of correlation between each component in the analysis
and the dimensions or principal components. A coefficient closer to either 1 or -1
means that it has a stronger correlation to that component, positively and
negatively affecting the component respectively (Oulahen et al., 2015). The more
significant the contribution of a variable to a principal component, the more
influential towards increasing vulnerability. This result is not only consistent with
the PeVI but supports the conclusions that coping capacities and especially the
variables immediate action and economic coverage are the key factors to have an
effective vulnerability and disaster risk reduction plan on the Island.

Given the fact that in a small island state as Sint Maarten most of the
population can be exposed during an extreme weather event, it makes sense that
immediate action plays a vital role in the vulnerability assessment. It is essential
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that residents can move fast to a secure zone or even to have the possibility to
fly out of the island and to have the means to protect their houses in case of an
imminent disaster, but also the ability to bounce back faster from the effects of
it. A wealthier economy can help to mitigate the impacts by increasing house
ownership and more households that can acquire home insurance to protect their
assets. Education can help to close the economic gap on the island as a mid or
long-term solution.

Table 3.2. Contribution of each factor to each Principal Component for the
socioeconomic vulnerability in Sint Maarten. In green, the main contributing factors to
each principal component and in grey important contributing factors already accounted

in another principal component.

Factor PC-1 PC-2 PC-3 PC-4
C.2 Immediate Action 0.79 0.18 0.02 0.32
C.4 Economic Coverage 0.78 0.18 -0.08 0.40
A.1 Education 0.64 0.13 0.48 0.09
S.2 Poverty and Income -0.20 0.63 0.56 0.34
S.1 Demography -0.46 0.57 0.02 -0.16
C.5 Information 0.33 0.49 -0.06 -0.14
A4 Infrastructure 0.31 -0.28 0.50 -0.37
S.4 Infrastructure 0.56 -0.25 0.45 -0.25
A.3 Investments 0.40 -0.54 0.27 -0.01
A.2 Gender Equity -0.32 -0.53 0.13 0.55
C.3 Government 0.22 -0.40 -0.38 0.43
C.6 Awareness 0.54 0.37 -0.34 0.20
C.1 Social Network 0.57 -0.12 -0.54 -0.45
S.3 Housing 0.52 0.17 -0.03 -0.19
Eigenvalue 3.61 2.09 1.64 1.41
Variance (%) 25.77 14.93 11.72 10.09
Cumulative variance (%) 25.77 40.69 52.41 62.51

To understand better which components of the index are the most influential
in the PCA and the overall vulnerability of Sint Maarten Figure 3.10 is presented.
The first principal component (PC-1), is influenced significantly by the variables
C.2 (Immediate action), C.4 (Economic Coverage) and A.1 (Education). The
second principal component (PC-2), is receiving more influence from S.2 (Poverty
and Income), S.1 (Demography) and C.5 (Information). In the third principal
component (PC-3), the most contributing factors are A.4 (Infrastructure), S.4
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(Infrastructure) and A.3 (Investments). For the PC-3 variables, A.1 (Education)
and S.2 (Poverty and Income) also have considerable influence, but those are
already accounted for in the most significant principal components. Finally, PC-
4 is influenced mainly by A.2 (Gender Equity), C.3 (Government) and C.6
(Awareness) and also C.4 (Economic Coverage) that also influences PC-1.

0.63
A4 A3 A2 Al Ce C5 €4 C3 €2 C1 s4 s3 s2 s1

0.50

. - PC-1
P 0.38

. | PC2

0.25
PC-3

0.13
PC-4

0.00

Figure 3.10. Contributing components to the first Principal Components in the PCA
run for Sint Maarten vulnerability. The biggest and darkest the circle the most influential
the component to the dimension and overall in the dataset. C2 (Immediate action) and
C4 (Economic Coverage) are the most influential components for dimension one and the

whole vulnerability index as well.

For the easiness of usability and interpretability of the principal components
analysis, we used the dominant factors in each principal component to group them
into four distinct categories that reflect the most important variables influencing
vulnerability in Sint Maarten. The PC-1 can be labelled Economic and education,
PC-2 Demographic and information, PC-3 Infrastructure and investments and
PC-4 Governance. These are not precise categories but dominant factors in each
principal component.

The spatial distribution of the Principal Components Analysis at the
neighbourhood level is shown in Figure 3.11. The spatial distribution reveals that
there is a geographic distribution of the different factor composing the
vulnerability of Sint Maarten. PC-1, Economic and education category, is
especially critical in the lower prince’s quarter zone, in this category the
neighbourhoods Bishop Hill, Mount William, Over the Bank, Dutch Quarter and
Over the Pond are the most critical ones. The geographical distribution of PC-2,
referring to the demographic and information category does not aggregate in a
particular zone, instead is distributed along the island. Neighbourhoods St. John
State, Union Farm, Nazaret, Defiance and Point Pirouette are the critical ones in
terms of PC-2. The category Infrastructure and investments (PC-3), is more
critical in two zones: Lower and upper prince’s Quarter and distributed among
Dutch Quarter, Over the Pond, Defiance and Over the Bank neighbourhoods.
Finally, PC-4 distribution shows that governance category is also distributed on
the island with not a clear critical zone. Four neighbourhoods are critical
regarding governance, Ocean Terrace, Bishop Hill, Maho and Beacon Hill.
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3.3.4 Clustering Analysis

Furthermore, PCA allows performing a clustering analysis of neighbourhoods.
The clustering can help decision-makers to see common drivers of vulnerability
across the island. Clustering analyses can be used to evaluate where the potential
impact of a specific measure to reduce vulnerability will have the most positive
impacts. We run a classification method for clustering the neighbourhoods using
the first two components. This process reveals five clusters of neighbourhoods in
Sint Maarten (Figure 3.12).

Cluster 1 is made of two neighbourhoods Maho and Ocean Terrace. This
group is characterised by high values for the factor Gender Equity (A.2) and low
values for the factors Information (C.5), Social Network (C.1) and Housing (S.3).
Cluster 2 grouped Defiance, Nazareth, Point Pirouette, St John Estate, Union
Farm and Vineyard. This group is characterised by high values for the factors
Poverty and Income (S.2) and Demography (S.1) and low values for the factors
Investments (A.3), Social Network (C.1), and Infrastructure (A.4). The cluster
3 is made of neighbourhoods such as Betty’s Estate, Dawn Beach, Low Lands
and Oyster Pond. This group is characterised by low values for the factors
Immediate Action (C.2), Economic Coverage (C.4), Housing (S.2), Education
(A.1) and Awareness (C.6). Regarding cluster 4, this group have neighbourhoods
such as Philipsburg and Simpsons Bay Village. This group is characterised by
high values for the factor Housing (S.3) and low values for the factor Information
(C.5). Finally, cluster 5 is made of the most critical neighbourhoods in terms of
socioeconomic vulnerability on the island such as Bishop Hill, Cay Bay, Dutch
Quarter, Mount William, Over the Bank, Over the Pond and Sentry Hill.
Neighbourhoods in this cluster are characterised by having high values for the
(S.4), (A.1), (C.2),

Information (C.5), and Economic Coverage (C.4).
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Figure 3.12. Clustering classification of neighbourhoods based on PC-1 and PC-2. The

classification reveals five clusters in Sint Maarten.
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A practical application of the clustering analysis is that it allows to evaluate
in which neighbourhoods a specific measure adopted towards vulnerability
reduction will have its greater impacts. For example, the government of Sint
Maarten could evaluate how effective and where an invest in campaigns towards
increasing awareness to natural hazards will have better positive impact. From
the clustering analysis, such campaigns will be reflected more significantly in
neighbourhoods within the cluster 3. In contrast, if the efforts to lower
socioeconomic vulnerability in Sint Maarten are put on improving the economy
of the residents of the island (improving factor C.4 Economic coverage), such
effort will benefit the most, those neighbourhoods that belong to the critical
cluster 5. One key step that can help improving people’s economic coverage in
Sint Maarten is the diversification of the economy, to not only depends on
tourism, this will help to minimise the impacts of a disaster such as the one caused
by Irma where the whole economy was severely hit, and its effect still can be felt
in the island.

3.3.5 Recommendations for Vulnerability Reduction in Sint Maarten
and policy implementation

The research revealed the specific needs of each neighbourhood which are
necessary to lower its vulnerability (see sections 3.3.2-3.3.4). The government of
Sint Maarten can use outputs from this research for disaster risk management
activities on the island to address specific variables of vulnerability based on
individual neighbourhood needs and to further develop existing policies and
introduce new ones. The results also point to the most critical neighbourhoods
which require additional focus, efforts and resources to lower risk and
vulnerability, areas such as Dutch Quarter, Over the Bank, Bishop Hill, Over the
Pond and Mount William. Within these areas, special attention needs to be placed
on the economic and in the educational factors. In the above mentioned critical
neighbourhoods, it is needed to improve the quality of housing, increase their
ability to protect their assets, the ability to evacuate to safer zones or dedicated
shelters and to increase the insurance coverage.

Our work identified that areas with higher number of undocumented
immigrants are among the most critical ones in terms of socio-economic
vulnerability. Undocumented immigrants in Sint Maarten have extra levels of
vulnerability as they build their houses in the marginal lands of the hillsides using
weak construction materials (wood walls and zinc roofs), they also have limited
access to water and sanitation and less formal jobs or contracts. To address this
issue, the government of the island should not only improve the outdated building
codes and increase inspections but also assist in rebuilding both financially and
technically across the island. The government should also review the land leasing
model to implement more strict control over the quality of constructions in those
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areas identified as the most vulnerable during the household’s survey (Medina et
al., 2019).

In addition, the observed slow recovery pace after Hurricane Irma was directly
related to economic issues of the island economy. As reported in (Medina et al.,
2019), the government can address this situation among others with the
implementation of a hurricane fund which can be implemented using a percentage
of the taxes on the touristic sector in a yearly basis. Such fund will allow Sint
Maarten to finance the reconstruction with less dependency on the Dutch
government or other external financial organisations or donors and improving
resident’s wellbeing.

Finally, we see the use of PeVI in combination with the PCA analysis as a tool
that can be easily used by the government to perform traceability and evolution
of vulnerability in Sint Maarten once the authorities undertake policies and
strategies to lower some of the drivers of the vulnerability identified in this paper.
Alternatively, PeVI can also be used to evaluate what will be the possible impacts
of a specific measure before its implementation.

3.4 CONCLUSIONS

We present in this research a methodology to assess and map the socioeconomic
vulnerability of SIDS at a neighbourhood scale. We assess vulnerability using a
vulnerability index with three major components, susceptibility, lack of coping
capacities and lack of adaptation. The resulting index (PeVI) was then applied to
the case study of Sint Maarten after the disaster caused by Hurricane Irma in
2017. To compute the index, we use census data in combination with data coming
from a survey we performed in the aftermath of Hurricane Irma. Using the survey
allowed us to expand the index to be able to capture elements that can
particularly change vulnerability after a disaster, such as elements of risk
awareness and perception and access to information in combination with
information associated to the direct impact of the hurricane and the recovery in
the island.

Vulnerability indexes, such as the PeVI and the associated maps, are a robust
decision-making and communication tool. The index can be used to identify those
areas more vulnerable to natural hazards (such as floods and hurricanes), and
guide policymakers on where to focus the limited resources available to mitigate
(or eliminate) the impact of a potential hazard. However, the representation of
vulnerability and its components in a single number reduces the richness of the
information that each variable used to produce such components and index can
provide. Using PCA analysis as a complementary method can compensate for this
trade-off between information richness (in the variables) and the robustness of
communication of an aggregated index.
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Vulnerability assessments based on the computation of indexes and
vulnerability assessments based on Principal Components can be seen as
complementary methods. The way we propose to use the methodology exposed in
this paper is to compute first the vulnerability index to identify the most critical
areas in terms of absolute vulnerability. Once hotspots have been highlighted, by
using PCA, it is possible to determine which are the root causes or the most
influential variables that contribute towards vulnerability in a specific area. PCA
in this research allows us to increase the understanding of how multiple and often
interdependent indicators of vulnerability vary in relation to each other and to
understand the common drivers of vulnerability across different neighbourhoods.

Hurricane Irma was very catastrophic for Sint Maarten but offered an excellent
opportunity to perform an in-depth analysis of some of the root causes of
vulnerability and to incorporate new variables into the computation of
vulnerability indexes that are only possible to observe and detect after the disaster
has unfolded. To our knowledge, this is the most integrative study of this type
and offer a framework to assess vulnerability in other similar areas with similar
potential hazards and geographic characteristics.

The indexes and associated maps produced in this paper are the first of this
kind for Sint Maarten despite the potential hazards they encounter each year
during the hurricane season. Overall, we can state that we have offered a
comprehensive and valuable static image of the vulnerability to hurricanes and
floods in Sint Maarten. It is important to mention that we face limitations in data
acquisition, access to the full extent of the census data was restricted, and we
could not gain access to some areas on the island, especially gated condominiums.
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MuULTI-HAZARD
MODELLING

In this chapter, we present the results of a multi-hazard assessment for the
case study. We present the wind modelling results associated with Hurricane Irma
and complemented with the pluvial flooding and storm surge using a synthetic
(but plausible scenario). We coupled a 1D-2D simulation carried out for a rainfall
of 100-year recurrence interval and a storm surge of 0.5 m. For the multi-hazards
assessment, we use the gust winds modelled in combination with the water depth,
extension and water velocities of the pluvial and storm surge modelling. The
results of the models are then presented as average using the neighbourhoods as
a representation scale.
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4.1 INTRODUCTION

The hazard component was identified as the most studied element of the three
components of disaster risk, hence not in this thesis’s scope, and as such the
purpose of this chapter is to present the modelling results for a multi-hazard
assessment performed using Hurricane Irma as the hazard to be studied.

The hazard component includes models developed on the framework of this
dissertation (wind model) and incorporates information and data from previous
research or other researchers from the PEARL project in which this PhD took
place (storm surge and inland flooding)(PEARL, 2018).

4.2 HAzARD MODELLING

Hurricanes can be considered as a multi-hazard threat. The main hazards
associated with a hurricane are strong winds, inland flooding caused by heavy
precipitation and storm surges. To assess the multi-hazard risk in Sint Maarten,
we have selected Hurricane Irma. In previous chapters, we described that
Hurricane Irma had been the most destructive hurricane that has impacted the
island. The combination of Category 5 hurricane winds with the hurricane’s path
in which the hurricane’s eye completely crossed the island contributed to the level
of destruction observed in the aftermath of the disaster.

4.2.1 Wind Assessment

The most dangerous hazard during Hurricane Irma was the strong and
dangerous winds. Irma crossed Sint Maarten in his peak intensity of Category 5
hurricane; unfortunately, the meteorological office lost the meteorological station
before the peak intensity and not in-situ recorded winds are available. However,
NHC aircraft observation near Barbuda reported wind gusts of 155 knots (79 m/s
or 285 km/h) (Cangialosi et al., 2018). In addition, previous simulation available
to this research estimated a wind speed above 70 m/s (Figure 4.1).
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Figure 4.1 Maximum wind speed of hurricane Irma. Source: (PEARL, 2018).
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However, as reasonable estimate these values can be to assess the hurricane’s
overall severity, it does not reflect the effects of attenuation or amplification that
the hilly topography of Sint Maarten can play in the distribution of wind fields
and gusts (Figure 4.2). Local variations of the wind help some areas not be as
severely affected as other areas that were hit with full intensity.

Figure 4.2 (a) Illustrative wind variation due to local topography (Source: Tan and
Fang, 2018). (b) 3D representation of Sint Maarten to highlight the hilly topography.

To incorporate localised variation on wind speed, we used the software ERN-
Hurricane (ERN Ingenieros Consultores, 2009), which allows simulating
probabilistic gradient wind scenarios. The inputs to run the wind model are the
tropical cyclone best track dataset of past hurricanes, wind speed and barometric
pressures data, topography, bathymetry, urban areas and land use maps. In
addition, some factors need to be assumed to run the model; these are topographic
exposure factor, wind variation above profile, surface roughness associated with
the land uses.

The model is used to obtain maximum wind gusts in the simulation space
(Figure 4.3). According to the simulations, model outputs show the most impacted
neighbourhood in Sint-Maarten during Hurricane Irma due to wind gusts. The
east and most south neighbourhoods appear to have been the most affected ones,
with peak gusty winds over 250 km/h. Some of them face winds of more than
320km /h, such as little cape bay, Cay Hill State, Belair and Pointe Blanche. It
can be observed that some neighbourhoods received a mitigated wind due to the
protection of the hills, such as those located in the Lower Prince’s Quarter zone
and to the north-east of Cul de Sac (see also Figure 4.2-(b)).
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Figure 4.3 Simulated peak wind gusts during Hurricane Irma (km/h) using ERN-
Hurricane model.

4.2.2 Storm Surge

The strong winds and the low pressure of Irma also caused waves and storm
surges. The French part registered extremely damaging waves, which many
reported that it killed people and damaged properties, especially in the French
Quarter. The effect in Sint Maarten was milder, which damaged properties along
the coast, especially hotels as reported in Chapter 2. Figure 4.4-(b) shows MIKE21
flow model results of the storm surge hazard, flood extent and depth, which
affected low-lying areas such as Princes Juliana Airport and Simpson Bay in Sint
Maarten and Sandy Ground, Grand Case, Orient Bay and Oyster Bay in Saint-
Martin.

Figure 4.4 a) Initial water level (without storm surge) and (b) model result showing

maximum storm surge during Irma.
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4.2.3 Inland Flooding

As mention in Chapter 2, section 2.4, Hurricane Irma was a relatively “dry”
hurricane. Irma did not bring extreme rainfall into the island. Also contributing
to the low rain the fact that Hurricane Irma was a fast-moving Hurricane, it is
estimated that Irma was moving at 22 km/h when it passes over Sint Maarten
and it took around two hours for the hurricane to cross the island (PEARL, 2018).
As a result, no inland flooding was modelled associated with Hurricane Irma.

Additionally, to incorporate the effects of inland flooding on the disaster risk
assessment methodology, we included a synthetic (but plausible scenario). We
coupled a 1D-2D simulation carried out for a rainfall of 100-year recurrence
interval and a storm surge of 0.5 m. The simulation outputs are shown in Figure
4.5 and Figure 4.6 for the flood depth/extent and the flow velocity, respectively.
The flooding in the Cul de Sac, Lower prince’s Quarter, Little Bay and Madam’s
Estate is associated with the inland flooding whereas the flooding in Philipsburg,
Cay Bay, Simpson Bay and Maho areas is mainly related to the storm surge
flooding.
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Figure 4.5 Maximum flood extent and depth for a combined rainfall event with a 100-
year recurrence interval and a 0.5 m storm surge (PEARL, 2018).
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Figure 4.6 Maximum flood velocity for a combined rainfall event with a 100-year
recurrence interval and a 0.5 m storm surge (PEARL, 2018).

4.3 RESULTS - HAZARD MAPPING

The hazard analysis results are presented individually, this is, wind hazard and
flood hazard, as well as the combined multi-hazard assessment in which we
combined the effects of an event that includes both types of hazards
simultaneously. The wind hazard corresponds to the gust wind model, and the
flood hazard, in which we combined the effects of inland flood and storm surge
flooding accounting for water depth/extension and water velocities.

4.3.1 Wind hazard map

We used the raster map of the wind velocities to compute the wind hazard
(Figure 4.3). The methodology assesses the degree of hazard based on the intensity
of the winds and its relation with the corresponding hurricane category. Table 4.1
shows the five classes in which wind hazard is represented and the expected
impact associated with each category.
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Table 4.1. Wind Hazard thresholds as a function of the hurricane category according

to the Saffir-Simpson scale and the expected level of damage.

Value Reclassified
(Km/h) Value
0- 153
154 - 177
178 - 208 Medium = 3
209 - 251 High = 4

> 252

53“6;0"W

Description?!

Storm up to Category 1 hurricane. Well-constructed frame
homes could have damage to roof, shingles, vinyl siding and
gutters. Large branches of trees will snap, and shallowly
rooted trees may be toppled.

Category 2 hurricane. Dangerous winds will cause extensive
damage: Well-constructed frame homes could sustain
significant roof and siding damage. Many shallowly rooted
trees will be snapped or uprooted and block numerous roads

Category 3 hurricane. Devastating damage will occur: Well-
built framed homes may incur significant damage or removal
of roof decking, and gable ends. Many trees will be snapped or
uprooted, blocking numerous roads

Category 4 hurricane. Catastrophic damage will occur: Well-
built framed homes can sustain severe damage with loss of
most of the roof structure or some exterior walls. Most trees
will be snapped or uprooted and power poles downed. Fallen
trees and power poles will isolate residential areas

Category 5 hurricane. Catastrophic damage will occur: A
high percentage of framed homes will be destroyed, with total
roof failure and wall collapse. Fallen trees and power poles
will isolate residential areas

! Based on Schott et al. (2019).

63 "3|'U"W

Lowlands

I:l Administrative Zones
Neighbourhoods

Hazard map - Wind
No Data
Very Low
Low
Medium

[ | High

- Extreme

Culdelsac Lower Prince's

Quarter

Reward il . Oyster Pond
‘Mount William,
- Hill :

St Peters »

Cole Bay F18°30'N

Upper Prince's
Quarter

The Harbour Pointe Blanche
F18°0'0°N
N

J 5 Kilometers A
L 1 1 1 1 1 1 1 |

Esil, Garmin, GEBCO, NOAA NGDC, and ether contributers.

Figure 4.7 Wind Hazard map for simulated gradient gust winds.
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4.3.2 Flood and Storm surge hazard map

To compute the flood hazard, the two raster maps corresponding to water
depth and water velocity (Figure 4.5 and Figure 4.6) are combined using a
modified version of the methodology presented in Priest et al. (2009). The
methodology assesses hazard based on the probability of getting injured or killed
as the product of depth and velocity. The associated levels of hazard based on
water depth and the water velocity are presented in Table 4.2.

Table 4.2. Flood hazards thresholds as a function of depth and velocity. Adapted from
(Kuntiyawichai et al., 2016; Priest et al., 2009)

Depth x Velocity Reclassified
(m?2/s) Value

- 0920 Caution. Hazard zone with shallow flood water or deep
' standing water

Dangerous for vulnerable groups. Elderly and
0.20 - 0.30 Low = 2 children are more vulnerable due to deep or fast-flowing
water

Description

Dangerous for most people. Deep or fast-flowing
0.31 - 0.50 Medium = 3  water Exposure to the hazard is likely to cause injuries
or loss of life

Dangerous for all. High danger in this zone.
0.51 - 0.60 High = 4 Exposure to the hazard is certain to cause injuries or
loss of life. Poorly constructed houses may collapse.

Dangerous for all. High danger in this zone.
Exposure to the hazard is sure to cause injuries or loss
of life. All buildings in contact are prone to suffer
damage or to collapse.

> 0.60

The range of values for the depth x velocity product is built using parameters
recognised in the literature to play a role in individuals and households’ stability
when exposed to floodwaters. The range selected aims to incorporate the effects
of individual variables such as height, weight and physical condition, and some
hazard-related variables like water temperature, presence of debris, or buildings’
structural stability.

GIS was used to compute the hazard. We multiply cell by cell the raster of
water depth and water velocity (Eq 4.1). The computation offers a numeric value
in each cell of the resulting raster with the two wvariables’ product. A
reclassification of the raster was done to classify the hazards in the five classes
described in Table 4.2. The resulting Hazard map is shown in Figure 4.8. Given
the scale of representation and the magnitude of the flood-prone areas, it is
difficult to appreciate the hazardous areas. To further clarify the flood impacts,
Figure 4.9 shows a closer look into the most hazardous areas.

Flood Hazard = Water Depth X Water Velocity (4.1)
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Figure 4.8 Flood Hazard map for a combined rainfall event with a 100-year recurrence
interval and a 0.5 m storm surge.
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Figure 4.9 (Continuation)
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4.3.3 Multi-hazard Index

The multi-hazard index intends to reflect in a map the exposure to multiple
natural hazards in specific areas. Multi-hazard assessment is of particular interest
because the combined hazard can cause a more severe impact on infrastructure
and cause significant loss of lives (Nachappa et al., 2020). The multi-hazard index
for Sint Maarten provides an overview of the potential threats relevant to a
specific neighbourhood and allows for analysis and comparison between
neighbourhoods’ hazard levels. Exiting methodologies to map hazards focus on
single hazard mapping. Using the multi-hazard approach, we intend to present a
measure that aggregates the individual potential hazards related to its location.
Multi-hazard mapping was preferred in this thesis because it allows presenting
the increased hazard that may result from the interaction of a single type of
hazards for a specific area (e.g. hurricane winds and storm surge). For Sint
Maarten, the multi-hazard integrates wind hazard with flood hazard.

A similar representation unit is needed before integrating the single type of
hazard into a multi-hazard map. For Sint Maarten, the chosen unit to represent
the multi-hazard index is the neighbourhood to keep consistency with previous
computations (i.e. vulnerability index) and facilitate integration and
interpretability. The flow chart depicting the methodology to produce the multi-

hazard index is shown in Figure 4.10.
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Figure 4.10 Flow chart of the steps required to produce the multi-hazard index.
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As the aggregation method, the mean value was used. To aggregate the flood
and wind hazard, we select the neighbourhood scale using the categorization of
neighbourhoods used by VROMI, as presented in Appendix E. The aggregated
flood hazard is presented in Figure 4.11-(a), most areas result on Very Low and
Low hazard levels, and some areas are free of flooding hazards. In contrast,
aggregation of the wind hazard (Figure 4.11-(b)), shows that the most frequent
hazard level at the neighbourhood scale is high hazard, followed by extreme
hazard. The contrast between the two categorisations of wind and flood hazard
levels emphasises the multi-hazard index representation's feasibility and usability.
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Figure 4.11 Hazard maps aggregated at the neighbourhood scale. (a) Flood hazard.
(b) Wind hazard. Numbers represent the identification (ID) of each neighbourhood, as
presented in Appendix F.
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To aggregate the wind and flood hazard maps (at the neighbourhood scale),
we add both rasters, wind hazard and flood hazard using GIS. Such operation
values can vary from 0, representing no hazards in a particular neighbourhood,
up to a maximum value of ten, representing a neighbourhood with both hazards
being present at the maximum level (extreme). To reclassify the resulting
aggregation, we used the values presented in Table 4.3.

Table 4.3. Values used to reclassity the aggregated values of wind and flood hazard to
produce the Multi-hazard Map.

Reclassified
Aggregated value
Value
1
2
3 Medium = 3
4 High = 4

The reclassification values were chosen to keep as high as possible the resulting
hazard index. If a neighbourhood has extreme hazard for wind, and none or low

hazard for flood, it will preserve the extreme -category, similarly, if a
neighbourhood has a medium hazard for both, wind and flood, the resulting value
will be extreme due to the magnification of risk for the probability of occurrence
of multiple hazards. The multi-hazard map is presented in shown in Figure 4.12.
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Figure 4.12 Multi-hazard index aggregated at the neighbourhood scale. Numbers
represent the identification (ID) of each neighbourhood, as presented in Appendix E.
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Analysing the results of the multi-hazard index (Figure 4.12), it can be
observed the expected amplification of hazards in some neighbourhoods in Sint
Maarten prone to the simultaneous occurrence of winds and floods or storm
surges. The amplification is more evident in those neighbourhoods near the
coastline, such as Oyster Pond (ID=43), Red Pond Estate (65) and Guana Bay
(48) to the East of the Island (Figure 4.13); Simpson Bay (6), Cole Bay Lagoon
(7), Billy Folly (8) and Cay Bay (9) located in the south-west part of Sint Maarten
(Figure 4.14). Damages in the neighbourhoods mentioned above are associated
with high storm surges and high wind gusts. These neighbourhoods shared high

hazards in the wind component and were amplified due to at least low hazard for
flooding.

Figure 4.13 Damages observed in Sint Maarten due to Hurricane Irma. (a) Oyster
Pond. (b) Red Pond Estate.

Figure 4.14 Damages observed in Sint Maarten due to Hurricane Irma. (a) Simpson
Bay. (b) Billy Folly.

Figure 4.15 Damages observed in Sint Maarten due to Hurricane Irma. (a) Middle
Region (b) Zorg En Rust.
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Another amplification worth analysing is in those neighbourhoods located down
the Lower Prince’s quarter zone, such as Dutch Quarter (ID=36), Middle Region
(37). Madame’s Estate (32) and Zorg En Rust (30). In this zone, some
neighbourhoods are classified as medium or low to wind hazard due to its
geographic location protected by the hills, but the risk of flooding makes the
multi-hazard index increase in severity (Figure 4.15).

4.4 CONCLUSIONS

The proposed multi-hazard assessment probe to be a better representation of
the actual level of risk in Sint Maarten. Identification of flood-prone areas allows
us to quantify better the risk associated with the hazard component of the risk
assessment. Considering the impact of only individual hazards may create a false
sense of security in some regions, especially those prone to storm surges or pluvial
flooding. Among the most flood-prone areas, special caution needs to be put in
Neighbourhoods such as Philipsburg, that is in constant threat of pluvial and
storm surge flooding; Welegen Road for its proximity to the only Hospital in the
island and its potential disruption to the medical and emergency services during
and in the aftermath of a disaster. Zagersgut road and Bush road will limit the
connection of the east part of the island and Welfare road near Simpson bay as
an important connection between the most western parts of the island.

This chapter’s results identify as some of the most critical areas those located
near the coastline associated with potential storm surges that were very damaging
during Hurricane Irma. The effects of storm surges were most observed in hotels
built near the shoreline to the south and west parts of Sint Maarten. However, it
is important to note that most of the island is prone to high and extreme hazard
levels due to Hurricane Irma's extremes winds. Future multi-hazard assessment

should include other hazards such as landslides, tsunamis, and very important
flash-floods.

Disaster risk managers on the island should pay particular attention in
communicating the risk associated with floods, both, pluvial and storm surges for
future forecasted storms. Residents must know whether they are located in such
areas, which in turn can promote evacuation or any other type of protective
behaviour before or on the arrival of a new forecasted hazard.

For Hurricane Irma, the pluvial flood was of less impact due to the low rainfall
intensity (“dry” hurricane) and the hurricane’s fast-moving pace when it was
crossing the island. This was a “lucky” scenario for Sint Maarten. However,
residents and the government should prepare the island for a future more “wet”
hurricane when the effect of a multi-hazard such as the one presented in this
chapter can be more devastating and potentially causing more loss of lives.
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ASSESSING EXPOSURE TO
HURRICANES USING
EVACUATION BEHAVIOUR

One way to reduce disaster risk is by reducing the exposure of people or assets
to the potential threat. Exposure reduction can be achieved in different ways,
being evacuating the hazardous area one of those. However, despite the amount
of literature that exists on evacuation behaviour, there is still a lack of agreement
on which variables can be used as predictors for individuals (or households) to
actually evacuate. This lack of agreement can be related to the many variables
that can affect the evacuation decision, from demographics, geographic, to the
hazard itself that may influence evacuation. Hence, it is essential to analyse and
understand these variables based on the specifics of a case study. This chapter
presents the most significant variables to be used as predictors of evacuation on
the island of Sint Maarten, using data collected after the disaster caused by
Hurricane Irma in September 2017. The results suggest that the variables gender,
homeownership, percentage of property damage, quality of information, number
of storeys of the house, and the vulnerability index are the most significant
variables influencing evacuation decisions on the island.

This chapter is partially based on:

Medina, N., Sanchez, A., Vojinovic, Z., (2021). Emergency Evacuation Behaviour in a Small
Island Setting; The case study of Sint Maarten during Hurricane Irma. Weather and Climate

Extremes. Under Review
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5.1 INTRODUCTION

In disaster risk management, one alternative to reduce risk from disasters
triggered by natural hazards is by reducing the exposure of people and their assets
to the potential hazard, which can be achieved by taking timely and effective
protective actions. Amongst the possible actions, evacuation from the potential
areas at risk is one of the most common and effective alternatives (Cutter et al.,
2012). However, although evacuation has been hugely studied since the early
1960s, failure to evacuate is repeated every year across the entire planet, such as
the disastrous consequences observed after Hurricane Katrina in the USA in 2005,
Hurricane Irma across the Atlantic basin in 2017, and Hurricane Dorian in the
Bahamas in 2019, among others. Understanding evacuation behaviour appears to
be extremely important in order to mitigate the loss of life and have better and
more realistic evacuation plans (Riad et al., 1999).

Evacuation behaviour during water-related disasters such as those caused by
hurricanes, tsunamis and floods is affected by several factors, ranging from
individual variables to group decision-making levels, such as demographics and
socio-economic characteristics, and others related to the type and intensity of the
hazard or to the geographical location (Baker, 1991). Understanding which
variables are good predictors of evacuation is then a crucial element in the disaster
risk management cycle (Thompson et al., 2017). On the one hand, it allows
resources to be optimised through better design of instruments such as surveys to
collect field data. On the other hand, it will help risk managers to understand
which elements need special consideration to have better evacuation responses
and thus reduce disaster risk (Dash and Gladwin, 2007; Huang et al., 2016).

Therefore, after the devastation observed on Sint Maarten after Hurricane
Irma, it was important to understand the evacuation response of households on
Sint Maarten in order to understand which variables could potentially predict the
decision to evacuate (or not) taken by the population on the island. For this
reason, we conducted a field survey in the aftermath of Hurricane Irma, aiming
to capture information that could potentially explain the actual evacuation
observed during Hurricane Irma. The understanding of predictors of evacuation
could be used as input for a disaster risk management strategy that aims to reduce
exposure to disasters triggered by natural hazards.

In this chapter, we will examine previous research on hurricane evacuation in
order to identify and select which variables have the potential to be tested as
predictors of evacuation. After the literature review, we present some findings of
the fieldwork in order to understand better the evacuation behaviour in the
context of Sint Maarten. Then we present a description of the methods and results
used to assess the correlation of variables with the observed evacuation
behaviours.
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5.2 MATERIALS AND METHODOLOGY

5.2.1 Literature Review

The number of publications on evacuation due to disasters triggered by natural
hazards is very large, with significant but often contradictory and inconclusive
findings (Baker, 1991; Dash and Gladwin, 2007). It remains unclear which
variables are good, bad or non-significant as predictors of evacuation, principally
due to cultural and local differences as well as some hazard-specific variables.
Researchers have tried to identify and categorise the critical variables that can be
used as precursors of evacuation prior to a disasters triggered by natural hazards.
To have a comprehensive view of these variables, we have selected four well
positioned/cited review papers on evacuation behaviour, covering more than 50
years of research.

The main conclusions of these reviews are presented in Appendix C. The four
review papers used were: (i) Baker (1991); this study presents a thorough analysis
of predictors for hurricane evacuation based on information collected from 12
hurricanes from 1961 through 1989 in the USA. (ii) Thompson et al. (2017)
summarise the main findings of 83 peer-reviewed articles published between 1961
and 2016 regarding evacuation from disasters triggered by natural hazards. (iii)
Dash and Gladwin (2007) present a review of variables affecting evacuation
decision-making using three main areas: warning, risk perception, and evacuation
research. Finally, (iv) Huang et al. (2016) present a statistical meta-analysis that
includes 49 studies on hurricane evacuation from 1991 to 2014.

From our review (of reviews), it can be concluded that there is no consensus
on which elements are good or bad predictors of evacuation, which can be partially
explained due to local, environmental and cultural differences, leading to
evacuation rates that will vary from place to place under the same hazard, and
will vary in time; this results in different hazards in the same location (Baker,
1991). It is important to mention that most of the cited studies have been
performed in the continental and USA territories (Thompson et al., 2017), hence
the lack of understanding of predictors in other areas is more significant. In
addition, to the best of our knowledge, this is the first research focused on
evacuation behaviour in SIDS.

Despite the lack of agreement on predictors, some conclusions can be extracted
from the summary of the studies in Appendix C. Risk perception is the most
accepted predictor of evacuation from a threat zone with robust and positive
correlations reported continuously across studies. In addition, other widely
accepted factors influencing protective behaviour towards evacuation are living in
flood-prone zones, having evacuated under previous evacuation orders, having
experienced losses in the past (injuries, loss of life and loss of infrastructure), and
clear and direct communication of the evacuation order. Demographic variables
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have been extensively used to describe evacuation behaviour in the past, but there
has not been consistency in their global usability as predictors has been found,
yet only applied to some specific cases.

5.2.2 Disaster Risk Management structure in Sint Maarten

In terms of disaster risk management and evacuation, the island organisational
structure is presented in Figure 5.1. As can be seen, at the top of the structure is
the Prime Minister, who is responsible for the cohesion between the different
action plans within the various Emergency Support Functions (ESF), and
ultimately responsible for disaster management on Sint Maarten (de Hamer,
2019). He/she is supported by the Fire Chief, who acts as National Disaster
Coordinator during a disaster, and also by the Section Head of Disaster
Management, who in turn are both supported by ten Emergency Support
Functions (ESF). In terms of evacuation, there are two ESF of interest. EFS-7 is
responsible for evacuation, shelter, relief and mass care including humanitarian
affairs, care for the elderly, and food and ration distribution for the general public.
In addition, ESF-6 represents the Department of Public Health and is responsible
for preventive and collective health during disasters; it is responsible for the
evacuation of critical patients from hospitals, before and after a disaster.

ORGANIZATIONAL STRUCTURE DISASTER MANAGEMENT SINT MAARTEN

Public Royal Dutch
e PRIME MINISTER A

Fire Chief Head Section
(Mational Disaster Coordinator) Disaster Mngt.

ESF-
Strategic Coordinators
(Natlonal Disaster Staff)
EOC
Tactical
GEBE Telem VROMI Fire Dept, Police VSA Soc, Services DCOMM AZ TEZVT
ESF 1 ESF 2 ESF 3 ESF 4 ESF5 ESF 6 ESF7 ESF & ESF 9 ESF1
Woater & glecommu. Puilic Warks. Hazard Pubbc Order, Public Heaxh & Lracuations. Fublic Governmental larbour,
Energy nications Transport & Respanse A Medical Ghelters. nformaticn & Mfairs Airpor &
Logistics Activities Trathic Assntance Rl & Media Hotel Activities
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Operational —_— {On Scene Command)

Siruation os of 10.70.7018

Figure 5.1. Sint Maarten disaster management organisational structure. Source: the

official emergency website of the Government of Sint Maarten 3

3 Retrieved on September 10 2020 from: https:// https://sxmemergency.esimg.net/en /updates /relief/emergency-support-
group/

94



Assessing Exposure To Hurricanes using Evacuation Behaviour

On Sint Maarten, the scientific organisation responsible for issuing the early
warnings in the event of any severe weather event is the Meteorological
Department of Sint Maarten — most commonly referred to as the Met Office.
During Hurricane Irma, the Met office used data coming from several weather
services to produce the bulletins and special reports concerning the potential
threat associated with the hurricane. The bulletins were posted on the Met
Office’s web page and its official Facebook page. In addition, the bulletins were
also sent directly to airlines, airport management, the harbour/ marina, the
government, radio stations, and hotels. As communication infrastructure was
damaged on the island during the hurricane, only one radio station was almost
entirely operational during and immediately after Irma passed. The Met Office
had a continuous open-line communication with this station to update the
residents and the general public of the island on the location and potential
remaining threat of Irma.

5.2.3 Evacuation related Information Collected in the Field Mission

Some important information regarding disaster risk, evacuation and shelter
management on Sint Maarten that we collected during the field campaign and
that may have had a direct influence on evacuation behaviour on the island during
Hurricane Irma is summarised here:

e Sint Maarten does not have, and is not considering having, mandatory
evacuations.

e Sint Maarten has 11 buildings to use as shelters, at the beginning of each
new hurricane season a list of shelters to be used in that particular year is
released. In 2017, a total of nine buildings were selected.

e During Hurricane Irma, the government decided not to open the public
shelters on the island; even though the reasons are not completely clear,
there are indications that this was mainly due to the lack of resources and
security.

e A late decision to open some of the official shelters was made on the
morning of Tuesday 5 September. This mixed message created confusion
among the island residents and may have influenced the evacuation rates
reported during Hurricane Irma.

e There is a common perception among residents of the island that public
shelters are weak structures. A reason given for this perception is that the
government cannot invest money in shelter maintenance for private
buildings, as is the case for those used as official shelters on the island.
Also, poor or little maintenance is performed annually. This image was
corroborated by two of the shelters losing their roof during Hurricane Irma.

¢ No discrimination on migration status was made in the shelters before or
in the aftermath of Irma. On arrival at the shelters, people were asked
only for nationality and name.
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e Many tourists on the island decided not to evacuate prior to Irma’s arrival
based on personal motivation; some underestimated the power of a
Category 5 hurricane, and others just mentioned they wanted to have the
‘hurricane experience’.

e Shelters on Sint Maarten only offer roof protection; residents that evacuate
to public shelters are requested to bring their own food, water, blankets
and medicines.

e Sirens are installed on the island to communicate evacuation orders, but
they were having technical issues and were not used during Irma. SMS
and smartphone applications are being evaluated as an alternative to
replace the outdated siren system.

e Schools and business on the island were only closed on Monday 4
September, as some of the operational members of the disaster
management team only considered the real threat that day. Hence a sense
of relaxation may have been transmitted to the community.

e Official warnings or evacuation instructions were transmitted only in
English, but we detected large communities of inhabitants who only
communicate in Spanish or French.

5.2.4 Predictors to be analysed

Based on the literature review, the fieldwork and survey, and the results of a
socio-economic vulnerability analysis previously done by the research team
(Medina et al., 2020), we have selected a set of parameters to be tested for
significance and correlation with observed evacuation behaviour on Sint Maarten
during Hurricane Irma. We classified the potential factors affecting evacuation
decision-making behaviour into six groups: demographic, socio-economic, housing,
information, place, and storm characteristics, and applied variables associated
with the vulnerability index computed for the island. As shown in Table 5.1, the
groups are composed of 20 variables and 76 categories to be tested as predictors.
The hypothesis to be tested using the expected contribution towards promoting
(+) or reducing (-) evacuation is also presented in the table. The last column
shows the frequency of the respondents’ answers.

Table 5.1. Variables and categories to be analysed as predictors of evacuation, the

number of respondents and expected contribution towards evacuation.

[1] 2] [3] [4] [5]
. . Expect to Respondents
Group Variable / predictor Category Contribute (%).N= 255
Yes =1 80 (31.4%)
Evacuation Actual evacuation during Dependent
behaviour Hurricane Irma variable
No =0 175 (68.6%)
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Table 5.1 (Continued)

[1] 2] 3] [4] [5]
Expect to Respondent
Group Variable / predictor Category X s (%).N=
Contribute 255
Female (+) 140 (54.9%)
Gender
Male (-) 115 (45.1%)
18 - 30 (-) 26 (10.2%)
31-40 (++) 40 (15.7%)
41 - 55 (+) 84 (32.9%)
Age
56 — 65 (-) 32 (12.5%)
Demographic
characteristics - 65 ) 31 (12.2%)
No Answer 42 (16.5%)
Yes (+) 194 (76.1%)
Car ownership
No (-) 61 (23.9%)
1-2 -) 86 (33.7%)
Household size 3-4 (+) 107 (42%)
>=25 (+) 62 (24.3%)
Yes (Owner) (-) 119 (46.7%)
Homeownership
No (Tenant) (+) 136 (53.3%)
Working. Fixed
location (+) 123 (49.4%)
Socio-economic Working.
characteristics Changing -) 51 (20.5%)
location
Job-status
Retired (-) 36 (14.5%)
Unemployed (-) 39 (15.7%)
No Answer 6 (2.4%)
Bricks (+) 22 (8.6%)
Housin House
& . construction Concrete (-) 198 (77.6%)
characteristics .
material — walls
Wood (+) 35 (13.7%)
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Table 5.1 (Continued)

(1] (2] 3] [4] [5]
Expect to Respondent
Group Variable / predictor Category X s (%).N=
Contribute 255
Concrete (-) 63 (24.7%)
House
construction Metal sheets (+) 176 (69.0%)
material — roof
Other (+) 6 (6.3%)
Yes (+) 68 (26.8%)
Insurance for
disasters
Housing triggered by No ) 121 (47.6%)
characteristics natural hazards Does not know ) 65 (25.6%)
0-25% -) 154 (60.4%)
Property damage 26-50% (-) 50 (19.6%)
due to Hurricane
Irma 51-75% (+) 20 (7.8%)
76-100% (+) 31 (12.2%)
Strongly -) 70 (27.5%)
disagree
If a more direct
Information and precise Disagree (-) 36 (14.1%)
9 ¢ message is
uality o received,
message evacuation Agree (+) 78 (30.6%)
content orders will be
followed more Strongly agree (+) 55 (21.6%)
Other (-) 16 (6.3%)
1 (+) 143 (56.1%)
Number of storeys
Two or more (-) 112 (43.9%)
0-10 (+) 39 (15.3%)
Place
’ 11 -2 23.1
geographical 0 (+) 59 (23.1%)
d st i i
and s OrH.I‘ . Length of residence in a 21 - 30 ) 55 (21.6%)
characteristics place.
Number of years living on
Sint Maarten 3140 ) 53 (20.8%)
More than 41 (-) 45 (17.6%)
No answer 4 (1.6%)
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Table 5.1 (Continued)

[1] 2] (3] [4] [5]
Expect to Respondent
Group Variable / predictor Category Contribute S (‘nggN:
0-3 (-) 58 (22.7%)
4-7 (+) 138 (54.1%)
Hazard awareness. Number
of days aware of Hurricane  8-14 (+) 49 (19.2%)
Irma
More than 14 -) 8 (3.1%)
No answer 2 (0.8%)
Yes (+) 21 (8.2%)
Perception of living in a No ) 227 (89.0%)
flood-prone area
No answer 7 (2.7%)
Place, 0 (-) 0 (0.0%)
geographical
and storm 1-2 (-) 52 (20.4%)
characteristics ious i
Prev19ub hurricane 3.4 () 71 (27.8%)
experience
5-6 (+) 47 (18.4%)
More than 6 (-) 85 (33.3%)
Once or less a
day (-) 9 (3.6%)
Several times a () 26 (10.4%)
Level of worry. Frequency  day o
of checking the storm
information Every couple of () 45 (18.1%)
ours
Throughout the
whole day (+) 169 (67.9%)
Low (-) 75 (29.4%)
Vulnerability Medium ) 114 (44.7%)
index Risk perception
Components ngh (+) 49 (192%)
Very high (+) 17 (6.7%)
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Table 5.1 (Continued)

[1] 2] [3] [4] [5]
Expect to Respondent
Group Variable / predictor Category Contribute S ('Z)E)):r’N:
Low (-) 108 (42.4%)
Government performance Medium ) AT (184%)
perception High (+) 91 (35.7%)
Very high (+) 9 (3.5%)
Vulnerability
index Very low (-) 23 (9.0%)
components
P Low ) 44 (17.3%)
Vulnerability index Medium (-) 44 (17.3%)
High (+) 85 (33.3%)
Very high (+) 59 (23.1%)

5.2.5 Model Analysis

In order to evaluate the relationship between the actual evacuation behaviour
of Sint Maarten residents and the different factors or predictors, we have
conducted a Multiple Correspondence Analysis (MCA). MCA is a well-known
mathematical method mostly used to analyse data obtained through surveys; it
is used to identify the associations and relationships between variable and
categories. (Husson et al., 2017). The MCA analysis we conducted was based on
principal components as the extraction method, a scree plot analysis in
combination with eigenvalues allows us to determine the number of dimensions
to consider in the analysis, which for this study will be limited to the first two
dimensions.

The MCA results enables the six groups in which the predictors were grouped
(Table 5.1 — column [1]), to be plotted in the first two dimensions in a biplot; the
plot is used to evaluate if the groups are conceptually distinct constructs which
can be analysed separately. It is expected that groups that are different will
appear relatively separated in the biplot. The next step was to test for correlation
between the variables (Table 5.1 — column [2|) to identify the degree of
relationship between the variables and identify possible redundant variables, as
well as to identify those more correlated to evacuation. Here, correlations above
0.7 are considered strong and should be removed before further analysis as possible
explanatory variables; correlations around 0.5 are considered moderate
relationships and around 0.3 are considered weak relationships between variables.
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Once the groups and variables were proved to be independent, we used the results
from the MCA analysis to evaluate whether or not each category contributes
positively, negatively, or has no statistical significance according to our hypothesis
presented in Table 5.1 -column [4].

The next step in the analysis was to identify which variables are more
influential (or not) as predictors of the evacuation behaviour observed during
Hurricane Irma. First, we conducted a %2 test to evaluate the relationship between
the dependant variable evacuation, with all the other explanatory variables or
predictors presented in Table 5.1 — column [2]. The results of this test are in the
form of statistical significance for those variables that have a stronger relationship
with the actual evacuation behaviour. Second, we studied the relationship
between evacuation and the categories of the variables. We characterised each of
the categories of the dependant variable evacuation (Yes and No) by using all the
categories of the explanatory variables in Table 5.1 — column [3] to find which of
them have statistical significance and can help to explain the observed household
evacuation decision.

The outputs of both the MCA analysis and the correlation matrix allow us to
determine the most significant predictors of evacuation for Sint Maarten. Using
different combinations of the significant predictors, we developed three binomial
logistic regression models to simulate the evacuation response.

5.2.6 Results and Analysis

The results of the MCA analysis of the six groups in which variables were
categorised are presented in Figure 5.2. The distance observed between the
different groups in the first two dimensions shows that all the groups can be
considered conceptually distinct constructs. The validity of the use of the six
groups is further supported by the correlation analysis, as presented in Table 5.2.
The highest correlation among the scales was found to be moderate, with a
correlation of 0.45 between the variables home insurance against disasters and
homeownership, followed by wvulnerability index and risk perception with a
correlation of 0.41. No other set of variables has vulnerability greater than 0.40.
Given the values of correlation obtained, the results suggest that all the variables
in the analysis are distinct, hence we can use the complete set of variables and
categories in the MCA analysis to evaluate whether or not they can be used as
an indicator of the actual evacuation behaviour on Sint Maarten.
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Figure 5.2. Group representation in the first two dimensions.

From the correlation matrix, there also seem to be some weak correlations
involving some of the other variables. Gender and age appear somehow to be
correlated to job status on Sint Maarten, with correlation R = 0.26 and 0.39,
respectively. Age and length of residence (R=0.34), and the number of house
storeys (R=0.31) influence to some degree the decision whether or not to take out
home insurance. Property damage has a correlation with the material of the walls
(R=0.35). The correlation matrix also provides signs of possible predictors of
evacuation, the most correlated variables are property damage (R=0.31), the
materials of the walls (0.28), the quality of information (R=0.21), the number of
house storeys (R=0.21) and the insurance (R=0.21).

The statistical test we run for significance on the categories to evaluate our
hypothesis of contribution towards positive or negative evacuation behaviour is
presented in Table 5.3. From the initial 76 categories we tested, only 18 categories
were found to be significant to a level of p < 0.05. All the six groups are
represented in the selection of significant categories but only 11 variables from
the initial 20.

From the categories’ analysis, it can be inferred that households on Sint
Maarten that have reported evacuating during Hurricane Irma share a high
frequency for variables such as: high percentage of damage to their houses, the
house is normally a one-storey building built with wooden walls, not having a car
and not having home insurance, they generally rent the house (tenants), and most
correspond to women. In contrast, those households that did not evacuate during
Irma are normally men, who consider their houses are not located in a flood-prone
area, their houses suffer low damage (0-25%), and are built with concrete walls
and roof, and they are normally the owners of the house. They have insurance for
disasters triggered by natural hazards, and there is a high frequency of having
two or more storeys; in addition, they live in areas with a very low vulnerability
index.
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Regarding the hypothesised effects of the categories that were found to be
statistically significant, almost all the categories had the hypothesised effect on
evacuation behaviour, with the two exceptions of car ownership and insurance
for disasters triggered by natural hazards. It was initially expected that households
that have insurance and own a car would favour evacuation but instead the
opposite was found; these two elements were found to have a negative effect on
evacuation on Sint Maarten.

The quality of the content variable (in the information characteristics group)
had one category with a negatively associated correlation effect on evacuation,
meaning that those individuals that strongly disagree with the statement asked
tended to be less likely to evacuate on Sint Maarten. Regarding those categories
in the group of place and storm characteristics, we found, as expected, that one-
storey building households tend to be more likely to evacuate in contrast to those
living in a house with two or more storeys. Similarly, perception of living in an
area not prone to floods also had a negative correlation with evacuation. From
the vulnerability group, only those households with a very low vulnerability index
were found to have a negative effect on evacuation, as initially hypothesised.
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Table 5.2. Correlation matrix between variables

# Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 Gender 1.00

2 Age 0.15  1.00

3 Car ownership 0.08 0.28 1.00

4 Household size 0.15 023 020 1.00

5  Homeownership 0.01 0.24  0.16 0.19 1.00

6  Job status 026 039 018 012 020 1.00

7  House construction — walls 0.09 021 028 014 014 0.11 1.00

g louwecomtructionmaterial og3 011 013 014 018 014 021 L0

9  Property damage 0.12 011 021 007 013 013 035 0.21 1.00

10 Home insurance 013 034 022 009 045 020 021 0.08 0.24 1.00

11  Public information 010 014 014 009 019 015 014 016 014 0.20 1.00

12 Length of residence 012 034 015 010 034 019 018 018 011 034 016 1.00

13 Flood-prone area 0.07 012 001 007 o011 008 001 003 015 015 015 0.09 1.00

14 Number of house storeys 0.01 031 020 002 004 017 022 003 020 031 017 028 0.05 1.00

15  Previous experience 0.03 024 011 004 026 016 011 014 012 014 0.09 028 0.05 014 1.00

16  Concern level 0.08 012 016 015 018 013 o011 015 011 011 015 011 022 015 0.10 1.00

17 Hazard awareness 0.11 008 0.07 015 013 0.0 o0.07 011 012 012 012 012 013 010 012 0.15 1.00

18  Risk perception 0.13 015 0.05 012 013 014 012 010 012 013 010 016 006 015 010 010 0.15 1.00

19 Government performance 0.08 0.17  0.06  0.12 0.12 0.09 0.11 0.10 0.13 0.10 0.07  0.16 0.19 0.08 0.07 0.09 0.10 0.24 1.00

20  Vulnerability index 0.1r 017 0.0 016 0.07 018 014 021 013 017 014 016 008 013 012 012 014 0.41 034 1.00
21  Evacuation decision 0.14 0.07 016 010 0.16 0.08 0.28 014 0.31 0.21 0.21 0.04 0.06 0.21 0.14 0.06 0.05 0.10 008 0.18 1.00
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Table 5.3 Variables and categories found to be statistically significant as predictors of

evacuation. The expected and actual contribution towards evacuation is presented. The

categories in bold had a different contribution to the one initially hypothesised.

Expect to Actual
Group Variable / predictor Category contribute contrlﬂl‘)utlon
(*)
Female (+) (+) / (¢
Gender
Demographic Male ) )/ (c)
characteristics Yes (+) “) / (c)
Car ownership
No ) (+) / ©
Socio- Yes (owner) (-) () / (¢
economic Homeownership
characteristics No (tenant) (+) (+) / (¢
House construction Concrete ) ) /()
terial — wall
material — walls Wood (4) (+) / (a)
House construction
material — roof Concrete ) )/ (0)
Housing
characteristics Insurance for disasters  Yes (+) =) / (b)
triggered by natural
hazards No -) (+) / (b)
Property damage due to 0-25% ) )/ (@)
Hurricane Irma 76-100% (+) (+) / (a)
Quality of message
Information content. If a more direct
characteristics and precise message is Strongly disagree -) () / (b)
received, evacuation orders
will be followed more
Perception of living in
Place, flood-prone areas No ) () / (c)
geographical
and storm 1 (+) (+) / (a)
characteristics Number of house storeys
Two or more (-) () / (a)
Vulnerability
index Vulnerability index Very low (-) (-) / (b)
components

(* )Significant at: (a) p < 0.001, (b) p< 0.01, (c) p<0.05
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As reported in Table 5.4, nine variables have statistical significance towards
contributing to the decision by a household to evacuate during Hurricane Irma
on Sint Maarten. Property damage is the most significant variable followed by
the material of the walls, and third in importance is the perception of living in a
flood-prone area. The number of house storeys was also found to be significant as
well as the quality of the information received during an emergency. Also, gender
in combination with having a car, having insurance and being the owner of the
house seems to play a part in the decision whether to evacuate or to stay.

Table 5.4. Results of a chi-squared test to evaluate the link between the variables and

FEvacuation Behaviour

# Variable p.value df
1 Property damage 0.000021 3
2 House construction material — walls 0.000050 2
3 Perception of living in a flood-prone area 0.000256 2
4 Number of house storeys 0.000965 1
5 Insurance for disasters triggered by natural hazards 0.004444 2
6 Homeownership 0.011574 1
7 Car ownership 0.012866 1
8 Information. Quality of message content 0.020459 4
9 Gender 0.028445 1

As the next step, we ran a binomial logistic regression model on the variables
(Table 5.1- column |[2]), to test them for statistical significance in the actual
observed behaviour during Hurricane Irma on Sint Maarten. Regressing the
evacuation decision against all of the other variables in the model (see Table 5.5,
Model 1) showed that gender, homeownership and the number of house storeys
had a negative effect on the observed evacuation behaviour. In contrast, property
damage, quality of the information and the vulnerability index all showed a
positive effect.

Similarly, Model 2 in Table 5.5 presents the re-computed regression results
after removing the non-significant variables from Model 1. The changes in the
regression coefficients of Model M2 were minimal and kept the associated positive
or negative effect observed in M1. The errors in predictions related to Model M2
were minimal according to the residual deviance. M2 shows a superior balance
between its ability to fit the data set and its ability to avoid over-fitting the model
measured by the AIC score.
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Table 5.5. Binomial logistic regression model. Prediction of the evacuation decision.
Model 1 is built using all the variables. Model 2 is built using the statistically significant
parameters of Model 1. The variables in bold were found to be statistically significant.

Model 1 (M1) Model 2 (M2)

Variable SE 0dd SE 0dd
P (B) ratio P ®) ratio

Gender -0.683¢ (0.318 0.505 -0.662¢ 0.305 0.516
Age 0.176 0.183 1.192
Car ownership 0.028 0.380 1.028
Household size -0.111 0.228 0.895
Homeownership -0.658¢ 0.369 0.518 -0.676° (.308 0.508
Job status -0.051 0.145 0.950
House construction material — walls 0.036 0.368  1.037
House construction material — roof 0.388 0.321 1473
Property damage 0.449> 0.158 1.566  0.4832  (.138 1.621

Insurance for disasters triggered by 20.170 0242  0.844

natural hazards

Information. Quality of message

0.259¢ 0.130 1.296 0.238° 0.121 1.268

content

Length of residence 0.008  0.158 1.008

Perception of living in flood-prone area ~ -0.002  0.560 0.998

Number of house storeys -0.694¢  0.352 0.500 -0.749° 0.316  0.473
Previous hurricane experience 0197  0.157 0.822

Concern level -0.043  0.185 0.958

Hazard awareness 0.033 0217 1.034

Risk perception 0121 0.193  0.886

Government performance perception 0.120  0.171 1.127

Vulnerability index 0.266° 0.135 1.304 0.2431 0125  1.275
Intercept 0.316 2211 0.729 -0.213  1.041  0.808
Null deviance 317.25 on 254 df 317.25 on 254 df
Residual deviance 264.76 on 234 df 270.87 on 248 df
AIC 306.76 284.87

Significant at: ‘a’ p < 0.001, ‘b’ p < 0.01, ‘¢’ p < 0.05,‘d p < 0.1
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Furthermore, to gain an understanding of the predictors of actual evacuation,
we computed the logistic regression models on the categories (Table 5.1 -column
[2]). We developed three binomial logistic regression models. We built the models
using a random sample of 80% of the dataset and leaving the 20% remaining of
the data for validation purposes.

First, we ran a logistic model using the categories listed in Table 5.4; these are
the categories with statistical significance in the chi-square test. The result of this
model is presented in Table 5.6 -Logit-i. In this logit model, male gender, concrete
walls, living in a multi-storey building and strongly disagreeing in the information
content component all have a predicted negative effect on evacuation behaviour.
On the other hand, being a tenant, suffering damage between 76-100% during a
storm, and not having home insurance for disasters triggered by natural hazards
all have a positive effect leading to evacuation.

The second model (Logit-ii in Table 5.6) was built using the categories in Table
5.3 with v.test > 2.6 as those with more statistical significance. From Logit-ii, a
value for the category property damage of between 76-100% was again found to
be significant to engage in evacuation actions positively, and strongly disagreeing
in the information component was again found to have a negative impact on
evacuation.

The third logit model (Logit-iii in Table 5.6) was built with the variables in
(M2) in Table 5.5. Logit-iii results show that strongly disagreeing with
information has the most substantial negative effect, followed by multi-storey
buildings and male gender. In contrast, property damage (75-100%) was found to
have the greatest observed positive effect on evacuation, followed by the category
tenant in the house ownership variable.

Concerning the values of the null deviance, it is relatively higher than the
degrees of freedom (df), meaning that it makes sense to use more than a single
parameter (intercept) for fitting all three models. In terms of the residual deviance
for all three models, this is relatively low and close to the degrees of freedom,
implying an appropriate and well-fitting model. Also, the values of the Akaike
Information Criterion (AIC) allow us to compare the level of complexity between
the three models. The model with the lower AIC score is expected to have a better
balance between its ability to fit the data set and its ability to avoid over-fitting
the model. Logit-I is the best of the three models in terms of the AIC coefficient,
but the AIC values for all the models are relatively similar, which means there is
not a clearly superior model.
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Table 5.6. Prediction of Evacuation Decision. Binomial logistic regression models.

Logit-i Logit-ii Logit-iii
Variable. Category odd odd odd
e SE (B) Ratio e SE (B) Ratio e SE (B) Ratio

Gender. Male -0.769¢ 0.337 0.464 -0.5664 0.313 0.568
Car ownership. Yes 0.194 0.393 1.215
Homeownership. Tenant 0.976P 0.370 2.654 0.707¢ 0.317 2.027
House construction material — walls. -1.0254 0.540 0.359 ~0.859 0534 0.424
Concrete
House construction material — walls. 0.225 0.692 0.798 0.032 0.687 0.969
Wood
Property damage. Damage 26 -50 % -0.292 0.411 1.340 -0.325 0.404 1.384 -0.297 0.393 1.346
Property damage. Damage 51 -75 % 0.003 0.593 1.003 0.115 0.595 1.122 0.490 0.542 1.633
Property damage. Damage 76 -100 % 1.074¢ 0.537 2.926 1.051¢ 0.534 2.861 1.5842 0.462 4.874
Insurance for disasters. No 0.8344d 0.429 2.302 0.367 0.395 1.444
Insurance for disasters. Yes -0.214 0.512 1.239 -0.063 0.482 0.939
Information. Quality of Content. -0.565 0.527 0.568 -0.637 0.530 0.529 -0.481 0.511 0.618
Disagree
Information. Quality of content. Other -0.488 0.695 0.614 -0.449 0.681 0.638 -0.376 0.643 0.687
Information. Quality of content. Agree 0.026 0.429 0.974 0.019 0.428 1.019 0.049 0.404 0.952
Information. Quality of content. -0.961¢ 0.441 0.383 | -0.972¢  0.430 0.378 | -1.002¢  0.426 0.367
Strongly disagree
‘P(e;;epmon of living in flood-prone area. 0.121 0.565 1.128 0.224 0.542 1.252
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Table 5.6 (Continued)

Logit-i Logit-ii Logit-iii
Variable. Category Odd 0Odd Odd
P SE (B) Ratio P SE (B) Ratio P SE (B) Ratio
i‘g:ser of house storeys. Two or -0.6034 0.36 0.547 -0.465 0.344 0.628 -0.776¢ 0.327 0.460
Vulnerability index. Low -0.147 0.463 1.159 -0.113 0.462 0.893
Vulnerability index. Medium -0.343 0.475 0.709 -0.239 0.459 0.787
Vulnerability index. Very high 0.378 0.415 1.459 0.406 0.399 1.501
Vulnerability index. Very low -1.216 0.811 0.296 -1.187 0.804 0.305
Intercept -0.553 0.800 0.575 -0.079 0.684 0.924 -0.596 0.420 0.551
Null deviance 317.25 on 254 df 317.25 on 254 df 317.25 on 254 df
Residual deviance 249.05 on 237 df 255.98 on 236 df 264.94 on 240 df
AIC 285.05 293.98 294.94

Significant at: ‘a’ p < 0.001, ‘b’ p < 0.01, ‘¢’p < 0.05,‘d’ p < 0.1
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In addition, to evaluate the performance of the three logistic models, we
estimate the prediction accuracy and the prediction errors of the models. The
data was split randomly into training and validation data sets, using the rule of
thumb 80%-20% of the data, respectively. The predictive power of the logistic
models was then assessed by comparing the predicted outcome values against the
known outcome values. Different metrics on model performance evaluation are
presented in Table 5.7.

Table 5.7. Performance evaluation of the binomial regression logistic models.

Logit Model

Variable
Logit-i Logit-ii Logit-iii
Accuracy %] 74.5 70.6 76.5
95% CI 60.4 — 85.7 56.2 — 82.5 62.5 — 87.2
Sensitivity [%] 52.6 474 52.6
Specificity [%] 87.5 84.4 90.6
ROC Curve [AUC] 0.822 0.773 0.825

The first value to evaluate the model performance is the overall classification
accuracy; this value for the three models is relatively high with accuracies above
70%, with Logit-iii yielding the best results, correctly predicting the individual
outcome in 76.5 % of the cases and with a confidence interval (95% CI) between
62.5% and 87.2%.

Model performance was also measured using the values of sensitivity and
specificity. Sensitivity in the model assessment refers to the number of times the
model was able to predict correctly the cases where a household performs an
evacuation. In contrast, specificity refers to the number of times the model was
able to predict correctly those households that did not evacuate. The importance
of sensitivity and specificity parameters depends on the context; for evacuation
processes, it is more important to have minimal wrong positive predictions (high
specificity); this is forecasting that a household would evacuate, but in reality, it
does not. Minimal wrong positive predictions translate into having a more precise
picture of how many households decide to stay in their houses, potentially
requiring assistance during or in the direct aftermath of a disaster. Specificity for
all the models is above 80%, and the Logit-iii model rate is higher than the others
with 90.6%. Regarding the sensitivity of the regression models it is around 50%
for all three models.
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Finally, the Area Under the Curve (AUC) from a ROC curve analysis
summarises the overall performance of the prediction. The AUC metric varies
between 0.50 (random prediction) and 1.00 (perfect prediction). Values above 0.80
are an indication of a good predictor. In our regression models, the models Logit-
I and Logit-iii are considered to be good predictors.

The performance evaluation suggests that the model that better predicts the
evacuation behaviour on Sint Maarten is the Logit-iii. The model is composed of
six variables/predictors: gender, homeownership, percentage of property damage,
quality of the information, number of house storeys, and the vulnerability index.
The general equation from a logistic model is presented in Eq. 4.1

log (1%9) = Bo + BiXis + BaXip + -+ BreXik Eq. 5.1

Where:

p = Probability of evacuation

Bo = intercept

B1 = Beta coefficient for parameter 1
xi1= Value of parameter 1

Bk = Beta coefficient for parameter k

xik= Value of parameter k

The function depicted in Eq. 4.1 corresponds to a logarithmic function, hence
the value of p will always be between 0 and 1. To assess whether the value of p
indicates a household evacuating or not Eq. 4.2 and Eq. 4.3 are used.

From Eq 5.1 If p = 0.5 then Evacuation = Yes Eq 5.2
From Eq 5.1. If p < 0.5 then Evacuation = No Eq 5.3

Using the Logit-iii model, we computed the probability of evacuation for the
completely Dutch part of the island. The result correspond to the prediction of
evacuation for the households that were not surveyed.
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Figure 5.3. Evacuation behaviour in Sint Maarten. (a) Observed in the surveyed
houses. (b) Predicted using Logit-iii model and results were aggregated at neighbourhood
scale, green colours denote areas of high probability of evacuation, hence less exposure.

Red colour denotes low probabilities of evacuation.

5.3 DIScuUsSION

Evacuation on Sint Maarten needs to be seen and understood in the context of
a small island developing state (SIDS). Evacuation processes are challenging
everywhere, but the context of a SIDS makes it particularly so in several ways.
First, a SIDS is strongly associated with the low socio-economic status of its
inhabitants (UNFCCC, 2005), which makes it almost impossible for a significant
part of the population to flee the island no matter the severity of the hazard that
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is forecast. Second, given the typical size of the islands compared with the size of
a major hurricane, this means that no matter where on the island an evacuee is,
they cannot avoid to some extent being exposed to the hazard; this may
considerably influence the decision not to evacuate. Third, for Sint Maarten, there
is a significant number of undocumented immigrants, around 10,000 (Medina et
al., 2020). Undocumented immigrants tend to not evacuate to official shelters to
avoid the risk of deportation; also, limited social connections within the island
limits the possibilities of evacuating to safer grounds during a hazard (i.e. flood,
hurricane) (Wilson and Tiefenbacher, 2012).

The results of this study confirm that some demographic, socio-economic,
housing, information, place and storm characteristics, as well as vulnerability
factors, are closely related to evacuation decisions on Sint Maarten. Although
there are not as many variables that significantly predict evacuation as those that
were tested (11 out of 20), noteworthy findings can be drawn from the results.

Demographic characteristics have been reported as non-conclusive across
multiple studies, as mentioned in the introduction. However, for Sint Maarten, it
was found that female gender is a predictor that influences a household to
evacuate and male gender is a predictor not to evacuate. Women have been
reported in other studies to comply better with evacuation instructions and to
have a better risk assessment (Bateman and Edwards, 2002; Dash and Gladwin,
2007; Huang et al., 2012). Furthermore, during the fieldwork, one of the reasons
given for not evacuating included that they wanted to protect their homes from
looting or from the storm itself. We found that some households leave at least
one person behind, usually the father, to protect the property. This situation was
reported to happen even if the rest of the household evacuates, behaviour that is
contrary to prior findings that indicate that households tend to evacuate (or to
stay) as a unit (Smith and McCarty, 2009).

We identify that looting is a big concern among the population of Sint Maarten,
especially after Hurricane Irma, where shops and houses were heavily looted. The
Disaster Risk Manager on the island should be concerned about this perception
because it is affecting people’s willingness to evacuate. Extra security in areas at
high risk of looting should be guaranteed and communicated in time to promote
timely evacuation in those areas.

We found that car ownership is a significant variable of a household’s behaviour
towards evacuation. The findings of this research are contrary to the hypothesised
effect; it was expected that households with a vehicle would be more likely to
evacuate (Sadri et al., 2014; Wu et al., 2012). However, we found that having a
car on Sint Maarten is associated with those households that did not evacuate
and that, in contrast, not having a car is correlated with households that did
evacuate during Hurricane Irma. A similar counterintuitive result was found by
Lazo et al. (2015), where people with lack of transportation was found to be more
likely to evacuate. Not having a car promoting evacuation might be explained in
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two ways. First, households that do not have a vehicle may feel the need to
evacuate early when a hurricane is forecast, and they do not want to be trapped
in the middle of the hurricane in their houses. Second, public transport may be
suspended during a forecast hurricane, making it difficult to evacuate when the
hurricane is approaching.

On the other hand, having a car may create a feeling of non-urgency to
evacuate, as they may (falsely) think they can evacuate whenever they want.
Another explanation could be that the few roads available on the island have
limited capacity, resulting in long traffic jams even in normal traffic conditions.
Households may prefer to avoid driving during an evacuation for the discomfort
associated with driving during an evacuation or to avoid being trapped in a traffic
jam when the hurricane strikes (Lazo et al., 2015).

Our findings regarding homeownership indicate that tenants have a higher
tendency to evacuate than homeowners (Hasan et al., 2011; Lazo et al., 2015).
Owners may feel the “need” or “desire” to stay at home to protect the house during
the storm or from looters (Baker, 1991; Lazo et al., 2010; Riad et al., 1999). Also,
owners tend to do more regular maintenance on their house and hence feel more
protected than in a public shelter or other destination. In contrast, tenants may
not need the feel to properly maintain the household to a condition that
withstands a hurricane force as they feel it is the owner’s responsibility (Medina
et al., 2019). This helps explaining why tenants on Sint Maarten evacuate more
often. Furthermore, owners may not evacuate to avoid the discomfort and
environment of public shelters (Baker, 1991), in contrast to some tenants who are
low-income evacuees or undocumented immigrants for whom public shelters may
be the main and sometimes the only place to evacuate to (Mesa-Arango et al.,
2013).

Household construction material was found to be one of the strongest co-
founders of evacuation behaviour on Sint Maarten. Households built with stronger
materials (i.e. concrete walls and roof) tend to be less likely to evacuate than
those living in houses built with weaker materials (i.e. wood). Perception of having
a strong house was already reported in the literature to prevent people from
evacuating. It has been reported that when households feel unsafe at their location
and perceive their house as vulnerable to wind damage during a storm, this tends
to increase their tendency to evacuate, and those who feel safe tend to stay (Baker,
1991; Lazo et al., 2015; Lindell et al., 2005).

Property damage for Sint Maarten was the predictor with the strongest
statistical significance; it was found that those houses suffering the most (76-100%
damage) were also the households that were more likely to evacuate. In contrast,
households with lower levels of damage (0-25% damage) were found to be those
less likely to evacuate. The expectation of damage or damage suffered in the past
has been consistently reported as a good predictor of evacuation (Baker, 1991;
Dash and Morrow, 2000; Gladwin et al., 2001; Whitehead et al., 2001). Prior
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research has found that when residents feel they or their relatives are at risk of
death or injury, or that their house could face serious damage, they are more
likely to evacuate.

Multi-storey residences on Sint Maarten tend to be less likely to evacuate than
single-storey houses. It has been previously reported that multi-storey buildings
have lower evacuation rates (Brown et al., 2016). Lower evacuation rates can be
explained due to the possibility to look for higher grounds in the case of a flood
event, or the possibility to protect valuables from potential floods. Besides, multi-
storey buildings on the island are normally built with concrete which was
explained above as a predictor of no-evacuation behaviour.

Alongside property damage and the number of house storeys as predictors of
evacuation, it was also found that those households on Sint Maarten perceiving
they are located in a flood or storm surge prone area are more likely to evacuate
than those that reported they do not live in those areas. Houses having only a
ground floor or located in flood-prone risk areas such as lowlands and the coastline
are more vulnerable to flooding, property damage, and even suffering casualties
in the past, which in turn is a predictor of future evacuation when a warning is
received (Baker, 1991; Huang et al., 2012). It is also important to mention that
risk terminology may be confusing for the general public, and sometimes those
living in high-risk areas may not be fully aware that they are, creating confusion
whether they need to evacuate or not under a possible threat (Huang et al., 2016).
Furthermore, it will be necessary that emergency management officials on the
island update the identification of areas prone to floods and storm surge, and
perform awareness campaigns of the population at risk in these areas to prompt
evacuation when needed in future evacuation scenarios.

Home insurance against disasters triggered by natural hazards was
hypothesised as a precursor of evacuation, expecting that households with
insurance will evacuate more as they feel they can leave the house and recover
their losses through their insurance company. However, our results were contrary
to this assumption, and insured households on the island tend not to evacuate.
This finding can be a cofounder of homeownership, as presented in the correlation
matrix (R=0.45). Homeowners are more likely to have home insurance (Huang et
al., 2016), and on Sint Maarten homeownership was already explained as a strong
predictor of non-evacuation.

We also found that the quality of the information that is sent in different
phases of a disaster plays a role in household behaviour towards evacuation.
Amongst the respondents of the survey, those that disagree with the statement
that a more direct message will lead to complying more with evacuation orders
are those that tend to be less likely to evacuate, and those that agree tend to be
more likely to evacuate. Information content was also found to be an important
predictor of evacuation behaviour in other studies (Baker, 1991; Huang et al.,
2016; Huang et al., 2012). Prior studies have listed actions and information
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distributed by public officials as amongst the most important variables affecting
the public response to evacuation. In addition, households are more likely to
evacuate when they understand without question that an evacuation order applies
to them, hence more custom-made ways of delivering the message may result in
higher evacuation rates (Baker, 1991; Hasan et al., 2011).

The variable vulnerability was found to be statistically significant as a
precursor of no evacuation for those households located in very low vulnerability
index areas. Households on Sint Maarten associated with low vulnerability are
normally those households with higher incomes, more education, stronger
construction materials, more awareness of natural risk, and more possibilities to
take immediate action to protect themselves against a natural disaster (Medina
et al., 2020).

In addition, nine variables did not play any significant role in explaining
evacuation intentions in the case of Sint Maarten. Variables associated with risk
and vulnerability in our study were used given their strong positive effects found
in prior research; these are the length of residence, hazard awareness, previous
hurricane experience, level of worry, risk perception, and government
performance. However, none of these variables offered a major influence on
evacuation behaviour on Sint Maarten. One possible reason for this is that
respondents may evaluate their risk and vulnerability with a more tangible
measure such as house construction materials, or actual or expected damage from
hurricanes.

5.4 CONCLUSIONS

This study explores the relationship between several variables with evacuation
behaviour in the context of a small island developing state (SIDS) that was
devastated by a hurricane. Hence, the findings and evidence provided in this
research are valuable to understand what the variables are that can be used as
predictors of evacuation in such a context.

Most of the findings of this study are consistent with the hypothesised effects.
In this regard, gender, homeownership, a house’s construction material, property
damage, quality of the evacuation information, number of house storeys,
perception of living in a flood-prone area, and vulnerability index were found to
be influential factors. Car ownership and home insurance for disasters were also
found to be statistically significant but with contradictory effect to that expected.

We found that on Sint Maarten people are most likely not to evacuate when a
hurricane is forecast. This could be partially explained because the majority of
residents do not fully rationalise the magnitude and potential consequences of a
major hurricane. Several storms hit the island between the last major disaster in
1995 associated and Hurricane Irma in 2017, storms and hurricanes in which
residents were relatively safe and no substantial losses were reported, creating a
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false sense of security and limiting households' willingness to evacuate. In
addition, an evacuee under (almost) certainty of exposure to an upcoming threat,
as in the case of Sint Maarten, may feel more comfortable or safe staying in their
own house. This statement is not valid if the evacuee feels (or knows) their house
is not strong enough or if they perceive that they live in a flood-prone or storm
surge area according to our results.

People's perception of how strong their houses are in combination with past or
expected damage assessment were found to be the strongest indicators of
evacuation behaviour on Sint Maarten. Therefore, assessment of a household's
perceptions of the structural vulnerability of their houses to disasters triggered by
natural hazards will be beneficial to estimate future evacuations behaviours. This
is important after Irma because we observed the ongoing reconstruction of houses
across the island during the fieldwork, which may create a (false) sense of security
for those houses that were rebuilt after the disaster.

If a major hurricane is forecast in the coming years, before the memory of Irma
fades, the government of the island should be prepared to open public shelters
with enough resources, as we forecast an increasing demand for facilities. The
expected increase in number of evacuees is related with new evacuees due to the
fear of a new disaster, also evacuation to hotels may decrease due to the extensive
damage to the infrastructure in this sector, and also another segment of the
population will always need a place to shelter: those with low income and
undocumented immigrants that generally live in high-risk areas and in homes
with poor construction materials. In contrast, there is a segment of the population
that will never evacuate no matter how big the threat is, as long as they feel they
are safe in their own houses or feel they need to stay to protect the house or to
prevent looting. The government should be ready to assist those that may need
immediate relief and assistance in the case of a major disaster.

Amongst the most important predictors of evacuation on Sint Maarten is the
proper distribution of warning information according to our regression models of
evacuation. This is an important finding for Sint Maarten disaster risk
management because amongst the predictors we found statistically significant in
this study, information and some components of the vulnerability index are the
only ones that may be possible to influence directly without the need of
investment in expensive infrastructure at the household or island level. The
message content must reflect the need to evacuate; often official orders are
misunderstood as advisory and may lead to non-evacuation.
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AGENT-BASED MODELS
FOR WATER-RELATED DISASTER
RISK MANAGEMENT

Disasters triggered by natural hazards associated with climate change are
increasing in severity and frequency. To address this challenge, Disaster Risk
Management (DRM) has been evolving over the last decades towards a more
holistic approach for water-related disasters such as floods, hurricanes and storm
surges. Complex Adaptive Systems (CAS) and Agent-Based Modelling (ABM)
have shown great potential to be used in DRM as it offers a holistic approach
because those techniques can represent the interactions between the different
actors involved and also the interaction with the environment. This chapter
presents and discuss a comprehensive literature review on the use of ABM for
water related DRM (WR-DRM). We have performed a systematic search to be
able to compile the most relevant literature published in the field. An extended
literature review on ABM was needed because this modelling tool will be used to
incorporate the adaptive behaviour of humans into the exposure component of
the proposed adaptive disaster risk assessment of this thesis (ADRA).

This chapter is based on:

Medina, N., Abebe, Y.A., Sanchez, A., Nikolic, 1., Vojinovic, Z., 2021. Agent-Based Models
for Water-Related Disaster Risk Management: A state-of-the-art review. WIREs Water. Under
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6.1 INTRODUCTION

As stated in the introductory Chapter 1, disaster risk management needs to
recognize and incorporate the interconnections between hazards, infrastructures,
economic systems and the role of human factors in assessing and managing the
risk. Incorporation of the above mentioned elements into DRM presents a large
and evolving challenge that requires a more active engagement and innovative
solutions by policy makers to better understand and be able to have a more
effective management of existing and future risks.

To increase our understanding of the natural system and the ability to predict
or observe the potential effects of DRM, complex adaptive system (CAS) theory
and agent-based models (ABM) provide concepts and promising modelling tools
(Mustapha et al., 2013). For example, ABMs have been used to model city
evacuation under threat of a flood or hurricane, flood-related policy
implementations, as a tool for awareness education to disasters triggered by
natural hazards, to model resources distribution after a disaster, among other
applications of interest. Despite the increasing popularity of ABM for DRM, a
literature review in the intersection of both disciplines is still lacking.

This chapter aims to provide a systematic overview of applications of ABM for
DRM, and to provide a starting point for further researches that works in both:
ABM and DRM by reviewing current achievements and open challenges in ABMs
applied in the context of DRM in water-related disasters. We specifically focus
the review only on disasters associated with floods, tsunamis and hurricanes. The
intention with our critical review is to report the main fields where ABM has
being used for DRM, their main contributions to DRM as a field of study, the
main methodological challenges, strengths and weaknesses of ABM for DRM.
Also, we present some identified knowledge gaps, methodological issues and
suggestions to enhance ABM applications as a novel tool in DRM, and we offer
some recommendations and future direction.

6.2 THEORETICAL BACKGROUND

6.2.1 Complex Adaptive Systems

Complexity theory is a relatively new field that began in the mid-1980s at the
Santa Fe Institute in New Mexico. The work at the Santa Fe Institute is usually
presented as the study of Complex Adaptive Systems (CAS) (Miller and Page,
2007). The definition of CAS must start with the definition of its components or
words. According to (Chan, 2001), something is "Complex" if results from the
inter-relationship, inter-action and inter-connectivity of elements within a system
and between a system and its environment. In the same way, systems in the
context of CAS is defined as a set of interacting and interrelated elements that
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act as a whole, where some pattern or order is to be discerned (Van Dam et al.,
2012). Last, "Adaptive" should be understood as a property of the individual
and/or the system to adapt over time with a form of memory or learning (Crooks
and Heppenstall, 2012). Given these definitions, it is possible to give a more
comprehensive definition of CAS, as cited in Waldrop (1992), where John H.
Holland defines CAS as:

“l...] a dynamic network of many agents (which may represent cells, species,
individuals, firms, nations) acting in parallel, constantly acting and reacting to
what the other agents are doing. The control of complex adaptive systems tends
to be highly dispersed and decentralised. If there is to be any coherent behaviour
in the system, it has to arise from competition and cooperation among the agents
themselves. The overall behaviour of the system is the result of a huge number of
decisions made every moment by many individual agents.”

Given these definitions, a good model of CAS should be able to have the
following characteristics: Multi-domain and multi-disciplinary knowledge,
generative and bottom up capacity, and adaptivity (Van Dam et al., 2012).
Following the general criteria for a good CAS model, Van Dam et al. (2012)
presents a short review of the many modelling techniques available, amongst all
the presented models, some of them most notable ones with potential application
in DRM are: General equilibrium, system dynamics, discrete event simulation,
and Agent-Based Modelling.

From the above, Agent Based Models (ABM) are considered to be the most
suitable tool for modelling CAS, as presented in Van Dam et al. (2012), based on
the work of Borshchev and Filipov (2004) (From System Dynamics and Discrete
Event to Practical Agent Based Modelling). The main arguments for this
assertion are that ABM enables the capture of more complex structures and
dynamics, they provide for the construction of models in the absence of knowledge
about the global interdependencies and Agent-Based modelling is most suitable
when the system to be studied exhibits adaptive behaviour (Chan, 2001).

6.2.2 Agent-Based Models

There is no universal agreement on the precise definition of Agent-Based
Models, although definitions tend to agree on more points than they disagree
(Macal and North, 2009). ABM characteristics are difficult to extract from the
literature in a consistent and concise manner, because they are applied differently
within disciplines. Furthermore, the agent-based concept is rather an approach
more than a technology, where a system is described from the perspective of its
constituent parts (Castle and Crooks, 2006).

Agent-Based Models are founded on the notion of CAS that when modelling a
system the result is not only more than, but very different from the sum of its
parts (Miller and Page, 2007). To manage such systems, the systems or
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organizations must be understood as collections of interacting components. Each
of these components has its own rules and responsibilities (Macal and North,
2009).

A good description of how ABM should work is presented in (Castle and
Crooks, 2006), ABM is defined as models that contain multiple and interacting
agents situated within a model or simulation environment. A relationship between
agents must be specified, linking agents to other agents and/or other entities
within the system. Relationships may be specified in a variety of ways, from
simply reactive, to goal-directed among others. In addition, the behaviour of
agents can be scheduled to take place at the same time or asynchronous. In
addition, a good ABM also needs to define the environment, this is the space in
which agents operate, serving to support their interaction with the environment
and to other agents. Basically, an ABM consists of four elements: the set of agents;
the set of agent's relationships, methods of interaction, and the agents’
environment (Macal and North, 2010).

Regarding the benefits of using ABM or models where agents adapt their
behaviour, is that they are very useful in the exploration of complex adaptive
social systems, such as those present in DRM. From a modelling perspective, the
use of adaptive agents provides the means to create models that can explore new
domains of agent behaviour and complex outputs that exceed the usual
constraints imposed by the modeller (Miller and Page, 2007) (Miller and Page,
2007). In addition Agent-Based models are useful as methods of getting deeper
understanding of system characteristics, and exploring various institutional
arrangements and potential paths of development to assist decision and policy
makers (Billari et al., 2006).

6.3 MATERIALS AND METHODOLOGY

In this section, the methodology used for the systematic literature review is
presented. It is based on a widely used review protocol proposed by Kitchenham
and Charters (2007). The protocol includes objectives of the literature review,
search and evaluation strategies, inclusion/exclusion criteria, data collection form
and analysis.

6.3.1 Scope of the Review

Following the protocol, the first step is to set up the goals of the literature
review. The objectives were defined as follow:

e to identify and classify the main application domains in which ABMs have
been used to study water-related DRM

e to identify achievements and open challenges in ABMs applied for DRM,
especially regarding model implementation and analysis
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e to identify trends and commonalities among the different implementations
of ABMs in DRM, and

e to present and discuss identified knowledge gaps and suggestions to
advance the application of ABMs in DRM

Since the application domain of DRM can be vast, it is important to define the
scope of the applications within this thesis. We limit the review only to papers
that applied ABMs for disaster risk management concerning water-related
hazards, specifically floods, tsunamis and hurricanes, and only those applied at a
city or a regional scale. The type of hazards delimitation was based on the share
of occurrence of different disasters triggered by natural hazards, as described

6.3.2 Search and Evaluation Strategy

The search strategy aimed to identify the primary and secondary studies
related to the scope of the review. The search was conducted in two major citation
databases — Scopus and Web of Science. Scopus database can be considered as
the largest searchable citation and abstract source of literature (Bar-Ilan, 2007).
Web of Science, on the other hand, is known as one of the world’s leading scientific
citation search engine and for searches in highly ranked journals, offering a broad
search across multiple disciplines (Li et al., 2018). We decided not to include
Google scholar as it is not possible to limit the results to peer-reviewed material;
it is not clear the relevance of the results presented by the search, and it is
subjective to the researcher to define how many pages to include as too many
results pages may be offered.

We conducted the search using a Boolean expression that includes two sets of
strings. The first string set defines the domain of interest, which for this review
is agent-based modelling technique. However, given that different authors use
slightly different wording, we have included in the search the most-commonly
used alternatives, such as removing the hyphen (-) from the string. Alternative
names such as multi-agent and individual-based modelling are also included in
the first string set as they refer to the same technique as ABM. The second string
set restricts the search within the scope of the article. Below, it is presented an
example of the queries that were used for the search in the Scopus database, and
in Table 6.1 is presented the complete set of search terms.

(TITLE-ABS-KEY (“Agent Based Models” OR “Agent Based Modelling” OR “Agent Based
Modeling” OR “Agent Based Simulation” OR “Agent-Based”) AND LANGUAGE ( English ) AND
TITLE-ABS-KEY (“Flood” OR “Flooding”) ) AND DOCTYPE (ar OR re) AND PUBYEAR >
1997 AND PUBYFEAR < 2020

Also, we imposed other restrictions on the search. Firstly, the string words
were searched and limited to be present only on the title, on the keywords or in
the abstract. Secondly, the document type was limited to include only research
and review articles. Therefore, conference papers and books were excluded from
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the analysis as it is difficult to be sure whether a conference paper or a book is
peer-reviewed. Thirdly, the search was limited to publications only in English, as
this is the dominant language of international science (de Sherbinin et al., 2019).

The final restriction was on the year of publication.

Table 0.1. Search terms used in the systematic literature review.

First string set (OR) Boolean Second-string set

“Flood” OR “Flooding”

“Agent Based Models” “Hurricane” OR “Cyclone”

“Agent Based Modelling”

. “Risk analysis” OR “Risk Assessment.”

“Agent Based Modeling”

“Agent Based Simulation” “Evacuation”

“Agent-Based” AND “Disaster =~ management” OR “Disaster-

“Multi Agent” management”

“Multiagent” “Drainage”

“Multi-Agent”
“Hydrology”

“Individual Based”

“Individual-Based” “Early warning” OR “Early-warning”

“T'sunami”

In addition, the search was limited to articles published in the period from 1
January 1998 to 15 November 2019 based on the results of a broad search of the
term Agent-based model in the Web of Science. Figure 6.1 illustrates that ABM
publications have very few records before the year 1998.

450

400

[#%) 9% ]
(=) 5]
(=] (]

[Re]
%]
=

200

150

Number of Papers

100

0 - -

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year of Publication

Figure 6.1. Number of publications with the words Agent-Based Model in the Title?)

4 Created using Web of Science Portal : http://www.webofknowledge.com
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6.3.3 Selection and Exclusion Criteria

Initially, we found a total of 2125 papers using the queries presented in Table
6.1, 1351 papers were found in Scopus and 774 in Web of Science. After removing
the duplicates across queries and the databases, the list was reduced to 1515
accounting for the 610 replicated papers. The remaining 1515 papers were
screened for relevance based on the title and the keywords. We eliminated 1226
papers that were out of the scope of the current paper, including ecological
modelling, disease spread, land-use change, transport optimization, supply chain,
livestock evacuation of buildings in enclosed spaces, and other natural or man-
made disasters such as earthquake, volcanic eruption, fire and terrorist attack.
The high number of discarded papers in this step can be explained with the initial
broad search we performed to make sure that we capture the most relevant studies
to our objectives.

The remaining 289 papers were subject to a more detailed evaluation based on
the contents of the abstract of each article. The relevance of the papers was
assessed based on the subjectivity and experience of the research team. We further
eliminated 174 papers mainly associated with the scale of application of the ABM
or dealing with different disasters triggered by other type of natural hazards (i.e.,
different from floods, tsunamis and hurricanes). From the remaining 115 papers,
two articles were not available; despite the queries restriction, one paper was not
written in English; and four papers were either book chapters or conference
proceedings. Thus, eliminating other seven papers, for a total of 108 relevant
articles.

In addition, we extended the systematic review by including seven additional
papers that were known by the research team with relevance to the objectives of
this paper but were not found in the databases despite our broad and systematic
search. Finally, a total of 115 articles were selected to be included in this extended,
systematic literature review. While our search may have missed some potentially
relevant literature, we believe that the systematic selection assures us to have the
most representative papers concerning our objectives. The sample size is also
sufficiently large and representative to be able to assess the objectives mentioned
above. The list of the 115 final papers that were included is provided in Appendix
D.

6.4 RESULTS

We divide the analysis into two main components. First, we present some
general characteristics of the reviewed papers in order to set the grounds for
further analysis. Second, we analyse the selected papers for specific insights into
the applications of ABMs in WR-DRM.
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6.4.1 Characteristics of the reviewed papers

Publication Year

To explore how ABMs have been penetrating the world of water-related DRM
(WR-DRM), Figure 6.2 presents the number of publications per year. In
comparison with the general use of ABMs in the water sector (Figure 6.1) the use
of ABMs in WR-DRM dates back to 2004 (in contrast with 1998) — only a couple
of papers per year were found up to 2012. Starting in 2012, we can observe that
there is a pronounced rising trend or interest in using ABMs to address the
complex challenges of WR-DRM. The number of papers that applied ABMs for
water-related DRM reached 25 in 2019, more than triple that of 2012.
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Figure 6.2. Number of papers selected for the systematic review per year of publication.

Geographic Coverage

The selected papers cover a wide range of geographic regions and countries
(Figure 6.3). North and Central America (33.6%) and specifically the USA is the
leading continent and country, respectively, in research and applied studies of
ABM for WR-DRM. Europe follows accounted for 20.5% of the papers, where the
UK is the country with the most papers on the continent. Eastern Asia (14.5%)
is the third continent in the number of papers; where Japan and mainland China
having the highest numbers. South America, with cases in Chile, is also well
represented. Only Africa has non reported application in the studies founded.
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Figure 6.3. Geographic coverage of the application of ABMs in water-related DRM.
(a) by sub-continent. (b) by country (top nine countries)

Software used

This section presents a summary of the main tools or software used to model
Agent-based models within WR-DRM. An extensive review of the software used
in the reviewed papers is out of the scope of this review paper. For a full review
of the state of the art software to build ABMs, see Abar et al. (2017). From the
selected papers in this review chapter, 23.5% implemented the ABMs in NetLogo
(Figure 6.4). Whereas, 12.2% of the papers do not report which software they
used. The second most used software in the reviewed papers is Repast Simphony
(8.7%). We found seven papers that did not implement the ABMs (6.1%), these
papers of theoretical value were used mainly by projects in the early stages, and
only the conceptual framework is presented.

NetLogo

Not Specified

REPAST-

Not Implemented
TRANSIMS

MATSIM

VISSIM

ArcGIS development toolkits
Matlab

Artisoc4.0

Agent-Analyst (ESRI-ArcGIS)

C++

LifeSafety Model
AnyLogic 1.7%
GeoMason 1.7%
GAMA 1.7%
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Number of Papers

Figure 6.4. List of software used to implement ABMs in WR-DRM. The figure only

shows the software that was used at least in two papers.
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Regarding ABM software that was applied for traffic and evacuation scenarios,
there are three leading software, each with five implementations (4.3% each). The
first two, TRANSIMS and MATSIM, are open source and free software with
proven capabilities to perform large city evacuations at a microscopic level by
incorporating individual behaviours. They are also capable of assessing the impact
on the traffic network from specific hazards such as hurricanes and floods. The
third leading software in traffic modelling for WR-DRM is the commercial
software VISSIM.

6.4.2 Critical review of Applications of ABM in WR-DRM

The scope of this section is to compare and document the current practices
among the ABM modellers in the WR-DRM community. We focus on some of
the main methodological challenges or concepts when using ABM as a modelling
tool of social complex systems, such as problem formulation or purpose, the
implementation goal, the design and parametrization of agents and which data
sources are being used for this purpose. We also report on challenges related to
verification and validation of ABMs in DRM, as well as the role and use of
sensitivity analysis to make more robust the results and analysis of these type of
models. We also reflect on the spatial scale and time scale representation of the
models. In the following sections of this chapter, we will critically address how
the reviewed papers handled the above-mentioned modelling challenges.

Model Purpose and Type of Implementation

A good practice for ABM modellers should be the definition of whether or not
this is the appropriate modelling technique followed by the proper definition of
the purpose of the model (Manson et al., 2020; Schulze et al., 2017). A standard
categorization of the model purpose in ABMs is whether it is intended as a
descriptive or as a predictive model. Predictive models have a general purpose of
demonstrating and exploring ideas, and they are applied for testing hypotheses,
whereas descriptive models are built to provide decision making, policy
formulation and management support (Edmonds et al., 2019).

It is expected that ABMs with a predictive or explanatory purpose have a more
realistic model set up of the environment, as they usually tend to solve case-
specific issues, and the impacts on the real world from the simulated results can
be observed and analysed directly. In contrast, the environment representation of
a descriptive ABM model can be of less importance as their primary objective is
to gain understanding on the system or extracting theories or general principles
(Schulze et al., 2017), and as such less environment details are usually present, or
even space is presented as a simplification in a stylized way. In our review, we
recognized that a specific ABM might intend to be both, descriptive and
predictive. In such a case, we assigned the category that we believe fits the
purpose better. Also, we included an extra category for those papers that can be
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classified as review papers. Figure 6.5 illustrates the classification of the papers
within the three categories.

We found that the majority of ABMs were predictive type (82.6%) and were
designed as a model of a specific real system using observations or data. Predictive
ABMs were applied to explore a wide variety of water-related DRM issues,
including the effects of policy and management strategies implementation (e.g.
Abebe et al., 2019a; Haer et al., 2019; Lowe et al., 2017), the role of spatial
planning in risk management (e.g. Chandra-Putra et al., 2015; McNamara and
Keeler, 2013; Mustafa et al., 2018), resources allocation (Manzoor et al., 2014),
evacuation simulations focusing on traffic modelling (e.g. Dawson et al., 2011;
Liang et al., 2015; Liu and Lim, 2018), evacuation modelling focusing on resources
allocation (Chen et al., 2006), loss of life or infrastructure assessment (e.g. Coates
et al., 2014; Naqvi and Rehm, 2014; Takabatake et al., 2018; Yang et al., 2018),
risk insurance (e.g. Dubbelboer et al., 2017; Filatova, 2014), tsunami and city
evacuation modelling (e,g. Cheff et al., 2019; Imamura et al., 2012; Mas et al.,
2013) and risk communication during a disaster (e.g. Du et al., 2017a; Nagarajan
et al., 2012; Rand et al., 2015; Watts et al., 2019).
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Figure 6.5. Number of papers based on model purpose.

On the other hand, descriptive ABMs accounted for only 14.8%. Similar to the
predictive ABMs, the descriptive models were also utilized for different purposes
such as implementations of decision support systems for disaster management
(e.g. Eid and El-adaway, 2018; Ghavami et al., 2019), flood preparedness and
mitigation (e.g. Coates et al., 2019; Li and Coates, 2016), policy analysis (e.g.
Lipiec et al., 2018; Naqvi and Rehm, 2014) and for educational purposes (e.g.
Becu et al., 2017; Sun and Yamori, 2018; Taillandier and Adam, 2018).

Model type distribution (Figure 6.6) shows an important characteristic of
ABMs for WR-DRM- modelling case studies are predominant. A total of 90 papers
(78.3%) are directly implemented to a case study with or without presenting a
framework (last two bars on the graph). In addition, no generic models were found
in our literature review. In terms of developing a framework, we found 26 ABM
papers, of which 17 were applied directly in a case study and seven papers present
only the theoretical framework. Regarding the use of synthetic or dummy case
study, we found 11 papers (9.6%).
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Figure 6.6. Number of papers based on the type of application of the ABM and
categorized by model purpose.

Disaster Phase and Category

Traditional approaches to disaster management consider three major phases:
Before, during and after the onset of the hazard. The definition of these phases is
crucial for any research in DRM because people’s cognitive and emotional states
and behaviour will vary significantly across the phases. Hence, the design,
parametrization, and purpose of an ABM could be different. The success or
effectiveness of any behavioural model implemented in the ABMs relies on a good
and solid understanding of the behaviour in each one of these phases. Equally
important is to emphasise that failing in the characterization of behaviour can
put the whole model at risk. Additionally, based on psychological sciences
literature (Dos Santos Franga et al., 2012; Vorst, 2010), a new instance to the
evolution of the disaster phases can be added — a warning phase. That is a moment
between before and during disaster phases, when an individual becomes aware
that there is a probability to encounter a hazardous situation.

The selected papers were categorized into distinct categories according to the
different phases of the disaster cycle (prevention, preparedness, response and
recovery) (Wehn et al., 2015). We include in a separate category those papers
focus on policy for disaster management and other for the review papers. Table
6.2 shows the different categories and which disaster phase they may influence.
Some categories affect one or more of the described phases. It is expected that a
good parametrization of an ABM has a clear distinction of agents’ behaviours as
the disaster phase unfold. For example, in an ABM that focuses on evacuation
processes, agents should have different behaviours in the three phases the model
may cover, which are before, warning and during phases.
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Table 6.2. Categorization of the selected papers in the different phases of a disaster.

Disaster Phase

Category
Before Warning During After
Pre-disaster — Prevention and preparedness X -—- — -
Response — Evacuation X X X —
Response — Mitigation X X —
Recovery — — — X
Policy / Disaster Management X - — X

Review paper — — — —

The result of the categorization is shown in Figure 6.7. Evacuation is by far
the most representative type of studies presented in the selected papers,
accounting for 50.4% of the total. Second in frequency is the use of ABMs for
policy and disaster management, with 26.1%. The other categories are all
underrepresented or less explored in our sample of papers having less than 10.0%
of the publications. Concerning the review papers, we only found three papers.
One of them focuses on advances of ABM in tsunami evacuations. The second
paper discusses hydrological problems in flood-related disasters, while the third,
also consider a perspective paper, reviewed the role of human behaviour in flood-
related disasters.

70

50.4%

60

50

40

30

20

Number of Papers

10

0

Response - Policy /  Pre-disaster- Recovery  Response- Review Paper
Evacuation Disaster Prevention Mitigation
Management and
preparedness

Figure 6.7. Number of papers based on the phase of the disaster cycle.

Model Documentation

Proper documentation of an ABM model is necessary in order to increase
readability and reusability of the model. It is intended to provide supporting
information on the model. The first way of documenting the model is by a proper
model description. A good model description should include all the relevant
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information such as the purpose of the model, how it works, how it was designed
and how decisions and behaviours (rules) are performed. It is advisable or good
practice that the model description is prepared following a protocol as it helps
modellers to communicate and readers to understand the models better. Protocols
will also enhance the model development as other researches can see clearly what
was done and build on top of an existing ABM.

Some of the ABM documentation protocols that have been reported in the
literature include the TRACE framework (Schmolke et al., 2010), the Overview,
Design concepts, and Details (ODD) protocol (Grimm et al., 2006; Grimm et al.,
2010) and the upgrade extension ODD+D, which is used for describing human
decision-making (Miiller et al., 2013). Because human decision making is crucial
and the central role in an ABM for DRM the ODD+D protocol seems to be the
most appropriate standard to follow.

In our review, we found that documenting and sharing the model design and
description is not a common practice (Figure 6.8-a). More than half of the
publications (54.8%) did not use any standard protocol. Instead, models were just
described using narratives. The ODD protocol was reported in 10 papers; this is
9.0% not including the four papers that were published before or in 2006 (year of
publication of the protocol). ODD+D was described in only three papers (2.9%
of the papers published after 2010).

It was also found that 15 papers that used industry or proprietary software
(e.g. Anylogic, VISSIM, Life safety model), tend not to report either the model
description, not the rationale behind human choices; instead, they report using
the standard values in the model set up.

Utility based architecture [ (0.9% (a) b
On request to authors | 0.9% ( )
Cognition and Learning | 0.9%

Other Standard | 0.9%

Pseudocode 9
Ontologies | 0.9% 8.5%

TRACE framework | 0.9%
Synthetic/review/Not 789,
ODD+D |2.6% Implemented y °
Not Specified | 7.8%

|
Not Implemented /.. {{8,79% Yes 110.4%

\

ODD | '8.7%

\

Standards (default values)... 13,0% No ‘ 774%
|
\

No Standard ! ‘\ ! 348‘)4, \
0 20 40 60 80 100

Number of Papers
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Number of Papers

Figure 6.8. Number of papers based on (a) the type of model description and (b) based

on source code availability.
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Another way to improve model documentation is by sharing the source code.
In terms of code sharing, it is evident that this is not yet a common practice
among ABM modellers (Figure 6.8-b). Only 12 papers (10.4%) included the
original code to be tested, adjusted or reused. Four papers (3.5%) shared the
pseudocode using the ODD protocol, and from these, only one paper directly
expressed the possibility to share the code on request by emailing the
corresponding author. Those researchers that decided to share the code used
mainly two repositories, CoOMSES-OpenABM?5 and Github% with seven and three
publications respectively.

Representation of Agents and data used to set up the model
e Agent representation

The concept of an agent in an ABM model is just a simplification of the reality
to represent components of a system. Agents act as autonomous entities that are
capable of performing actions according to a set of rules and without the direct
user intervention, that is able to interact with other agents and the environment
and act (change state) based on these interactions (Abar et al., 2017; Nikolic and
Dijkema, 2010). In complex systems where humans are at the core, such as is the
case in social or ecological systems, the agent representation in the ABM model
is not trivial and of major importance.

In our review of papers, agents in disaster risk management can take one of
three forms, either as (i) individuals or (ii) the groups they form or (iii)
institutions that can influence those individuals or communities. Agents were
categorized either as individuals or as composite agents based on an adjusted
definition presented in Ghorbani (2013). We consider agents as individuals if they
represent single human, characterised by individual decision-making, such as
pedestrians or tourists in evacuation models. In contrast, composite agents are
those that represent a collection of individuals. We assumed two levels of these
agents. Low-level composite agents represent a group of individuals that get
together in the simulation and act as one unit, i.e. cars, households, housing
developers, companies; and high-level composite agents represent institutional
actors such as government entities, housing market, NGO’s and insurance
companies.

ABMs that consider individual agents and composite agents in the same model
are expected to be more complex to conceptualize and program. The higher
complexity can help explain why the majority of the papers we reviewed included
only one type of agent, either individual agents (33.9%) or low-level composite
agents (30.4%) as illustrated in Figure 6.9. Papers that model multiple types of
agents are a minority in our review. For example, the papers that included all the

5 CoMSES: Computational Modeling in Social and Ecological Sciences https://www.comses.net/about /

6 https://github.com/
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three types of agents and those that included both types of composite agents
account for 6.1% and 5.2% of the total reviewed papers, respectively.

A-C Individual Agents
Composite Agents - Low Level

Composite Agents - High Level
B-C

o 0 @ P

Not Implemented / Review or Theorethical
A-B-C

Number of Papers

Figure 6.9. Number of papers based on types of agents in the ABM.

e Data for model set up and Agent parametrization

How humans and their institutions are represented in an ABM will define the
type and source of data needed to parametrize the model. The flexibility of an
ABM is that it allows using both quantitative or qualitative data (Schulze et al.,
2017). Examples of quantitative data are census data, geographic information
systems (GIS) information and result from mathematical models. Qualitative data
can be obtained from surveys, interviews, ethnographic fieldwork and desk
studies. In Figure 6.10, we present the main sources of data reported in the papers
to set up the ABM models.

Crowdsourcing

Social Media

Participatory Modelling
® Main Data Source
Assumptions / Standards
m Secondary Data Source
Field Collection

Assumptions / Stylized facts
Computer Models / Experiments
Surveys and Interviews

Extracted from literature/Reports

Census

GIS and Remote sensing _

Number of Papers

Figure 6.10. Number of papers based on the main and the secondary data source used

to parametrize or run the ABM model.
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From our review and the type of data used in the model, it seems that modellers
of ABM for WR-DRM focus more on the description of how the environment is
represented. GIS and computer models outputs representing the hazards (i.e. flood
extension and duration) are the main concern of modellers while reporting data
used to set up the model (environment representation). In 63 papers (31.0%), it
was reported and extensively documented GIS or remote sensing data as the
primary or secondary source of information to represent the physical space where
the ABM takes place. In 17 papers (8.4%), the computer model to represent the
hazard is extensively documented and described.

Regarding data used directly to parametrize agents’ behaviour, census data is
the predominant source with 34 of the selected papers (16.7%) using it as a
primary or secondary data source to build the models. Census data has been
widely used and accepted in ABMs due to its availability. Information extracted
from literature is also one of the primary sources to parametrize ABM in WR-
DRM, with 11.3%. Concerning using explicit behavioural data collected for
parametrization of agents’ attributes, surveys and interviews were used in 22
papers while social media (i.e. Twitter) was used in one paper (Rand et al., 2015).

Agent’s decision making process

One key to the success of an ABM developed for WR-DRM studies is the way
the agent’s decision making is represented in the model (Yang et al., 2018). It is
widely accepted and recognized that human decision making is very complex, but
the way ABM models are built is instead a simplification (Balke and Gilbert,
2014). Modelling human decision making in ABMs should be able to encompass
the properties and behaviour of the actors for specific goals of a particular model.
With this in mind, one cannot categorize a human behavioural model as good or

bad, just as if it is enough to represent the behavioural patterns of the agents
modelled.

In ABMs for WR-DRM, humans at the centre of the decision-making process
can be described using different theories and modelling architectures. For
example, Balke and Gilbert (2014) defined the architectures in five main
categories: (i) Production rule systems — a set of behavioural rules described using
“if-then-else statements”. Every rule will determine a particular agent behaviour
based on the inputs from the model. (ii) Belief-Desires-Intention (BDI) and its
derivatives — this architecture incorporate a “mental state” as the source of agents’
rationality, which allows agents to be both reactive and able to “think” about
intentions and modify them if required. (iii) Normative models — models that
allow representing social norms into the decision-making process. These are
agents’ behaviours that are motivated by external rules, which can have a direct
influence or limit agents’ responses. (iv) Cognitive models — architectures that
were created based on the cognitive structures, referring to a range of mental
processes involving the acquisition, storage, manipulation and retrieval of
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information. (v) models based on psychology and neurology — they differ from
cognitive models as these models take into account the presumed structural
properties of the human brain.

In addition to Balke’s categorization, other commonly used representations of
human decision making include mathematical formulas or probabilistic rules.
Also, a modified version of production rule systems has been broadly used in
ABMs intended for evacuation purposes using an origin and a destination to each
agent in the model.

In Figure 6.11, we present a categorization of how decision making is
represented in the reviewed papers. From the 115 papers, 40 represented human
behaviour using mathematical expressions. The other two commonly used
decision-making methods are evacuation origin-destination model (35 papers) and
production rule systems (15 papers). BDI and its derivatives were only used in
four papers (3.5%). Participatory agent-based modelling in which real people
directly tell the model what the agent would do under certain conditions was used
in three papers (2.6%). Other architectures are under-represented or not used at
all. In terms of evacuation modelling, we found that most of the papers (35 out
of 58 papers) use a rather simplistic approach based on origin and destination
modelling, by using the shortest path approach computed with the Dijkstra’s
algorithm (Dijkstra, 1959).

Psychologically and Neurologically.. | 0.0%
Cognitive Models | 0.0%
ABM with no human decision making agent [10.9%
Normative Models [10.9%
Participatory Modelling Environment [[256%
BDI and its derivatives [3.5%

Not clear defined 6.1%

Not Implemented / Theoretical OR Review 7.8%
Production Rule Systems | 13.0% |
Evacuation origin-destination model | [ [ [ | 30.4%

Mathematical formula or Probabilistic rules | | | | | | 34.8%

0 5 10 15 20 25 30 35 40

Number of Papers

Figure 6.11. Number of papers based on the main architecture used to parametrize
the ABM model.
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Model Verification and Validation

Verification and validation are two terms widely used in computer simulations.
Often misrepresented and used interchangeably, although they refer to two
different moments on the modelling processes (David, 2006). Verification is a
process by which a modeller investigates whether a computational software
implementation correctly represents a conceptual model and that equations are
solved correctly in the computer programme. In contrast, validation refers to the
assessment of the degree to which simulated results mimic the real world that the
model is intended to represent (Ormerod and Rosewell, 2006).

Verification processes in the selected papers (Figure 6.12) show a trend that
researchers using ABMs for DRM do not give attention to performing verification
(four papers), or they do not see the added value of reporting this step in the
modelling process (93 papers).

Not Done | 8.5%
Not needed / Theoretical OR
. 8.7%
Review
Yes | 7.0%
Not Clear / Not Mentioned 80.9%
0 20 40 60 80 100

Number of Papers

Figure 6.12. Number of papers based on whether or not model verification was

conducted.

Validation of ABMs can be categorized in two main approaches: (i) a
constructivist/pattern approach, in which the simulation results are compared
with observations made in the real world, and (ii) an expert validation approach,
where the quality of simulation outputs are evaluated based on the knowledge (or
expectations) of the modeller or users of the ABM (Schulze et al., 2017). In our
review, the expert validation technique accounts for more than half of the papers
(53.6%) as illustrated in Figure 6.13. The use of pattern-oriented validation is
low, but a representative number is found (28.7%). ABMs with no validation or
no clear method reported are very low in our review (8.7%).
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Figure 6.13. Number of papers based on the approached used for model validation.

Model Analysis

Model analysis in ABM can be achieved by using different methods and
techniques. One that is regularly performed and becoming the standard to assess
the quality of an ABM is sensitivity analysis (SA) (Augusiak et al., 2014). SA
refers to the assessment of the sensitivity of the model outputs to changes in the
most significant parameters used to set up the model or to examine the robustness
of the model emergent properties (ten Broeke et al., 2016). A good model analysis
will also probe that good matching results are not the result of “fine-tuning”
parameters but that the theory behind the model set up is valid and holds for
multiple set of input parameters (Augusiak et al., 2014).

In our review of papers, we found that model analysis was not a common
practice among ABM modellers. Only 35 of the papers (30.4%) presented a model
analysis based on sensitivity analysis (or another reported method), and 70
publications (60.9%) did not perform any type of model analysis (see Figure 6.14).
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Review
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Not Done

0 10 20 30 40 50 60 70 80

Number of Papers

Figure 6.14. Number of papers based on whether or not sensitivity analysis was
conducted.
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Spatial, Scale and Time Representation

ABMs for WR-DRM have by its very nature or definition a spatial and time
component either explicitly or implicitly given by the problem domain. Space and
time are generally the two elements used to represent the environment of the
ABM, where the agents are positioned and interact. Hence, it is relevant to
analyse how these elements have been implemented in ABM for WR-DRM. In
our selection, 101 papers (87.8%) explicitly uses both components, space and time.
Furthermore, only five papers (4.3%) representing explicitly the time component,
but space is used implicitly. An example of the latter category in the selected
papers includes the work of Koning et al. (2019), where the space component is
used implicitly as an attribute of the agents; in this case, the location of a house
in different flood zones return periods. The remaining nine papers (7.8%)
correspond to theoretical or review papers (Figure 6.15).

NO Spatial - YES Time  [4.3%

Not needed / Theoretical OR

. 7.8%
Review ?
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0 20 40 o0 80 100 120

Number of Papers

Figure 6.15. Number of papers based on reported use of explicit Spatial and Time

dimensions.

The spatial scale or extent of the application is relevant in the design and
implementation of an ABM for two main reasons. First, it will be the basis to
properly understand the outputs as it defines the geographical limits of the
application. Second, it can be directly related to the number of agents the space
must contain in that specific area. We categorize the papers in the geographical
extent from sector scale (An area of a city formed by one or more blocks but
smaller than a neighbourhood) up to the continental application (Figure 6.16).

In the 115 selected papers, city-scale applications are the predominant ones,
with 33.0% of the total number of publications, followed by regional-scale
application with 20.9%. Smaller ABM application such as sector and
neighbourhood scale accounts for 22.6% of the evaluated publications in total.
Country or bigger scale to assess the impacts of disaster risk reduction policies
are still very limited in our findings. The two applications on country scale were
in Sint Maarten, a Caribbean island that is smaller than some of the regional
application we found (Abebe et al., 2019a; Abebe et al., 2019b). The only study
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at continental scale was in Europe to assess the impacts of disaster risk reduction
policies (Haer et al., 2019).
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Figure 6.16. Geographical scale or extent of application of the ABMs.

6.5 DiIscusSION

6.5.1 Characteristics of the studies

Publication Year

Given the observed rising trend on the number of publications that applied
ABMs for WR-DRM studies, we can infer that researchers and to some extent
practitioners, engineers and policymakers are now seeing the full potential and
the benefits to incorporate an integrative modelling approach into disaster
management. The barriers and concerns regarding the use of ABMs are being
broken down, and general acceptance is increasing. An investigation of the
possible drivers of the rapid increase in the use of ABMs for water-related DRM
should be further considered, but that is beyond the scope of this review.

Geographic Coverage

The geographic coverage of the studies shows the widespread use of ABMs for
WR-DRM, with almost all continents being represented. When looking at the
countries where the majority of studies have been implemented a shared feature
appears, they all have in common that they are repeatedly affected by physical
hazards such as hurricanes in the USA, cyclones and tsunamis in Japan and
Indonesia, or recurrent floods of the UK and China. In South America, Chile and
Peru have the highest number of case studies in relation to recurrent tsunamis
alerts. Despite an improvement in DRM practices, impacts of water-related
hazards in those countries continue increasing in terms of economic damages and
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loss of lives. Researches working in those countries may be inclined to try new
methodologies to address DRM from a more holistic approach, and this can help
explaining the relative higher use of ABMs. Also, the constant threat from natural
hazards makes these countries rich in data, which is necessary and sometimes a
limitation to set up and validate ABMs.

Software used

The preference for using NetLogo can be explained because it incorporates easy
to use interface and has a fast learning curve. Hence, NetLogo cab be a right
choice for novice users or non-specialists. It has been extensively reported as an
ideal solution for the implementation of model conceptualization and for testing
early stages of model implementation. NetLogo also provides several libraries and
examples that can be re-used and adjusted to the modeller needs.

Repast-Symphony is gaining wide acceptance among ABM modellers because
it is a robust software that allows handling bigger and more complex ABM
models, in terms of the number of agents, interactions and how the environment
is represented. Despite having a steep learning curve, it can be considered as a
rapid prototyping tool.

In the selected papers, commercial software was chosen as they provide an
easy-to-use environment, and no programming experience is needed. Such
software can be used with a set of default parameters, which make them an option
to explore and answer specific questions such as the effects of different strategies
in an evacuation.

It was surprising the significant amount of papers we found not sharing details
about which software was used to implement their ABMs. Not sharing a detail as
the software of implementation can be considered as a bad practice and one that
can harm the general acceptance of ABMs for WR-DRM, it makes more difficult
to believe or trust the outputs of the models.

6.5.2 Applications of ABM in Disaster Risk Management

Model Purpose and Type of Implementation

Despite ABM for WR-DRM being a relatively new field of study, the high
number of direct applications we found shows the acceptance of ABM as a
prominent and feasible tool to model complex systems such as those involved in
WR-DRM. Hence, frameworks or methodological papers are not the focus and
sometimes not needed or wanted in research articles with the primary objective
on DRM, and can help explain the low percentage of papers belonging to the
descriptive nature category in our review.

141



Adaptive Disaster Risk Assessmet

Case studies application are the most common use of ABM in WR-DRM. We
acknowledge that the work that has been done in case studies have helped the
reputation of ABMs as a suitable tool for DRM. Those papers have set the
grounds to make ABMs more robust and widely accepted by researchers and to
some extent to stakeholders and policymakers. However, ABM models in DRM
should not be limited to case studies. Modellers should reflect more on how their
work can contribute to improving theories or methodological issues such as model
design, validation and verification, agents parametrization and model analysis
(O'Sullivan et al., 2016). By focusing (or reporting) primarily on the case study,
a broader lesson from the ABM may be missing.

We did not find generic models in our selected papers; this is an ABM which
structure is generic enough and intended for use in a wide range of different
projects with relatively minor restructuring. Generic models are possible at the
expenses of having more degrees of freedom in the model set up and the
parameters. Setting up such models is possible only if the modellers have a deeper
understanding of the systems under analysis. Modelling case studies limit the
degrees of freedom. However, the models are generally easier to set up but at the
cost of not able to generalize or extrapolate the results to other case studies or
propose a framework or theory.

In terms of papers presenting a framework or DSS, it was initially expected
that ABMs proposing or testing a framework would be first applied in synthetic
cases before scaling the theories to a bigger case study. One can infer from the
categorization done in the our review that disaster risk practitioners using ABM
models already consider their theories are robust and can directly be tested into
case studies. It also can mean that the interest to create a framework or that the
ABM will be used for the final user is not (yet) prevailing; and hence,
participatory ABMs are currently not fully explored.

Going beyond academic and desk studies will be necessary to harness the full
potential of the ABMs for WR-DRM. It will be necessary to go beyond testing
the capabilities on case study applications and use the models to inform decision-
making or to be used as a social learning tool. ABMs for DRM can have a more
profound impact with the active involvement of end-users (e.g. policymakers,
stakeholders) during model set up and validation phase. This can be achieved
using participatory modelling, surveys and workshops, which, in turn, can give a
degree of familiarity with the models and increase the chances to either use the
outputs of the simulations or become the end-user of an ABM tool. Involving
stakeholders, however, needs to take into consideration some limitations such as
bias in the selected group, conflicts between them, and how accurate the obtained
results of a control experiment are in comparison with those expected in “real-

life”.
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Disaster Phase and Category

The majority of the papers we reviewed focus on evacuation modelling, showing
an interesting fact about WR-DRM practices, where currently most of the effort
to reduce the impacts of a hazard focus on response actions, rather than focusing
on protective and preventive measures. In this case, by studying the effects of
limiting the number of people potentially exposed to the hazard. In our review,
evacuation models were used to answer a wide range of research questions;
including optimization of mass city evacuation, estimation of the total time
needed to evacuate a city, identification of critical infrastructure (i.e. bridges,
roads, shelters), evaluation of potential loss of life under different mitigation
measures, dissemination of information, city planning and testing different
evacuation strategies.

The few studies found in the categories of pre-disaster planning, recovery and
response suggest that more research is needed to evaluate the feasibility of using
ABMs to answer particular questions that may arise in these phases, such as
effective distribution of teams and resources in the response or recovery phases;
or to evaluate the effects of individual adaptations to floods or other disasters.

In the selected papers, and to the best of our knowledge, there is not yet a
research that incorporates all categories into one model. Also, based on the
advanced search strategy, to date, no review paper focuses on the big picture of
ABMs in WR-DRM, making the contributions of this paper relevant.

Model Documentation

Model documentation using standards or protocols was found to be a limiting
factor in the development of ABMs for WR-DRM, with a small percentage of the
papers we reviewed doing so. The papers that described their models using the
ODD or ODD-+D protocols have greater readability and re-usability. Those
papers are easier to understand in comparison to the ones that did not follow a
standardized format. One way to get familiar with the use of these protocols is
by checking others works as templates. In our review, we believe that some good
examples of the model description using the ODD protocol are presented in the
work of Abebe et al. (2019a), Dubbelboer et al. (2017), Watts et al. (2019) and
Haer et al. (2017). Similarly, ODD+D good practices can be seen in Walls et al.
(2018), Magliocca and Walls (2018) and (Dressler et al., 2016).

Code sharing should be the standard in ABMs for WR-DRM not only as a
good practice but for transparency, model verification, use and re-use of the
models. Such practices will help to advance faster the use of ABM for water-
related DRM as it will stimulate stakeholder perspectives towards this modelling
paradigm.
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Representation of Agents and data used to set up the model

The differentiation of the agent type is crucial when designing the ABM and
the rules that govern agents’ actions and interactions. It is compulsory to have a
suitable representation of human decision-making for the model outputs to be
useful. In ABM for WR-DRM, set of rules for individual agents and low-level
composite agents may be expressed based on personal experiences, beliefs and
desires or cognition architectures, whereas high-level composite agents commonly
involve policy and norms (Balke and Gilbert, 2014). ABM models that are able
to integrate individuals and institutions may be more suitable for WR-DRM.
Models integrating both types of agents may offer a better representation of the
real world because decisions that affect the environment and that may restrict or
promote certain individual behaviours are taken at higher societal levels. For
example, the decision to open or not shelter during a hurricane will change the
individual behaviour or whether or not to evacuate and where they will evacuate
(Medina et al., 2019) or a national policy on flood insurance can affect the
individual risk at the household level (Dubbelboer et al., 2017).

The low number of papers using either surveys, interviews and participatory
modelling to parametrizes the agents’ rules suggest that modellers are mostly
interested in rapid developments, testing and obtaining results. One reason for
the low number is that collecting this type of data is resource-intensive and may
require multiple field visits or workshops. Modellers find it challenging when there
is a resource limitation, or stakeholders are not willing to participate (Manson et
al., 2020), leaving no other option to the modeller than to use what they have at
hand.

We believe qualitative data should be at the centre of the design of the rules
of ABM for WR-DRM. By collecting cultural context-specific data and document
specific human (or institutional) behaviours, it will be possible to add an extra
level of understanding of the system by including the underlined motivations of
the decision-making process. Qualitative data can help answer context-specific
questions such as who evacuates when a tsunami warning is issued or under which
circumstances a household would prefer to stay at home. At the same time,
quantitative data, especially census demographic data, should remain a standard
to support the model development.

ABM for WR-DRM can significantly benefit from non-traditional sources of
information such as participatory modelling, social media or using crowdsourcing,
whose use remains unexplored. Besides, we did not find papers that benefit from
the use of big data to parametrize models, and only one paper used cell phone
location data to validate an evacuation model (Yin et al., 2019). These non-
traditional sources have huge potential in getting information about daily
mobility, exposure and vulnerability to natural hazards.
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Agent’s decision making process

The predominant use of mathematical or probabilistic rules to represent agent’s
decision making in ABMs papers we reviewed can be explained on the ease of
implementation of such equations into ABM code but also has been proven to
represent some types of human behaviour properly.

In terms of evacuation modelling, the use of origin and destination as the
rationality of the agent decision making assumes that an agent will choose to
evacuate to the closest safe point to the origin and that act on bounded rationality
where the agent knows the best (usually the closest) destination and the best path
(roads) to get to safety. This modelling approach may be valid to study specific
problems, such as testing roads, bridges or shelter capacity, total evacuation time
and the effects of different evacuation strategies under a critical scenario.

For example, Imamura et al. (2012), estimate the total time needed by all the
evacuees to leave the potential hazard zone; Mostafizi et al. (2017) identify the
most important roads and intersections during mass evacuations; Chen (2012)
investigates the effects on the traffic load of stage evacuation strategies on the
only bridge available to exit the Galveston islands in Texas. However, if a more
realistic evacuation is needed according to the research question, a different
parametrization of human decision-making is needed — one that allows accounting
for individual decision making and individual preferences such as if agents will
actually evacuate, and if so, where is the preferred location.

An example of a more sophisticated behavioural model is presented in Watts
et al. (2019), A BDI type of model is used to represent the agents’ decision making
whether or not to evacuate. It takes into account individual interpretations of
warning and evacuation orders based on past experiences and trust on the
institutions in charge of DRM, as well as individual interpretation of the
environmental hazard. Similarly, a rule-based example is presented in Yang et al.
(2019) using a series of conditional behavioural statements (if-then-rules). The
researchers modelled the transmission of warning messages from authorities to
households and later replicated among different households. Those rules define
the probability of evacuation for every individual household.

In addition, two well-known protocols or frameworks to describe agent
behaviours that allow to include a more “realistic” type of human behaviour or
reasoning did not appear in the papers we reviewed. These are the BDI
architecture (Norling, 2009), and the PECS model (Urban and Bernd, 2001).
Architectures that appear to resemble BDI are reported in four papers. Although
the authors did not report directly wusing the BDI framework, their
implementations can fit into its definitions. None of the papers we reviewed use
PECS (or any other cognitive or neurological model). None of the papers has
implemented high level cognitive or neurological architectures such as SOAR
(Laird, 2012). Reasons for the lack of use of more sophisticated representations of
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human behaviour are associated with high complexity on the conceptual
framework and its implementation, and the associated high computation demand.

Comparisons of different behavioural models to evaluate the effects of such
theories in the final model results are reported in only one of the papers. Haer et
al. (2017), implemented three economic models, (1) Expected Utility Theory; (2)
Prospect Theory with bounded rationality and (3) Prospect Theory with changing
risk perceptions and social interactions, in an ABM to evaluate the effects of
human behaviour in flood losses reduction through household investments.
Making this type of modelling in other ABM papers may help to ground theories
beyond an implementation. Testing the effects of different formulations on the
decision-making modules will allow selecting the best theory for a particular
phenomenon of interest.

Model Verification and Validation

The complex nature of the processes modelled with ABM in WR-DRM makes
it very challenging to verify such implementations. Hence, errors in code
implementation can be easily present, especially considering that ABM modellers
may not be expert programmers. Despite the challenges, not reporting model
verification process, as in the case of most of the reviewed papers, could diminish
the credibility of the implementations. Ways to move forward may include testing
the models in smaller scales or simplified versions and start scaling up the model
(Galan et al., 2009) or proper documentation or sharing the code to allow for
reimplementation and external verification (Grimm et al., 2017).

We cannot assume that all the papers that did not report model verification
did not actually did not do it. It can be that modellers performed an expert
judgment of the simulation results and were satisfied with them. In such a case,
the problem is communicating the method used to verify that their models fit
reality for the problem purpose (Augusiak et al., 2014). Modellers of ABM for
WR-DRM should include a section where explicitly the model verification was
performed either quantitatively or qualitatively, and this will help other modellers
on different methods on how to perform (and) report their verification process.

Regarding the eight papers that described model verification, one performed
the verification using built-in functionalities in the proprietary software Artisoc?,
which allowed the researchers among others to check whether or not the agents
were moving at the desired speed (Takabatake et al., 2018). Others reported
which parameters of the model they tested. For example, Gehlot et al. (2019)
reported they verified that the average time of an evacuation trip would increase
as road congestion also increases, Eid and El-adaway (2018) reported they applied
regression tests to ensure that the agents perform their designed procedures.
Abebe et al. (2019b) explained how they used an evaluative structure to assess if

7 Artisoc web page: https://mas.kke.co.jp/en/artisocd/
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the values of selected variables match agents’ actions (i.e. certain policy
implementations leading to more elevated houses in the case study). One only
study reported they have done model verification without explaining how the
verification was carried out (Nagarajan et al., 2012). Others mentioned they
performed model verification without providing additional information on how
they did it. But, they share the source code and extra documentation that will
allow verification if someone is interested in verifying or re-using it (Dubbelboer
et al., 2017; Jenkins et al., 2017).

On the topic of validation of ABM for WR-DRM, the most applied validation
method in the papers we reviewed was based on the expertise of the modellers.
Validating model results using expert knowledge is not a bad practice by itself,
especially in ABM modelling, where data to perform a traditional pattern-oriented
type of validation is not always feasible to obtain due to resource constraints. A
modeller cannot wait for a hurricane to strike a city in order to measure the real
evacuation behaviour or the effects of implementing a new policy may not be
reflected immediately but in a timespan of years or even decades. Relying on
expert knowledge for model validation of ABMs for WR-DRM is, therefore, not
only necessary but sometimes the only option available, with the associated level
of subjectivity and degrees of freedom in model design and validation.

Here it is perhaps the most significant challenge faced by ABM to be accepted
as a valid tool for WR-DRM, where engineers and stakeholders have been exposed
to deterministic type of models such as hydraulic and hydrological models where
validation is performed with actual recorded data, and model predictions are
based on physical (and measurable) variables. Involving external experts to assess
the model outputs, or involving local stakeholders, through surveys, interviews,
or any kind of participatory modelling to help validate the results is a way to
advance in the acceptability of such type of expert knowledge type of validated
models (Heckbert et al., 2010 ; Schulze et al., 2017).

Even though non-ABM modellers may accept more widely pattern-oriented
validation, some limitations are also present in this type of validation, for
instance, can a model validated to a specific event may hold for future similar
events?, or is it that human learning will change the outcomes (behavioural
patterns)?. Modellers need to be aware of these limitations and ask themselves
what type of questions can be answered with patterned oriented calibrated models
and act with caution about what type of predictions can be done with such
models.

In our review, pattern-oriented modelling has been used in those cases where
data was sufficiently available to do so. We found a great potential of this
validation approach in hurricane or flood evacuations. Such cases include the
evacuation patterns in the 2011 riverine floods in Brisbane (Liu and Lim, 2018),
the records of evacuation observed in the Florida Keys during Hurricane Georges
in 1998 (Yang et al., 2019) and the evacuation patterns observed during
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evacuations of Hurricane Katrina in 2005 in the USA (Handford and Rogers, 2012;
Liang et al., 2015).

Pattern oriented validation model approach has also been used in policy
analysis, specifically using the effects of different policies in land use or real estate
market. Examples of pattern-oriented validated models can be found in Chandra-
Putra and Andrews (2019), the paper uses historical land-use data and insurance
claims to understand how humans adapt to the impacts of climate change in a
coastal community affected by Hurricane Sandy in 2012 in New Jersey, USA.
Mustafa et al. (2018) used an ABM for urbanization and densifications of urban
areas and used historical data to simulate observed land uses.

Model Analysis

Our review revealed that ABM modellers in the field of WR-DRM focus more
on scenario analysis or even single output models from their models, rather than
analysing the robustness of the model and the sensitivity of the parameters used.
Not performing SA on ABM models could lead to adding more uncertainty to the
results, possibly making the final users or policymakers to question how reliable
are the results or how appropriate the ABM is to make new “predictions” on how
the world they are modelling will look like based on the outputs of the simulation.

Scenario analysis is necessary to answer to the research questions that may
arise in WR-DRM, but focusing only on a single type of answer may cause to
miss some results of interest, we believe that in addition to this type of modelling,
modeller’s should always perform an appropriate type of model analysis, and SA
can be used for that purpose. SA helps modellers understanding what are the key
and more influential parameters on their models, resulting in a better
understanding of the model and what can be inferred from it (Augusiak et al.,
2014). A good starting point for ABM modellers into the theory of SA for ABM
is the work of Lee et al. (2015) and to assess what type of SA may suits better
their models the work of ten ten Broeke et al. (2016).

Most of the SA reported in our review used the OFAT (One-Factor-At-A-
Time) method. We believe it is because the method is relatively easy to perform
and yet give valuable insights. For example, Tonn and Guikema (2018 -
Supplemental online material), assessed the sensitivity of seven input parameters
using the OFAT approach. Similarly, Yang et al. (2018) present a SA on six
strategic variables for flood loss assessment. Also, Baeza et al. (2019) use SA to
evaluate the degree of sensitivity of governance scenarios in the model outputs for
different regions in Mexico City. Only two papers from our review performed
global sensitivity analysis (GSA): in Erdlenbruch and Bonté (2018) applied GSA
to evaluate the dynamics of individual adaptation to floods, and Dressler et al.
(2016) applied GSA to assess the robustness of sub-models over an extensive
parameter range.
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Spatial, Scale and Time Representation

One of the biggest advantages of using ABM tools for WR-DRM is the
possibility to have the process being modelled on an explicit spatial and time
domain. More realistic and explicit representation of the environment is possibly
a more powerful way to communicate the message to stakeholders and the
community in general, as it allows them to see the impacts of different scenarios
over a particular region of interest (Manson et al., 2020). Suitable representations
of time and the spatial environment depend on the modelling question(s), and the
degree of accuracy (realism) sought.

Implementations of DRM where space and time are explicitly analysed and
where these two elements play a major role in the impact on the model
performance can include evacuation processes or densification of urban areas. On
the other hand, policy implementation or educational ABM may or may not have
(nor need) the explicit geographical or spatial component, for example, evaluating
how urgent information flows in social media (Rand et al., 2015), or representing
policy process among stakeholders (Valkering et al., 2016).

In the ABMs we reviewed, time is represented by a time step in minutes, hours
or years using an equal-duration/time approach in which the actions performed
by the agents are updated at the same time based on the rules of the ABM. In
terms of time step selection, ABM modellers should think carefully an adequate
time scale that adequately captures decisions, changes or actions based on the
objectives of the implementation across the different WR-DRM applications but
keeping in mind computational performance.

Equally important is the total simulation time (TST); this is the time range
that the ABM runs. TST vary according to the purpose of the ABM and should
be large enough that allows to observe the changes in the system that are intended
to be captured with the ABM. For example, ABM for hurricane evacuation can
be modelled in days or weeks as the needed time to evacuate a large-size city, or
it can be decades as the time needed to observe the effects of policy
implementation for disaster risk reduction.

In terms of space, most ABMs in WR-DRM represent it as a virtual
simplification of the study area; this is the neighbourhood, city or region. Those
ABMs added a certain type of projection and coordinate system that create a
reference into which agents can be mapped and move through, and in most of the
cases, using GIS data as input for representing the environment. Some different
approaches for space representation were found in the work of Naqvi and Rehm
(2014), they represented cities as interconnected nodes in a so-called stylized
layout representation of the region under analysis. In an ABM set up for
evaluation of variation in behaviours in response to flood warnings Du et al.
(2017b), used a simplified representation of transportation networks using a direct
graph approach, in which edges and nodes represent the routes and intersections
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of the road network respectively, and weight in the edge represents the cost of
using the route it represents. The direct graph is then mathematically represented
as a matrix. Also, the work of Erdlenbruch and Bonté (2018) presents a simulation
of the dynamics of individual’s adaptation to floods using a network
representation of closest neighbours.

GIS representation in ABMs usually takes one of two forms raster or vector
representations. Raster representations are very common in ABM models. We
found that older applications of ABMs for WR-DRM rely mostly on raster data
due to software and hardware limitations. Raster data models have the advantage
of a faster visual representation of the model, as well as faster computational
processing of the outputs. Vector or shapefile representations can be more
powerful to communicate the outputs of an ABM for WR-DRM compared to
raster representation because it has higher ability to represent the real-world
elements closely, and is gaining popularity among ABM modellers in WR-DRM
domains. Also using satellite images or 3D representations can sometimes enhance
the transmissibility of the message but at expenses of more computational
resources. A balance here is then required between computational demands and
accuracy of the representation of the reality when selecting the type of data to
represent space.

In evacuation models, vector data and specifically network data models are
gaining in popularity. Network data models can be seen as a set of links (roads),
and nodes (junctions) that form a road network where the agent move and
interact with other agents and with the environment. They also contain some
physical characteristics such as distance and location that are crucial in
evacuation processes (Manson et al., 2020). The networks in the papers we
analysed were either represented using a rather simplistic notion with one lane
representing the space where agents move (Chen and Zhan, 2008; Mostafizi et al.,
2017), or using more sophisticated properties such speed limit, the number of
lanes, material or slope (Chen, 2015; Liang et al., 2015; Liu and Lim, 2018), or
the inclusion (or not) of specific features such as bridges, stop signs or traffic
lights (Chen, 2011; Naghawi and Wolshon, 2010). An interesting work is presented
in Gehlot et al. (2019), where roads were modelled as agents because they wanted
the roads to be able to change “behaviour” through the simulation such as lane
closure, change in speed limit and blockages.

In terms of the scale of application, the fact that most of the studies in our
review use city-scale reflect what has already been discussed in this chapter, that
most of the application we found are descriptive models based on solving specific
issues in a particular case study rather than elaborating the theory of WR-DRM
using ABM tools. Regional-scale in the selected papers typically corresponds to
papers that are expanding previous models to evaluate impacts in a bigger
geographical scale, such as the impact of neighbouring towns based on decisions
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taken by its neighbours or the impacts on the transportation and shelters in
regional evacuation schemes.

Smaller scales (i.e. sector, neighbourhood), were typically used in WR-DRM to
probe concepts and as a preliminary assessment of a particular theory. For large
scale applications (i.e. country and continent), were very rare in the 115 papers
we analysed. This scale of application may be limited because theories of DRM
are difficult to generalize and to scale-up, as well as some limitations with the
computational tools and higher computational demands.

6.6 RECOMMENDATIONS AND FUTURE DIRECTIONS

6.6.1 Theoretical Recommendations

The use of standards and protocols to describe and document the design of the
ABM should become common practice on ABM for WR-DRM. We believe that
ODD+D should be used. It has been extensively used in other fields (Lee et al.,
2015; Schulze et al., 2017), and also has proven its feasibility to document ABM
models that need to include the description of human behaviour component. (Lee
et al., 2015; Schulze et al., 2017).

One area that would benefit significantly from a framework or generic model
is the use of ABMs for city evacuation. A generic model, this is a model that
allows reuse for a wide range of different projects with relatively minor changes
and that can be tailored for specific needs will allow not only to speed the model
implementation but also will to perform a comparative analysis between different
implementations. Generic models would require a strong understanding of the
system under analysis in order to be able to extract the commonalities that are
not case-specific.

However, some question will remain open to discussion. How standardisable
are the results of a stakeholders approach? Can a modeller in Asia use the results
of a model built in America or Europe? Most likely, the answer to these questions
is No, but if ABMs are appropriately documented they can be used as guidelines
to extrapolate results or as guides to be used in other contexts. To overcome this
challenge, it will be imperative that modellers document properly how they

transform their qualitative data into quantitative data that is usable in coding
the ABM.
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6.6.2 Modelling Recommendations

Software

Based on the findings of this systematic literature review, we offer here a
reference that can guide professionals, researchers and academics in selecting an
appropriate ABM software for designing and developing their system models and
prototypes, which account for both their expertise and the specific requirements
of WR-DRM. The selection of the software should not be trivial. It can affect the
generality, usability/reproducibility, robustness and modifiability /replicability
and scalability of the results. Using open software and sharing the code should be
the industry standard as these allow to build on top of the current state of the
art and advance the use of ABMs for WR-DRM. Such standard can help also to
have a more transparent model, where anyone can verify, analyse and reuse the
code.

Table 6.3 presents a summary of the main characteristics of several ABM
software that we believe have great potential to be used in DRM. We include
both free-open source and commercial software, and we present a column with
our recommendation on which cases each software has the potential to be used.
We present two sections, one with generic ABM software to be used across
different DRM categories, and another for ABMs specifically developed for
evacuation purposes. We present these subcategorization given that evacuation is
the DRM domain with most publications in our review.

To build this list, we took into account the current state-of-the-art of the
software and learning curve, current uses of the software in WR-DRM, easiness
to set up, use and re-use models, the scale to which the ABM can be used, the
type of license and availability, and software support such as existing user
manuals, tutorials, developer’s or user’s support. One commonality across the
listed software is that all of them provide a friendly graphical user interface for
model set up, for both the ABM modeller and for the potential end-users, built-
in graphical capabilities and all have predesigned agent templates and built-in
libraries and packages that can be re-used and adjusted to the modeller needs but
avoiding to start from scratch.

152



Agent-Based Models for Water-Related Disaster Risk Management

Table 6.3. Comparison of the most suitable ABM tools for WR-DRM and its recommended use. Listed in alphabetical order and considering
general-purpose ABM and ABMs for evacuation.

L Coding Model devel Modelling
ABM Software 1c.e I’IS(.E / Language odel development Strength Recommended use in DRM
Availability effort
IDES Scalability Level

General-purpose ABM software

If access to the software is not a limitation.

When the model is already built in this software

Propri Java High For 1 licati
Anylogic Cropmeta%ry1 IDE: Own Moderate or large applications
omiercia platform Large Scale When transportation and evacuation is in the
centre of the ABM for DRM
When user-friendly IDE is preferred
GAML modelling To prototype models
language To be used in medium to large scale case studies
Open source, GNU IDE: Eclipse Medium When advance and sophisticated and built-in GIS
GAMA Moderate o i
GPLv2, Free platform+ Large scale capabilities are required
Plottlpg/ ) When programming skills are intermediate or not
graphical editors a limitation
To prototype models
To be used in small or medium-scale case studies
Netlogo language . . . .
Open source, GPL, . Medium To be used in academic settings
NetLogo F IDE: Own Simple /Easy
ree interface Large scale When GIS and graphical representation is
secondary

When programming skills are not strong

8 IDE: Integrated Development Environment is the software suite that consolidates basic tools required to write and test the ABM.
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Table 6.3 (Continued)

. Coding Modelling
ABM Software Al\lflzfﬁ:ts:ieli{cy Language Model ((:elt?f\(l) iopment Strength Recommended use in DRM
IDE Scalability Level
When the system to model is very large or
complex scale
CH++ . . L
Open source, BSD Complex High When GIS integration is a must.
Repast-HPC ’ " IDE: Eclipse . -
Free latform / Hard Large Scale To be used in large scale parallel or distributed
P computing clusters
When programming skills is not a limitation
] When the system to model is very large or
' Open source ava High complex scale
Repast Simphony BSD, Free IDE: Eclipse Complex Laree Scale When GIS integration is a must.
platform &

When programming skills is not a limitation

Traffic and evacuation focus ABM software

Use recommended when mostly focus on

Java c | transportation problems such as evacuation
omplex i
MATSsim Open source, IDE: From Medium to When Transport (evacuation) networks are very
GPL, Free : / Hard Very Large Scale 1
Eclipse/Maven arge
When GIS (in transport/evacuation) is desirable
Focus on transportation simulations. Evacuation
0 . planning has been tested at microsimulation level
pen source, Python ) .
Medium for large metropolitan areas.
TRANSIMS NASA Moderate
agreement, .IDE: Own Large scale High 2D quality movie rendering and some
Free interface pseudo-3D representation capabilities

When the model is already built in this software
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Table 6.3 (Continued)

Model

ABM Software Lic.e ns¢::‘ / Coding Language development Modelling Strength Recommended use in DRM
Availability IDE offort Scalability Level
It is a traffic simulation software
Efc)tt%rlfl;ssed, graphical If access to the software is not a limitation
. Seripts can also be used High When the model is already built in this software
VISSIM ggﬁ;ﬁiﬁ;ﬁ (Programming language Easy No programming experience required

independent, i.e. C+-+,
Java, Python)

IDE: Own interface

Large Scale Fast testing of evacuation scenarios, quick and

simple model setup. Can be used with the default
values of the proprietary software

Driving and pedestrian modelling allowed
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It should be highlighted that the aim of compiling the list of software is not to
discourage the use of different software than those suggested in Table 6.3.
However, we believe that using the same software will advance the use of ABMs
for WR-DRM faster and more reliable, and will facilitate model replicability. A
recommendation for the ABM modellers in WR-DRM is to investigate and
analyse these and other tools to evaluate which is aligned with their specific needs.

In terms of software use, we cannot conclude which one is better to use to
implement ABMs for WR-DRM, since that depends on modellers’ preferences,
abilities and also the scope of the model itself. Nevertheless, we encourage
modellers to use Netlogo for basic and proof of concepts because it is easy to learn
and use, and the ability to run prototype models. We recommend the use of
Repast Symphony for more robust implementations because it can handle high
computational demands, a larger number of agents and interactions and better
representation of a more complex environment (space and time). In addition, with
the sophistication of models and the increase in the scale of simulation, it is
expected as well a surge in computational demand. In such cases, ABM tools that
support parallel computing would be required, which Repast HPC, Swarm and
MATSIM are the most promising tools (Abar et al., 2017).

Model and Code sharing

Regarding code sharing, it is advisable to use well-known data and code
repositories rather than personal web pages or research institutes or university
repositories as it will facilitate the maintenance and digital preservation of the
code, software citation, as well as making it as standard procedure when coding
ABM. Code and data sharing is being highly promoted recently and is gaining
momentum from both academic and specialized journals, which are encouraging
and sometimes making it a requirement to publish the data and codes alongside
the articles. COMSES-OpenABM and Github are the two repositories used by the
papers we analysed that provide a good option to share the code.

Model Verification, Validation and Analysis

Model verification and validation play a central role in the acceptance of using
ABMs for WR-DRM. ABMs should include in their reports a brief description of
these two elements. Reporting explicitly validation and verification will make
ABMSs more robust and easy to verify for external reviewers as well to increase
the credibility of the simulation results. Using standard protocols, such as the
ones suggested in this review, and including them as supplementary material,
alongside with a short section in the paper, should become the industry standard.
Active involvement of final users, stakeholders or decision-makers of the ABM in
the development and validation phases will help on the acceptance of ABMs as
an appropriate (if not necessary) tool for DRM.
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Sensitivity analysis or other types of model analysis is still vaguely applied in
ABM for WR-DRM. We argue it should be present by default in the type of
simulations done with ABM in order to make the outputs more robust, believable
and gain the trust of authorities and stakeholders. In addition, identification of
key parameters in an ABM, i.e. those to which the model is more sensitive, can
benefit modellers in several ways. It will allow modellers to concentrate the data
collection on those parameters and have more relevant data that will, in turn,
reflect in more accuracy of model results. The modeller may also decide to remove
the less influential parameters for model simplification, which requires less
computational resources. An appropriate SA technique should be selected: some
applications may find the use of simple SA techniques, such as OFAT, more

appropriate and other models will necessarily make use of more robust techniques
such as GSA.

Practical Recommendations and Future Directions

Space and time scale representation in WR-DRM is often used to represent as
close as possible the real-world, here the use of vector data or high-resolution
raster datasets to represent the environment of the ABM is the current trend. We
believe this is a good approach in order to have more appealing results and engage
stakeholders. This approach, in turn, compromises the computational time and
needs for better computational resources such as parallel computing or other
schemes that can handle large scale representations. However, no attempt was
found in our review to explore the impacts of both space and time on the results
of the ABM simulations; hence the ideal space and time representation for ABM
with the sole purpose of DRM remains unanswered, and it is a line of research
worth exploring.

Even though ABM is not a new tool as a computational modelling technique,
its expansion and full potential is just started to be explored, and we will continue
seeing its expansion and use. Parallel computing (PC) and high-performance
computing (HPC) can be foreseen as the next breakthrough in the use of ABM
since they allow to have faster and more robust implementations. Current
implementations of ABMs using PC or HPC are still limited, and just a few could
be found in our literature review. However, the results obtained are very
promising to expand the use of ABM by tackling the computer capacity
limitation, faster computing, bigger geographical extension of the models and
more behavioural rules and number of agents in the simulations.

The use of mathematical or probabilistic models prove to be the dominant
architecture to represent human decision making, and it seems from our results
that it will continue to be the rule in ABMs for WR-DRM for the time being.
However, the full potential of a more realistic human type of decision making
continues to be unexplored, the underused of more sophisticated architectures
deserves more exploration and implementation in ABM for WR-DRM. We believe
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that BDI type of implementations is the way to move forward in this direction
due to the already usable extensions in ABM tools such as Netlogo and Gamma.
However, modellers need to keep in mind whether or not questions can be
answered with more simplistic approaches before moving to more complex model
representations.

6.7 CONCLUSIONS

In this chapter, we address several common issues faced by modellers while
implementing ABMs for DRM. We identified trends in model implementation and
the main methodological issues that a modeller face, such as model purpose, data
collection, validation and verification of the models and how to perform model
analysis. Furthermore, we also draw attention to how human behaviour has been

modelled, as this is a central issue to have a good and representative ABM for
DRM.

Among those critical aspects of the use and implementation of ABMs is the
purpose of the model. Predictive models are predominant in the field of DRM
despite their focus on the theories rather than implementations in case studies.
Similarly, validation and verification of models seem to be less important than
presenting results from the ABM simulations. We believe this is not only a bad

practice but is also limiting to some extent the credibility and acceptability of
ABMs.

Sensitivity analysis is still not a common practice in ABM for DRM. The
complexity of model design and parametrization requires modellers to be
transparent with their implementations and performing any type of SA, can
enhance the accuracy and robustness of the model. Therefore, the acceptability
among users and policymakers can increase.

With the increasing acceptance of ABM for DRM, it is expected an increase in
model complexity as well in the number of agents. This implies the need to have
more robust ABM software to support the use of technologies such as parallel
computing, artificial intelligence, genetic algorithms, to take advantage of the full
potential of the ABM paradigm. Similarly, the need to explore the potential of
ABM running in a cloud computing environment remains a challenge worth
exploring.

In ABM for DRM, the central role of human behaviour as individuals or as
institutions were identified as the main challenge to properly represent the beliefs,
desires and behaviours in a set of rules. Qualitative data, such as interviews, group
works, and field data collection can help to make these rules more robust and
hence the output results. ABMs for DRM based only on quantitative data (i.e.
census data, GIS data) can lack the trust from policymakers and stakeholders.

Hence active stakeholder involvement is crucial to gain acceptance and use of
ABM for DRM.

158



Agent-Based Models for Water-Related Disaster Risk Management

The use of protocols for model description and sharing the source code is slowly
becoming the rule amongst ABM modellers for DRM. We believe that this good-
practice, and is beneficial to advance faster the theories around DRM. Having a
good model description, which is available will allow modellers to focus on refining
existing models rather than having to start from scratch and focus the attention
on model development. Modellers can have the time actually to learn from the
models.

Case study applications are the dominant type of application for DRM, and
we foresee a slow growth of generic models in the near future. We believe that
ABM practice is still far from having the computational resources needed, and
there are still theoretical gaps on how to generalize and upscale the finding offered
by local or case study applications.

Adequate visualization and communication of ABM results to the general
public or decision-makers are vital in order to gain acceptability of this modelling
technique. In addition, having a friendly user interface with a strong core ABM
model can facilitate testing and understanding of the model by the final user
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DYNAMIC EXPOSURE
ASSESSMENT USING ABM

In this chapter, we start presenting a framework to be used in the
implementation of Agent-Based models for disaster risk assessment. The
framework, in the form of an ontology, presents the system agent and environment
identification. After the framework, we present an implementation in the case
study of Sint Maarten to evaluate how information can be used to change the
levels of exposure by promoting (or limiting) protective action behaviours in the
households of the island. We present some experiments using the ABM as a
simulation tool to assess how weather-related information and the trust in the
information source may impact exposure. We end this chapter presenting some
analysis and exposure maps based on the results of the simulations.

This chapter is partially based on:

Medina, N., Sanchez, A., Vojinovic, Z., 2016. The Potential of Agent Based Models for
Testing City Evacuation Strategies Under a Flood Event. In Procedia Engineering, Volume 154,
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August, 2017 Kuala Lumpur, Malaysia. ISSN 2521-716X

Medina N., Abebe Y.A., Sanchez A., Vojinovi¢ Z., Nikolic I. (2021) Dynamic Exposure
Assessment to water related natural hazards. An Agent-Based Modelling Approach. Manuscript
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7.1 INTRODUCTION

This chapter presents the assessment of exposure to water-related natural
hazards events using an adaptive approach. Concepts from Complex Adaptive
System (CAS) and Agent-Based Models (ABM) are the core of building such an
adaptive approach. The choice was made according to the characteristic and the
advantages of CAS, as it allows to explore inter-relationships, inter-actions and
the inter-connectivity of elements within a system and between a system and its
environment.. First, we present a framework with the relevant concepts and
elements when implementing an ABM to measure disaster risk exposure. Then, a
prototype Agent-Based Model is used to assess the exposure component of the
disaster risk assessment using Sint Marten as a case study to evaluate the
feasibility of the proposed framework.

7.2 ADAPTIVE EXPOSURE ASSESSMENT USING AN ABM

ABM has been widely used in DRA, covering the different phases of a disaster,
including planning and policymaking, evacuation response, recovery and
mitigation (Figure 6.7 in Chapter 6). Exposure to natural hazards using ABM
can be evaluated using two distinctive approaches concerning the disaster phase.
One approach is to evaluate the root causes of exposure, this is an evaluation of
the hidden drivers that led to a community or society being exposed to a natural
hazard (i.e. flood, hurricane), and these type of ABM are system focused. The
second approach refers to direct measurement of a system’s exposure to a
particular hazard, and to evaluate the consequences in the system, categorization
and examples of these approaches were presented in Chapter 6.

The first approach can be categorised within the policy and disaster
management phase of a disaster. An ABM of this category is expected to include
(mainly) institutional actors implementing norms and regulations, and it is used
to evaluate how a system may evolve in the long term (i.e. years, decades), (some
examples: Abebe et al., 2019b; Haer et al., 2019). The second approach is used
mostly during the response and recovery phases of a disaster where the main
purpose is related to measure the direct impact on the system due to a hazard
and is typically configured in short terms (i.e. hours, days), these ABM can be
categorized as operational ABMs (some examples: Chen, 2011; Takabatake et al.,
2018).

The distinction presented above is important because the implementation in
an ABM will be completely different, starting from the system identification, the
type of agents to be used, and the rules governing the systems and interaction,
the total simulation time, the time step among others. For the disaster risk
assessment presented in this chapter, we are interested in the second type of
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approach; an operational ABM to evaluate the hazard’s direct impact as a
measurement of exposure.

7.2.1 System ldentification and Formalisation

For an ABM to be useful, a proper system identification needs to be done; this
is to define the system composition and boundaries. System identification consists
of the inventory on the physical and social entities of interest for a particular
system under study and the identification of the connections and interactions
between them; this is the agents and environment characterisation. During the
system identification, it is essential to define all the relevant concepts, actors,
possible behaviours, interactions, and states of the agents and the definition of
the agents’ environment (Van Dam et al., 2012).

For disaster risk management of water-related disaster, as described in Chapter
6, it is crucial to identify and capture the complex interactions between
individuals and their institutions with the hazards and other elements that
characterise the environment in order to be able to discover the drivers of
exposure to disasters triggered by natural hazards. Therefore, we have identified
three major entities to characterise the system: the urban environment, an
external stressor (water-related hazard) and the agents (Figure 7.1).

Water-related
Hazard

dd(/’ 4
I %

Composite Agents
Urban Environment

Individual
Agents

Hazard

i

%

Composite Agents

Institutions

Figure 7.1 Overview of the composition of elements in an ABM for WR-DRM.

The characterisation of the properties of the three entities in an ABM for WR-
DRM is presented in the form of an ontology (Figure 7.2). The following sections
of this chapter will describe in detail each branch of the ontology.
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2.1 1.1
Hazards Individual Agents
2.2 1.2
ABM for Exposure

City Topology /—> 2. Environment <+— Assessment > 1. Agents %Low-lev.el
Physical Objects composite Agents

2.3 1.3
High-level

General Tasks composite Agents

Figure 7.2 Ontology of the system formalisation for an ABM to assess exposure to

natural hazards.

7.2.2 Agents identification and description

An agent’s concept in an ABM model is just a simplification of the reality to
represent the components of a system. Agents act as autonomous entities that are
capable of performing actions according to a set of rules and without the direct
user intervention, that is, an agent can interact with other agents and the
environment and act (change state) based on these interactions (Abar et al., 2017;
Nikolic and Dijkema, 2010).

Agents in the framework were categorised either as individuals or as composite
agents based on an adjusted definition presented in Ghorbani (2013). We consider
agents as individuals if they represent a single human, characterised by individual
decision-making, such as pedestrians or tourists in evacuation models. In contrast,
composite agents are those that represent a collection of individuals. We assumed
two levels of these agents. Low-level composite agents represent a group of
individuals who get together in the simulation and act as one unit, i.e. cars,
households, housing developers, companies; and high-level composite agents
representing institutional actors such as government entities, NGO’s and
insurance companies. Actions/decisions made by high-level composite agents can
influence individuals or low-level composite agents directly and can change the
environment (e.g. make an evacuation compulsory, implement flood protection,
change land use).

The formalisation of individual or composite low-level agents in an ABM for
WR-DRM needs to be able to discretise agents so that they can react differently
to a potential hazard and a differential behaviour across the different phases of a
disaster leading to different levels of exposure. In an ABM for DRM, high-level
composite agents exist (or planned to exist) institutions whose “actions” will
enhance or reduce the exposure of individual and low-level composite agents.
Based on the analysis of vulnerability and evacuation behaviour presented in
previous chapters, as well as the literature review of ABM for WR-DRM, we have
compiled a set of variables that can be used to discretise agents and the possible
set of actions to perform when agents’ are faced to a disaster triggered by water-
related natural hazards. Individual agents and low-level composite agents can be
categorised using the same principles and variables, in the rest of this document
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they will be called Exp-Agent, recalling that these are the agents of interest to
simulate its exposure, in Figure 7.3 we present the list of variables that can be

used to discretise them.
Kids
Teenager

Age

Full Time Employee
Part Time Employee
Employment status | Unemployed

o]
Self-Employed
Tourist

Annual Income

Financial resources [ Home ownership
| Car ownership

Objective /Quantitative Data

Male
Female

Gender

\ Inleldlfal or Low-level
\_composite agents

Language abilities

"Knowledge" of the city

Adaptative learning
Awareness
Subjective/Qualitative Data | Risk perception

Socioeconomic Vulnerability
Willingness to assist others
Trust in institutions

\ Actions

Figure 7.3 Variables characterising Fxp-Agents.

The wvariables are divided into two categories: objective data, which
corresponds to data of quantitative nature that can be typically measured using
a numeric or categorical value, such as age, gender, financial resources, language
ability, employment status, and subjective type of data, which is a more of
qualitative type of data, that is used to measure individual’s feelings or
perceptions, such as risk perception, trust in institutions and vulnerability
indexes. The list presented here includes the most typical variables used in the
ABMs we review in Chapter 6, it is extensive, but we do not claim completeness.
Hence, it should be used only as an illustration of possible variables; the final
selection should be made based on the case study's characteristics and data
availability.

The possible actions an agent may perform when face to a disaster is directly
associated with the variables presented in Figure 7.2, for example, a female
individual will be more likely to evacuate than a male one (Dash and Gladwin,
2007; Thompson et al., 2017), or the status of homeownership will likely determine
the willingness to reinforce the house to withstand the associated winds of a
hurricane (Huang et al., 2016; Thompson et al., 2017). An AMB modeller should
create as many paths as possible to combine variables as many distinctive
behaviours towards natural hazards may be of interest. However, without
overcomplicating the system representation.
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Based on the discretisation, a set of actions to execute needs to be provided for
each possible distinct agent. Actions are a set of possible interaction of the agents
with the environment or with other agents during the simulation. In Figure 7.4,
we present a list of possible actions performed by Exp-Agents when faced with
the impact of a natural hazard. The list is divided in two: (i) an agent can become
a “pseudo” high-level composite agent, it can perform actions that are distinctive
of high-level composite (e.g. assisting other peer-agents, be a source of information
dissemination). (ii) Individual actions, an agent may choose to do nothing once
they are aware of a possible threat based on its assessment of risk, they can choose
to evacuate to a place that is perceived as a safer place than their own, or an
agent can stay at its location but prepare to the hazard.

Objective/Quantitative Data
o

Subjective/Qualitative Data
o

Become a "high-level” _Assist other agents

composite agent Diseminate warning information

. i Content
Misunderstood of the Warning  ——-—

< Language
Fear
‘ Ind1v1dl_1.al or Low-level Mental [ Shock,/Panic
\_composite agents Actions Stress
"Do Nothing” Unable to take actions A
ge

Physical | Disability

Individual Actions Illness

No risk awareness

Warning Ignored | Previous false alarms

\ Sense of security at location

Warning not received

Change route

Evacuation | Preferred destination choice
| Velocity change

Install flood defenses

Preparation in situ | Install hurricane shutters
| Reinforce house

Figure 7.4 Set of possible actions for the individuals and low-level composite agents
(Exp-Agents).

The last type of agents to be considered in ABM for operational DRM is the
high-level composite agent. These usually are the institutions in charge of the

DRM. For the exposure component of DRA, those organisations can be disaster
departments, evacuation and shelter managers, forecasting and communication
offices, among others. During the different phases of a potential disaster, they are
in charge of forecasting possible threats. They also assimilate the forecast and
decide what type of information and when it needs to be disseminated among
Exp-Agents. They also need to define the way messages will be distributed, such
as TV, radio, and emergency apps. High-level composite agents are also in charge
of evacuation procedures, such as shelter preparation, traffic control, and
mandatory evacuation orders, among others. The characteristics of high-level
agents are presented in Figure 7.5.
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Communication Offices

| Desicion Makers / Government

Agents J Evacuation and shelter managers

First respondents

| Hazard Forecaster
Naitishalelindbitetishialll
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Location
Probability of impact / Uncertainty
Severity / Intensity

Forecast Hazard

Assimilate forecast

Define message content

|
‘k High level Composite Agents |
|

| Actions

Define target population

Prepare warning messages

Oral dissemination
(Megaphone / Loudspeaker)

Disemination means

Report in media

Signs on ground

Technology

To individual or
low-level composite agents

{ To other high-level
l composite agents
Prepare shelters

", Traffic control

Send warning information

Execute evacuation plan

Figure 7.5 Formalisation of the high-level composite agents. Type of agents and

actions.

7.2.3 Environment

The environment corresponds to the “physical world” where agents interact,
perceive the “world” and act according to pre-defined rules. In the ABM model
setup, the environment section describes all the external variables that under
normal circumstances cannot be changed by the agents, either as a physical
restriction or as a model decision. In the framework, the environment is composed
of three main components. First, the hazard itself, for the scope of this thesis, the
hazard is constrained to water-related disasters, such as floods, hurricanes and
Tsunamis Figure 7.6. In addition to the type of hazard to be evaluated, it is
necessary to include a geographic and time representation of the hazard. Different
approaches can be used to represent a hazard in an operational ABM. One
approach is considering a dynamic hazard that evolves as the simulation of the
ABM advance (e.g. flood depth and extension), or it can be static over the
simulation (i.e. flood-prone zones), or it can be represented as information in the
agent's state (i.e. hurricane category, location and uncertainty cone). The
approach to represent the hazard should be in the direction that allows answering
a particular ABM's research questions. In an ABM for evaluating the impact of
a flood event during an evacuation, a dynamic hazard can be more useful, as it
will allow accounting the agents in direct contact (and potentially) with the
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hazard (Dawson et al., 2011). For an ABM where the intention is to evaluate the
potential number of affected agents in a hard risk area, a representation of
different hazard levels could be sufficient (Coates et al., 2014). Alternatively, in
an ABM where the focus is on how information flow during a disaster, a pseudo-
representation of the hazard could be enough (Rand et al., 2015).

Coastal Floods / Storm Surge

Defense Failure
Flash Floods
Hurricanes
Pluvial (drainage) Flood
River Flood
Tsunamies

Type of Hazard

Any possible combination of the
above

Hazard

Velociti
Hydrodynamic Model ﬁth
\_vater aepth

Time Series
Barometric pressure

Hurricane Models [ Wind direction
Wind speed

Figure 7.6 Formalisation of the environment, hazard component.

The second element of the environment corresponds to the physical objects or
the infrastructure and elements that define a city topology. In our framework, the
city topology is divided into four distinct features. Natural features such as water
bodies and coastlines, Public infrastructure, in which it can be included, utilities
networks, roads, flood defences and waterways. Geographic features of interest,
such as elevation models and land use data. Furthermore, the buildings, which
depending on the model complexity can be divided according to the type of
building; also, the physical vulnerability of the building is usually represented as
an attribute (Figure 7.7).
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——0

Rivers and Streams - ducation
Water Bodies
Ocean/Sea Natural features wc
Medical

Water table
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Coastlines

Type of Building | Industrial

Permanent
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_ Environment _

City Topology / Physical Objects

[nstitutional

Buildings
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Recreational and/or Sports
O

Religious buildings

Residential

Railways and Metro lines

Type of Road

Number of lines

Public Infrastructure

Driving Direction

Speed Limit

Waterways

Utilities and communication

Building materials

Number of storeys

Land use

Figure 7.7 Formalisation of the environment, city topology.
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The third component of the environment is defined as tasks; these are a set of
rules that need a central control for the system. This component can include:
distribution of agents in space and through time, to account for the output
metrics, and to change some agents’ role during the simulations (Figure 7.8). In
the ABM categorized as an operational ABM, the simulation's impact measure is
often associated with the impact of the hazard on the agents, such as loss of life,
injured or in contact with the hazard.

Convert individual and low-level
agents into "high-level"” agent

Create "Leaders”

- . Weekd
Distribute Agent in Space fﬁso
0

Water Depth
Water Velocities

Loss of Life /
Mortality function

Measure Impact Direction

Barometric Pressure

Infrastructure Level of destruction

Assessment | Construction Materials

Initiate the Hazard Event

Figure 7.8 Formalisation of the environment, Tasks.

7.3 ABM IMPLEMENTATION. SINT MAARTEN CASE STUDY

7.3.1 Scope and Conceptual model

In the case of Sint Maarten and based on the results of predictors of evacuation
behaviour presented in Chapter 5, the ABM aims to evaluate exposure with a
focus on the effects of information flow during different phases of a disaster and
to assess how information can potentially motivate (or discourage) more
individuals (or households) to perform evacuation or other types of protective
behaviour. Our ABM implementation allows the different agents in which the
system was decomposed to access, communicate, receive and process hazard-
related information, and react accordingly to the agent’s assessment of risk.

The ABM is focus and developed around the Exp-Agent that was defined in
the sections above. The main goal is to evaluate the effect on evacuation
behaviour of information content and the level of “trust” in the source of
information. The ABM uses the Logit-iii- logistic regression model developed in
Chapter 5 to evaluate each household’s likelihood to evacuate given new content
of information, and the source from where the agent received it.

Given the ABM's scope, the system decomposition was done based on meetings
we held with several members in charge of the different components of DRM in
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the island during the fieldwork in the aftermath of Hurricane Irma, using the
elements of presented in Figure 7.2. The conceptual model contains four blocks.
The first block consists of the case study’s geographic representation; this is the
city topology/environment, which is the Dutch territory of Saint Martin. The
second block accounts for the hazard, and it is represented by the winds and
floods caused by Hurricane Irma. The third block corresponds to the information
module, in which agents receive, interpret, and assess their own risk to different
hazard-related information. The fourth block consists of the actions taken after
an individual (or household) evaluate their risk. All the modules run in parallel,
and they are connected. Figure 7.9 present the schematisation of the different
elements of the ABM and how their connections.

Environment “World”

!
i
|
<3

Environmental
Clues

Other
Exp-Agents

Physical —— Official City
Hazard Forecast Represention
| ABM for Exposure Assessment
|
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o Adapt the forecast to SXM
o Transmit the information to
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e Evacuation
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e “Do nothing”

aggregate
information
from
broadcaster
agents and
Simulates the
role of “new
media”
J

A

J
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on weights on the level of
“trust” on the different
sources of information.

(iii) Risk Assessment

o Create level of risk based on
assimilated forecast and the
physical strength of the house.

® Repeat

Figure 7.9 Schematisation of the main components of the ABM model and its

Interactions. Black continuous lines represent internal communication of Exp-Agents.
Red dash line is the “remembered” information for the Exp-Agent after each time step of
the model. Blue lines are external sources of information. Orange lines represent the
communication between FExp-Agents through social connections. The green line
corresponds to hazard information “senses” by the agent from the environment (e.g.
seeing or in contact with the hazard). Purple dotted Ilines are information exchange
between high-level composite agents. Grey dash line is information transmitted from the

environment to the agents.
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7.3.2 ABM Inputs and Setup

Based on the four modules of the ABM, a detailed description of model setup
and inputs is presented in the following sections.

City Topology / Urban Environment

The Dutch part of the island was chosen as the environment that simulates
the “real world” where the model’s agents “exist in” and interact. Based on the
elements of an urban environment presented in Figure 7.7, the elements that were
considered of importance in Sint Maarten include the surface land represented
with a digital elevation model, the surrounding ocean, coastline, the residential
buildings, roads, inland water bodies and streams and the drainage channels (see
Figure 7.10). In addition, the environment includes flood risk zones that
correspond to flood inundation maps corresponding to a rainfall of 100-year
recurrence interval. These areas are meant to capture different levels of risk in
Sint Maarten. Conceptually, these risk areas are treated as potential evacuation
zones, not as a dynamic hazard.
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Figure 7.10 Map of Sint Maarten showing the urban elements (city topology), included

as the ABM environment.

Hazards

The hazards that are within the scope of this thesis are those that can trigger
a water-related disaster. We have chosen to include the effects of Hurricane Irma
as the testing scenario for the ABM. The main hazard associated with Hurricane
Irma in Sint Marten was the intensity of the winds associated with a hurricane
category 5. Due to Hurricane Irma’s magnitude compared to the island’s size
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(Figure 1.6), and the observed damage to the island’s infrastructure, it can be
safely assumed that the whole island faced potential disruptive winds of this
hurricane (up to and above of 295 km/h) (Figure 4.1). The best track location of
Hurricane Irma presented in Figure 7.11-(a), shows that Hurricane Irma eye
crossed Sint Maarten.

Hurricane Irma did not bring extreme rainfall; hence inland flooding was not a
significant issue during this hurricane. However, Irma caused localised flooding
and storm surges in some areas, see detail in Figure 7.10. Furthermore, the flood
hazard zones described in the city topology are also used to represent possible
hazards. In the current development of the model, the awareness of an Exp-Agent
knowing they live in a flood-prone area was assigned as a random probability to
each household geographically located within a radius of 5 meters from the
hazards inundation maps.

Information

In the ABM implementation, the hurricane wind and location is modelled as
forecasted information. The forecasts about Hurricane Irma is extracted from the
NHC archives (Figure 7.11-(a)), and the weather bulletins released by the
meteorological office of Sint Maarten (Figure 7.11-(b)). In Sint Maarten, when a
potential hurricane is forecasted, the meteorological office release special weather
bulletins on average every 6 hours. However, the frequency of bulletins may
change as the hurricane gets closer to the island, or critical updates are received
from the NHC regarding the hurricane’s location or severity.

The information provided in the bulletins contains the hurricane’s current
location with respect to the island, maximum sustained winds, the current speed
of the hurricane, and minimum central pressure and contains the time and date
that the next bulletin will be issued. We complemented the information to be
used in the ABM with the NHC forecasts, which is also issued usually every 6
hours. NHC forecast includes forecasted location for the next five days, path,
expected winds, and potential track area, representing the uncertainty on the
information.

A key feature of the information “flowing” among the different agents is that
not only the most updated information is available for recollection and use, past
forecast is also possible to be circulating in the environment. This feature is
important in the ABM design since in real life, not every individual update its
information with the release of every new forecast (Lazrus et al., 2017).
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Figure 7.11 Hurricane Irma actual and forecasted information. (a) NHC' 5-day
forecasted location? and lbest track location of Hurricane Irma'l. (b) Weather bulletin

from the Meteorological Department of Sint Maarten for the corresponding NHC forecast.

Agents

There are two types of agents considered in the ABM. The high-level composite
agents and the Exp-Agent. The high-level composite agents have four classes of
agents: (i) a forecaster agent, (ii) broadcaster agents, (iii) “new media” agents and
(vi) a government agent. High-level composite agents in our ABM are represented
abstractly; they do not physically have a place in the city representation but can
perform their actions through the environment. However, high-level agents are
plotted randomly in the city representation for illustrative purposes.

The Exp-Agent in our ABM represents individual households. The Exp-Agent
type of agents is represented explicitly in the ABM by using the geographic
coordinates of the centroid of each residential building on the island using the
updated database presented in chapter 2. Because our primary interest with the
ABM, was to evaluate the flow of information and how it can change (or not)
protective actions, we decided to implement the Exp-Agents in the ABM as static
entities, this is, not moving agents in the road network and selecting a specific
destination if they chose to evacuate. A detailed description of the agents and its
actions is given in the ABM implementation section that follows.

7.3.3 ABM Implementation

The development of the ABM was implemented using NetLogo modelling tool.
(Wilensky, 1999). An overview of the graphical user interface is shown in Figure
7.12. The ABM was built adapting the original CHIME ABM v1.4 (Watts, 2019)
and initially presented in Watts et al. (2019). We have re-used the code and
adapted it to reflect the local characteristics of information flow and institutions
in charge of disaster management during a disaster in Sint Maarten. Besides the

° https://www.nhc.noaa.gov/gis/archive_forecast_results.php?id=al11&year=2017&name=Hurricane%20IRMA

10 https://www.nhc.noaa.gov/gis/best_track/al112017_best_track.zip
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understandable environment change, we have adapted some of the conceptual
design and some rules governing agents’ behaviour.

normal speed

‘
(2 8 * e | |

view upgates I
«continuous

Settings.

Load GIS only
Load storm only
Load Forecasts only
make-hnks v

2 Caw

Figure 7.12 GUI of the Netlogo implementation of the ABM. To the left, user-
adjustable factors. In the middle, the geographical representation of the environment,
Sint Maarten is shown in full extension using the DTM to represent the inland, in dark
blue the ocean and inland water bodies. Points here, represent the agents using the
centroid of the building. The grey line represents the best track of Hurricane Irma. To

the right side, the actions buttons to load data and run the simulation.

As we were interested in the effect of information flow before the hazard’s
impact, the model was simulated for five days, starting on 1 September 7:00 am
local time and ending on 6 September at 7:00 am. Hurricane Irma made landfall
on Sint Maarten on 6 September at 07:15 am local time. The eye of Irma crossed
through the whole Saint Martin Island, and it took around two hours for the
hurricane to cross the island and an estimated 45 minutes between the front and
tail of Irma’s eye according to information collected from residents in the field
mission. Therefore, the information flow during the hurricane and the aftermath
phases is not accounted for in the model’s present version. In addition, the time
step of the model was set to 1 hour, for a total of 120-time steps.

To adequately capture the effects of information flow on the protective
behaviour of Exp-Agents before a disaster triggered by a hurricane, we have
implemented five distinctive types of agents in the model. Each agent with a
particular role in the DRM chain on the island, and in the model. The simplified
conceptual design of the ABM consists of the interaction of the five types of
agents, as depicted in Figure 7.13. The ABM starts by initialising the agents and
the environment, followed by the acquisition of forecast information made by the
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forecaster agent, which sends forecast information to the other type of agents in
the model. The information activates their respective modules. An overview of
the agents’ types and some model specifications are presented in Table 7.1,
followed by a more detailed description.

/1 N

Start \

\T/
Initialize agents and
environment
Run Forecaster Run Government Run Broadcaster Run New Media Run Exp-Agent
> > > >
module module module module module
‘ |
Simulation
No Finished
Yes

\ End \

Figure 7.13 Simplified overview of the ABM implementation. Fach module represents
the behaviour of the different type of agents. The modules are better described later in

the document.

Forecaster Agent

In Sint Maarten, the forecast of possible water-related hazards is in charge of
the meteorological office. This agent is in charge of receiving the official weather
bulletins issued by the NHC in the USA and adapt them to the local needs of
Sint Maarten. Once the forecaster agent has the forecast ready for the island, it
sends it to the broadcaster and government agents, using official communication

channels.

Forecaster in Sint Maarten also sends information to the general public through
the Meteorological office's Facebook page. We include this communication
between the forecaster and the Exp-Agent in the model implementation.
Forecaster agent information is in meteorological bulletins with all the technical
components, including uncertainty and five days forecast (Figure 7.11). The flow
of information from the forecaster agent is shown in Figure 7.14.
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Table 7.1. Type of agents and actions and their implementation in the ABM.

Number Distribution
Type of . . Temporal
Acent of Actions in the schedulin
g Agents model g
Forecaster Forecas‘F Hurrlca.ne. . Random! At every time
Transmission of information step
Transmit information to
Exp-Agents from the
f 3 h At ti
Broadcastor orecaster and the . Random! every time
government agents using step
traditional dissemination
mechanisms
It takes information from the An assumption
broadcaster agent, was made to
aggregates it, and later assign a
New media transmits it to the Exp- Random! probability of
Agents in a simplified form 33% chance of
and using alternative being active every
communication channels. time step
Receives and interpret
f ide th At ti
Government orecagt and decide the type Random! every time
of actions expected from the step
Exp-Agent
It collects information from Th(.a agent s )
active for the first
forecaster, broadcaster and .
. 36 time steps.
new media agents. As well as
“ After that,
from “own” memory and At the random
Exp-Agent environmental clues. Once centroid of

the message is assimilated
the evaluation of risk is
performed, and actions are
taken accordingly

the house

scheduling is
assigned for the
agent to collect
(or not) new
information

L Geographic location is only for illustration. No physical impact is assessed on this agent

[ | Forecaster
module

'

Compile Hurricane
Information

I

Send information to
government agent

Send information to
Exp-Agent

!

Y 9
e New Forecast? >

{

Return

Send information
to broadcaster

Figure 7.14 ABM implementation flowchart of forecaster agent module.
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Broadcaster Agent

Broadcaster agents in Sint Maarten represent the traditional and official
sources of warning dissemination and communication. In the list of this type of
agents in Sint Maarten are radio, television and newspapers. This agent receives
information directly from the forecaster agent and from the government agent
and transmits it directly to the Exp-Agent using traditional warning
dissemination sources and without changing its content. The broadcaster agent’s
information to the Exp-Agent differs from the one given for the forecaster in the
content; it is simplified only containing the hurricane’s current location, wind
speed, and the 5-day forecast containing possible path and winds, but without
the uncertainty band. Figure 7.15 shows the information flow for the broadcaster

agent.
Broadcaster \‘
module
Process Forecaster
Information )
Yes
Send information to Send information to Information from \ No New Information
Exp-Agent New Media Agent Government? from Forecaster?
A
l Yes No
Process 4 4
Government || Return | |
Information

Figure 7.15 ABM implementation flowchart of broadcaster agents module.

From the government agent, the broadcaster agent receives official orders
regarding disaster management, such as evacuation advise to official shelters,
accompanied by a list of shelter availability, or a suggestion to protect their
houses, or suggestion to evacuate to a stronger house if the own house is perceived
weak, which if received at any time step is also communicated to the Exp-Agent.

An important fact for Sint Marten is that there are no mandatory evacuation
orders in the DRM policies on the island, only the advice to evacuate to a safer
place if seeming necessary. According to the interviews we had with DRM officials
there are no intentions to change this in the future as they believe Sint Maarten
inhabitants will never follow such orders given the idiosyncrasy of St. Maarten’s
residents and the island administration lack the resources to enforce it.

New Media Agent

New media agents are added into the ABM’s conceptualisation to capture the
role of “new media” information means (e.g. social media, designated apps). The
intention is to represent a current trend on emergency-related information
provided from non-official sources; thus, the new media agent’s information is
unverified. In our model representation, the new media agent does not receive
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information directly from the government agent in contrast to the broadcaster
agent.

The new media agent does not run throughout the whole simulation; at every
time step, a probability of 1/3 is assigned to each agent to allow it to become an
active source of information for the Exp-Agent. The probability of transmitting
information implemented in this type of agent aims to capture that new media
information tends to be random without a defined time step for publication in
real life. Information flowchart for the new media agent is depicted in Figure 7.16.

New Media
module

!

No [ \
Is active? | Return | |

Yes l

Gets Broadcaster Send information to| |
Information Exp-Agent

New Information
from Broadcaster?

Y

Figure 7.16 ABM implementation flowchart of new media agents module.

Government Agent

This agent represents the island’s prime minister and supported by the different
ESF (see Figure 5.1). This agent receives the forecast information directly from
the forecaster agent. Once the forecasted information is received, it is processed.
It is for the government agent responsibility to decide to open or not the shelters
and inform Exp-Agents about protective actions such as evacuation or in-situ
preparation. The information between the government agent and Exp-Agent uses
the broadcaster agent as an intermediary. Figure 7.17 shows the information flow
for the government type of agent.

Government agents receive information from the forecaster agent and update
its risk assessment at every time step of the simulation. Government agent uses
the hurricane category, the distance to Sint Maarten, and the probability of a
direct hit, measured using the potential track area (uncertainty cone) to assess
how risky a specific storm is when approaching the island. The uncertainty cone
uses a weighted function to account for the higher uncertainty in the hurricane
path associated with a more extended period ahead forecast.

As mentioned before, no direct evacuation orders are sent because it is not an
actual scenario in Sint Maarten, and according to several officials, it is not likely
to change in the DRM structure.
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‘ Government ‘
module
Evaluate
severity of Risk
Select shelters | | Yes Risk > No N Risk > No N New Yes
to be opened || Threshold 1 Threshold 2 Information?
Yes
Message
Broadcaster.
Protect in situ
Message p N No
Broadcaster. > f——————
Evacuation b g

Figure 7.17 ABM implementation flowchart of government agent module.

Exp-Agents

In our model conceptualisation, each Exp-Agent represents a household in Sint
Maarten at its geographic location. The modelling choice to evaluate the
protective behaviour at household level rather than an individual level was made
based on the fieldwork findings; in the island, when a hurricane is forecasted the
protective behaviour is performed as a household unit rather than individually
(Chapter 2). In addition, the model conceptualisation for this type of agent
includes a particular behaviour detected in Sint Maarten. During the surveys, we
detected that some households on the island always leave one person behind to
protect the house from the storm or from looters even if they decide to evacuate
their premises. The ABM allows capturing this behaviour so that Exp-Agent can
be fragmented at any point in the simulation and measure the possible impact of
such behaviour.

The Exp-Agents are the central concept of our ABM model, and as such, a
more sophisticated design was done in order to be able to capture the complex
protective decision-making process of households during emergencies. Two
protective actions are implemented in the ABM based on the findings in Sint
Maarten. We observed that households on the island either choose to evacuate to
a place they consider safer than their own (i.e. friends or relative, hotels, shelters)
or decide to stay in their residence and take in-situ protective measures. Also, if
the assessment of risk results in low risk for a particular household, the “do
nothing” behaviour is assigned.

To simulate the two protective behaviours mentioned above, we adopted the
conceptual framework Protective Action Decision Model (PADM, Lindell and
Perry, 2004, 2012), adapted in Watts et al. (2019). The implementation of PADM
in our model considers the previous chapters’ findings in this thesis, on
vulnerability and evacuation behaviour, which allows us to find the variables that
may lead to protective behaviour on Sint Maarten. The processes that agents
undertake to evaluate the actions to perform during the simulation is shown in
Figure 7.18.
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At initialisation of the simulation, each household is assigned values for the six
variables/predictors of evacuation in the Logit-iii regression model presented in
Chapter 5. The variables are gender, homeownership, percentage of property
damage, quality of the information, number of house storeys, and the vulnerability
index. These variables remain unchanged during the simulation, except for the
variable quality of the information, which is changed through the agent’s
evacuation assessment module (Figure 7.18 and Figure 7.19). Alongside the
information for the Logit-iii model, each household (Exp-Agent) is assigned
multiple variables that influence its behaviour towards the collection of
information and the type of actions taken towards adapting or not protective
behaviour (Table 7.2).

Exp-Agent
module
Collect Collect Forecaster Collect Broadcaster Collect New Media Information from \NO
Environmental clues information information information peers?
l Yes
Return Collect “peer agent”
Count safe information
No T Yes l
/ 5 I
Return Mark hou'se ?;S Do Mgrk house as Whole hotusehold? Assess trl'lst level for
nothing partial evacuation No information sources
NoT T Yes l
Return Yes Preparation in Prepare in-situ Evacuation? Evacuation
Count pro.in.situ Situ? Assessment module | [ No — Assessment module

Figure 7.18 ABM implementation flowchart of Exp-Agent.

Table 7.2. Main variables for Exp-Agents, evaluated for each household independently.

Variable Type Observation Value
Trust . Assign t}}e level of trust for each source of . Random
Score Static  information (Forecaster, Broadcaster, New media,
Government /Institutions, and peers) 0-1]
. Indicates the level of trust in the previous assessment Random
Self-trust Static . . ”
of risk (collected from Exp-Agent “memory”) [0.6 — 1]
Flood . . . Bi
. Indicates whether the Exp-Agent is located in flood- nary.
prone Static (sce 7.3.2)
one prone areas (see 7.3. [0=No, 1=Yes|
Random-
. . Evaluation of agent’s risk, If above the threshold, normal with
Risk-level  Static . . L .
evacuations protective action is assigned mean 14, std.
dev. 2

If risk-level does not activate evacuation, a second
Static  threshold is evaluated to assign 9or not) protective 0.75*risk-level
action in-situ

In-situ-
risk
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Table 7.2 (Continued)

Variable Type Observation Value
Environ ’ ‘I‘t 1nc.hcz?’tes if a given tun.e step an .Exp—Ag-ent is Binary.
clues Dynamic  “sensing” Category 3 or bigger hurricane winds. It B B
is based on the NHC best track reports [0=No, 1=Yes]
Stored
“memory” Dynamic  Previous interpretation of the information previous
assessment
) ) . ) ) Random
Partial- Static Used to assign a probability of partial evacuation .
evac to those household performing evacuation [0°-0.35]*risk-
level
Categorical.
2 = Full
. Result of the assessment of the evacuation evacuation
Evac-dec Dynamic . .
decision 1= partial
evacuation
0=No
In-situ . o ) Binary.
Dynamic  Result of the assessment of the in-situ protection
dec [0=No, 1=Yes|

In the current development of the ABM, Exp-Agent collects and process
hazard-related information from all other agents in the ABM, and from
environmental clues as represented in Figure 7.9. The agent first “look” in the
environment and “sense” the wind speed and evaluate if it is in contact with
flooding waters. From the forecaster and broadcaster agents, the Exp-Agents gets
the latest official information regarding the hurricane. From the new media, the
Exp-Agent gets what is called in this research as non-official information. Also,
the agents start communicating with peers to access their assessment of present
risk. Finally, the Exp-Agent remembers the last time-step information and uses
it to evaluate the hazard’s evolution (i.e. stronger winds or hurricane cone
deviating).

The Exp-Agents are active through the entire simulation, and access to every
new information release during the first 36 hours of the simulation. After hour 36,
a probability function is applied to whether or not the agent will collect new
information. The probability function is introduced to simulate that in real life,
an individual (or household) may not check as actively as in the start of the
simulation for information regarding the hurricane. Once an Exp-Agent has
collected the information from the different sources, it proceeds to rank the
information according to the source; a trust-score variable is used to rank each
source of information. The trust-score gets a random value that ranges from 0
and 1 at initialisation of the model. The level of trust in the government agent
and the information it gets from peers can be defined separately, given our
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research goals. In the model setup, for experimental purposes (see 7.3.4), it is
possible to select a value for the level of trust for these two types of agents,
ranging from 0 to 1.

Once the information is collected and weighted, the evacuation assessment
module is used to evaluate whether a household will perform evacuation, given
the new information level (Figure 7.19). The households’ risk assessment includes
the level of trust on the source of information, the severity of the hazard, the
hurricane’s distance to the island, and uncertainty on the forecasted information.

Evacuation

Collects Information
Assessment module

!

Assess risk level

Risk level >
Threshold

Yes

Change Information
component in Logit
equation

Return Assessment All household Return
No Evacuation Evacuation R ° OUSERO . Full Evacuation
8 8

Compute Logit

Equation (Eq 4.1) Partial

Return )

Evacuation

S——

Figure 7.19 Exp-Agent decision-making process to evaluate evacuation as the

protective action.

Under the current development, an assumption was made that only hurricanes
with a category at least three will change the information component of the
evacuation logistic regression. Hurricane category 3 was chosen based on the
findings of Chapter 2-Figure 2.1 referring to intentions to evacuate according to
the storm’s intensity. This parameter can also be changed through the user
interface for experimentation purposes. After the hurricane category, the agent
evaluates how far the hurricane is in relation to Sint Maarten; a threshold is
defined to assess if this parameter may trigger a change in information. The agent
also uses the potential track area or cone of uncertainty of the 3-day NHC forecast
to assess the uncertainty. If all three criteria described above are met, the agent
evaluates the level of trust of the different sources and decides to which source
gives the priority in the assessment and proceeds to compute the risk level.

The computed risk level is used to evaluate if the agent will increase or decrease
the information component in the logit function (Eq 5.1-Chapter 5). Using the
new value of evacuation probability, the new likelihood to evacuate is assessed. If
a household evacuates, it is at this point on the agent’s decision-making that it is
decided if one member of the family is left behind to protect the house (return
partial evacuation) or if they evacuate as a whole (return full evacuation) using
a random probability. The probabilistic function is used because we did not collect
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actual information on the partial evacuation level; the value random value used
is expected to produce low levels of partial evacuation.

If an Exp-Agent decide not to evacuate, a second conditional evaluates if the
agent would take protective action in situ (highlighted purple in Figure 7.18). We
did not collect information during the fieldwork regarding how many households
undertake protective action in-situ, hence for the implementation of the in-situ
protective behaviour we have included a random procedure to assign a probability
of deciding to take protective actions in the house. Protection in situ is computed
as a percentage of the risk assessment computed in the evacuation module using
a predefined threshold (Figure 7.20). The Exp-Agent module ends by marking as
“Do nothing” the households that did not evacuate or did not prepare in-situ. At
every new time-step, the evacuation and prepare in situ models are only run using
the “Do nothing” households.

Prepare in situ Compute risk-in-situ
Assessment module 0.75xrisk assessment

Agent stays and
Prepare in-situ

Return

Figure 7.20 Exp-Agent decision-making process to evaluate in situ preparation as the

protective action.

Exp-Agents information network

Based on the original code of the ABM (Watts, 2019), the information is shared
between agents through a social and information network. In our model, one-way
communication with Exp-Agents was set up for the types of agent forecaster,
broadcaster, and new media. Exp-Agents can only receive information from them
but cannot send information back. Also, all Exp-Agents can connect with all
existing agents of these types. In addition, there is no direct communication
between government agents and Exp-Agents; this is done through the
broadcaster.

Information exchange between peer Exp-Agents is done using a simulated
social network. The social network size and connections are created randomly at
initialisation of the simulation. An Exp-Agent can connect to a maximum of other
ten Exp-Agents for a given simulation. The agents remember the social network
through the whole simulation, but it changes from simulation to simulation.
Further development of the ABM should consider assigning an ID to the
connections in relation to the agents to remain unchanged at every new
simulation. The communication between Exp-Agents is bidirectional, allowing to
exchange information between two Exp-Agents.
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Key Assumption and model simplification

When an agent evacuates, it is assumed that the evacuation was performed to
a safer place than its own; hence, the agent is accounted as safe. We assume that
the self-assessment of risk is a good indicator to assume if the agent decided to
evacuate they will be rational enough to choose a safer place and that the
evacuation was done before the hurricane. In this version of the model, choosing
a place that results in a more or equal exposure level is not included. Future
implementation can simulate this effect by incorporating movement on the agents
to account for agents exposed to winds or flooding waters and assign a specific
destination.

Once an agent has decided to take protective action, either by performing
evacuation or selecting protection in-situ, the model remembers the selection, and
the Exp-Agent is no longer considered for information evaluation in the
subsequent time-steps. Once an agent has adopted a specific protective behaviour
in the model implementation, this will remain unchanged during the rest of the
simulation. However, the agent remains in the simulation to still be able to pass
information about its risk assessment to other Exp-Agents via peer
communication.

The current implementation of the ABM focused on the exposure of households
(Exp-Agents). High-level composite agents (government, forecaster, new media),
were also included in the model, but with a lower degree of sophistication in its
design. Further implementation should consider increasing the rules and
connections of these type of agents interact with the hazard and with other agents,
this may reveal new insights on the role of information during an emergency.
Also, high-level composite agents’ explicit location should be included in future
model developments; as they too can be impacted by the hazard, and undermine
their capabilities to communicate with other agents.

The ABM implementation focuses on the role of information; however, in Sint
Maarten, evacuation behaviour was also dependent on other variables (i.e.
homeownership, property damage). A more advance ABM should also evaluate
the role of such predictors in the protective actions behaviours.

New media agents in the current model version only transmit in a simplified
form what they receive from the broadcaster; we did not implement changing the
value or content. Future implementations should include a more refined design of
this type of agent to capture the complex flux of information over the internet.
In reality, information from new media agents can be accessed almost all the time
during a disaster, which is usually not filtered and validated, often presenting fake
or partial news. Hence, Exp-Agents could be accessing more constant information,
but more uncertain, which may lead to different results to the ones presented
here.
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Our ABM conceptualisation does not include feedback in the decision-making
process regarding previous experiences that an agent may have had in the past,
simplifying reality. In new implementations of the ABM, for a new hurricane
season, the Exp-Agent should carry at the start of the simulation a “memory”
regarding past experiences (i.e. previous evacuation behaviour, losses).

7.3.4 Experimental Setup

At initialisation of the model, all the required inputs are loaded; this includes
base maps and the hurricane-related information (i.e. best track and
forecast /bulletins). It is followed by the agents’ distribution on the environment,
and the peer network is created. Next, all system and agents variables are
initialised based on the default or user assigned values. Once the simulation start,
all the modules run synchronously performing their respective tasks in the model
as conceptualised.

To assess the effects of information distribution on the exposure component of
risk, we run a series of experiments varying key variables related to information
flow and how they promote or restrict protective behaviour. The variables of
interest to evaluate in this experimental set up can be divided into two groups.
First, a variable directly related to the hurricane, we selected to test the effects
on activating protective behaviour according to the hurricane’s intensity. The
second group of experiments is associated with the level of trust in the source of
information. In our model, the effect of trust in institutions and trust in peers are
evaluated.

The range values used in the modified setups of experiments are presented in
Table 7.3. Experiment 1, is the based model run with the default values defined
for the variables. Experiment 2, corresponds to the evaluation of varying the
hurricane intensity as a precursor of protective action behaviour, while other
variables remain constant. For experiment 3, the variable trust in institutions is
evaluated, holding all other settings constant. Furthermore, in experiment 4, we
evaluate the effects of trust in peers in protective action behaviour.

In addition, given the stochasticity associated with agent-based modelling, a
broad variability on the results is possible from simulation-to-simulation. Hence,
all experiments were run 100 times each to account for the stochastic effects, the
number was selected based on literature review where it has been observed a
stabilization on the main parameters after a few hundred replicates (Jenkins et
al., 2017; ten Broeke et al., 2016; Yang et al., 2018). The results presented in this
chapter corresponds to the aggregated values, using the average obtained in the
multiple runs. Given the large numbers of, simulations, we used NetLogo
BehaviorSpace tool to run them in parallel.
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Table 7.3. Information related variables and their experimentation settings. In bold
the modified values.

Experiment
Variable

1 2 3 4
Hurricane Category 1-3-5 3 3
Trust in institutions 2+ defined 05 0.10, 0.50, 0.75 0.5

in Table 7.2

Trust in peers 0.5 0.5 0.10, 0.50, 0.75
Number of runs 100 100 100 100

7.3.5 Results and Discussion

Based on this research’s primary goal, the output results from the multiple
experiments and runs were analysed based on the percentage of Exp-Agents that
decided to evacuate or protect in situ. In addition, because our agents are located
in their geographical location, we could summarise the outputs as probability
maps. The results of the experiments are presented below.

Experiment 1

First, we run a scenario where all the simulation variables were the default
values given during the model conceptualisation. This base scenario serves as a
validation of the model setup, by analysing that the agents are performing as
intended in the model, the number of evacuees in this scenario were expected to
evacuate at the rates we observed in the survey we performed after Hurricane
Irma, this is around 31% of agents evacuating (Figure 2.13 and Table 4.1). Also,
having a base case allows us to compare scenarios with the further experiments
we run.

The base experiment results are shown in Figure 7.21-(a) and the results of the
evacuation analysis performed in Chapter 5 are shown in Figure 7.21-(b) for
comparison. The base experiment map is computed using the average value for
each agent over the 100 simulations, and it is aggregated at the neighbourhood
scale using the VROMI categorization (see Appendix E).

As observed, a similar pattern of protective action was achieved in the base
model compared to the probabilistic evacuation map. The base experiment
preserves higher protective action patches over the same neighbourhoods as the
actual observed behaviour associated with Hurricane Irma, such as Philipsburg
(ID=39), Dutch Quarter (36), Middle Region (37), Cay Bay (17). Changes in the
maps’ similarity in these neighbourhoods might be associated with the inclusion
in the exposure prediction of in-situ protection’s protective behaviour. Agents in
this areas assess their risk as higher due to the associated socio-economic
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vulnerability and perception of living in higher risk areas, which for the model
increases the sensitivity to risk assessment, hence increasing the probability of
performing a type of protective behaviour.
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Figure 7.21 Evacuation Probability Maps. (a) Experiment 1- Base simulation. Based
on the average response of households over the 100 simulations and aggregated at the
neighbourhood scale. (b) Predicted Evacuation behaviour in Chapter 5-Figure 5.3-(D).
Numbers represent the identification (ID) of each neighbourhood, as presented in
Appendix E.

The base experiment also preserves the regions where a low probability of
performing any type of protective actions such as Cul de sac, Lowlands and Upper
Prince’s Quarter administrative zones. The experiment 1 results show that overall
it is capturing the protective action behaviour, but in those neighbourhoods where
not a match was achieved it is observed a decrease in the intentions to perform
protective action, see St Peters (17), Little Cape Bay (60) and Cockpit (11)
neighbourhoods. The simulations we set up are meant to replicate low evacuation
rates in the zones mentioned above to replicate the observed patterns. Setting up
the model to achieve low evacuation rates may influence having more
neighbourhoods categorized as not probable or somewhat improbable categorie.
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One crucial validation of the model is that not all Exp-Agents in high-risk areas
are taking protective behaviour, as it was observed in the case of Sint Maarten,
see Simpsons Bay Village (6), Union Farm (29) and Little Bay Village (57). The
opposite also applies, there are some agents in no so-hazardous areas taking
protective behaviour, see Sucker Garden (47) and Bloomingdale (63). This
behaviour is possible to achieve due to the randomness of some variables used to
set up the model. The randomness allows us to capture an agent deciding not to
evacuate from a high-risk area due for example to low trust in authorities or the
threshold to assess risk is too high (e.g. perception of having a strong house).

Replicating the same behaviour is nearly impossible using the type of
simulation ABM perform, especially given the simplified model conceptualisation
used in this research. A more sophisticated risk assessment and decision making
model may increase the output performance. Nevertheless, being satisfied with
the degree of similarity obtained, we moved to the experimentation with the
model in the following sections.

Experiment 2

This experiment varies when agents start assessing the risk associated with the
forecasted hurricane’s intensity. Collecting information and reacting earlier in the
hurricane’s timeline associated with lower hurricane intensities or later in the
hurricane’s timeline for higher intensities. This experiment’s results are shown in
Figure 7.22, describing the probability of taking protective behaviour at the
neighbourhood level. It is important to note that the maps show the result
averaging the 100 simulations per experiment and its account for both protective
behaviours evaluated in this chapter; evacuation and in-situ protective behaviour.

Comparing the protective actions for the three hurricane intensities evaluated
in experiment 2, shows a clear trend to decrease the number of households (and
hence neighbourhoods), as the hurricane intensity increases as a precursor of
protective behaviour. In other words, fewer agents will take protective actions if
they consider a high category hurricane is not a threat. Even though this
behaviour was expected, it serves as another validation that our code is
performing as intended.

In addition, interestingly, even decreasing the activation of protective action
to the lowest in the hurricane scale (Category 1), still produces results in which
some neighbourhoods will not take action. Cul de Sac, Upper Prince’s Quarter
and Lowlands administrative zones contain most of the neighbourhoods that will
not perform protective action even when a category 1 hurricane is used to activate
the evaluation of risk. The behaviour of not taking actions in these areas can be
explained in these areas hosting some of the wealthiest neighbourhoods of the
island.
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Figure 7.22 The probability of taking protective behaviour at the neighbourhood level
in experiment 1. (a) Hurricane category 1. (b) Hurricane category 3. (c¢) Hurricane
category 5. Numbers represent the identification (ID) of each neighbourhood, as
presented in Appendix E.
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A perception of strong houses associated with (perception) of good construction
materials and methods is highly likely to be explaining why the confidence of not
taking protective action in these areas. Also, not taking protective action can be
explained that lower hurricane intensities for Sint Maarten do not create a sense
of urgency to take precautionary actions. A long history with hurricanes has
promoted the island’s construction to be resilient to relative low hurricanes

In contrast, the scenario where a category 5 hurricane is used, most
neighbourhoods would not perform protective behaviour. This analysis allows us
to detect which neighbourhoods would still likely take protective actions in this
scenario: Zorg En Rust (ID=30), Dutch quarter (36) and Pond Island. Six
neighbourhoods remain neutral in this scenario, meaning there is a 50-50% chance
of taking or not protective behaviour. The neighbourhoods that are probable to
perform protective action and the neutral neighbourhoods are either located in
the poorest areas and/or in flood-prone areas. This is a promising result for
disaster risk managers in the island, as some of the more dangerous zones are
presenting good chances of performing protective actions.

Not taking protective behaviour associated with the hurricane Category 5
scenario can also be explained in the lack of time to react to the potential threat
leading to fewer agents protecting in situ or evacuating, associated with less
frequent recollection of information. More constant collection of information at
earlier phases of the hazards can promote protective actions associated with more
risk awareness. Also, fewer agents will be willing to evacuate if the hurricane is
closer to the island, and they may perceive that there is no enough time for a
secure evacuation.

In addition, the results are also presented using a three colour code representing
the decision taken at the household level (Figure 7.23). It is complemented with
an analysis of what type of actions are taken based on the multi-hazard
assessment in Chapter 4.
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Figure 7.23 Protective action decision at household level in experiment 1. (a)
Hurricane category 1. (b) Hurricane category 3. (¢) Hurricane category 5. In the right
side, the number of agents performing each type of action and grouped by the multi-

hazard assessment.
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Figure 7.23 (continuation)
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Analysing the distribution of the type of action performed using the household
representation allows us to infer that actions towards protective behaviour (green
and light yellow in the maps and bars) form clusters around those neighbourhoods
where more actual evacuation was reported during Hurricane Irma. The most
defined cluster centres are Philipsburg (ID= 39) and Dutch Quarter (36). In situ
protection seems to turn in the periphery of the cluster of evacuation. Our results
suggest that a type of social contagion phenomenon may be occurring in our
simulations; it seems that the decisions taken by neighbours are influencing
households. Our result seems reasonable as houses in a particular neighbourhood
share some socio-economic conditions and similar housing infrastructure.

Experiment 3

The importance of trusting official sources of information was tested in this
experiment (Figure 7.24). Currently, observed trends of protective behaviour,
especially those associated with evacuation, are relatively low in Sint Maarten.
This behaviour is partially explained in the low trust in institutions and the type
of messages distributed during emergencies on the island. In our simulations, the
more trust in institutions is assigned, the more neighbourhoods increase the
probability of taking protective action. Trust in official sources of information
may trigger the collection of information more frequently and create a sense of
urgency in the households to perform any type of protective action.
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Figure 7.24 The probability of taking protective behaviour at the neighbourhood level
in experiment 2. (a) Institutions 10%. (b) Institutions 50%. (c) Institutions 75%.
Numbers represent the identification (ID) of each neighbourhood, as presented in
Appendix F.

192



Dynamic Exposure Assessment Using ABM

The distribution of neighbourhoods that are not likely to perform any type of
protection is again distributed mainly among Cul de Sac, Upper Prince’s Quarter
and Lowlands administrative zones, and those more likely to evacuate in Lower
Prince’s Quarter and Philipsburg zones. Two new zones are presenting a positive
change toward adopting measures, Little Bay, in the neighbourhoods Cayhill (24)
and Little Bay Village (57), as well as in and those neighbourhoods located in the
coastline of Cole Bay, Billy Folly (ID=8) and Little Cape Bay (60). These findings
highlight the importance of increasing trust in institutions on the island to reduce
exposure to natural hazards. Currently, low trust in institutions creates that
agents rely more on other information sources to make their decisions regarding
protective behaviour or to trust their “instincts” (our own assessment of risk).

In addition, for this experiment, the results are also presented using a three
colour code representing the decision taken at the household level and in reference
to the hazard zone as presented in Experiment 3 (Figure 7.25).

BT sys0w L svarw

F1etatn
a Lower Prince’s

Cul de Sac Quarter

Lowlands 5000

34%

=
1=
=1
=

Number of Agents
Noow
Q (=3
a
a8 &

17% 19%
14%
Liszon as
1000 5% - .
1%
o U
Medium High Extreme

Upper Prince's

iarter Multi-Hazard Category

[ administrative Zones -
Magrboutioots: W Action: Evacuation  © Action: In-Situ B Action: No-Action
No Data
Protactive Action [leoTn
®  Evacuation N
In-situ preparation o - . p 3 P A
® Noaction .
3, Garmi, GECO, NOAA NGC: s ths cosis
T v T T
L s3s0w s3aow svzrw
(b) Liseson
Lower Prince's

Quarter

4000

Firzon

1000 5% 4% 5%

Number of Agents
Noow
Q (=3
e &
o a8 &
I
R
I
&
-
=}
R
o
et
*®
b
()
&

Medium High Extreme

Upper Prince's.

Quarter Multi-Hazard Category

[ Administrative Zones
Meighboumood: | -
: L l = W Action: Evacuation Action: In-Situ W Action: No-Action
No Data H

Protective Action % - Fie-oorn
®  Evacuation § N

In-situ preparation

®  Noaction

31 Gamn, GEBCO, NOA NGOG, 802 alhe? combitons

Figure 7.25 Protective action decision at household level in experiment 2. (a)
Institutions 10%. (b) Institutions 50%. (c) Institutions 75%. In the right side, the number
of agents performing each type of action and grouped by the multi-hazard assessment.
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Figure 7.25 (Continuation)
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The protective behaviour is observed scattered across the island, but some
clusters of protective behaviour are observed in Lower Prince’s Quarter and
Philipsburg. Two new clusters are observed, one near Cay Bay (ID=9) and other
around Zaeger Gut (61). The positive effect of information from official sources
in promoting protective behaviour in Sint Maarten seems clear, but the effect has
more influence in those areas prone to pluvial flooding or storm surges.

Experiment 4

This experiment was built on the fieldwork findings, where there is low trust
in institutions. As such, we wanted to examine what could be the role of
information peers on protective behaviour. The averaged results aggregated at
the neighbourhood scale are presented in Figure 7.26. A similar pattern as the
one observed in Experiment 3 is observed in the role of information through peers,
increasing the probability of protective behaviour. However, the contribution
seems to be milder for peers’ effect, with more agents remaining in the No action
behaviour.

Results from our simulations do not show a significant change between the
three scenarios of experiment 4. Between scenario, with 10% peers (Figure 7.26-
(a)) and 50% peers (Figure 7.26-(b)) four neighbourhoods presented positive
change towards performing protective actions, St Peters (17), Vineyard (53), Cay
Hill Village (59) and Little Cape Bay (60); also two neighbourhoods have a
negative change, Mary’s Estate (22) and Western Fresh Pond. Between scenario
with 50% peers (Figure 7.26-(b)) and 75% peers (Figure 7.26-(c)) six
neighbourhoods present positive change (ID= 3, 56, 23, 17, 22, and 63).
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Figure 7.26 The probability of taking protective behaviour at the neighbourhood level
in experiment 3. (a) Peers 10%. (b) Peers 50%. (c) Peers 75%. Numbers represent the
identification (ID) of each neighbourhood, as presented in Appendix F.
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Our result suggests that trust in peer’s information can be counterproductive
for disaster risk reduction in Sint Maarten because some neighbourhoods are
changing negatively towards protective action. Not having a central control of the
information that flows during an emergency can create the spread of false
information or perceptions, rumours or fake news regarding the severity of a
potential threat. Information through peers can undermine the threat’s
importance, leading to less protective behaviour among residents and creating
more exposed areas. Information through peers can also mislead the severity of
the hurricane, transmitting a sense of urgency to take protection while in reality,
it may not be the case, this behaviour can create a “crying wolf” effect and
reducing protective behaviour in future emergencies.

In addition, for this experiment, the results are also presented using a three
colour code representing the decision taken at the household level and in reference
to the hazard zone as presented in Experiment 4 (Figure 7.27).
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Figure 7.27 Protective action decision at household level in experiment 3. (a) Peers
10%. (b) Peers 50%. (c) Peers 75%. In the right side, the number of agents performing
each type of action and grouped by the multi-hazard assessment.
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Peers influencing behaviour tends to decrease the number of households slightly
not performing any type of protective action, but only in those areas located in
category 5 of the multi-hazard assessment. The number of households performing
protective actions increases as the percentage of peers influencing increases, but
a variation in the type of action is observed between scenarios. An increase on
the number of evacuees from 11% to 19% is observed in the simulation from the
scenario of peers 10% (Figure 7.27-(a)) to peers 50% (Figure 7.27-(b)), but a
decrease from peers 50% (Figure 7.27-(b)) to peers 75% (Figure 7.27-(c)) from
19% to 13%. These variabilities in behaviour can be associated with the
transmission of information of peers decreasing the severity of the potential threat.

7.3.6 Conclusions

The ABM developed and presented in this chapter can be seen as an
operational simulation tool that integrates behavioural models, hazard models
and information during emergencies. The results obtained demonstrate the
usefulness of this type of simulations to understand and discover emergent
patterns involved in information flow during emergencies. The model simulates
how information is collected, interpreted, and actions are taken towards adaptive
protective behaviour during an evolving hurricane hazard.

One of our ABM’s main conclusions is that forecasting a threat is not sufficient
to promote protective behaviour during emergencies triggered by natural hazards.
It can be derived from our results that in parallel to a good forecast, the message
content, the (trust in the) message provider, and the way how the message is
delivered, accepted and understood by the community is also of utmost
importance to promote timely protective behaviour in the island of Sint Maarten.

Our findings also suggest the need to understand better the effects of social
networks on evacuation processes and other protective behaviours and how they
can be used to achieve better evacuations rates or promote more in-situ actions.
The work also shows that having a more informed community, where the trust in
institutions is relatively high will increase the number of people performing
protective actions when faced with a potentially disruptive hazard.

Given advances in technology it is almost impossible to control the flow of
information through a network of peers, hence the importance of trust in
institutions as the primary source from where inhabitants are collecting (and
ultimately distributing) the warning information, so the spread of fake or
misleading news is limited.

An ABM as the one we developed here, can be a useful tool for operational risk
management activities, such as identifying critical areas where adoption of
protective actions are limited, and exposure (of people) is usually more critical.
The new knowledge of the system could be used to help prioritise areas for disaster
risk reduction measures. Similarly, the ABM can also help identify evacuation
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patterns, identify critical infrastructure, and identify the needs for improvement
of existing emergency locations (i.e. the number of beds, food storage).

With the results obtained from our ABM, we were able to show the dynamic
and adaptive nature of exposure of risk to people explicitly. We conclude that the
simple infrastructure (e.g. house) is not a precursor of exposure, which offers just
a partial view. The actions that individuals may undertake to lower their exposure
levels can significantly affect the reduction of exposure to water-related hazards,
either by reinforcing infrastructure (protect in-situ), or by getting away from the
potential risk area (evacuation).

Exp-Agents in the current version of the model do not carry information
regarding past disasters, such as previous evacuation decisions and trust in
institutions based on previous emergency performance. This simplification limits
the interpretation of the model’s outputs since past information may shape future
emergencies’ actions and behaviour. Still, we believe the outputs are useful to
evaluate the impact of information flow among different DRM actors, as our
modelling exercise reveals some system dynamic otherwise hidden, regarding the
role of the different actors included in the model and the role of different warning
information on risk assessment and protective actions.

We evaluate the potentiality of using the ABM with the real and uncertain
NHC and Meteorological office bulletins. Further experimentation should consider
simulations where the best track of the hurricane is tested and see the overall
impact on protective behaviours of using what could be considered an “ideal”
forecast. Furthermore, testing different hurricanes could help understanding
better key drivers of protective behaviour in Sint Maarten.
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ADRA -ADAPTIVE
DISASTER RISK ASSESSMENT

This chapter presents the proposed framework for including the adaptive and
dynamic nature of the exposure component to natural hazards in disaster risk
assessment. The framework, called ADRA, aims to be a comprehensive and
flexible methodology reflecting the local needs when implemented and based on
the data availability. The proposed methodology is then illustrated using as a
case study Sint Maarten during the emergency and disaster caused by Hurricane
Irma on 6 September 2017. With the ABM results, we compute a set of exposure
scenarios, which are then used to compute and map adaptive risk assessment for
the island. The results obtained using ADRA are then compared against those
obtained using the traditional approach for mapping risk.

This chapter is partially based on:

Medina, N., Sanchez, A., Vojinovic, Z., (2021). Adaptive Disaster Risk Assessment — ADRA-

. Incorporating dynamic Exposure into Disaster Risk Assessment. Manuscript in preparation.
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8.1 INTRODUCTION

This chapter presents the Adaptive Disaster Risk Assessment framework
(ADRA). ADRA aims to explicitly integrate the three DRA elements (Figure 1.3)
o support a holistic disaster risk management approach. The framework integrates
the three elements that composes risk using a map-based approach. As stated in
the introductory Chapter 1, the hazard component was identified as the most
studied element of the three components of disaster risk, hence not in this thesis’s
scope, the multi-hazard map produced in Chapter 4 is used to assess risk.
Vulnerability is used in the form of an index-based, using the findings of Chapters
2 and 3. The adaptive exposure component uses the chapter results on evacuation
in Chapter 6, and the exposure maps produced in Chapter 7. The workflow of the
ADRA methodology is shown in Figure 8.1.

The following sections in this chapter will illustrate the proposed framework’s
implementation to assess risk from an adaptive approach. We start by presenting
the hazard computation and mapping. Next, we present the traditional disaster
risk assessment to have a base scenario for comparing the ADRA outputs,
followed by the adaptive risk assessment approach. We conclude the chapter by
comparing the methods that allow reflecting on the new methodology.

Assessed in Chapter 2 and

Chapter 3

v

In Chapter 5,
Evacuation Analysis

v

: Adaptive Disaster Risk
v Assessment (ADRA)

Tn Chapter 7, 4
ABM for Protective Action

In Chapter 4,
Wind and Flood hazard

assessment

Figure 8.1 Overview of the methodological approach of the ADRA framework. Dot
lines indicate findings of one chapter are passed as inputs to be used in another chapter.
Solid lines represent the final outputs of one chapter are used directly on the components
of ADRA.
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8.2 TRADITIONAL RISK ASSESSMENT

Risk in traditional assessment methods is often represented as the probability
or likelihood of occurrence of hazardous events multiplied by these events’
impacts. Using GIS, traditional approaches compute risk as to the occurrence of
hazards and vulnerability (Eq 8.1). Accordingly, reclassified raster maps of the
multi-hazard and the vulnerability index are used to produce the final disaster
risk maps. The risk maps produced in this section are used as the base scenario
to compare those that we produce using the ADRA framework.

Risk = Hazard X Vulnerability (8.1)

As the hazard map for evaluating risk using the traditional approach, we
selected the multi-hazard map computed in Chapter 4 and shown again in Figure
8.2-(a). We used the PeVI - vulnerability index for the vulnerability map
presented in section 3 (Figure 8.2-(b)). The resulting (traditional) risk assessment
is presented in Figure 8.3. The values resulting from multiplying the hazard and
vulnerability raster maps can vary from 0, representing no risk in a particular
neighbourhood, up to a maximum value of 25, representing a neighbourhood with
both hazards and vulnerability being extreme. To reclassify the resulting
aggregation, we used the values presented in Table 8.1. The reclassification values
are multiplied; this is done to balance the weight of each component of risk into
the result.
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Figure 8.2 PeVI vulnerability index produced in Chapter 3 (a). Multi-hazard
assessment produced in Chapter 4 (b).

The results obtained from the traditional risk assessment present a very similar
result as those reflected by the vulnerability index (Figure 8.3). The possible
explanation for this result is that vulnerability, not the hazard is the leading
factor contributing to risk in the island of Sint Maarten, partially because the
hazard used to compute the risk is almost affecting in the same proportions all
the neighbourhoods. Only some neighbourhoods suffer in less proportion the
effects of the extreme wind.
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Table 8.1. Values used to reclassify the product of hazard and vulnerability to produce
the Risk Map (Traditional approach).

Hazard x Reclassified
Vulnerability Value
0-5
6 —10
11-15 Medium = 3
16 — 20 High = 4
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Figure 8.3 Disaster Risk Map for a multi-hazard risk assessment using the traditional

approach (Risk= hazard x vulnerability).

Six neighbourhoods presented a reduction in the risk level compared to the
vulnerability assessment result, Belvedere, Mount William Hill, Orange Grove,
Over the Bank and Over the Pond. These neighbourhoods share some attributes;
they are located inland, away from the shoreline, partially protected from wind
due to the surrounding topography and not floods are reported in those areas. In
the analysis presented, no neighbourhood increases the categorisation of risk level
as the one obtained through the vulnerability analysis.
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8.3 ADAPTIVE RISK MAPPING AND DISCUSSION

The ADRA framework’s assessment of risk is built on the traditional risk
assessment by incorporating the adaptive exposure component into the
computation and mapping. ADRA is computed using Eq 8.2. for the hazard and
the vulnerability components, we use the same inputs of the traditional approach
(see section 8.2). For the exposure component, four exposure maps are used as a
proof of concept.

+/_
Risk = (Hazard X Vulnerability) = Exposure (8.2)

8.3.1 Exposure Mapping in ADRA

The first exposure map to be tested corresponds to the probability of
evacuation derived in Chapter 5 based on the logit regression model (Figure 5.3-
(b)). The other three exposure maps are from the experiments with the ABM in
Chapter 7. The second exposure map corresponds to the experiment 2-c, which
corresponds to the testing scenario where a category 5 hurricane intensity is used
as the threshold to promote protective actions (Figure 7.22-(c)). The third map
is from the information from institutions, testing the value of 10% (Figure 7.24-
(a)). The fourth map is information from peers with 50% value (Figure 7.26-(b)).
The four exposure maps are shown again in Figure 8.4

Differences in probabilities of exposure are easy to observe by comparing the
probability of exposure based on the actual behaviour during Hurricane Irma
(Figure 8.4-(a)) and the results from the ABM simulations. When compared to
the exposure map associated with the hurricane experiment (Figure 8.4-(b)),
changes are mostly in the direction of fewer neighbourhoods performing protective
action and hence increasing exposure to natural hazards, only two neighbourhoods
preserve the protective action when these two scenarios are compared, Dutch
Quarter (36) and Pond Island (40).

The differences between actual evacuation behaviour map (Figure 8.4-(a)) and
the information from institutions experiment (Figure 8.4-(c)) are more noticeable
to the south of the island in those neighbourhoods directly in the coastline, where
neighbourhoods increase the probability to perform any type of protective action:
Billy Folly (8), Cay Hill (24), Little Bay Village (57), also to the north Bethlehem
(27) changes from not probable behaviour to somewhat improbable.

Comparing the information from peers experiment (Figure 8.4-(d)) with the
probabilistic evacuation map (Figure 8.4-(a)) differences are promoting protective
behaviour, and also some neighbourhoods reflect now less probability to perform
protective action. Three neighbourhoods increase the probability of performing
protective action: Cockpit (11), Cay Bay (9) and Welegelegen (58). In contrast,
eight neighbourhoods present a reduction in the probability of taking protection:
Maho (8), Wind Sor (14), Industrie (23), Zaeger gut (61), Bishop Hill (35), Sucker
Garden (47), Bloomingdale (63), Hope State (49).
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Some of the probable reasons for the changes in probabilities of protective
actions were discussed more extensively in Chapter 7. However, mainly, those
neighbourhoods with observed positive changes are associated with the most
vulnerable in the island according to our PeVI analysis, due among other factors
to low-income and inferior construction materials or are located in flood/storm
surge prone areas. Hence, promoting that peers communicate the urgency to take
protective actions. In contrast, neighbourhoods changing negatively toward
protective actions are located in the wealthiest neighbourhoods and located in
areas where less damage from Irma was observed due to stronger houses or less
exposed to the hazards.

8.3.2 ADRA Computation

The disaster risk assessment that is offered by the ADRA framework can be
categorised as exposure of people, in contrast to exposure to infrastructure or
assets, as such the dynamic associated with actions taken by households towards
reducing its exposure to a natural hazard should be taken towards reflecting
reduction or increase in the final computation of the disaster risk (to life). The
selected method to reflect the potential change to disaster risk, associated with a
dynamic exposure is based on the values presented in Table 8.2. The method aims
to change the risk level to a higher level if the neighbourhood is rated in the not
probable or in the somewhat probable categories on the exposure maps, or to
lower the associated risk level in those neighbourhoods in which a protective
action from households is somewhat or very probable to happen. The adaptive
disaster risk maps are presented in Figure 8.5.

Table 8.2. Values used to compute the Adaptive Risk Assessment.

Protective Action / Exposure Assessment

Somewhat

- Very Low Very Low Very Low Very Low Low

g - Very Low Low Low Medium Medium

é Medium Low Medium Medium High High

jﬂ High Medium Medium High Extreme Extreme
_ High High Extreme Extreme Extreme
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The disaster risk assessment changes between the traditional approach and
those obtained using ADRA shows more neighbourhoods where the risk
assessment is amplified when the dynamic exposure is included. A lower
proportion of neighbourhoods tend to lower the level of risk. Moreover, a handful
of neighbours do not vary the risk level across our exposure experiments. The
changes in risk level assessment based on the ADRA framework, are better shown
in Figure 8.6. In blue, those neighbourhoods whose risk assessment was lower
using exposure. In light-red, those neighbourhoods whose risk assessment was
increased using exposure. Light-yellow corresponds to neighbourhoods, whose risk
value was not changed.

The overall trend towards increasing risk level is predominant in the
administrative zones lowlands, Simpson Bay, the northern neighbours of Cole bay
and Cul de Sac and the north-west neighbourhoods of Upper Prince’s Quarter.
The neighbourhoods belonging to these zones were found to perform low
evacuation, as presented in Chapter 7. The results are associated with the actual
behaviour observed in our survey after Hurricane Irma. As mentioned in previous
chapters, in Sint Maarten, the tendency is not to evacuate (68.6% of respondents
did not evacuate). ADRA penalised this behaviour by proportionally increasing
the risk assessment level. The behaviour was supported by wealthy households,
better construction materials, lower losses during Irma and higher house
ownership.

In Contrast, some neighbourhood tends to have a positive change towards
protective behaviour across the experiments. The neighbourhoods are located in
the central portion of Lower Prince’s Quarter administrative zone, one
neighbourhood in Cole Bay (cay bay, ID=9), three neighbourhoods in Upper
Prince’s Quarter (Sucker Garden (47), Over the Bank (52), and Vineyard (53)),
Fort hill (26) in Little Bay and Philipsburg. These areas were identified as those
where more evacuation is expected associated with poor housing condition and
high socioeconomic vulnerability indexes and may promote agents to activate
their protective measures when a hazard is forecasted. In addition, in these areas
floods are a constant threat, either from pluvial flooding or storm surge, its
residents showed recognition of the flood risk area they are located, and it seems
that the ABM manage to capture such behaviour by promoting risk reduction
measures.

A few neighbourhoods show a trend to remain unchanged on the risk level
assessment across the experiments; these are Rockland (55) and Industrie (23) in
Cul de Sac, Little Cape Bay (60) in Cole Bay, Cay Hill Village (59) in Little Bay.
It seems that the socioeconomic conditions in these neighbourhoods are such that
the new assessments of information are not enough to change the conditions of
protective behaviour dictated by the logistic regression model used in our
simulations. A further investigation is required to understand what can be done
to improve these neighbourhoods' protective behaviour.
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In terms of overall performance to lower risk, the experiment corresponding to
Institutions (10%) is the best with 18neighbourhoods lowering its risk assessment
level (Figure 8.5-(d) and Figure 8.6-(c)). For the institutions’ experiment, the
number of neighbourhoods showing an increase in its risk assessment is still high,
accounting for 34 neighbourhoods. The critical scenario is the hurricane Category
5, in which only three neighbourhoods would decrease its risk level compared to
the traditional approach, and 47 neighbourhoods will be assessed as riskier than
using the traditional approach.

An insight for Disaster risk managers in Sint Maarten arises when comparing
the traditional risk assessment with the four maps produced using ADRA
methodology. Some neighbourhoods are always assessed as extreme risk; Little
Cape Bay (60), Rockland (55). Furthermore, those neighbourhoods that were
evaluated as extreme in all four ADRA assessments are: Maho (3), Simpson Bay
Village (6), Cay Hill (24), Little Bay Village (57), Mary's Estate (22), St Peters
(17), Reward (15), Madame's Estate (32), and Ocean Terrace (45). Particular
attention should be put into these neighbourhoods towards DRR action plans or
contingency plans for post-disaster relief.

8.4 CONCLUSIONS

The holistic framework proposed in this chapter, ADRA, assessed disaster risk
from an adaptive approach, in which the exposure component is explicitly
quantified and mapped. The exposure component has a human life-centred
approach, in which protective actions performed by households is taking into
account to measure the effects on the increase or decrease of the exposure level.
Two protective actions are evaluated under the current framework. First, a
probabilistic map derived from actual evacuation behaviour observed after an
extreme event. Second, three maps from the ABM approach in which the intensity
of the potential hurricane threat and the role of information flow from different
sources are evaluated.

We believe that disaster risk assessment should be people-centred, and human
lives should be the top priority of disaster risk management, regardless of the
economic and infrastructure impact. As such, a human-centred approach, such as
ADRA is necessary for a more effective DRM strategy. ADRA allows disaster risk
managers to gain more knowledge of their systems and focus their (often) limited
resources more efficiently.

The inclusion of the ABM results into ADRA shows how practical bottom-up
approaches can be for disaster risk management. Effective communication of risk,
increasing the trust in authorities, and information broadcast using the
advantages of the internet and smartphones can effectively be used to reduce
exposure (and risk). However, understanding the effect of peers and emergency
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information flow from non-official sources has not yet been fully explored, and
more research in this field is not only desired but necessary.

Our model results show that evaluating the risk of a hurricane using only the
hurricane intensity can lead to dangerous and catastrophic situations in Sint
Marten. Activating protective behaviour only to high-intensity hurricanes may
create high levels of exposure across the island leaving most of the population at
risk exposed to other hazards associated with a multi-hazard assessment, such as
floods, storm surges or landslides.

If actions and decisions on where to focus the resources for disaster risk
reduction are taken based on methods that focus on risk-to-life, such as ADRA,
additional measures need to be undertaken at government and household level
that allows for compensation of the losses to infrastructure. Insurance schemes,
increase the protection level of flood infrastructure, improve building regulations,
are amongst the complementary measures that can be used.

Identification of areas that do not change (or increase) the risk assessment with
ADRA requires a more in-depth analysis of which mechanisms can be used to
reduce risk in those areas. The research method used in ADRA, suggest that these
are neighbourhoods that probably will not evacuate under any level of hazard, as
such the government of Sint Maarten should undertake an exhaustive inspection
of infrastructure to warranty they are built to withstand a Category 5 hurricane.
Additionally, if they are located in flood-prone zones, they have elevated houses.
Awareness campaigns to promote protective actions can also be used, but our
findings suggest that the impact of such measures may be limited.

The risk assessment used the neighbourhood as a scale of representation based
on the lower resolution of the inputs used to compute ADRA maps; the scale was
restricted from the information available to perform our analysis. This aggregation
method is useful to observe the general picture of the effects of exposure on risk
assessment. However, it may also hide the real protective behaviour of bigger
resolutions (e.g. block scale or household level).

The aggregation method also provides an average value of hazards from which
more detailed models are available. The peaks of wind and flood are then averaged
in this analysis. Caution is then advice when interpreting and using the risk
assessment results presented in this chapter. If a neighbourhood is selected from
our analysis to implement actions towards reducing impacts from the hazard, the
use of individual risk maps (flood and wind), should accompany the decision where
to implement them more effectively.
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A WEB-BASED
APPLICATION FOR EMERGENCY
MANAGEMENT

Emergencies and disasters caused by weather-related events are increasing in
severity and intensity. There is also an increase in the number of people and assets
exposed to weather-related disasters due to unplanned urbanisation. The
combination of climate change and urbanisation growth is causing more disasters
every year around the globe. As a consequence, more people are being left
homeless, displaced or requiring emergency help. Better communication in times
of crisis has been proved to be an effective way for disaster-risk reduction.

Consequently, in this chapter, we present an innovative web application that
aims for better information flow during the different phases of a disaster.
EvacuAPP is a web-based application built using the insight we collected during
several interviews with stakeholders on the island of Sint Maarten in the
aftermath of Hurricane Irma. EvacuAPP functionalities include shelter
identification and administration, wayfinding directions, critical infrastructure
management, emergency assistance requesting, incident reporting, and real-time
hurricane tracking.

This chapter is partially based on:

Medina, N., Sanchez, A., Vojinovic, Z., (2021). EvacuAPP. A web-based application for
emergency management for Hurricane disasters. International Journal of Disaster risk Science
(IJDRS). Under Review
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9.1 INTRODUCTION

It is estimated that in the last 20 years more than 1.3 million people have been
killed and 4.4 billion have been injured, with millions being left homeless,
displaced or requiring emergency help as a consequence of such disasters (CRED-
UNISDR, 2015; Gu, 2019). The amount of people in need of assistance due to
disasters triggered by natural hazards makes it clear that a more precise
understanding of the role of communication during the different phases of a
disaster is needed, as well as the development of communication tools that allows
the number of casualties to be reduced and the assistance for those in need to be
faster and more accessible (Eiser et al., 2012; Paton, 2008).

Emergency management cycle consists of four phases; prior to an emergency
are the prevention and preparedness phases (pre-disaster), during an emergency
is the response phase, and in the aftermath of the emergency is the recovery phase
(Benjamin et al., 2011). C Communication across all the phases of a disaster
triggered by natural hazards is of utmost importance for evacuees, survivors,
rescue forces and disaster risk managers (Boulos et al., 2011; Mythili and Shalini,
2016). Each phase in a disaster requires a different type of information, influencing
the type of communication tool required and its functionalities (Zlatanova and
Fabbri, 2009).

In the pre-disaster phases, information can be used to increase risk awareness
and enable proper communication of potential hazards, such as the hurricane
path, strength, lead time, and dissemination of warnings or evacuation orders.
During a disaster, it can help to keep people updated about the potential threat
and developments regarding the hazard and if new measures are needed to be
taken by the community, as well as to request assistance and rescue. In the
aftermath of a disaster and in the recovery phases, communication is crucial for
the survivors and the relief teams; it enables people in need (e.g. trapped, injured)
to be identified, and better planning for the rescue and response teams in the
allocation of resources. Also information collected in this phase can be useful to
improve future disaster risk management (i.e. photos of damaged infrastructure)
(Sebastien and Harivelo, 2015; Zlatanova and Fabbri, 2009).

Information and Communication Technology (ICT) during a crisis has been
proved to be not only useful but necessary in accordance with modern disaster
management challenges (Kavanaugh et al., 2013). After the disaster caused by
Hurricane Irma on the island of Sint Maarten in September 2017, a post-disaster
fact-finding mission revealed the importance that the role of communication had
in the overall impact of the hurricane on the island and its inhabitants (PEARL,
2018). Furthermore, a study on evacuation behaviour during Hurricane Irma
found that one of the main predictors of evacuation behaviour on Sint Maarten
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is the quality of the content of the information they receive during a forecasted
hurricane. (Medina et al., Under Review).

Given the importance of information during a disaster, we have developed a
web application (web-app) that combines several elements identified as important
or necessary from different stakeholders groups we interviewed, and it also
incorporates key elements of disaster-risk communication recommended in the
literature. Following the identification of crucial functionalities, the web-app aims
to provide a two-way communication tool that provides fast, reliable and
personalised access to emergency-related evacuation.

This chapter presents a web application that has been developed to be used as
a tool for disaster risk management (DRM) and evacuation purposes on the island
of Sint Maarten. We start by presenting the justification for the web-app followed
by application development, including the conceptual design and each one of the
functionalities incorporated in the web-app. Then we present the discussion of the
main advantages and expected uses of the application in future emergencies, as
well as some identified future developments.

9.2 JUSTIFICATION

The number of smartphones, tablets and other devices that allow
communication using the Internet is increasing at an accelerated rate (Sebastien
and Harivelo, 2015), and their use during emergency situations has been
increasing notably over the last decade (Maryam et al., 2016; Omaier et al., 2019).
This increase in the number of ICT tools gives the potential to reach a large
proportion of the population in high-risk areas during emergencies, and has been
proven to be an important factor in disaster risk management. Nowadays, with
the advancement of the Internet and mobile technologies, disaster risk managers
have the potential to reach out directly to the general public for whom their
messages are ultimately meant, and to engage citizens in disaster risk
management; this is with no intermediaries, and in (almost) real time when it is
needed (Boulos et al., 2011; Zlatanova and Fabbri, 2009).

ICT tools can enable end users and disaster risk managers to communicate
back and forth during the whole lifecycle of an emergency and potential disaster
(Zlatanova and Fabbri, 2009). As a consequence, disaster communication using
ICT technologies has the potential to save many lives through better
communication of the severity of an impending threat, and the transmission of
warnings and evacuation orders. It can also be used to send timely requests for
help during or in the aftermath of a disaster and as a tool for better planning for
rescue and relief teams (Maitland et al., 2006).
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Accordingly, after the disaster caused by Hurricane Irma on Sint Maarten, we
developed a web-based application (web-app). A web-app is a website that is
designed to be flexible, responding to being viewed on several devices and
platforms; it functions like a mobile app but from the device browser (Stevens,
2018). With this development, we aim to reach a large proportion of the
population of the island, providing the end users and the disaster risk managers
with some of the most critical functionalities identified for Sint Maarten’s needs.

A web-based application was favoured over a mobile app (smartphone users),
because it is a solution that works on most user devices (Sebastien and Harivelo,
2015). Web developments are more flexible, they do not have to be custom-built
for a platform or hardware, they can be accessed from multiple devices and
platforms, the user does not need to download and install it on their devices, and
a web-app does not need app store approval; hence they are faster to be launched
and operational. In contrast, native mobile apps are built for a specific platform
(i.e. Android or iOS) and are limited to one brand/platform or having to do
multiple deployments, each platform needs to approve the app before it is
accessible to the general public, a native mobile app needs to be installed, and it
uses the mobile phone memory.

Furthermore, there is an increasing trend in the use of ICT technologies to
gather and transmit information during crises. An online survey by the American
Red Cross shows that during an emergency, one in five American adults would
try to contact first responders through a digital means such as e-mail, websites or
social media, and about 69% of respondents expect a fast response to their request
through social media (Walter, 2010). This trend was also observed on Sint
Maarten. Based on the results of the survey we conducted in the aftermath of
Irma, we were able to determine that after the radio, the Internet is the preferred
method to get the latest information during a hurricane; over 23% of respondents
access warning information using the Internet (Figure 9.1).

In addition, on Sint Maarten we detected that social media platforms such as
WhatsApp and Facebook were also widely used during and after Hurricane Irma,
which shows a substantial shift towards mobile and Internet-based technologies
and shows the vital role that mobile applications could have in disaster
management on Sint Maarten (Medina et al., 2019).
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Figure 9.1. Sources of information on Sint Maarten according to a survey question.
‘From where do you get the latest updates on warnings or evacuation information? --
Mark all that apply.’.

Additional justification is the number of handheld devices in Sint Maarten
households. We found that the number of smartphones or tablets on the island is
relatively high. From our sample (N=255) only 6.2% of respondents answered
that they do not have one in their households, 73.7% have between one and four
devices and the remaining 20.1% having five or more (Figure 9.2). The number
of devices shows that communication using mobile technology has the potential
to reach across the whole island regardless of socio-economic status. Furthermore,
as presented in Kremer (2017), mobile devices have been shown to be viable
platforms for information transmission, as they have become the number one way
of retrieving information in various situations.
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Figure 9.2. Total number of smartphones or tablets in the household.
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Finally, regarding communication disruptions caused by the devastation of
Irma, severe damage to the island telecommunication infrastructure was reported,
with damage of approximately 50% because of the hurricane (PEARL, 2018).
Broadband internet was able to remain operational in most sectors of the island
as these systems are mostly underground. Wireless communication was provided
only in some regions because only 11 of 31 cell towers withstood Irma’s disruptive
wind, and the hilly topography presented a challenge to provide wireless Internet
due to the limited number of operational towers (ECLAC, 2017; PEARL, 2018).

9.3 WEB-APP DEVELOPMENT - EVACUAPP

EvacuAPP was initially developed and adapted to be used on Sint Maarten on
the Dutch side of the Caribbean island, as part of an EU-funded research project
called PEARL (PEARL, 2013). It was designed based on the findings of different
needs identified in the disaster caused by Hurricane Irma on the island. The web-
app was initially launched as a beta version on 13 October 2017, just one month
after Hurricane Irma struck Sint Maarten, but due to the impact of the hurricane
and the extensive damage to the island infrastructure, it was only possible to
travel to the island in February 2018. We intended to disseminate EvacuAPP
first to the government agencies in charge of disaster risk management, such as
the section head for disaster risk management and a representative of the
emergency support group ESF-7 as the one responsible for evacuation, shelter and
relief, and subsequently to the general public. During the fieldwork, we
interviewed several stakeholders, including government representatives, as well as
the residents, to identify different users’ needs. The web-app was designed to
include several capabilities identified as crucial to reduce disaster risk in the island
by promoting evacuation or protective behaviour on the island based on these
identified needs.

9.3.1 Conceptual Design

When designing successful ICT tools to be used in DRM, several principles
should be followed. First, end users should be able to request help, report
observations, and receive critical information (Bahk et al., 2017). Second, in order
for the tool to be useful, the design needs to be context-specific and should include
individual identified needs (Kremer, 2017). Third, it should provide real-time
information on how the emergency is unfolding and should provide two-way
communication between users and managers (Mythili and Shalini, 2016). Fourth,
an intuitive, easy to use, and appealing user graphic interface has been reported
to increase the likelihoods of adoption of new technologies for emergency
management (Zlatanova and Fabbri, 2009). Consequently, FEvacuAPP
incorporates the above mentioned principles in its design.
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The design of EvacuAPP, as a web-app, was intended for two main and distinct
types of users. On the one hand, it is targeted to be used for residents, visitors
and tourists on the island of Sint Maarten (end users). On the other hand,
manager-users are represented by the app administrators; these are emergency
managers and shelter managers on the island. The type of user determines the
content that is accessible to them. Manager-users can access the control panel of
the web-app through authorisation login. They are in charge of maintenance of
the system and update information regarding emergency management, such as
status of a shelter, or add barriers in the road network (i.e. floods, fallen objects).
They have editor capabilities and can add or remove functionalities on the web-
app. They can control and monitor the use of the web-app by the end users, for
example, they can see who requests emergency assistance or a looting incident,
and coordinate and send the appropriate help.

End users, on the other hand, have access to all the functionalities of
EvacuAPP at their disposal, and accordingly, they can access emergency
information and send requests, but do not have editing privileges; end users do
not need to register or authenticate to access the web app. Figure 9.3 shows the
home screen as it will appear on a smartphone, with all the functionalities
available for the end user. In the upper left corner, the user can use the zoom in
and zoom out buttons, the home button which is configured to display the full
extent of Sint Maarten if the user zooms outside of the area of interest, and my
location, a button to centre the screen at the current location of the user, by using
the GPS built-in functionalities of the device or by using the network information.
In the upper right corner, there are two buttons.

The first button, by default, is the Legend button, which is a visual explanation
of the symbols seen on the map, and the second button allows the user to navigate
through the different functionalities of EvacuAPP. The functionalities are
distributed into three sections. Those are the FEdit section, the Layer List section
and the Directions section. In the Edit section, the user accesses the emergency
assistance and the incident report functionalities. The Layer List allows the end
user to select which operational layers will be displayed on the screen (by
activating the checklist next to the name of each layer). The Directions assistance
provides wayfinding directions from a starting point to a selected evacuation
destination.
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The design language of the web-app is English, and icons and layers are
presented in this language. However, when used, the web-app detects the default

language of the device being used and changes the titles of the different functions
accordingly (Figure 9.4).
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Figure 9.4. Example of language adaptability in EvacuAPP. Wayfinding direction:
left: Spanish and right: English.
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EvacuAPP graphics were created following design principles for emergencies.
Palette colours across the web-app were chosen to transmit tranquillity and
calmness to the user. In contrast, primary and secondary colours (red, yellow,
orange, green, and blue) are used in situations where it is necessary to redirect
the attention of the user, such as emergency assistance or the hurricane path.
Also, icons were chosen to be visually appealing and with an intuitive symbol for
acceptability and ease of use.

The current version of the web-application was developed using the ESRI
server as a repository. It uses ESRI services for the base map and the traffic
information. The hazard forecast layer is retrieved directly from are connected
from the National Hurricane Center (NHC) (Medina, 2017).

9.3.2 EvacuApp Functionalities

In this section, we present the main features and functionalities of EvacuAPP.
It includes shelter identification and administration, wayfinding directions, critical
infrastructure management, emergency assistance, incident reporting, and
hurricane tracking.

Shelter identification

EvacuAPP is divided into different layers/sections. First, it is possible to use
the web-app to see the information related to a specific shelter in the case of an
evacuation. The web-app enables end users to see on a map the location and main
attributes of the official shelters that are available on the island for a particular
hurricane season (Figure 9.5).
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Figure 9.5. Location of all official shelters listed on Sint Maarten as seen by end users
of EvacuAPP.
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A potential evacuee using the web-app will be able to see if a particular shelter
is open at the moment of a query as well as the level of occupancy to determine
if it still has any capacity left. A shelter manager can use the web-app to inform
potential evacuees what it is necessary to bring with them to the selected shelter,
including food, water, blankets or medicine. It also provides a photo of the shelter,
which is particularly useful for non-residents of the island that may not be familiar
with the surroundings (Figure 9.6).
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Figure 9.6. S helter Information available to the end users of FvacuAPP.

The information that is displayed regarding the shelters is intended to allow
the potential users to select the best shelter option they have at any given moment
of an evacuation. Information concerning shelters can be updated by the
administrators of the shelters using the administrator rights to the web
application.

Shelter administration

The second section of the web-app, which is hidden to end users, is aimed at
shelter administrators or evacuation authorities in the island. Complete
information and editor capabilities in the application can be accessed for each one
of the shelters allowing them to have control on the status of each shelter and
any relevant information they want to transmit to the potential users.

The complete list of attributes that is available to the manager-user is
presented in Appendix F. It was designed following standard principles for shelter
management (FEMA, 2006; USAID, 2003). Amongst the most relevant attributes
are the name of the building, operational status of the shelter (i.e. open or closed),
contact information, capacity and some physical characteristics such as parking
capacity, as well as resources at the shelter (e.g. water, food).
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Once the user has selected the shelter that they want to evacuate to, they can
use the built-in directions developed within EvacuAPP. The application allows
the user to select any point on the map as the starting point (as default the
current location), and the preferred/selected shelter as the destination. Step-by-
step instructions to reach the destination are displayed on the screen, and the
route is shown on the map (Figure 9.8). This functionality offers the estimated
time of the trip, computed based on current traffic flow and the displacement
method chosen by the user; at the moment the EvacuAPP allows driving and
walking to be selected as the displacement method. Once a route has been
selected, it can be saved, shared or printed, in case of a possible internet

disruption.
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Figure 9.8. Wayfinding functionality within EvacuAPP
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Even though Sint Maarten is relatively small and long-term residents may
know their way around the island, driving functionalities are particularly useful
for users who are not familiar with the area, as is the case for tourists.
Furthermore, EvacuAPP allows manager-users to add barriers to the roads in the
map if they identify road disruptions due to flooding, fallen objects, or traffic has
been diverted (Figure 9.9).
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Figure 9.9. Wayfinding functionality within EvacuAPP; (a) normal flow and (b)
barrier added.

Wayfinding functionality was important to include in EvacuAPP despite
having well-known applications such as Google maps or Waze for this type of
service. The advantage of a built-in wayfinding functionality lies in the possibility
to re-route at any given point of the evacuation if a shelter changes its status to
Closed or the managers-users have added an identified obstacle (i.e. e.g. flood,
fallen tree) to a segment of a road on the map.

Critical Infrastructure / Buildings

Critical infrastructure in terms of disaster risk management is defined as the
physical structures or assets that support services that are essential to the
functioning of a society or community (Etinay et al., 2018). For Sint Maarten, a
list of critical buildings was previously identified (UNDP, 2012), which includes
facilities regarding transport, fuel and transport, banking, government and public
services, lodging, healthcare, insurance, religion, and utilities.

It was decided to include this layer for the manager-users to be able to take
specific actions over this infrastructure in times of evacuation. Also, in large-scale
emergencies, some of these buildings can be used as shelters and managers can
update their status to be reflected as a new shelter option for the end users. Figure
9.10 shows the different types of critical buildings for Sint Maarten.
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Figure 9.10. Operational layer of critical buildings within EvacuAPP for Sint Maarten.

Regarding critical buildings in the web-app, the end user will access similar
information to that presented for shelters (Figure 9.6), whereas the administrator
again has full access and editor control as in Table F.1. At any given moment
administrators can change the status of any critical building to function as a
shelter.

Emergency Assistance

One of the most valuables functionalities in an emergency app is the possibility
to allow users to request assistance at any moment of the emergency. This
functionality aims to provide a link between crisis responders to end users that
might require assistance. With this functionality, any end user can report their
need for assistance at their current geolocation at three levels (YES, NO and
partially) as shown in Figure 9.11. Once a user has requested assistance,
EvacuAPP will send a notification of their request with an attached geolocation
tag to the disaster risk managers/app administrators. Having the geolocation of
all possible residents in need of assistance will allow the authorities to have a
better and more coordinated assistance plan. The functionality can be accessed
during all the phases of an emergency, e.g. in the pre-disaster phase an end user
can request assistance in transportation, or report him/herself trapped in the
aftermath of a hurricane.

Through the editing section of the web-app, an end user can request full (YES),
partial or NO assistance. We include the option to respond NO in this
functionality in order to allow the user to report him /herself safe, because even if
a user is physically safe they can be in need of other resources (i.e. water, food,
security, or cover). Once the user has placed an emergency assistance ‘pin’ on the
map (Figure 9.11), The information that can be provided through the text box
includes the user's address and information about the house (i.e. the number of
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floors, access through a back alley), phone and mobile phone contact numbers,
request for transportation and/or pet evacuation assistance, and provide some
emergency contact details. They can also report that they are trapped and add a
photo if they think it could be useful in the assistance process. Only the contact
name and the need to evacuate fields are mandatory on this form
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Figure 9.11. Emergency assistance functionality within EvacuAPP for Sint Maarten.

Also, a text box appears for the end-user to fill in details to guide the assistance.
The information that can be provided through the text box include the user’s
address and information about the house (i.e. the number of floors, access through
a back alley), phone and cell phone contact numbers, request for transportation
and or pet evacuation assistance and provide some emergency contact details.
They also can report as trapped and add a photo if they think it can be useful on
the assistance process. Only contact name and need to evacuate fields are
currently mandatory in this form.

The ‘pin” when a request has been placed is by default located in the current
location of the user based on the GPS functionality of the device, but it is possible
for the user to manually locate the pin for assistance in another part of the map;
this is part of the design, so that a user can request help for another person who
they know needs it but does not have access to EvacuAPP. For the current version
of the web-app only the need for help has been made compulsory to fill in, but
future versions need to make other fields in the form compulsory to allow
verification of the veracity of the request (i.e. name, mobile phone
number)(Sebastien and Harivelo, 2015).
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Incident Report

Another functionality that was reported as needed/useful during our field
campaign is the ability for the users to act as a crowdsource of information
regarding incidents related to the evacuation or emergency situation. The type of
incidents that can be reported as useful by the end user include looting, floods,
storm surges, road closure or vehicle incident, rioting, fire, explosions, civil
disturbance, landslides, high winds, and power lines down (Figure 9.12). Incident
reports are also accessed through the editor section as illustrated in the emergency
assistance functionality.
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Figure 9.12. Information that can be provided when using the incident Report layer
in EvacuAPP.

The information from this functionality has two main purposes. First, the
information can be of use for the authorities when deploying ground assistance or
planning rescue missions during the evacuation. Second, users may be more willing
to evacuate when they know they can report different types of incidents that we
found to discourage evacuation on Sint Maarten (Medina et al., Under Review),
such as looting and rioting or when they can minimise the chances of being
trapped in a traffic jam (road closed) when the potential hazard arrives.

Hurricane Monitoring

The final functionality of EvacuAPP allows users to activate the layer of
current tropical cyclones in the Atlantic Ocean using data directly retrieved from
the National Hurricane Center (NHC). This functionality allows the users to
watch for warnings and track the intensity and location of hurricanes and tropical
cyclones once they are forecast. This function allows an end user to be aware of
a major threat, its possible path, and arrival time to its location.
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Having warnings, evacuation and assistance request functionalities integrated
into one application will make it easier for the final user to find all the information
without the need to jump from one application to another. As illustrative of the
track and warning functionality, Figure 9.13 shows Hurricane Ophelia in the
Caribbean.
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Figure 9.13. The National Hurricane Center’s forecast layer of hurricanes within
EvacuAPP.

EvacuApp on different screens

One of the main advantages of a web application such as EvacuAPP is its
ability to adapt and fit different devices and screen sizes. This requirement was
expressed in the fieldwork for the acceptability and usefulness of the application
on the island. We present in Figure 9.14, Figure 9.15, and in Figure 9.16, how
adaptable the FEvacuAPP is to a laptop/computer browser, tablet and
smartphone, respectively.
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9.4 DIscUSSION AND FUTURE DEVELOPMENTS

EvacuAPP is aimed to be a key player in the holistic disaster risk management
on the island of Sint Maarten. It was built based on stakeholders’ identified needs
and as some standard functionalities of communication emergency apps. The main
characteristics of EvacuAPP are:

e Access to the web-app from multiple devices, without logging on or any
installation required.

e End users can request essential information of official shelters, and
manager-users can administer and update shelter status.

e Wayfinding directions that include driving or walking directions to a
preferred shelter, or any other selected location. Manager-users can impose
barriers in the traffic network to reflect observed or reported limiting
conditions on the roads.

e Direct access to the forecast information from the NHC about current
tropical cyclones - Watches, Warnings, and Track/Intensity.

e End users can request assistance to evacuate (before a disaster) or request
assistance in the aftermath of a disaster.

e Information crowdsourced about incidents of relevance during an
emergency evacuation.

In addition, EvacuAPP can be further used to collect statistical data on the
usage of the app and compliance rates regarding evacuation on the island, as well
as shelter preferences and occupancy. Ultimately, the potential information that
can be gathered with EvacuAPP can be used to improve the mechanism and
strategies for future evacuation events.

However, despite the interest of several stakeholders to use and implement the
app, due to time and economic constraints, no real testing and adoption of the
system have been done in the following hurricane seasons after Hurricane Irma.
At the time of writing the app is fully functional and still accessible, with more
than 300 uses. Hence, even though the app is fully functional, and at the time of
writing still accessible, no real testing and adoption of the system have been
carried out in the following hurricane seasons, and its usability and limitations
for a real emergency therefore remain unknown.

If EvacuAPP, or any other emergency app, were to be adopted on Sint Maarten
some drills and training on their use would be necessary. As reported in Zlatanova
and Fabbri (2009), people would be reluctant to use any new technology in times
of crisis if they are not familiar enough with it. In addition, if EvacuAPP is used
or tested on Sint Maarten, the disaster risk managers should measure the web-
app’s ability to transmit messages during the disaster, measure the ability of use
in terms of cognitive capacity, and assess the acceptability and trust of users
towards the presented development (Tan et al., 2020).
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One foreseeable challenge is how to promote the use of the EvacuAPP for
tourists and foreigners who might be unfamiliar with the island and its
vulnerability to disasters triggered by natural hazards. Promoting the benefits
among the hotel sector may increase the chance of tourists using it. Currently,
the hotels are organised in an association called Sint Maarten Hospitality and
Trade Association. They receive bulletins from the meteorological office and
decide what actions to take. By also incorporating the use of EvacuAPP, more
risk awareness and reaction not only from hotel managers but from tourists might
be expected.

One of the most crucial elements in disaster risk management is the location
of potentially affected individuals. Knowing the location of the hazard and the
location of possible evacuees can allow personalised warnings or evacuation orders
to be sent as the emergency is unfolding. On Sint Maarten, the quality of the
message that people receive, as well as a more direct message, will lead to better
evacuation rates and compliance with instruction, as reported in an unpublished
work by the research team (Medina et al., Under Review). Currently, on Sint
Maarten, where the most used source of information continues to be the radio, its
effectiveness in promoting evacuation or protective behaviour is questionable as
the results seen after Irma illustrate. Its lack of effectiveness might be explained
due to the generic and non-individual-specific information it provides (Kremer,
2017). EvacuApp has the potential to be that missing tool for DRM on Sint
Maarten by providing people with more personalised and in-depth information.

Concentrating emergency information in one single app such as EvacuAPP can
focus the attention of the user on getting information from a verified source of
information and potentially avoid the spread of false information that usually
circulates during an emergency, especially with the advancement and wide-spread
use of social media (Lovari and Bowen, 2019).

We can foresee some limitations in the current development of the app. First,
it relies on an internet connection to have access to the main functionalities, and
therefore in the case of a total failure of the Internet in the area where a user is
connected they cannot use the web-app. Hence, alternatives to solve this issue
need to be implemented in future developments of EvacuAPP. One alternative
could be to use the so-called Device-to-device solution (D2D), which allows
devices close to each other to communicate directly without using external
networks (Sebastien and Harivelo, 2015). An implementation of D2D solution is
presented in (Bahk et al., 2017), Bahk’s solution is called a Mesh Network, where
a device that has lost connectivity will look for other devices using the app in the
surroundings and use them as a router to send the request; another example is
the use of Wi-Fi direct technologies to allow direct communication for two or
more devices (Camps-Mur et al., 2013).
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Second, the EvacuAPP design assumed that the mental state and abilities of
the end user remain unchanged during use in a disastrous situation, which
sometimes might not be accurate for some users due to panic or some physical
constraints due to the emergency. Further developments of EvacuAPP should
include elements of human-centred design principles that account for this kind of
possible impairment. Improvements include simplified maps when a disaster
occurs, by using primary colours to highlight an escape route while keeping the
background colour neutral. There should also be a simplified button to ask for
assistance without the need to fill in a form to take into account users with limited
mobility or high distress levels. The app could include a module that allows the
user to send pre-configured messages not only to the administrators of the web-
app but also to predetermined groups such as family or/and neighbours.

Third, in the current version of EvacuAPP, end users that have requested
assistance cannot follow updates on their request. Therefore, to enhance the
usability of the app, it should contain a function that allows users to verify the
status of their request (i.e. the manager-users have seen it or help is on the way).

Fourth, a single audible alarm should play at critical moments of an emergency,
such as every time a hurricane increases on the Saffir-Simpson scale or when a
hurricane is located within a certain distance from the user. However, this should
not be overused to avoid increasing the levels of stress.

Finally, further developments should include the near-real-time tracking of all
users' locations and status as primary information for the disaster risk managers
on the island. Location can help risk managers to visualise distribution of the
population density and identify areas of potential need, such as the concentration
of non-evacuees in a high-risk area, or detect traffic jams or traffic volume to a
specific shelter, among others. This information can be used to prioritize resource
allocation.

9.5 CONCLUSIONS

In this paper, we present the development of a web application that aims to
be used during emergencies related to weather-related events such as hurricanes
and floods on the island of Sint Maarten. It was designed and implemented based
on the identification of users’ needs as well as some standard functionalities of
emergency management. Having included some of the identified users' needs
might increase the chance of future adoption and use of the web-app on the island.
However, the choice of web-app does not limit the applicability of the
functionalities behind EvacuAPP in other kinds of development (i.e. smartphone

apps).

Even though the thorough design process of EvacuAPP incorporates those
needs identified by several stakeholders on the island and from ICT standards
during emergencies, the web-app we developed can be considered as in
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development. We have already identified some room for improvement as
presented in the discussion section and those can be incorporated in future
developments. On the other hand, it could also be determined after some trials
that some functionalities will no longer be needed for Sint Maarten. Only when it
has been used and applied in drills and in real emergency situations can its full
potential and pitfalls be determined

Social media platforms such as WhatsApp and Facebook were broadly used
during and after the passing of Hurricane Irma (PEARL 2018), which shows a
shift in technologies being used on the island to communicate during a crisis, and
shows the important role of mobile applications for disaster management
nowadays. Even officials from the government used these platforms to
communicate and plan actions before, during and after Irma. However, while
social media platforms are useful in an emergency, they are risky due to the
possibility of spreading fake news and users have reported their frustration about
not finding emergency communication that is fit for the specific purpose (Kremer
2017). Sint Maarten emergency managers should utilise this opportunity to invest
in developing specific applications to communicate the latest and official news in
one centralised place and promotes its use among residents and tourists.

Compared to traditional sources of warning and disaster information
communication, web developments and mobile applications have a greater
potential to be used in disaster risk management by taking advantage of the
inherent sensors in current smartphones and tablets that enable more timely,
directed and personalised information to be sent to the end users.

Despite the interest shown by the stakeholders that we interviewed, concerning
the use of the app and the foreseen potential, at the time we presented the app,
all the public workers of the administration were still dealing with the recovery
phase of the disaster caused by Irma, and they expressed a lack of time to further
explore the app and use within DRM in the island. It is essential to try to push
forward the benefits of adopting this (or other developments) in order to increase
emergency communication on Sint Maarten.

Regardless of the importance of new methods to be used in the disaster
management cycle, such as is the case of web applications, emergency
management organisations should always have another plan to communicate
before, during and after a disaster given the fragility of communication
infrastructure during disasters triggered by natural hazards. In the case of Sint
Maarten, radio communication has been historically the most reliable and used
source in this regard.

At the moment, the number of people that reported evacuation to shelters on
Sint Maarten is very low, only 3% of those who evacuated during Hurricane Irma
choose public shelters (Medina et al. 2019); this is a phenomenon not exclusive to
the island, but is also common in other evacuation studies. However, due to the
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extended damage caused by Irma to the whole island, we expect that the number
of evacuees requiring shelter allocation will increase in future evacuation scenarios.
The present web-app can help new evacuees to shelters by guiding them in an
unknown procedure. Nevertheless, even if people do not evacuate to shelters, some
functionalities of EvacuApp are still useful, such as hurricane forecasting and
tracking, wayfinding directions and the possibility to report safe even if they
evacuate to a different place (e.g. friends’ or relatives’ houses).

Finally, we hope that EvacuAPP will become a standard to be use by the
disaster risk managers on Sint Maarten, as well for residents of the island. We
expect that it will be able to reach a large percentage of the population to create
hurricane and flood awareness among the public when a threat is forecast and
help guide residents to reach safety in the case of a possible evacuation. We also
believe it can help to promote evacuation because it has functionalities that
account for some of the limiting factors for households to not evacuate, such as
reporting looting. Also, EvacuAPP has the potential to become a tool for rescue
and relief teams in the aftermath of a disaster in the case that some residents
require help because they can request help using his/her current location (GPS-
based). If a sufficient number of users is reached in the island, it would be possible
to develop (to a certain extent) real-time evacuation plans based on the evolving
threat and reported location of residents of Sint Maarten.
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10.1BRINGING IT ALL TOGETHER

The previous chapters focus on developing models that aim to capture the
adaptive nature of risk into an assessment framework (ADRA). They do this by
proposing new methods to assess vulnerability and exposure in order to capture
the complex interrelation of humans with the environment more accurately when
faced with a disaster. This chapter summarises the previous chapters’ work
concerning the three research questions presented in the introductory chapter.
Then the chapter continues by presenting reflections on the results of this
dissertation. The last part of this chapter offers an outlook on the remaining open
challenges, practical recommendations, and future or complementary research
opportunities.

10.2MAIN CONTRIBUTIONS OF THIS THESIS

On 27 August 2017, Hurricane Irma originated on the west coast of Cabo
Verde, and after some days of turning into a catastrophic storm, it finally reached
the SIDS of Sint Maarten on 6 September 2017 when it was at its peak of
intensity. The result for Sint Maarten was catastrophic, with billions in economic
losses and the loss of life of some vulnerable residents on the island. The
catastrophe posed a challenge to the research I had already been carrying out for
over three years, and so a decision was made, that it was not only necessary, but
also an ethical responsibility to reshape the focus of the research, and feed our
theories with ground data related to disaster risk in the aftermath of a disaster.
After Hurricane Irma, the aim was that this dissertation’s outputs could be used
to help the reconstruction phase and the Building Back Better plan for the island.

To answer the new challenges, we started by asking ourselves: “What elements
of socioeconomic vulnerability are important in an adaptive risk framework in the
context of a SIDS?”” This question was addressed in chapters 2 and 3. Chapter 2
presents the main results and analysis of our fact-finding mission on the island
regarding vulnerability and risk assessment. In Chapter 3, using an index-based
approach, we performed a socioeconomic vulnerability assessment with the
findings and data collected in the aftermath of Irma.

Hurricane Irma was catastrophic for Sint Maarten but offered an excellent
opportunity to perform an in-depth analysis of some of the root causes of
vulnerability and to incorporate new variables into the computation of
vulnerability indexes that are only possible to observe and detect after a disaster
has unfolded. Travelling to the island gave insights into factors that shape risk
and vulnerability on Sint Maarten that would otherwise be impossible to bring to
light.
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The interviews we carried out allowed respondents to give us insights into their
assessment of risk and hidden drivers that a desk study would not have provided.
One of the most important insights we gained was that despite the intensity of a
forecasted hurricane, and certainty of a direct hit, most Sint Maarten residents
would rather stay in their own houses. Two main reasons were exposed for this
behaviour: to protect the house from looters and from the storm itself, and because
they perceived their houses to be stronger than public shelters and to avoid the
discomfort associated with an evacuation. This finding was later used to shape
the agent-based model implemented in this research as a fundamental behaviour
characteristic of St. Maarten’s residents.

The fieldwork camping allowed us to collect relevant information that
influences vulnerability in a post-disaster environment, which was directly
incorporated into the index approach: level of trust in institutions, risk awareness,
risk perception, the role of information, damage extent, and recovery speed,
among others.

The indexes and associated maps produced in Chapter 3 are the first of this
kind for Sint Maarten despite the potential hazards they encounter each year
during the hurricane season. Our assessment identifies the neighbourhoods on Sint
Maarten most vulnerable to natural hazards with insights into each
neighbourhood’s most important variables. We hope that the findings on
vulnerability can be used to guide policymakers on where to focus the limited
resources available to mitigate (or eliminate) the impact of a potential hazard.

To our knowledge, this is the most integrative study of this type in the context
of SIDS that also incorporates post-disaster findings, and it offers a framework
flexible enough to assess vulnerability in other similar areas with similar potential
hazards and geographic characteristics.

Once we had answered the question on vulnerability, we moved on to the
second disaster risk assessment component. We asked: “What are the main
predictors of adaptive behaviour to reduce exposure in a SIDS?” To answer this
question, again, the data we managed to collect through surveys in the aftermath
of Hurricane Irma, combined with the findings on socioeconomic vulnerability,
was the basis to assess the exposure component of risk. We answer this question
in Chapter 5 and Chapter 7.

When humans are faced with a potential threat to life or damage to
infrastructure, they react and adapt, to the best of their capacities (or intentions),
to mitigate the possible impact of such a threat by performing reduction of
exposure measures; this stresses the importance of capturing the dynamics by
which exposure evolves over time for a more realistic DRA. Evacuation from the
potential threat zone and adoption of in-situ protective measures are listed among
the most effective (and performed) actions to undertake to reduce exposure to a
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threat. Evacuation behaviour is analysed in Chapter 5 and Chapter 7, whereas
in-situ protection is assessed in Chapter 7.

Evacuation during disasters triggered by natural hazards is perhaps one of the
most studied disaster risk reduction strategies. Still, despite the number of studies
on the topic, we found a lack of agreement on which variables can be used as
predictors for individuals (or households) to evacuate, which can be partially
explained by local, environmental and cultural differences. Hence, a study leading
to the local predictors that could explain the observed evacuation behaviour on
Sint Maarten was needed. In Chapter 5, using binomial logistic regression
analysis, we explored a set of variables or predictors to explain the behaviour to
evacuate (or not) on Sint Maarten. For Sint Maarten, we found that six variables
help to explain the observed evacuation behaviour. Gender, homeownership,
percentage of property damage, quality of the information, number of house
storeys, and the vulnerability index were all found statistically significant as
predictors of evacuation. We formulated a regression equation model to assess the
chances of evacuating a particular household on Sint Marten probabilistically,
and the results are presented in probabilistic distribution maps per
neighbourhood.

Despite the amount of studies on evacuation behaviour, and SIDS being listed
as one of the most vulnerable and exposed territories to natural disasters, there
was a lack of literature applied to evacuation in the context of SIDS. Our findings
are amongst the first of this kind. Table 5.1 in Chapter 5 offers a guide to which
parameters could be potentially used as predictors of evacuation in the context of
SIDS.

To further explore the role of exposure on disaster risk, in Chapter 7 we used
an ABM as a virtual laboratory that offers a new tool to explore how a system
may evolve to changes in key components that may promote or restrict protective
actions during a disaster. Based on the finding of Chapter 5, we focused our
analysis on how the quality of the information received during an emergency may
shape the reaction towards protective actions during an emergency; the quality
of information being defined in this dissertation as the trust of the source and the
content of the information received.

Despite exposure to natural hazards being a distinctive component of disaster
risk, it is common practice to assess this component in DRA studies as part of
the physical component of vulnerability, or it is studied assuming that the sole
presence of infrastructure determines the degree of exposure of a system (i.e. land
use maps, a layer of buildings). This conceptualisation of exposure fails to capture
the adaptive nature of humans to their changing environment. It is an
oversimplification to assume that (all) humans will not adapt or prepare (e.g.
evacuate, in-situ protection) to a certain extent when a known threat is
approaching, regardless of the uncertainty associated with forecast information.
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Our ABM methodology builds on this gap in the exposure assessment, by
studying the complex interaction between humans and their environment (i.e. the
urban fabric and the hazard itself). We were able to capture the adaptive human
behaviour into the exposure component. We have explored how evacuation and
in-situ preparation can change the exposure level due to different fluxes of
information and source credibility. What differentiates our exposure methodology
is that it is built as a human-centred approach compared to infrastructure or
physical vulnerability approaches that we found as standard practice in DRA
studies.

In addition, in Chapter 6, we present an extensive systematic literature review
on the use of ABM in water-related disasters. A comprehensive literature review
on ABM used for water-related DRM was done because this modelling tool was
used to incorporate (in Chapter 7) the adaptive behaviour of humans into the
exposure component of the proposed adaptive disaster risk assessment of this
dissertation. Despite the increasing popularity of ABM for DRM, a literature
review in the intersection of both disciplines was found to be lacking. We believe
that our findings manage to identify current (best) practices, research gaps and
ways to move forward the field of ABM for WR-DRM and that our review can
provide a starting point for further research in both ABM and DRM.

We asked the final question: “How beneficial is an Adaptive Disaster Risk
Assessment over traditional Disaster Risk Assessment methodologies?” This
question was answered in Chapter 8, in which we present a methodology to assess
risk, including the adaptive nature of exposure. The proposed methodology, called
ADRA, is a holistic framework that combines all previous disaster risk assessment
findings in this dissertation. ADRA uses the vulnerability assessment results in
Chapter 3, the probabilistic evacuation maps produced in Chapter 5, and the
protective behaviour simulations of Chapter 7.

ADRA’s major novelty is incorporating adaptive exposure maps that reflect
the protective actions that households on Sint Maarten may undertake to decrease
exposure levels when faced with an imminent disaster. We account for two
protective measures, evacuation and in-situ preparation. ADRA is a human-life-
centred approach in which the risk that it aims to assess is the loss of human lives
by reducing contact with the hazard. ADRA visualisation maps allow the impacts
of a particular strategy in reducing (or not) the exposure and risk levels at the
neighbourhood scale to be evaluated. Understanding differences in response to
different strategies for exposure reduction gives DRM managers the possibility to
target different strategies that better fit a particular neighbourhood of interest.

Finally, in this dissertation, we wanted to offer a practical tool to answer some
of the specific needs that this dissertation found significant for DRR on Sint
Maarten. We proposed and created a web application tool that aims for better
information flow during the different phases of a disaster. EvacuAPP is a web-
based application built using the insight we collected during several interviews
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with stakeholders on the island of Sint Maarten in the aftermath of Hurricane
Irma.

A communication tool was selected as a practical tool for DRR on Sint
Maarten, based on the findings of Chapter 5, where information was found to
play a significant role in reducing exposure by promoting evacuation and risk
awareness. In Chapter 7, and in Chapter 8, the importance of information on Sint
Maarten was again proved to be important when simulating how institutions and
peers’ role in communicating risk can completely change the island’s exposure and
risk maps

10.3 REFLECTIONS

10.3.10n Vulnerability Assessment

SIDS socioeconomic and geographical characteristics make them very distinct
to other territories. These characteristics are their undiversified economies, limited
natural resources, multi-ethnic cultures, geographical isolation, and constant
threat to extreme weather events. These all highlight the need to consider a
selection of variables and multiple dimensions that may encompass the
vulnerability to disasters triggered by natural hazards in such regions. In this
regard, our index-based approach (PeVI), combined with the PCA analysis,
allows the important drivers of vulnerability to be revealed by using a quantitative
method. Furthermore, that vulnerability in the context of SIDS can be studied
using three dimensions: susceptibility, coping capacities and (lack of) adaptation
capacities. The index also has significance for policymakers and disaster risk
managers to support their decisions in a multidimensional vulnerability
identification approach.

Index-based socioeconomic vulnerability assessments are the system’s
“snapshot” at the moment at which the study was performed (or when the multiple
inputs were collected), but many (if not all) of the elements used to compute the
index are dynamic and adjust in time as a response to the complex interactions
and interconnection of the social, political and environmental systems. Hence, it
is important to acknowledge this limitation and keep updating the system’s
current vulnerability status in terms of disaster risk.

Socioeconomic vulnerability is categorised as a non-linear phenomenon and
driven by location-specific variables. Still, to a certain extent, our methodology
can be used as a framework to assess socioeconomic vulnerability in the context
of SIDS given the flexibility in its design to remove or incorporate variables that
are relevant for a particular case.

Given the high societal component of vulnerability, such an assessment should
be done by multidisciplinary teams that can bring different concepts, theories and
preferences to the table. Also, vulnerability assessment should not rely exclusively
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on desk-based information; it is necessary to “feel” and “experience” the actual
environment in which the vulnerability evolves. Surveying in a post-disaster
environment presented some challenges to the research team, from the ethical
dilemmas of interviewing an individual in distress to logistical issues such as the
timing of the study and the number of question one may pose to an interviewee.
Still, it offers invaluable lessons on what elements to include in our vulnerability
assessment.

However, challenges remain regarding the implementation of the index-based
approach. Many of the variables used to compute PeVI are qualitative and based
on perceptions of the survey respondent; hence, the subjectivity and validity of
such answers can increase uncertainty in the results. Many of the data needed are
only possible to reveal after a disaster has occurred, such as evacuation or
protective behaviour intentions, or how a disaster may have changed how someone
values its risk. Besides, vulnerability assessments require a considerable amount
of data at very detailed aggregation levels to be useful. However, such data is
often not accessible to this type of study due to the protection of identity issues,
or lack of willingness or time to cooperate.

10.3.20n Exposure Assessment

Reflecting on the assessment of exposure, the first lesson for our modelling
purposes and a better understanding of why (most) people do not evacuate on
Sint Maarten is contextualising risk in SIDS settings. The size of SIDS compared
to the size and intensities of major hurricanes means that no matter where on the
island an individual is, the exposure cannot be avoided to a certain extent. Under
certainty of being exposed, an individual (or household) will always prefer to face
the hazard in their place of residence.

However, the above does not hold true if the perception of risk at their location
is perceived to be high, or they do not trust the house’s structural integrity. In
this regard, it is imperative that disaster risk managers properly identify high-risk
areas using a multi-hazard assessment, and most importantly communicate the
level of risk to those located in those areas. Perception of being located in a risk
area has been proved to be one of the variables that better promotes protective
actions at the household level.

When communicating warning information, not only a warning but also the
message content is relevant; a Category 5 hurricane warning will not be sufficient
to promote protective actions (at least not on Sint Maarten). Warning and
awareness of a threat are necessary to take protective actions but offer an
incomplete picture of the underlying and complex process that may lead a person
to take action. How the message is delivered, accepted and understood by
individuals and the community plays a major role in warning communication
strategies to lower the exposure. In this regard, trust in the source of information
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plays a significant role when an individual interprets and assesses his/her level of
perceived risk.

The role of traditional media and social media in evacuation behaviour seems
to have a greater impact on taking protective actions. However, most of the effort
to increase the adoption of protective measures is put into official sources of
information. There is also a clear need to understand better the effects that non-
official sources of information have on promoting or limiting protective actions,
and how new technologies can be used to achieve better responses to protect
against a potential hazard.

Our method to assess exposure (using the ABM - Chapter 7) proves that to
understand protective action behaviour, future research should not only focus on
the characteristics of those who perform any type of protection, but also move
forward to a better understanding of what other internal or external factors
influence the decision-making process. How individuals (or households) perform
decision-making during a possible threat is based on their risk assessment. This
assessment is very complicated in a natural-hazard context due to the high
uncertainty associated with natural phenomena such as floods and hurricane. Will
it happen? Moreover, if so, how severe it will be? Is the household going to be
affected? Is it better (safer) in my current location or shall we evacuate, are
questions that every individual (or household) must answer before taking action
or staying after the awareness of a possible threat.

One limitation on evacuation and exposure to natural hazards studies is the
many variables involved in an individual’s decision-making during an evacuation.
Understanding which variables apply to a particular case study is vital;
demographics, prior knowledge and evacuation experience, social network,
perceived versus actual risk, warning content and how and by whom it was
communicated, among others can all be good predictors of actual evacuation
behaviour. Literature reviews on hurricane evacuation do not agree on which
variables are good predictors or not, and often contradictory findings have been
reported. Therefore, it is necessary to evaluate which particular variables can be
used in a particular case study. Only by doing this can more realistic protective
action models be achieved. This will help decision makers to take the necessary
measures to mitigate the loss of lives, measures such as improvement of shelters,
better warning communications (i.e. direct evacuation orders), and better risk
awareness campaigns.

10.3.30n Adaptive Risk Assessment

Disaster risk assessments are traditionally estimated using a static approach.
However, disaster risk is dynamic and adaptive to changes in the components of
vulnerability and exposure. Failure to incorporate such adaptive behaviour into
DRA may give an incomplete picture or scale of the disaster risk. In this
dissertation, we show how to possibly incorporate the adaptive nature of the
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exposure component by either using probabilistic maps or results from ABM
simulations, and what can be gained from such an approach to have a different
system understanding.

Based on the key drivers of decision-making, particularly for Sint Maarten, our
implementation of adaptive exposure focuses on hazard-related information.
However, implementations in other regions should consider which elements are
more important to explore. The current implementation of the ABM can be
adjusted to reflect those local needs, but a good system understanding should be
provided beforehand, and some programming skills are required.

We learned from our modelling process that for disasters associated with
extreme events, there is a low probability of occurrence but a high impact; the
critical component in DRA is the exposure. There is a threshold on the magnitude
of a hazard where everyone will be affected, and the only option will be to avoid
(or limit) the exposure to the hazard, which is particularly true for SIDS given
their size compared to a major hurricane. For SIDS, where the exposure
component cannot be entirely removed (e.g. timely evacuation), the strategies to
reduce exposure should be focused on proper land use planning, complemented
with non-structural measures for preventing or mitigating risk. Early warning
systems, proper identification and communication of risk, schemes for loss
compensation, and adequate preparation and planning are all necessary for DRR
in the SIDS context.

The ADRA framework and traditional disaster risk assessment methods cannot
be seen as contradictory but as complementary methods. On the one hand, ADRA
assessment can show which protective measures can be more useful to lower risk
(to life) and show where those measures will have a more significant impact. For
example, ADRA outputs can be used to detect those areas where more awareness
campaigns need to be carried out or to identify areas where potentially extra
resources will be needed in the aftermath of a disaster, allowing the resource
allocation to be planned. On the other hand, traditional approaches are useful in
assessing the overall impact of a hazard in a particular region of interest.
Traditional approaches can be used for evaluating the impact on infrastructure
and economy, as well as for zoning and regulations

10.3.40n ABM for DRM

The lack of consensus in the definition or in the terminology used to describe
the modelling of complex systems through the use of agents is a current challenge
that researchers must face when dealing with a literature search on a specific
topic. Different disciplines use different terminology referring to the same concepts
and principles, making it difficult to keep track of the progress on ABM and more
difficult (or confusing) to understand for those who are just starting to use ABM
as a modelling technique. In addition, the use of different terminology makes
multidisciplinary cooperation more challenging.
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There is also a lack of agreement and poor definition of what ABM really
means. ABM across the papers included in our review (Chapter 6) is referred to
in multiple ways, as a toolkit, as a modelling paradigm or technique, or just as
software. The lack of a unified definition adds another layer of complexity to the
use of ABM not only in the WR-DRM domain but in general.

Based on the results in the different search engines used in our review (Chapter
6) and on the selection of relevant articles after the manual selection and exclusion
of papers, we proposed that the set of words ‘Agent-Based Models’ should be the
standard when referring to the use of modelling complex adaptive systems based
on microsimulation of individual agents in DRM. We came up with this
proposition as Agent-based models is the most used terminology nowadays, and
therefore, this makes it easier to adopt it as the standard.

Finally, we suggest that a good ABM for WR-DRM should include the
following eight elements: (i) a clearly stated research goal or objective, (ii) a
review phase of existing ABMs that may serve as a starting point either for ideas
or to reuse the code, (iii) explicit use of a standard to describe and document the
design of the ABM (we suggest the ODD+D protocol) (iv) a clear definition and
documentation of the protocol, ground theory and rules used in the architecture
for agents’ decision-making process, (v) a section to explain precisely how the
verification and validation of the model were done, (vi) some type of model
analysis and preferably sensitivity analysis on the most relevant parameters
influencing the model, (vii) a reflection on how the research has contributed to
the understanding of the processes being modelled beyond the case study
application and offer a guide on transferability to other case studies and (viii)
finally, share the source code; we suggest using the OpenABM initiative. These
outlined steps should be met to help ABM become broadly used and accepted for
WR-DRM.

10.3.50n Sint Maarten DRR

Devastation like that observed on Sint Maarten after Hurricane Irma needs to
be seen beyond the disaster. It can be an opportunity to rebuild a less vulnerable
island. One key issue on Sint Maarten is the materials and methods used to
construct houses/buildings. The government should improve the outdated
building codes, increase inspections, and assist in rebuilding both financially and
technically all over the island. The government should also review the land leasing
model to implement more control over the quality of constructions in those areas
identified as the most vulnerable during the household survey.

Residents perceive that one of the most critical factors of vulnerability is posed
by the slow recovery pace after Hurricane Irma. The government can address this
situation among others by implementing a hurricane fund and adding financial
resources to the fund every year from taxation. A recovery fund will allow the
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independent island state to finance the reconstruction with less dependency on
the Dutch government or other external financial organisations or donors.

In hindsight, closing most public shelters before the hurricane was the right
decision because they are not designed to withstand Category 5 hurricanes, as
demonstrated by the collapse of part of the roof of two of the shelters — Sister
Marie-Laurence School and the New Testament Baptist Church. However, it is
important to highlight that some residents needed the shelters to be open before
the hurricane struck since their housing conditions were even less resistant, and
their social links (family or friends) were not useful or did not exist at all, as for
example in the case of some undocumented immigrants. The recommendation is
that the government invests in improving the existing shelters or building new
dedicated shelters. In addition, the provision of water, food, and beds must be
guaranteed if the government wants people to make use of the shelters.
Implementing awareness campaigns for the overall population of the island is
necessary if the government decides to undergo improvements of the existing
shelters.

Based on the interviews, the Sint Maarten government has lost much
credibility among the island’s residents regarding disaster management, warnings,
and evacuation communication, which increases vulnerability for the next
hurricane seasons on the island. It is advisable to run several awareness campaigns
before every new hurricane season to regain the inhabitants’ trust and adequately
communicate the possible threats the island may face in the future. Awareness
campaigns also help to maintain the residents’ social memory to adapt and
become better prepared prior to future hurricanes.

We have also detected that given the multiracial and multicultural
environment of immigrants on Sint Maarten (undocumented or not) the fact that
warning information is mainly disseminated in English and Dutch is excluding
large sectors of the population with little or no knowledge of these languages,
especially the Hispanic and French-speaking communities. Hence, we suggest that
an effective measure to reduce vulnerability is through improving the
communication of the warning messages, by including more languages, and by
simplifying the content of the message so it can be easily understood for non-
educated inhabitants.

Radio is the most important source of information on the island. However, the
fact that social media platforms such as WhatsApp and Facebook were also
broadly used during and after Hurricane Irma shows the shift in technologies and
the important role of mobile applications in disaster management.

To minimise the impacts of a disaster such as the one caused by Hurricane
Irma, the government of Sint Maarten needs to promote policies and strategies to
diversify the economy of the island to not only depend on tourism; this could
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potentially decrease the level of vulnerability since the economic coverage was the
predominant factor driving socio-economic vulnerability on the island.

10.3.6 On my PhD journey

I want to end this part of the dissertation with a personal note. Nothing can
prepare you to see someone break down in tears in front of you because they lost
everything they have to a natural hazard, from material objects to relatives. The
experience of travelling to a devastated area after Hurricane Irma taught me a
great lesson in humility. Following an engineering approach, (I) we mainly focus
on the numbers in our models, we calibrate to the third decimal place, we polish
our maps to be aligned correctly and with the best colour palette, and we forget
that behind the simulations, the maps, and the reports we produce, there are
people.

We shall never forget that working in DRM, we owe all of our work to people.
We need to produce meaningful and usable science. This PhD journey has taught
me to be more empathetic, and less rigid in carrying out my work. It will be very
satisfactory from a personal and professional point of view if some of the practical
recommendations we offer throughout this dissertation resonate in the people in
charge of DRM on Sint Marten, and some of the recommendations are adopted
to reduce risk on the island.

10.4FUTURE DIRECTIONS

Index-based approaches for vulnerability assessments are built using large
datasets that are often not available in developing nations. Not having all the
base information in an index-based approach such as PeVI can create an
unbalanced index with some dimensions fully represented by variables while other
cannot be explored in detail, offering a partial picture of the vulnerability of a
case study. We partially face this limitation; in PeVI, the number of factors used
to measure the lack of adaptation component is lower than the other two
vulnerability components. We could not include as many elements as desired due
to the complexity of the component and the limitations with data access on the
island. Future vulnerability analysis on Sint Maarten should include more
elements of adaptation capacities to have a more balanced index. Examples of
variables that could be included are climate change perception, adoption of green
infrastructure and nature-based solutions, an income parity ratio, air quality data,
enhancements of early warning systems and the implementation of a hurricane
(or disaster) fund.

One limitation with our methodology is that as a design choice, ADRA only
includes adaptability in the exposure component; changes and adaptability into
the vulnerability are not accounted for in the model. Adaptation was not included
in the vulnerability component because we were interested in evaluating the
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(temporary) protective measures undertaken in the face of a weather-related
hazard, and we simulated our virtual city in time steps of days. In contrast,
vulnerability reduction measures are typically planned for the long term, requiring
longer time steps or total simulation time. We acknowledge that incorporating
vulnerability and long-term measures gives a more robust tool for DRM, and that
it will make it possible to include adaptation in the aftermath of a disaster and
how the vulnerability is re-shaped after a disaster. Future implementations of
ADRA methodology can include a dynamic and adaptive version of vulnerability
as well.

In the same way, an operational ABM such as the one developed in this thesis
will also benefit by linking it with institutional ABM (Abebe et al., 2019b; Haer
et al., 2019); this aims to evaluate the impact of policies and regulations in flood
risk management, and evaluate the impact of the coupled ABMs.

Another constraint of the current ABM implementation is that agents
(households) do not move into the environment (urban city). Again, this was a
modelling choice based on the research aim and the system’s properties being
evaluated (a hurricane on Sint Maarten). For other settings, such as evaluating
large-scale evacuations, or a different type of hazard (e.g. flash floods), where
location and time may be relevant to assess the impact of the hazard on the
agents and the environment, it will be necessary to incorporate moving agents.
The literature review in Chapter 6 presents several examples of ABM used for
evacuation purposes, and we have already suggested ways to improve and
implement such types of ABM.

Given the timing of this dissertation, an exciting scenario to use the ABM’s
potentialities would be to explore the effects of the Covid-19 pandemic in
protective actions in times of emergencies, mainly how Covid-19 may have limited
evacuation behaviour in the 2020 hurricane season, which was the most active on
record (29 named storms). Collecting data of evacuation behaviours during the
pandemic could be used to set up an ABM.

We believe that involving the stakeholders in different ABM modelling cycle
phases is a relevant practice in ABMs for WR-DRM. Stakeholders can add value
in the setup, validation or calibration of ABMs because this will allow modellers
to define the rules and behaviours based on cultural and behavioural context. In
this modelling approach, some precautions need to be kept in the mind of the
modellers. Stakeholder selection is critical, the ABM modeller needs to carefully
select a representative number of possible stakeholders to minimise bias or avoid
conflicts of interest and take into account the effects of group observation on the
participants’ behaviour. A protocol or standard will be needed to select
stakeholders and report and measure the different stakeholders’ decision-making
process if participatory modelling results are intended to parameterise the agent’s
rules.
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In addition, the use of new data sources such as big data and near or real-time
location from cell phone location data remains unexplored for validation or
calibration of ABMs for WR-DRM. From our findings, only the work of Yin et
al. (2019) presents a validation of an evacuation model using population
distributions generated by mobile phone location data. This research can give us
a glance into the potential of using these types of data model validation. We
believe big data will play a fundamental role in model validation of ABMs for
WR-DRM and can make model outputs more robust and widely accepted. In
terms of human decision making, one can ask, what can be the potential use of
artificial intelligence or neuronal networks in a more sophisticated implementation
(or calibration) of the agent’s decision making? Mustafa et al. (2018) give a
preview of the potential of such technologies, as they calibrated their model
parameters using genetic algorithms.

In terms of the predictor used to assess evacuation behaviour on Sint Maarten,
this study also has some limitations; due to the restrictions in the post-disaster
environment, we did not ask several potential predictors of evacuation in the
survey. Amongst those are household income; high income increases the
probability of people going to a hotel rather than to a public shelter (Lee et al.,
2018; Smith and McCarty, 2009), or in the case of Sint Maarten, the possibility
to evacuate the island before hurricane landfall. Prior evacuation behaviour has
also been reported as a good predictor for future evacuation (Thompson et al.,
2017). Unfortunately, we did not collect this information and exploring its
statistical significance could add another helpful predictor to our logistic
regression models. The role of faith and religious groups in the evacuation decision
making would also be interesting to explore. We did not directly include such an
element. Hence, no statistical significance on this can be drawn from our data,
but in our data collection, the respondents repeatedly mentioned that they just
put their lives in the hands of ‘God’ and expect the best outcome when faced with
disasters triggered by natural hazards. These limitations offer opportunities for
further research. Also, we did not ask those who did not evacuate if they
performed protective actions in situ and to what extent, information that can be
used to validate the findings of our ABM in Chapter 7.

Current warning messages are too technical; they might be useful for
government and DRM officials but not for the general public. People need a more
concrete and simplified version. In terms of winds, besides the category of the
hurricane, the message should include a short note with a scale they can associate
with (e.g. this category is expected to cause damage to well-built framed homes).
Estimated time of impact was also valued as important in the fieldwork findings;
not having an estimated time limited the protective action. In addition, the
current forecast (based on NHC reports) does not account for other hazards
associated with a hurricane, and not showing potential storm surges or potential
inland flooding may create a false sense of security in those who believe their
house is strong enough to sustain the winds of the forecasted hurricane but that
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may be prone to other hazards. For the 2020 hurricane season, the NHC started
experimenting with a visualisation of the expected storm surge inundation values
(NHC, 2020). The new content of the NHC report is a good way to increase
awareness and risk perception and to promote adoption of protective actions.
However, the experimental phase was only available for mainland USA and its
territories. In addition, with the observed increase in hurricane intensity, one can
ask if it is time to add an extra category to the Saffir-Simpson scale to accurately
represent off-the-chart winds and storm surges.

DRA frameworks typically use economic losses to assess the impact of different
DRA. The assessment of impacts in DRA should move further from direct
physical and monetary losses and include some indirect socioeconomic impacts
associated with disasters triggered by natural disasters, for example, post-
traumatic stress syndrome, loss of job and depression. The socioeconomic impacts
are rarely studied or integrated into DRA frameworks. DRA will benefit from
such integration in their frameworks as they are critical for recovery after a
disaster.
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APPEN DIX A. HOUSEHOLD SURVEY - FACE-TO-FACE INTERVIEW

Questionnaire Post- Hurricane IRMA. pea rl. o m IHE

peckT M

Questionnaire Post- Hurricane IRMA.

To citizens of Sint Maarten,

Thank you for supporting this household survey.

This questionnaire is part of an international research project. IHE Delft — Institute for water education
is performing a study aiming to gather valuable information on the perception, preparedness, and risk
for hurricane evacuation, as well other specific insights on hurricane and flood related hazards
potentially affecting the population of Sint Maarten.

Your participation in this survey will be treated anonymously and all the information will be kept
confidential and individual records won't be shared with any officials of the Island or any other
administrative entity.

Your answers will help the research to gain a deeper understanding of flood risks and hurricane
evacuation in the island which will enhance future decision making processes for land use and spatial
planning, risk reduction and infrastructure improvement as well as evacuation plans if they are found
necessary.

The guestionnaire consists of three parts: General information, preparedness and reaction and risk
perception/awareness. It is estimated to take you around 10 to 15 minutes to fill it in completely.
Please read every guestion carefully and in case of doubts do not hesitate to contact the responsible
team that handed the survey to you.

Thank you again for your support. With your help we can build a safer Sint Maarten for alll!!

Survey D Map #: Field Paper:

pearlo ﬁ LI"!”.

Part 1. General f Household Information

# Question Answer
=] Yes
1.1 | Were you bornin Sint Maarten?
=] NO where:
12 Year of birth (interviewes)
=] Female
13 | Gender =] Male
=] Other
14 ‘Which year did you move to the part of
B the island you are currently lving?
15 Total number of inhabitants in the
- houzzhold (Including yourself)
16 | Areyoutenantor owner of the house / =2 Tenant
; apartrnent?
" =] Owner
17 Do you know the year of construction of a Yes Specify:
B the howse?
=] No
18 If working. What describe best your job Q Permanent or Fixed location
focation: a Changing lacation
19 How many cars are within your
B househeld?
110 How many smartphones,tablets are
B within your household?
=] Yes
111 | Doyou have any pets or animals?
=] No
=] Yes
112 ks your home insured for natural
B diasters? Q No
. =] Yes
113 ks your home insured against lootings or
B riots? a No

Page | i

Page 1o0f7




Adaptive Disaster Risk Assessmet

Questionnaire Post- Hurricane IRMA.
Survey 1D Map #: Field Paper:
Part 2. Events, Preparedness and reaction
# Question Answer
How many hurricanes and tropical storms, if any, do you
21 remember to have hit Sint Maarten during the time you
have lived here?
a To a great extent
=1 To a moderate extent
23 Do you know where to get up-to-date information on a To some extent
N early warnings and actual evacuation news finstructions? | O To a small extent
=1 Not at all
a Prefer not to answer / Not Applicable
a ™
=] Radio
a Sint Maarten gowernment channel
From where do you get the latest updates on warnings a Sirens [ Speakers [ Megaphone
o -
23 orevecustion Informetion? =1 Sign posted in my neighbourhood
) a Mabile App. Nama:
Mark all that apply. a Friend or relative
=1 Internet
= | Other services. Please specify
Regarding Hurricana IRMA. =2 Yes »
Please Specify # days:
4 Did you receive any waming information before the pecify v
hurricane hit the |sland? ju | No
a Sint Maarten government official
a Ammy or Police department
If warning information was received. From whom a Fire department
did you recehve it? a Weather Broadcast (TV or internet)
243 Q Family member or Friend
Mark all that apply a Red Cross / Civil defence
a Other.
Q Prefer not to answer / Not Applicable
a Yes 2 Please answer from 26.ato2.6.e
25 Did you and your family evacuate for Hurricane IRMA?
=1 No = Please answer from 2.7.a to 2.7.m
If you answered YES toquestion 2.5 please answer questions 2.6.a to 2.6.e
a Before the hurricane arrived
a Just as the hurricane arrived
26.8 ‘When did you evacuate (leave yn!.u home or work] b= During the hurricans
to go someplace safe during hurricane IRMA? .
a After the hurricane has passed
a Prefer not to answer / Not Applicable

Questionnaire Post- Hurricane IRMA.

Survey ID: Map #: Field Paper:
# Question Answer
=] Yes
16.b Was the warning'evacuation information given with | O Mo 3 Specify ¥ of days you would
o sufficient time totake actions? need to complete a safe evacuation:
R ) ) a 1-2 days
If no sufficient time, and in order to complete a
26b1 safe evacuation. Could you estimate how many | =2 3-ddays
o days in advance would need to receive the =] 4-6days
evacuation infarmation? a More than 6 days
=] General evacuation order
=] Shefter location
What type of information did you receive? a Expected date/time of hurricane
26.C a Driving/walking direction
Mark all that apply a What to bring to shelter
a Other. Please specify
=1 Yes
26.d Did you follow the given instructions? a No
Q Prefer not to answer / Not Apolicable
=] Public shelter
=] Spedal nesds Shelter
a Pet-Friendly shelter
If you evacuated from hurricane IRMA before the =] Homeof a relative or friend
lB.e hurricane hit the kland, where did you choose to
o a Hotel
go?
=] 1 left the island
=] Other. Please specify

IF QUESTION 2.5 was Negatively answer. This is you did NOT evacu ate pleas e answer questions 2.7.a to 2.7.m

2.7 How strongly did each of the following factors influence your decision to remain at home and NOT evacuate during

hurricane IRMA?

For each factor, please wse the scale, ranging from “Mot at all influential” to “Extremely Influential™.

Mot at all Slightly
influential | Influential

Somewhat Very Extremely
Influential Influential Influential

Prefer
not to
Answer

27b

| feit Hurricane IRMA would
not bea threat

27.c

My home s strong enough to
resist a hurricane

27d

Sameone | know said there
was no need for me to
EVaCUate

21e

I did not know where to
evacuate

Page2 of 7
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APPENDIX A. Household survey — Face-to-face interview Household survey — Face-to-face interview

Questionnaire Post- Hurricane IRMA. Questionnaire Post- Hurricane IRMA.
T pe d I'| °' T |
Survey ID: Map #: Field Paper: ouirr Survey 1D Map #: Field Paper: - cuiri M
" Question Answer Part 3. Risk Percey n / Awareness
Mot at al Slightly Somewhat Very Exctramety Prefer ¥ il n Answeer
influerntial Influential Influential Influertial Influential :n to Sint Maarten Governmeant
nswer —
374 | !didnottrust the offical With regard to Hurricanes, floods and natural JR— Dutch Government
o warning dstastes;'htn'\:ln yrntu.. t_:un( s responsible for taking Police / Fire department
action in Sint Maarten?
| neaded assistance to ! .
278 evacuate myself or a relative 31 — Citizens
_ ¥ Please choose and rank the three most relevant to . .
27 I did not receive an official you. Where L is the most important and 3 theleast | ——  Red Cross / Civil Defence
LT .
warmng Impostam Others. Please Specify
37 Inmy experience, it is batter
- to stay at home
27k | was waiting to reunite with 3.2 How likely & it that you would evacuate if the following events are forecasted to hit your local area? .
o family and/or friends
| did not want to leave my Definitely | Probably tboue | Probably | Defiritely ::‘:u
2.7 | propeny alone for fear of waukdnot | would nat 50/50 would would i
looters
| consider the facilities of the . o
2.7.m | shelters are not adequate to 3la Tropical depression (winds
avacuate less than 68 km/h)
Continue questions to all respondents sab Tropical depression (winds
ju To a great extent o 63-118 km/n}
=] To amoderate extent ri Y i
Based on your experiences during previous evacuations. 32c Hurricane Category 1 fwinds
Q To asome extent 18-153 km/h}
28
Do you t'l.;st official sources of warning or evacuationin | O To asmall extent 32 Hurricane Category 2 (winds
the sland? a Not atall - 154-177 km/h}
Q Prefer not to answer [ Not Applicable 12 Hurriczne Categary 3 [winds
€ | 178-208 kmin)
2.9 To what extent do you agree with the following statements: In Sint Maartan...
3af Hurricane Category 4 [winds
- - St Shronal Prefer - 208-251 km/h)
SO | pisagree B P agree TEEY | natta
Disagree Disagree Agree Agree e 13 Hurricane Category 5 [winds
<8 miore than 252 km/h)
“... the number of ovofable
293 helters is ad -
shelters & odoquate; 3.3. Towhat extent do you agree with the following statements:
290 “_.the locotion of the "
: shefters are adequate™ Strongly Shightly Slhightly Strongly Precker
mer omagree | o * Agree nat ta
bagres sagree Agree Agree B
28.c “_.the rood infrastructure e
to evacuate s odequate’ “if the eorly wamings that |
o Medical services / Access to haspitals receive would be more precise
a El . 33a and would reoch me more
ectricity directly. | would follow them
Did your household experience a shortage of critical a Water supply mare than ! do now”
3.0 infrastructure services due to Hurricane lrma? =] Sanitation
: Q Transport “Ir St Moarten, the osses due
Please choose all that apply =] Mo affected to the recent hurricane could
o Other 13p have been prevented by mare
Q Prefer not to answer [ Not Applicable appmprinte planning 0"?’
management from the City
authorities”
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Questionnaire Post- Hurricane IRMA.

Survey ID: Map #: Field Paper:
# Question Answer
=] Less than once a day
a About once a day
‘When a hurricane or tropical storm approaches
Q Several times a day
14 your kocal area, how frequently, do you check the
: forecasts on TV, mobile, radio, and/foron the a Every couple of hours
Internet? =] Throughout the whele day
=] No Answer [ Not Applicable
Have you previously received any official training/ = Yes
35 or had community meetings, regarding procedures | Q No
for hurricane or disaster evacuation? =] Mo Answer | Not Applicable
Flying or falling objects from high winds
Rising water levels and high waves (storm
To the best of your knowledge, which one of the surge)
foliowing is the most likely cause of injury or death Flooding from heavy rains
i ?
36 durirg @ hurricane? Accidents during evacuation
Please choose all that apphy Mot really sure
Others
Specify
3.7. To what extent do you agree with the following statements:
Prefer
Strangly X Slightly | Sightsy Strongly
Dhagree | TS | peagres | Agree | 0™ | agree Do

37a

“After hurricane lrma | would
definitely acquire a home
insurance for natural disasters™

37b

“After hurricane lrma | would
definitely acquire o home
insurance for Riots ond
Looting”

17c

“After harricane Irma | would
definitely acquire a life
insurance for mysslf or my
relgtives”

Final Remarks.

Please share any additional comments, suggestions or information related with Hurricane evacuation,
floods, natural disasters and institutions in Sint Maarten.

Page 6 of 7

Questionnaire Post- Hurricane IRMA.

Survey ID:

Map #: Field Paper:

pearl C @

(] |

Thank you for your time completing this questionnaire. If you want to be contacted once we have the
results from this survey, please provide us with your personal information.

Name:

Telephone:

e-mail:
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APPEN DIX B. VULNERABILITY INDEX FOR EACH NEIGHBOURHOOD

Table D.1 Assessment of Vulnerability. Components and PeVI values.

Lack of Lack of PeVI —

ID Neighbourhood Susceptibility Coping Adaptation Vulnerability

Capacities Capacities Index
1 Low Lands 25.16 32.51 32.25 29.97
2 Point Pirouette 24.83 34.13 2.19 20.38
3 Maho 23.82 21.60 54.06 33.16
4  Beacon Hill 29.56 41.68 13.48 28.24
5 The Airport No Data No Data No Data No Data
6 Simpson Bay Village 34.46 39.06 24.41 32.64
7 Cole Bay Lagoon 20.39 40.44 17.00 25.95
8  Billy Folly 27.39 35.65 14.95 26.00
9  Cay Bay 29.69 40.93 43.02 37.88
10 Diamond 30.18 34.71 6.36 23.75
11 Cockpit 31.58 40.42 22.91 31.64
12 Cole Bay Village 27.85 27.51 15.11 23.49
13 Orange Grove 29.31 38.14 25.66 31.04
14 Wind Sor 34.42 33.70 32.49 33.54
15 Reward 24.50 36.68 32.65 31.28
16  Ebenezer 22.95 29.43 16.00 22.79
17 St Peters 31.81 38.31 28.67 32.93
18 Betty’s Estate 19.89 21.98 18.41 20.09
19 Retreat Estate 22.97 27.64 17.17 22.60
20 St John Estate 24.89 19.75 4.43 16.36
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Table D-1 (Continuation)

Lack of Lack of PeVI —
ID Neighbourhood Susceptibility Coping Adaptation Vulnerability
Capacities Capacities Index
21 Saunders 25.93 36.92 22.25 28.37
22 Mary’s Estate 31.74 37.35 24.45 31.18
23 Sentry Hill 30.82 42.13 41.15 38.03
24 Cay Hill 30.59 42.00 32.23 34.94
25  Belair 32.64 36.00 15.66 28.10
26  Fort Hill 32.88 38.24 26.94 32.69
27  Bethlehem 24.81 23.21 24.16 24.06
28 Nazareth 30.65 36.63 8.44 25.24
29  Union Farm 25.27 39.43 25.10 29.93
30 Zorg En Rust 29.83 43.21 24.33 32.46
31 Mount William 29.45 55.17 31.60 38.74
32 Madame’s Estate 32.56 38.02 27.76 32.78
33  Over the Pond 34.36 44.94 37.73 39.01
34  Belvedere 26.23 29.68 29.08 28.33
35 Bishop Hill 26.97 63.55 27.54 39.35
36  Dutch Quarter 41.27 36.22 57.34 44.94
37  Middle Region 34.01 41.06 31.54 35.54
38 Easter Fresh Pond 20.00 30.45 36.29 28.91
39 Philipsburg 30.09 46.68 27.36 34.71
40  Pond Island 21.25 33.33 28.81 27.80
41  Salt Pans No Data No Data No Data No Data
42 The Harbour No Data No Data No Data No Data
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Table D-1 (Continuation)

Lack of Lack of PeVI —
ID Neighbourhood Susceptibility Coping Adaptation Vulnerability
Capacities Capacities Index
43  Oyster Pond 26.20 34.90 24.18 28.43
44 Defiance 26.71 29.22 26.02 27.32
45  Ocean Terrace 17.19 35.03 50.00 34.08
46  Dawn Beach 22.13 15.17 22.85 20.05
47  Sucker Garden 33.52 38.53 41.38 37.81
48 Guana Bay 23.87 27.75 37.92 29.85
49 Hope State 30.46 25.50 30.54 28.84
50 Geneva Bay No Data No Data No Data No Data
51 Back Bay No Data No Data No Data No Data
52  Over the Bank 27.74 44.09 51.32 41.05
53  Vineyard 25.81 19.23 52.56 32.54
54  Pointe Blanche 27.36 24.38 26.39 26.04
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APPENDIX C. Review oF EVACUATION PREDICTORS

Table C.1 Principal variables affecting evacuation behaviour found in previous research,
extracted from [1] Baker (1991), [2] Thompson et al. (2017), [3] Dash and Gladwin (2007) and
[4] Huang et al. (2016). Positively (+): predictor of evacuation. Negatively (-): predictor of
non-evacuation. Not conclusive: (+) in some studies and (-) in others. No effect: no statistical

significance have been found either to promote evacuation or not.

Group

Variable / Contribute

Reference

Note

predictor to evacuate
Demographic " Females are more likely to follow an
characteristics Positively 2] - [3] evacuation order.
Gender Not Variable that is not typically associated
conclusive [1] - [4] with actual evacuation rates, or non-
significant results have been found.
The older segment of the population is
Negativel 2| - 13 associated with limited mobility, hence
g Yy y
less likelihood of evacuation.
Families with children tend to seek refuge
Age Positivel [1] - [2] more. Elderly residents in retirement areas
Y [3] have a higher tendency to evacuate
(assisted).
No effect 4] rNe(I))I;stlegénﬁcant statistical correlation is
" White — Caucasians were found to
Positively 121 - 131 evacuate more than other races
Race / . Black — Hispanic are reported to evacuate
ethnicity Negatively 12l less; it might be a cofounder of income.
No effect 4] rNe?)I;;if;1flcant statistical correlation is
Car Not Variable that it is not typically associated
ownershi conclusive 1] or non-significant results have been found
P with actual evacuation rates
Limited mobility may produce less
Disabled Not 2 - [3] evacuation behaviour. Or due to the
population  conclusive limited mobility, this segment of the
population may start the evacuation early
Households with pets tend to evacuate
Negativel 2] less than those without one. Difficulty to
& Y accommodate pets in shelters or hotels
Pets may explain this behaviour
Not Variable that it is not typically associated
. [1] or non-significant results have been found
conclusive

with actual evacuation rates s
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Table C.1 (Continuation)

Group

Variable / Contribute

Reference Note

predictor to evacuate
Socio-economic Variable that is not typically associated
characteristics Not with actual evacuation rates, or non-
conclusive [1] - [2] significant results have been found. Some
Level of studies found a high correlation, others no
education correlation at all.
No effect 4] Non-significant statistical correlation is
reported.
Some studies found a high correlation,
Not 2] others no correlation at all between the
conclusive income of a household and actual
evacuation behaviour.
Household
income " Higher incomes were associated with
Positively [3] . .
higher evacuation rates.
No effoct 14] Non-significant statistical correlation is
reported.
Owning a house has often been found to
. affect evacuation behaviour. Residents feel
Negatively [2] - [4]
Home safer at home or prefer to stay to do
ownership repats.
Not 1] Variable is not typically associated with
conclusive evacuation.
. Single families have a lower tendency to
Negatively [3] eva%ua to. Y
Household . Houses with children have a higher
. Positively 2]
size tendency to evacuate.
No effoct 4] Non-significant statistical correlation is
reported.
Housing - 2] Those with fragile houses, such as mobile
characteristics Positively 4] homes or boats, have a higher tendency to
Type of evacuate.
house
. Perception of having a strong house may
Negatively - 2] lead to low evacuation rates.
. Stay home to protect from looters or to do
Protection ~ Negatively (- B3] some repairs during the storm.
of the
house No effoct 4] Non-significant statistical correlation is
reported.
Property Positively [1] - [2] The blgger the loss (past or expected), the
damage [3] — [4] more likely to evacuate.
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Table C.1 (Continuation)

Variabl Contribut
Group ariab’e / ORBHDUSE  Reference Note
predictor to evacuate
Information If a mandatory evacuation is
Government [l - 2] communicated.
evacuation Positively 3] - [4] In some cultures obeying authority figures
order or being afraid of receiving a fine may
lead to higher evacuation rates.
The more specific and personalised the
Message .
content Positively [2] - [3] message, and the more urgency to
evacuate, the higher the evacuation rates.
Social cohesion may lead to higher
Not evacuation rate to follow or reunite with
. 1] family or close friends. Neighbours of
conclusive . .
relatives not evacuating may lead to lower
evacuation rates due to peer pressure.
Information Peers, friends or family members acting as
from a warning information source have
neighbours, resulted in evacuation behaviour,
friends or . especially in communities where the
. Pos 1 2| - . . .
family ositively 121 - 13] family is the centre of society (i.e.
Hispanic). Faith groups also have a role in
disseminating evacuation orders and a
higher number of evacuees.
No effect 14] Non-significant statistical correlation is
reported.
False alarms, . . .
.. , . Near miss experiences lead to failure to
crying wolf Negatively 2] . .
evacuate in future warnings
phenomenon
False alarms, No significance between evacuation and
‘crying wolf”  No effect 1] the source of information. (i.e. official,
phenomenon TV, radio, friends).
Frequency of No significance between evacuation and
gathering No effect 1] frequency of media attention, keeping a
information tracking chart.
Perceived trustworthiness of the source
Positively [2] - [4] has been found as a good predictor of
Source of accepting an evacuation order (or advice).
information No significance between evacuation and
No effect 1] the source of information. (i.e. official,

TV, radio, friends).
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Table C.1 (Continuation)

Variable /

Contribute

G . Ref Not
roup predictor to evacuate clerence ore
Place, Newcomers do not know about potential
geography and Not [ - 2] risks. Long-term residents have a better
storm conclusive knowledge of the risk in their residence
characteristics ~ Length of area.
residence in a
place Number of years in a place influences
Negativel 3] evacuation behaviour; the longer the
& y resident has lived in an area, the lower the
evacuation rates.
. Being aware of living in a high-risk area
P 1 . . .
ositively 13] increases the evacuation probability.
Weak correlation between evacuation and
Hazard No effect 1 belief that the storm will hit.
awareness
Not Actual evacuation studies have reported
conclusive [4] positive correlation and non-significant
correlation.
High risk N [l - [3] Households located in low-lying/flood-
ATeas Positively 4] prone areas have a higher tendency to
evacuate.
Positively i3] Prev101;§ exgefllen.ce plays a role in
Previous evacuation behaviour.
dlsast.er Not [l - 2] Self-reported past experiences have no
experience conclusive 14] predictive power of what households did
in subsequent hurricanes.
Prior People that have already evacuated under
evacuation Positively [1] - [2] previous evacuations orders are more
behaviour likely to evacuate again.
Disaster [l - 2] More intention to evacuate is found under
(perceived) Positively 3] - [4] threat of a larger or more intense disaster,
intensity such as a higher category hurricane.
Number of Those living on ground floors have a
Positively 2] higher tendency to evacuate in flood-prone
storeys areas
Risk Positivel 1] - [2] The higher the perceived risk, the higher
perception Y [3] - [4] the tendency to evacuate.
Forecast traffic jams, shelter conditions,
Discomfort of Negatively [l - [3] not having anywhere to go, or the

evacuation

impossibility to return home in the
aftermath of the disaster.
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APPENDIX E. ID NeicHsouRHOODS - VROMI

ID

10

11

12

13

14

15

16

17

18

19

20

21

22

Neighbourhood
Mullet Bay
Point Pirouette
Maho
Beacon Hill
The Airport
Simpson Bay Village
Cole Bay Lagoon
Billy Folly
Cay Bay
Diamond
Cockpit
Cole Bay Village
Orange Grove
Wind Sor
Reward
Ebenezer
St Peters
Betty’s Estate
Retreat Estate
St John Estate
Saunders

Mary’s Estate

ID

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Neighbourhood

Sentry Hill

Cay Hill

Belair

Fort Hill

Bethlehem

Nazareth

Union Farm

Zorg En Rust

Mount William

Madame’s Estate

Over the Pond

Belvedere

Bishop Hill

Dutch Quarter

Middle Region

Easter Fresh Pond

Philipsburg

Pond Island

Salt Pans

The Harbour

Oyster Pond

Defiance

ID

45

46

47

48

49

50

51

52

53

54

95

56

57

o8

59

60

61

62

63

64

65

Neighbourhood

Ocean Terrace

Dawn Beach

Sucker Garden

Guana Bay

Hope State

Geneva Bay

Back Bay

Over the Bank

Vineyard

Pointe Blanche

Rockland

Western Fresh Pond

Little Bay Village

Welegelegen

Cay Hill Village

Little Cape Bay

Zaeger Gut

Cupecoy

Bloomingdale

Foga

Red Pond Estate
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Figure E.1. Neighbourhood’s ID — VROMI
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APPE N DIX F. ATTRIBUTES TABLE FOR SHELTER MANAGEMENT

Table F.1. Full list of attributes available for administrators on Shelters.

Attribute Description
FAC _ID Corresponds to the shelter Facility ID assigned to the building
Name Name of the building
Address Address of the main entrance of the building
Shelter The official (or NOT) status of the building as a shelter

STATUS_OPEN

DateCollection

Inspector
Category

Shelter Telephone

Shelter Owner
Owner Consent

Ground_Elev

Flood Risk level

Physical Cond

Vulnerability

Capacity
Parking
NumPark
Nbeds

Ntoilets

Whether the building is currently accepting people in the facility, to
be assigned by the shelter manager

The latest update on the status as a shelter
Name of the latest administrator to update information on the shelter

Normal wuse of the building (i.e. airport, banking, education,
government, healthcare, religious, other)

Mobile phone or landline to contact the shelter
Name of person or organisation that owns the shelter

Whether the shelter’s owner has agreed to use the facilities for a specific
evacuation

Elevation above sea level of the building
Risk level according to the domain: low, intermediate or high

Physical condition of the building in terms of vulnerability: weak,
intermediate, or solid

Vulnerability assessment for the building according to the risk and
physical condition: low, medium, high, very high or extreme

Total number of people the shelter can accommodate
Whether the shelter is equipped with parking units
Number of parking spaces available at the shelter
Total number of beds available at the facility

Total number of toilet units available at the facility
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Table F.1 (Continuation)

Attribute Description
RunningWater giegjznﬂioi};:::r can provide water from the public water system
WaterStorage Whether the shelter is equipped with tanks to store drinking water
WS _Capac Storage capacity (if any) of drinking water (m?)
BottledWater Current storage of bottled drinking water (m?)

Storage Capacity
Roof _Structure
Roof MAT

‘WindowsProt

PowerGenerator

FoodPrep

Photo

Space available in m3 for storage of supplies to cope with an evacuation
Structure of the building’s roof

Type of material used in the building’s roof

Whether the windows or glass doors are protected by shutters

Whether the shelter is equipped with an alternative energy power
source

Whether the shelter is equipped with an inside kitchen facility

Photo of the shelter to identify the location
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ABM
ADRA
AIC
AUC
BDI
CAS
CNES
CoMSES
CRED
df

DRA
DRM
DRR
ECLAC
ESF
EU-JRC
FEMA
GIS
GPS
GSA

HPC
ICT
IDE
IGN
INSEE
IPCC
km
mb
MCA
MDC
MDS
NASA
NGO

LIST OF ACRONYMS

Agent-Based Modelling

Adaptive Disaster Risk Assessment

Akaike Information Criterion

Area Under the Curve

Belief-Desires-Intention

Complex Adaptive Systems

Centre national d’études spatiales

Computational Modeling in Social and Ecological Sciences

Centre for Research on the Epidemiology of Disasters
degrees of freedom

Disaster Risk Assessment

Disaster Risk Management

Disaster Risk Reduction

Economic Commission for Latin America and the Caribbean
Emergency Support Function

European Commission — Joint Research Centre

Federal Emergency Management Agency

Geographic Information Systems

Global Positioning System

Global Sensitivity Analysis

hour

High-Performance Computing

Information and Communication Technologies

Integrated Development Environment

Institut National de L’Informa Géographique et Forestiére
Institut National de la Statistique et des Etudes Economiques
Intergovernmental Panel on Climate Change

Kilometer

Milibares

Multiple Correspondence Analysis

Meteorological Department Curacao

Meteorogical Department St. Maarten

National Aeronautics and Space Administration

Non-Governmental organizations
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NHC
NOAA
OCHA
ODD
ODD+D
OFAT
OSM

PC

PCA
PEARL

PECS

PeVI
PTSD
ROC curve
SA
SAMHSA
SE

SIDS
SOAR
SPOT
STAT
SXM
TST
UNDP

UNESCO-IHE

UNFCCC
UNISDR
USAID

VROMI

WEB-APP
WR-DRM
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National Hurricane Center

National Oceanic and Atmospheric Administration

Office for the Coordination of Humanitarian Affairs
Overview, Design concepts, Details protocol

Overview, Design concepts, Details, + Decision protocol
One-Factor-At-A-Time

Open Street Maps

Parallel computing

Principal Component Analysis

Preparing for Extreme And Rare events in coastal. regions
Physical Conditions, Emotional State, Cognitive Capabilities
and Social Status

PEARL vulnerability index

Post-Traumatic Stress Disorder

Receiver Operating Characteristic curve

Sensitivity Analysis

Substance Abuse and Mental Health Services Administration
Standard Error

Small Island Developing States

State, Operator, And Result. Cognitive Architecture model
Satellite Pour I’Observation de la Terre

Department of Statistics Sint Maarten

Abbreviation for Sint Maarten

Total Simulation Time

United Nations Development Programme

Educational institute for water education

United Nations Framework Convention on Climate Change
United Nations International Office for Disaster Risk
Reduction

United States Agency for International Development

In Dutch: Ministerie van Volkshuisvesting, Ruimtelijke
Ordening, Milieu & Infrastructuur

In English: Ministry of Public Housing Spatial Planning
Environment and Infrastructure

web-based application
Water-Related DRM
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