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Abstract: In the context of climate change and increasing urbanization, Small Island Developing
States are increasingly vulnerable to natural disasters. In response to urbanization in at risk areas,
the concept of territorial resilience has potential as an approach to urban flood issues. The objective
of this research is to develop a spatial decision support tool based on a collaborative assessment
method of territorial resilience. The proposed methodology consists of: the adaptation to the French
Polynesian context, three existing resilience assessment methods applied to a case study in the
Punaruu Valley’s (Punaauia, French Polynesia) and the use of geovisualization techniques: use of GIS
for data processing and analysis, visualization, mapping and model processing. This methodology
integrates the technical, urban and social components of the territory, while highlighting the various
levers available to improve territorial resilience and facilitate its understanding through collaborative
work efforts and the use of a visual tool. The results demonstrate the reproducibility of these methods
for assessing resilience in French Polynesia. They underline the potential of a collaborative approach
to highlight critical infrastructures and generate possible decision support to improve the territory’s
ability to function despite a disruption and the ability to rebuild following this disruption.

Keywords: pacific island; flood risk management; Decisional Support System (DSS); resilience opera-
tionalization

1. Introduction
1.1. Issues and Background

In French Polynesia, more than half of the population has already faced a natural
hazard such as a cyclone, flood or landslide. These phenomena have and continue to
cause serious consequences. Between 1996 and 2015, they caused nineteen billion XPF of
damages and 22 deaths [1].

Due to the climatic context (intertropical convergence zone), the islands of French
Polynesia are frequently subject to atmospheric depressions and cyclones, leading to high
winds, heavy rain, torrential floods, flooding, landslides, marine submersion, etc. [2,3].
Floods has been recognized as the main natural risk in French Polynesia [1,4]. In addition,
the morphology of high islands and the anarchic urbanization of the territory amplify the
flood risk [5,6]. Indeed, the steep slopes of the catchment induce flow speeds qualified
as “torrential” [7] with a high kinetic energy capable of causing significant damage such
as in 2017, when the flash floods caused 12.5 million Euros of damage on the island of
Tahiti [8]. These torrential flow can carry considerable volumes and favor the creation of
logjams and/or the modification of the channel’s course, amplifying the risk of flooding [9].
Urbanization, through increasing the amount of impervious areas in the catchment, results
in a replacement of this regime by concentrating rain run-off [5].

The context of climate disruption calls into question the adaptive capacity of the
Polynesian islands. Indeed, according to the Intergovernmental Panel on Climate Change
(IPCC), global temperature will raise by 1.5 °C sometime between 2030 and 2050 [10]. This
increase in atmospheric temperature will lead to an increase in the average temperature
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of the oceans and a rise in the average sea level [11]. In the Pacific, the rise would be of
the order of 3 to 5 mm/year. Although floods are predicted with deterministic model
including inherent uncertainties associated with uncertain variables (precipitation, stream
flow, topographic representation, modeling parameters) [12], it appears indispensable to
anticipate flood scenarios that probabilistic models consider as extreme or rare [13,14].
According to a climate model, 100-year floods could occur twice as frequently by 2050 over
40% of the planet [15].

As a small island developing state, the French Polynesian territory is affected by
limited resources, remoteness, susceptibility to natural disasters, vulnerability to external
shocks, excessive dependence on international trade, and fragile environments [16,17].
Thus, in the context of global climate change, it is essential to take into account the increase
of these natural risks in the Polynesian land use planning policy and to evaluate its potential
resilience in the event of a disaster.

1.2. Operational Approach Based on the Concept of Resilience

In the event of flooding, long-term consequences are multiplied in urban areas by
cumulative effects, producing a “domino effect”: urban density and the contiguity of
the issues at stake can lead to cascading reactions and affect the whole territory [18,19].
In this case, the trigger event is natural in origin and may lead to events of the same
nature (e.g., landslides following torrential floods; marine submersion followed by urban
flooding) [20,21] or a different nature (e.g., a torrential flood leads to the disruption of the
electrical network) [22,23].

Some infrastructures are considered to be critical and provide territories with vital
resources, and strategic networks such as telecommunications, transport, and electric-
ity [24]. For instance, an urban flood may cause an interruption to vital networks such
as energy supply, transport, and telecommunications. Thus, the disruption of this criti-
cal infrastructure can impact the population and lead to economic, political and health
consequences [25]. It is therefore essential to take into account all of the components of a
territory (technical, urban, social, etc.) when establishing a risk management strategy.

Approaches to risk analysis and assessment has existed for several decades and has
been applied globally in a variety of different areas. Recently, the concept of resilience has
been used as a strategic support tool in the field of risk management [26]. This integrated
risk management approach takes into account and involves all the actors in the territory.
The concept is based on a prevention component (informing the population, controlling
land use planning, strengthening the resistance of existing buildings, etc.), a protection
component (reducing exposure) and an anticipation component (forecasting and warning
system facilitating recovery). The objective is no longer just to prevent the hazard but
to minimize the consequences by reducing exposure and vulnerability and promoting
recovery.

Because the concept of resilience is multidisciplinary, its understanding and appli-
cation as a risk management strategy is extremely complex. Some studies have been
carried out to facilitate its operationalization. These researches are principally divided into
two approaches, a technical-functional approach [22,27,28] and a more organizational ap-
proach [29-32]. However, this concept is still facing operational limitations, which restricts
its integration into local risk management strategies [33,34].

In French Polynesia, there have been very little studies conducted on the operational-
ization of the concept of resilience in response to numerous natural hazards. The main
risk management tool in French Polynesia is a regulatory zoning system that integrates
flooding risks, land movement and marine submersion in land-use planning: the natural
risk prevention plan [1]. Approved for only one commune in Tahiti, this zoning tool has
proved to be ineffective (numerous revisions following economic and political pressures)
and unsuitable (rejection of building bans on an already small area) for the territory [35].

Faced with the increasing risks and vulnerability of small island developing states
and the lack of operationalization of the concept of resilience in French Polynesia, this
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study aims to develop a methodology to promote the integration of resilience into risk
management strategies. The challenge here is to test the reproducibility of operational
resilience assessment methods applied in France in order to produce a global approach to
resilience on a scale fine enough to lead to an appropriation of the concepts by managers
and citizens, in order to participate in the decision-making process.

A decision support system is an effective tool to aid in this decision-making process. It
can be defined as an “integrated, interactive and flexible computer system that supports all
phases of decision-making with a user-friendly interface, data and expert knowledge” [36].
Such a system aims to aggregate acquired data from the field and practical experience
under one framework, thus, creating and facilitating communication, for instance, between
a network of scientists and local knowledge and practices [30]. It is important to consider
the spatial nature of coastal systems and processes because coastal zones are dynamic
environments that are susceptible to natural and anthropogenic pressures and therefore
require accurate representation of its features and processes [36]. This is why the term
spatial decision support system will henceforth be used in this study.

Firstly, this study will analyze the different existing methods on the operationalization
of resilience, while identifying their assets and limitations. Secondly, this study will develop
a methodology, with its results adapted to the context of French Polynesia, allowing to
identify the territorial resilience. This study concludes on the relevance of this methodology
and the need to design a centralizing collaborative tool.

2. Operationalizing Territorial Resilience in Pacific Island States
2.1. Tools for Operationalizing the Concept of Resilience

There are a multitude of approaches to operationalizing territorial resilience, resulting
from years of research in the field of risk management, but they are too often used separately.
The challenge of this study consists in assembling and adapting three methods, already
applied in European cities [28,29,31], in order to design indicators for measuring and
evaluating territorial resilience in French Polynesia.

2.1.1. Vulnerability Assessment of Critical Infrastructure in Hamburg

A territory is a transdisciplinary object by nature. It is therefore necessary to address
territorial resilience through a transdisciplinary approach. The DS3 model (Spatial Decision
Support System) is a technical-functional approach aimed at facilitating the appropriation
of the concept by urban technical services [28]. The city is described like a complex system
with various components interconnected by a network [37]. Three resilience capacities
have been defined: resistance capacity, absorption capacity and recovery capacity.

e  Resilience capacity: The probability of services to malfunction in the event of a distur-
bance. The more the technical network is damaged, the more difficult it will be to put it
back into service. Resilience analysis thus makes it possible to assess possible damage
and its consequences on the system to highlight the interdependencies between the
various network components.

e Absorption capacity: The possible alternatives allowing services to be maintained
despite network disturbance. As well as the identification of solutions to maintain
service continuity despite flooding, thus operating in “degraded” mode.

e Recovery capacity: The time required to bring the system back into service.

The DS3 model allows an analysis on three levels: a global overview at the territory

level, an intermediate analysis at the neighborhood level and a finer analysis on the scale
of a component (Figure 1).
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Figure 1. The DS3 Model allows three levels of analysis [28].

As a spatial decision support tool, the DS3 model allows for the identification of
critical infrastructures whose malfunctioning would threaten the security, economy; lifestyle
and/or public [37]. This model was built to be reproducible.

Because of its transdisciplinarity, the use of the DS3 model can be complex, particularly
through the use of dependability analysis or graph theory. A detailed analysis of all the
levels of a system is time-consuming and requires options. In this study, the DS3 model
will be used more as a global vision of the concept of resilience, applicable at several levels
of the territory (Figure 1), rather than for its technical-functional tools.

It appears necessary to broaden the approach to the concept and its analysis in order
to promote understanding and adoption of the concept. However, this perspective does not
provide a comprehensive approach to the resilience of a territory that must take into account
other components of the territory, other than technical. This is why this methodology is
complemented with an approach that takes into account the social and urban components
of a territory [31].

2.1.2. A Collaborative Approach with Parisian Urban Services

A collaborative approach (proposed by DS3 Model) allows for an analysis at the neigh-
borhood scale. This complementary method makes it possible to identify the challenges of
a territory by involving the local actors [29]. This transversal method has already made it
possible to model and characterize the interdependencies between Parisian urban services
preceded by a survey of managers.

This approach overcomes the difficulties of data collection and modeling at the critical
infrastructure level, as well as highlights the influence/dependency relationships between
urban services before testing the resilience of these interdependencies in response to a
disruption, such as a flood. The analysis of the resilience of urban technical services is
modeled from a coherent scenario based on feedback (i.e., flooding of the Seine in 1910
and 1982). This scenario makes it possible to situate in space and time the failures and
actions planned by managers in the event of a flood. In the end, the results can be used for
improving technical resilience, and furthermore, this approach is built to be adaptable to
other contexts.

However, this method is based on knowledge shared by managers whose subjectivity
and lack of transparency can be biased. It also requires a more detailed, sector-based
analysis in order to take into account the different strategies implemented by each manager
who have established strategies that are too isolated. The use of the DS3 model [28] as a
complement would make it possible to reach this level of detail.

The collaborative diagnosis and the participation of local actors will provide a global
vision of the technical resilience of the territory, by identifying critical infrastructures and
allowing to model the impact of a disruption on the functioning of the territory.
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2.1.3. Indicators to Mapping Resilience in Avignon

Studying resilience at the community level requires the consideration of many other
factors such as demographics, economic dynamics and urban planning. In order to re-
spond to this issue, one method used in Avignon utilizes indicators of social and urban
resilience [31]. The goal of this approach is to point out the characteristics that could
increase or decrease territorial resilience, to revive social, economic and urban activity after
a disruption.

Social resilience indicators aim to capture the demographic “qualities” of a population
that can be useful in coping with and recovering from a disaster. These qualities reflect the
health status of a population, which in turn reflects the understanding, communication
and mobility within a community. Urban resilience indicators are intended to represent
the economic vitality of a community, the quality of housing construction, as well as the
distribution of emergency services and their ability to provide medical care. Technical
resilience indicators allow for the analysis of urban networks through their accessibility,
to repair in the case of a disruption, and their diversity, to assess the ability to maintain
services in the event of a disruption.

Using indicators simplifies data and integrates a lot of information on the potential
resilience of each element of the territory. Easily comprehendible, operational indicators
are a useful communication tool that managers use in decision-making and that raises
awareness to the local population. In addition, the ISPF open access data (for French
Polynesia) is very similar to the INSEE data (for France) used by this method and will
facilitate its adaptation to the Polynesian territory.

Nevertheless, this approach is still limited at the community project scale and needs
to be tested for reproducibility before moving to the urban project scale. The genericity of
these indicators, especially for the social resilience analysis, must be validated by a global
definition and a construction of universal indicators. Technical resilience indicators will
not be used afterwards since there are other tools [28,29], more specific and complete, that
will be used to assess the technical resilience of the territory.

2.2. Territorial Resilience Modeling in French Polynesia

In the field of risk management, the concept of resilience is used as a tool for integrated
land-use management [38]. The objective is to improve knowledge of the territory in order
to produce a process to assist decision-makers in their decision-making (Table 1) and to
promote a common policy on risk management strategy with adapting structural measures,
such as levees, or with resettling outside the flood-prone area [39].

Table 1. Synthesis of the objectives of the operationalization of territorial resilience in French Polynesia.

Encouraging a Training a Raising
Testing Method Providing sIng 18 Awareness of
Issues 1s1s Collaborative Decision o1s
Reproducibility Data Avproach Support Process Resilience among
4 PP Local Actors
Spatialization of flood risk X X - X -
Indicators of urban and
social resilience [14,17] X X X X )
Techmca.I .res111ence X X X X X
capacities [16]
Interdependencies urban X X X X X

technical services [11]

Assessing the resilience potential of a territory leads to the anticipation of disruptive
events and the planning of management crisis by managers. The main goal is to consider
all the components of a territory, meaning, critical infrastructures, urban environment,
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managers, local actors and residents in order to improve their resilience to disruption and
restart an activity and a dynamic in response to it [30,31].

In this study, territorial resilience is defined as “the ability of a territory to function
despite a disturbance and the ability to rebuild itself following that disturbance. It is the
ability to anticipate and limit, the impacts of a hazard on the functioning of the city [18].
This study combined resilience operationalization methods that have been developed to be
replicable and applicable to various territories (Table 1) To facilitate its study, territorial
resilience is divided into three categories: social resilience, technical resilience and urban
resilience (Figure 2).

Social Resilience Technical Resilience Urban Resilience
Indicators DS3 Model Indicators
(Heinzlef, 2019b.) (Serre, 2016) (Heinzlef, 2019b.)

Population structure I Resilience capacities I Public services

Employment status Three levels of analysis Economic dynamics
Educational attainment Critical infrastructures Quality of infrastructures
Means of transportation

+
Data set from open data . Data set from open data
(INSEE -> ISPF) Collaborative approach (INSEE -> ISPF & SAU)
(Toubin, 2014)
Temporal scale Interdependencies assessment Temporal scale e
Mapping resilience Using feedback Mapping resilience /
rd

Territorial Resilience

A spatial support decision adapted to French Polynesia
which takes into account the population, urban infrastructures and public technical services.

Figure 2. Combination of the three selected models and their adaptation to the evaluation of territorial
resilience in French Polynesia.

Spatial and temporal scales play a critical role in measuring resilience [30]. Indeed,
in the context of an interconnected urban area, risks have moved beyond their previous
geographical and temporal limits and therefore become transboundary disasters [24].
In this case, a local disturbance could have unimaginable and potentially catastrophic
effects [40].

Thus, a flood will impact its local territory (major riverbed), but because of the
interconnected networks or urban activities, it may exceed the physical limits of the
floodplain area. For example, the flooding of a power plant could have repercussions on
the telecommunications network and indirectly a financial impact. In order to integrate this
specificity of modern disasters, we have established an analysis with a precise geographical
and temporal limit.

The spatial scale of analysis is local [31] as this scale is easier to implement a collabora-
tive investigation with local actors. A reduced scale allows an accurate analysis of territorial
resilience to the risk of flooding. This application on a neighborhood scale, which today is
still not commonly applied [34], makes it possible to act directly on the territory and to set
up new local risk management strategies. As a result, the main scale of study chosen to
assess territorial resilience must be as accurate as possible: at the District scale. This scale is
the basic unit used for census collection by the “Institut de la Statistique de la Polynésie
Francaise” (ISPF). This homogeneous geographical unit has about 400 inhabitants (the
equivalent of housing for 100 people).

2.2.1. Technical Resilience

Territorial resilience, defined as the capacity of a territory to maintain its functions, is
mainly based on the resilience of urban technical services. The first step is the identification
of the actors essential to the functioning of the territory as well as the analysis of their
interdependencies (Table 2).
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Table 2. Example of urban services encountered in Punaauia, status and functions adapted from (Toubin, 2014) [29].

Id Designation Meaning of the Main S.erv1ce Function
Acronym Provided
. s o - Management of the public electricity
1 EDT Engie Electricité de Tahiti Electricity distribution network
Drinkine water Management of the public water production,
2 PdE Polynésienne des Eaux 8 distribution and sanitation service in the
Sanitation T . ,
municipalities of Punaauia, Faa’a and Paea
3 FeMa Fenua Ma Waste treatment Treatment and recycling of community waste
4 Voirie Service du Patrimoine Transport Urban space planning, traffic organization
5 OPT folce des PO.Ste.s et Telecommunications Telephone and Internet operator
Télécommunications
BdT Brasserie de Tahiti Beverages Production and distribution of beverages
7 WAN Groupe WAN Food Distribution of food products in supermarkets

A collaborative analysis makes it possible to identify, in an exhaustive manner, the
inputs and outputs of each urban technical service in the municipality. In addition to
assessing the service’s resilience capacities, through a self-diagnosis and self-assessment
grid completed with the help of the managers. The visualization of interdependencies
between urban technical services is carried out using Gephi, a free software package for
network analysis and visualization [41].

The breaking down of technical resilience using the capacities defined by the DS3
model (resistance, absorption, recovery) highlights the objectives of each manager accord-
ing to the constraints of his system.

Resistance capacity reflects the exposure and intrinsic vulnerability of the infrastruc-
ture to the flood hazard, as estimated by the manager. Production reliability is an indicator
of this vulnerability. Absorption capacity is analyzed on the basis of the risk manage-
ment strategy developed by the manager as well as the autonomy of the system. Finally,
the recovery capacity corresponds to the means available and the time required to bring
production back into service. The different capacities of each urban technical services
are analyzed on the basis of historical natural disasters (e.g., floods in Punaauia in 1981
and 2017).

This feedback makes it possible to identify the different action levers available to
improve resilience within each urban technical service [37,42] in response to flood risks.

2.2.2. Urban and Social Resilience

To complete this assessment of territorial resilience, using the use of indicators for
the urban and social resilience analysis helps assess the socio-economic capacities of the
community to resist, absorb and recover from disruption. District analysis allows for the
identification of priority areas as part of a decision support process.

This quantitative data set is from the ISPF, a French Polynesian open data website
(Table 3). To make this method as adaptable as possible, the statistical data is transformed
into percentages and then standardized using Min-Max normalization [43] to homogenize
data of different natures so that they can be compared using a similar measurement
scale [32]. The values obtained range from 0 (very low resilience) to 1 (very high resilience).
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Table 3. Example of data selection, sources and references, adapted from (Heinzlef et al., 2019).

ResThence Variables Sources Imp.a.c ton Justification
Indicators Resilience
Population structure
00-09 years old ISPF Negative
— . (Cutter et al., 2010;
10-59 years old ISPF Positive Opach and Red, 2013) [32,44]
More than 60 years old ISPF Negative
Employment status
Social resilience ;
indicator Unemployed ISPF Negative
No professional activity ISPF Negative (Tierney, 2014) [45]
Employee ISPF Positive
Educational attainment
Exit before the 3rd grade ISPF Negative
(Heinzlef et al., 2019) [30]
Bac and better ISPF Positive

Urban resilience
indicator

Date of construction of main residences

Built before 1997 ISPF
- - (Mileti, 1999; Cutter et al., 2010;
Built from 1997 to 2002 ISPF Negative Opach and Red, 2013)
Built after 2002 ISPF Positive [32,44,46]
Composition of the walls of main residences
Hard: cinder block, cement ISPF Positive
- (Sutter and Simmons, 2010;
Wood ISPE Negative Cutter et al., 2014) [47,48]
Others ISPF Negative
Equipment
Running water ISPF Positive
Electricity ISPF Positive
— (Cutter et al., 2010) [32]
Computer ISPF Positive
Internet connection ISPF Positive

Since a disaster occurs of a certain period of time [49], resilience risk management has
to integrate this temporality. Indeed, the time scale is reduced to the disaster’s timeline [30].

Three scenarios are considered: before, during and after the disaster [31]. Not all indi-
cators are included in each scenario. For example, population structure is important before
(preparedness, risk perception, etc.), during (ability to move) and after the crisis. On the
other hand, the employment situation has little influence before and during the disruption
but is necessary for the aftermath, for rebuilding, as well as restarting economic activity.

This study is interested in the preventive measures put in place before the crisis,
to anticipate (resistance capacity) possible alternatives for adaptation during the crisis
(absorption capacity) and the means available and emergency plans to rebuild after the
crisis, to restore (recovery capacity) [22].

2.2.3. Flooding Scenario

In order to account for these various analyses and propose concrete results, this study
simulates a flooding scenario, with its consequences on the territory.

The flooding scenarios are based on those proposed by the European directive
2007/60/EC [50]: low-probability flood or extreme event scenarios; medium-probability
flood (probable return period greater than or equal to one hundred years); high-probability
flood. The consequences take into consideration local actors through a collaborative survey.
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Flood experiences can be used as a proxy for local actor preparedness to assess their reaction
in case of emergency [51]. The results make it possible to identify critical infrastructures,
priority neighborhoods, the necessary preventive measures and the establishment of an
emergency plan.

3. Results and Discussion

The study area is an urban neighborhood in the lower Punaruu valley located in the
commune Punaauia, in the peri-urban area of Papeete, the economic capital of French
Polynesia. Tahiti’s population explosion and economic development has led to the urban-
ization of the Punaauia coastline, requiring the exploitation of the mineral resources of the
Punaruu Valley, which has been redeveloped into an industrial zone.

Each player has a different strategy, often self-centered, for dealing with the risk of
flooding, with different emphasis on each capacity for resilience (Table 4).

Table 4. Application of the DS3 model and the results of a collaborative study with the urban technical services of the

Punaruu valley, in the face of the centennial flood, without taking into account interdependencies.

Resistance
(before the Crisis)

Flood zone power plant
Underground network and protected

Absorption
(during the Crisis)

Recovery
(after the Crisis)

Significant staff and resources
Return-to-Service Time < 4 h after

EDT posts, risk in case of carriage semrins e s (elenng Ane.
The network must not be in & insy i) &
contact with water P
Factory outside the flood zone Interruption of sanitation . .
. . Continuity of service
Underground network protected Pumping into the water table is started . g
PdE . : . Limited damages except in the case
except risk of bank erosion The mesh of the network makes it of maior haulage operations
Dam stability threatened possible to target distribution ) e op
Closing of the site
FeMa  Transfer station outside the flood zone Direct transfer of waste to Motu Uta Uncertainty
and Paihoro landfill site
The gutters must not be flooded o fl(E
S Significant staff and resources
or obstructed. The mesh size is important except for . .
. . . . Track cleaning can take a long time
Voirie  Paths locally protected by gabion walls ~ the Punaruuu river crossings and the . . g
. . . . Restoration of uncertain traffic flow
The bridge of the Industrial Zone exit of the Industrial Zone . . .
in case of bridge destruction
appears vulnerable
OPT The network Ipust not be in contact Highly m?shec! network. SieniReant Aaff andlresoniees
with water Coverage provided in the territory
Several workshops in
flood-prone areas SRRy IR Qualified maintenance service
BdT P Distribution ensured thanks to

Elevated equipment
Routine machine maintenance

a safety stock (1 week)

Time to return to production <4 h

Legend of resilience levels

Good

Pretty good Pretty bad

Unknown

The Punaruu Valley is the second largest watershed in Tahiti covering an area of
43.2 km?. Due to the sharp topography of the valley, the Punaruu follows a torrential
regime in the event of heavy rainfall, with a rapid rise in water levels and equally rapid
fall. Hence, the neighborhood is located within an area that is subjected to flooding [1].
Tropical rainfalls and cyclones produce hazardous flood situations in the neighborhood
and generally in the industrial zone. Moreover, previous years have demonstrated that the
area is also affected by pluvial floods. The greatest flood recorded in the Punaruu was in
1981, during hurricane Thamar with a maximum flow rate of 460 m3/s [52].

The lower valley of the Punaruu River is a strategic sector since it is home to 43
Installations Classified for the Protection of the Environment within an industrial zone:
The Electricité de Tahiti (EDT) thermal power plant provides 80% of the island’s annual
production of electrical energy; the Brasserie de Tahiti (BdT), the 4th largest Polynesian
company, produces 95% of the beer consumed in the country and produces 50% of the
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non-alcoholic beverages. Upstream of the lower valley, a dam provides drinking water
supply to several thousand households in the neighborhood. The stability of the dam is
threatened by significant erosion downstream of the structure. Establishment of industries
in urban zones increases the risk of technological disasters, thus affecting both population
and the infrastructure [53].

3.1. Mapping Resilience of the Punaruu Valley

Young, working, single-living individuals and families live downstream from the
industrial zone: 2600 people live in the neighborhood. In the event of flooding, these
people will be the first collateral damage due to the exploitation and the urbanization of
the Punaruu Valley.

Social resilience appears to be heterogeneous across districts of Punaruu (Figure 3).
The industrial zone and districts on the right bank appear to be relatively less resilient. In
these districts, the unemployment rate is high and the level of education is relatively low.

Social Resilience

(before crisis)
0,538 - 0,590
0,495 - 0,538
0,450 - 0,495

= 0,420 - 0,450

0,410 - 0,450
== 0,330 - 0,410

Land Use

= Building i~ ) = Building
Water surface oF Tov A % Water surface
Road

Social Resilience
(after crisis)
0,528 - 0,670
0,445 - 0,528
0,417 - 0,445
= 0,330 - 0,417

Social Resilience

(mean)
0,530 - 0,640
0,450 - 0,530
0,430 - 0,450

= 0,330 - 0,430

Land Use

= Building . = Building
Water surface e Water surface

— Road o — Road

(©)

Figure 3. Social resilience of the Punaruu Valley characterized on the basis of social resilience indicators: (a) before,

(b) during, and (c) after a disturbance. (d) Average social resilience.

Urban resilience appears to be very heterogeneous between districts (Figure 4). A
percentage of 63.3% of residences were built before 2002 and 21.9% are made of wood and
are therefore particularly vulnerable to flooding.
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0,443 - 0,600
= 0,350 - 0,443

0,487 - 0,625
== 0,260 - 0,487

»

Urban Resilience . A Urban Resilience
(after crisis) 2l [ (mean)
0,715 - 0,990

0,610 - 0,990 X
0,575 -0,610 | 0,615 - 0,715
0,453 - 0,575 Sy 0,455 - 0,615

= 0,290 - 0,453 = 0,350 - 0,455

" Water surface v \ " Water surface
~— Road 42 o — Rod

Figure 4. Urban resilience of the Punaruu Valley characterized on the basis of social resilience indicators: (a) before,

(b) during, and (c) after a disturbance. (d) Average urban resilience.

The industrial zone is characterized by a dense mix of different services: a thermal
power station, a drinking water supply catchment, and other private activities (beer
production, bank, landfill sites, etc.). Important significant connections have been identified
concerning critical infrastructures like the telecommunication network, water supply,
power plant and transport network (Figure 5).

LEGEND

inputs

dependency
weight
b 4 indispensable
w=s 3 importance
2 little importance

1 insignificant

Figure 5. Representation of the interdependencies of the urban technical services of the Punaruu
Valley according to the force-atlas spatialization obtained from the Gephi software.

The structural analysis of these interdependencies makes it possible to highlight the
propagation and/or failure potential of each technical service within the urban system as
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a whole [18]. Defining the influence and dependency of each system makes it possible to
prioritize as part of a risk management strategy in order to target the essential components
to ensure the proper functioning of all technical services.

The combination of the results obtained makes it possible to simulate different scenar-
ios in the event of flooding, for example a 100-year flood in this case (Figure 6), and to map
the flood risk and its associated risks in order to produce a decision-support tool that can
be understood by all actors.

N

Risk Prevention Plan
Low Alea
Middle Alea
High Alea
Type of Buildings
Brasserie de Tahiti
Il Polynésienne des Eaux
W Centrale EDT
I Others
Network
Electrical
— Road

Collapse of the
riaht bank

Figure 6. Spatialization of the flood risk and its associated risks in the Punaruu Valley.

3.2. Towards a Spatial Support Decision

The evaluation of the territorial resilience of the Punaruu Valley to flood risk allows
for the proposal of new developments, new alternatives and the renewal of emergency
plans in order to improve territorial resilience (Table 5).

Dividing territorial resilience into three categories (urban, social and technical) makes
it possible to target a specific component of the territory and facilitates the understanding
of the concept of resilience for all local actors. Applying a global approach to resilience [31]
on a sufficiently fine scale [28,29] allows for an appropriation of the concept by managers
and citizens.

The application of the concept of resilience as a risk management strategy should be
effective and sustainable in time and space, and allow for decision support. This is why
the scientific project pacific Island Long Term reSilience ILOTS, a research project carried
out by the “Institut de Recherche pour le Développement” (IRD) and the “Centre National
de la Recherche Scientifique” (CNRS), has defined as an objective to create a Resilience
Observatory in order to respond to these issues in French Polynesia.

The main mission of this observatory would be the creation, identification and mea-
surement of characteristic indicators of territorial resilience [54] as well as the publication
and dissemination of these results. The observatory would be in charge of providing a
coherent and complete vision of the territory, notably by identifying the interactions and
interdependencies between the different components of the “Polynesian system.” Because
the risk culture of a community plays a major role in decision making in urban flood
plains, [55] the observatory would associate the various actors of the country, including
governance, urban technical services, businesses, the scientific community and citizens, in
order to improve its effectiveness and to promote transparency, understanding, acceptance
and the application of a policy of sustainable management of the territory resulting from
these analyses.
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Table 5. Synthesis of ideas to improve technical, social and urban resilience in the Punaruu Valley.

Power plant

Strengthening of protective walls

Water dam

Road right bank

Reinforcement of protective walls

Resistance Absorption Recovery
(before the Crisis) (during the Crisis) (after the Crisis)
Pole and network

Machine maintenance and

condition monitoring technician training

Promote electrical autonomy

| Installtonofa draimagegallery " A '

Gutter maintenance

The gabion walls allow
drainage out of the tracks?
Benefit/cost comparison

Reflection on an
alternative access route

Monitoring of incision and
de-scoring campaigns
Monitoring of scouring under

the bridge
Temporary Bridge and
Industrial zone bridge Monitoring of scouring Reflection on Reconstruction
under the bridge alternative traffic (Ex. 20 months for the
Matatia Bridge)
Design of a risk management Employment policy

Socio-economic
dynamics

awareness platform
(Hawke's bay Emergency
Management)

Lowering of the minimum
wage/Creation of an activity
bonus (Zylberberg, 2019)

Public Awareness of Risk

Urban infrastructure

Encourage the construction of hard
walls rather than wooden walls

Encouraging the purchase of
a computer and setting up an
internet connection for
teleworking

Renovation of buildings Faster rebuilding in wood than
in cinder block?

Benefit/cost comparison

Priority level legend

Low Moderate

Thus, this study is part of this observatory by testing and applying some existing
tools for operationalizing resilience and propose a general methodology adapted to French
Polynesia. Although this methodology requires further efforts, this model serves as a first
step in creating an observatory of resilience to the flood risks in French Polynesia, subject
to various constraints specific to island territories (natural, economic, etc.).

As a spatial decision support tool, the DS3 model allows for the identification of
critical infrastructures whose malfunctioning would threaten the security, economy; lifestyle
and/or public health [37]. This model was built to be reproducible.

Because of its transdisciplinarity, the use of the DS3 model can be complex, particularly
through the use of dependability analysis or graph theory. A detailed analysis of all the
levels of a system is time-consuming and requires options. In this study, the DS3 model
will be used more as a global vision of the concept of resilience, applicable at several levels
of the territory [28], rather than for its technical-functional tools.

It appears necessary to broaden the approach to the concept and its analysis in order
to promote understanding and adoption of the concept. However, this perspective does
not provide a comprehensive approach to the resilience of a territory which must take
into account other components of the territory, other than technical. This is why this
methodology is complemented with an approach that takes into account the social and
urban components of a territory [31].

4. Conclusions

This article proposes a methodology intended to operationalize the concept of re-
silience in French Polynesia, in the context of climate change and the increasing vulner-
ability of island territories to flood risk. It proposes the first assessment of the territorial
resilience of a Polynesian territory through the case of the Punaruu Valley.

This methodology is divided into two stages. First, the modeling and assessment
of territorial resilience through three tools, already applied in urban and metropolitain
territories, but separately. The innovative combination of these measurement indicators
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enables an approach to territorial resilience in an exhaustive way on the basis of social,
technical and urban criteria. Secondly, we used geovisualization techniques to map the
flood risk and its associated risks in the Punaruu Valley in order to build a spatial decision
support system accessible and understandable to local stakeholders. The aim is to use the
principles of visualization of geovisualization to widely disseminate map results in order
to improve operationalization of resilience in French Polynesia.

The interest and contributions of this study are of several types:

adapting a resilience model to a small island developing state;

the integration of local stakeholders in the design of a spatial decision support system;
the use of public data from the Institut de la Statistique de Polynésie francaise (ISPF)
to allow the reproducibility of the study in French Polynesia;

the use of free and easy-to-use tools for mapping results: QGIS and Gephi;

the production of visual and understandable maps and tables allowing dialogue with
local actors;

Despite the various limitations that have been observed—notably with regard to LIght
Detection And Ranging (LIDAR) data limited to the coastline, the technical and time-
consuming nature of the application of the true DS3 model, and the need to explain the
meaning of socio-economic indicators to the population—many perspectives are already
envisaged for the future. First of all, including other natural hazards in this study, such as
landslides and the risk of marine submersion could provide new and interesting perspec-
tives. Secondly, the temporal monitoring of the terrain using Unmanned Aerial Vehicules
(UAVs) would allow “real-time” monitoring of the risk, while frequently updating the
hydraulic models [56]. Moreover, taking into account other socio-economic indicators
and the temporal monitoring of these indicators would make it possible to observe the
trend in territorial resilience. It would be interesting to quantify in economic terms the
risk of areas subject to flooding events [57]. A final envisaged perspective would be to
propose a systemic and in-depth study of the three resilience capacities defined by the
DS3 model within the urban technical services in order to highlight the critical points, and
consequently propose a methodology to improve the resistance, absorption and recovery
capacities of each urban technical service. Thus, reproducing and extending this study
limited in time and space through a Resilience Observatory would provide a global and
coherent vision of territorial resilience to the flood risk in French Polynesia. The design of a
resilience observatory would make it possible to improve knowledge of the territory and
facilitate the understanding, acceptance and application of a sustainable land management
policy. Studies are currently being carried out for this specific purpose.
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