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Abstract

Compound flooding refers to flood events caused by multiple factors, including marine processes
(e.g. storm tides and waves), hydrometeorological signals (e.g. rainfall and river flows) among
others. Saint Lucia is a tropical island in eastern Caribbean Sea, which is frequently affected by
weather-related extreme events such as tropical storms and the associated risks are exacerbated
due to its mountainous topography and high concentrations of infrastructure and human
communities close to the coast. At the southern coast of Saint Lucia, significant infrastructures
such as Hewanorra International Airport and Vieux Fort Seaport, and human settlements such as
towns of Vieux Fort and La Tourney are located at low-lying areas and are at risk of compound
flooding. A hydrologic model (i.e. HYdrological MODel) and a two-dimensional hydrodynamic
model (i.e. LISFLOOD-FP) are set up and calibrated to investigate the combined effects of storm
tides, wave run-up, rainfall, and river flows on flood risks in Saint Lucia. Results indicate the
necessity to consider multiple contributing factors as well as to characterize the effects of uncertain
boundary conditions. In flood-prone areas, there are infrastructures supporting major services in
the study area, and by extension, the economy of the Island. A network-based model, which
considers direct and indirect connections between infrastructures, is set up to explore risks of assets
in conditions of non-flooding and flooding. Modelling results reveal the fundamental importance
of various components including electricity distribution, flood control, information and
communication services, transportation, housing and human settlements, tourism, and particularly
the normal operations of Hewanorra International Airport. Prioritization of risks is critical for
developing effective mitigation methods for infrastructure networks.
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Lay Summary

Compound flooding has multiple contributing factors, including marine processes (e.g. storm tides
and waves) and hydrometeorological signals (e.g. rainfall and river flows). They can interact with
each other and generate more severe flooding, which has not been recognized until recent years.
The study area is located at the southern coast of Saint Lucia, which is highly exposed to hurricanes
and tropical storms, such as Hurricane Dean in 2007, Hurricane Tomas in 2010, and Hurricane
Matthew in 2016. The compound flooding risks are exacerbated due to the mountainous
topography and high concentrations of infrastructures and human communities. The most
important infrastructure is Hewanorra International Airport, whose failures in several extreme
events severely impacted local and international transportation as well as the local economy. Other
assets that support major services in the study area and the economy of the island include Vieux
Fort Seaport as well as the towns of Vieux Fort and La Tourney. They are interdependent and the
failure of one asset in flooding can propagate through the network, leading to failures of other
assets and more severe consequences. To understand compound flooding and its associated risks
in the study area, a hydrological model (i.e. HYdrological MODel) and a two-dimensional
hydrodynamic model (i.e. LISFLOOD-FP) are set up and calibrated to investigate the combined
effects of storm tides, wave run-up, rainfall, and river flows on flood risks in the study area. A
network-based risk analysis model is set up to explore risks of interdependent assets. Results
indicate that it is important to consider multiple factors in flood analysis. Hewanorra International
Airport has the fundamental significance in the study area, along with other high-risk assets in
flooding such as electricity distribution, flood control, information and communication services,
transportation, housing and human settlements, and tourism. This study provides insights of

compound flooding and helps prioritize risks of infrastructures in local flood management.
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Chapter 1

1 Thesis Overview

1.1 Background

Saint Lucia, a volcanic island in eastern Caribbean Sea, is located in the tropical cyclone belts and
therefore highly exposed to multiple natural disasters such as storm surges, rogue waves, as well
as heavy rainfall associated with tropical storms (ICF GHK, 2012). Compound flooding is
expected in those weather-related extreme events when there are simultaneous occurrences of high
river flows, high sea levels, and extreme rainfall. Resultant damage can be disastrous due to the
mountainous topography cut by fast-flowing water drainage networks, as well as the high
concentration of human settlements and significant infrastructure at the confined coastal lowlands
in Saint Lucia (Global Facility for Disaster Reduction and Recovery, 2019; ICF GHK, 2012;
United Nations Conference on Trade and Development, 2017).

Historical events have revealed the high vulnerability of critical infrastructure in Saint Lucia to
flooding and landslides. For example, damages in the infrastructure sector account for 43% of the
total impact caused by Hurricane Tomas in 2010 and 78.75% of the total impact resulted from a
tropical trough system in 2013. Infrastructure along with other vulnerable sectors, such as
agriculture and tourism, are key economic sectors in Saint Lucia. Major assets in those sectors do
not function individually but are interdependent to ensure their normal activities and operations.
For example, when Hewanorra International Airport was closed in several extreme events, arrivals

and departures of visitors were greatly disrupted, accordingly affecting the tourism industry.

Although the failures of assets and the propagation of failures through the infrastructure networks
have caused huge economic losses in Saint Lucia, there are no existing high-resolution
hydrodynamic models set up to simulate compound flooding, and no network analysis models set

up to conduct flood risk assessment for critical infrastructure.
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1.2 Research Objectives

The overall objective of this study is to combine a hydrodynamic model with a risk assessment
platform to evaluate compound flood risks to critical infrastructure. The first objective is to set up
and calibrate a hydrologic and a hydrodynamic model using available (sparse) ground-based data,
reanalysis products, and satellite imagery. The second objective is to characterize the individual
and combined contributions of storm tides, wave run-up, heavy rainfall, and river overflows to
flooding. The third objective is to identify direct connections between major assets in key
economic sectors and to set up a network analysis model for evaluating the effects of indirect
connections as well as prioritizing risks of assets in the system. The study area, bounded by the
coastline, is at the southern coast of Saint Lucia. Major assets pertaining to key economic sectors,
including Hewanorra International Airport (HIA), Vieux Fort Seaport, the town of Vieux Fort and
La Tourney, coastal agricultural lands, as well as the main north-south highway, are located at
low-lying areas and vulnerable to compound floods caused by heavy rainfall, high sea levels, and
river overflows in the La Tourney river. We study flood risks to HIA as a critical infrastructure.

1.3 Research Questions

Following are the research questions addressed in the study.

(1) How to address problems associated with data availability for the hydrologic and hydraulic

model setup?

(2) How important is it to consider the combined effects of multiple flood factors?

(3) How to characterize compound flood events and the contribution of individual flood factors?
(4) How to account for uncertainties in hydrologic and hydraulic modelling?

(5) How to combine a hydrodynamic model with a risk assessment platform to analyze flood risks

to critical infrastructure?

(6) What are compound flood risks over Saint Lucia particularly Hewanorra International Airport?
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(7) How to determine the relative importance of interdependent assets in different sectors and

prioritize risks under the conditions of non-flooding and flooding?

1.4 Summary of Chapters

This thesis consists of three main chapters. Chapter 2 is the background literature that provides an
overview of previous works in the analysis of compound flooding and in the flood risk assessment
for interdependent infrastructures. In the perspective of compound flooding, this chapter covers its
definition, interactions between its different contributing factors, as well as current frameworks,
progress, and limitations in its analysis. In the perspective of risk analysis, this chapters provides
the definition of risk, the definition of interdependent infrastructure and the impacts of its
interdependency by giving a real-world example, as well as current frameworks for the flood risk

analysis of critical infrastructure.

Chapter 3 introduces the study area and explains the reasons why it is at high risk of compound
flooding particularly in the changing climate. Historical extreme events have revealed the high
vulnerability of major assets in the study area to flooding and landslides. Detailed information is
subsequently given on the analysis of compound flooding in this study, including data collection,
preparations of boundary conditions, the hydrologic and hydrodynamic model setup, model
validation, sensitivity analysis to explore the effects of uncertain boundary conditions, scenario
analysis to account for the effects of wave run-up, as well as the probabilistic flood hazard analysis
to derive a probabilistic flood hazard map. Simulation results of flood extents and flood depths are

analyzed in this chapter and used in Chapter 4 for risk assessment.

Chapter 4 provides a review of several historical extreme events and their significant impacts on
critical infrastructure. Interdependency of infrastructure will be defined. The framework used for
the risk assessment in this study is clarified. Based on the Strong Path Method theory, the
RiskLogik software was utilized to set up a network analysis model in order to explore the effects
of direct and indirect connections among interdependent entities. The relative importance of
entities was determined for scenarios of non-flooding and flooding, providing valuable insights on

prioritization of risk and on the design of flood risk mitigation strategies.
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Chapter 2

2 Background Literature

2.1 Compound Flooding

Coastal regions are at risk of flooding caused by a combination of multiple factors including heavy
precipitation, high river discharge rates and river overflows, as well as storm surges and waves
generated by strong winds (Doocy et al. 2013; Kew et al. 2013; Wahl et al. 2015). This risk, which
is significant particularly in low-lying densely-populated coastal environments, is projected to
increase due to climate change, urbanization, population growth and expanded development
(Brown et al. 2013; Condon and Sheng 2012; Creel 2003; Frazier et al. 2010; Intergovernmental
Panel on Climate Change 2014; Kundzewicz et al. 2014).

Compound flooding can be defined as flooding caused by “the combined effects of marine and
hydrologic processes” (Gallien et al. 2018). This definition indicates that the analysis of compound
floods should consider both oceanic effects, such as waves and storm tides (the combination of
astronomical tide and storm surge), and hydrologic signals, such as river flows and precipitation.
Co-occurrence of these phenomena is more likely to be found in small and steep coastal
catchments, such as mountainous regions near the coast, because they have a quick response to
heavy rainfall that can lead to high direct runoff and/or increased riverine flows in conjunction
with high sea levels caused by storm tides and waves driven by the same weather system (Klerk
et al. 2015; Maskell et al. 2014; van den Hurk et al. 2015; Zheng, Westra, and Sisson 2013; Zheng
et al. 2014). In this condition, peak coastal water levels and peak river discharges are highly likely
to occur simultaneously and the interactions between them in the river channel can result in higher
flood depths and/or larger flood extents along the river and at the coastline compared to their isolate
occurrence (Svensson and Jones 2004). At the same time, heavy rainfall can lead to inland flooding
and direct runoff in areas that may be saturated by high sea levels (Gallien et al. 2018). Concurrent

flood hazards and the interactions among multiple contributing factors can lead to severe impacts.

Understanding of individual flood hazards and associated risks has progressed significantly,

however quantitative assessments of the joint occurrences of compound flood hazards are limited.
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The resultant risk is often significantly underestimated with severe consequences (Bevacqua et al.
2017; Chen et al. 2010; Kumbier et al. 2018). Until present, only a few studies have characterized
compound flood hazards using process-based approaches (Tang et al. 2013; Joyce et al. 2018;
Kumbier et al. 2018), statistical methods (Bevacqua et al. 2017; Klerk et al. 2015; Paprotny et al.
2018; van den Hurk et al. 2015; Wahl et al. 2015; Ward et al. 2018), and frameworks that combine
them together (Lian, Xu, and Ma 2013; Thompson and Frazier 2014). Thompson & Frazier (2014)
studied joint impacts of storm surges, inland precipitation and sea-level rise (SLR) over Sarasota
County, Florida. Flood events of historical extreme events were depicted based on deterministic
flood extents and high-risk regions for current and future hazards were determined based on
probabilistic inundation extents, but this study did not consider the interactions between river flows
and storm surges along waterways. Kumbier et al. (2018) developed a hydrodynamic numerical
module in an estuarine environment and investigated compound flooding caused by storm tides
and high river runoff, by quantifying the horizontal (flood extent) and vertical (water depth)
differences in flood hazard estimates when including and excluding upstream riverine discharges
during simulations. Joyce et al. (2018) utilized a coupled hydrodynamic circulation and wave-
driven model to generate time series of total water levels (i.e. storm surges, astronomical tides and
waves) from meteorological forcings with various hurricane characteristics, sea level rise, and
rainfall. The time series are inputs of a hydrodynamic stormwater and hydrologic model to
simulate flooding caused by sea levels while considering hydrological factors and interactions
between them such as rainfall runoff and groundwater table fluctuations. Nevertheless, these

analyses did not account for the direct impacts of extreme rainfall on flooding patterns.

Hydrodynamic models used in the flood analysis can be categorized into one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) models. It is the simplest approach to treat
floodplain flows as part of the one-dimensional channel flows running parallel to the river channel,
but its major drawbacks include the representation of floodplain topography as a series of cross-
sections rather than as a surface, one cross-section averaged velocity to represent large variations
in velocity across the floodplain, and the subjectivity of locations of cross sections (Teng et al.
2017; N.M. Hunter et al. 2007). Those problems are solved in two-dimensional models, where
floodplain flows are represented as two-dimensional by assuming water depth is shallow and is
insignificant compared to the other two dimensions (Teng et al. 2017). The applications of two-

dimensional models to rural and urban floodplains have shown their abilities in providing



7|Page CHAPTER2. BACKGROUND LITERATURE

sufficient levels of physical and topographic representations (N. Hunter et al. 2008; N.M. Hunter
et al. 2007). Unless when the modelling of vertical features is important, such as in cases of dam
breaks and levee breaches, complex three-dimensional representations are unnecessary and the
two-dimensional shallow water approximation is adequate for many scales of floodplain flows
(N.M. Hunter et al. 2007; Teng et al. 2017). Coupled 1D/2D schemes were also developed, where
river channels modelled as one-dimensional are coupled to floodplain flows in the 2D domain, in
order to make use of the efficiency of 1D models and the accurately simulated flow dynamics in
2D models (Werner, Blazkova, and Petr 2005; Patro et al. 2009).

2.2 Two-dimensional Hydrodynamic Modelling

Two-dimensional hydrodynamic modelling is widely used in flood analysis (Fernandez et al. 2016;
Gallien et al. 2018; Joyce et al. 2018; Kumbier et al. 2018; Olbert et al. 2017; Saleh et al. 2017;
Tang et al. 2013). Models that solve full 2D shallow water equations have proven to be able to
accurately simulate flood inundation characteristics such as timing and duration (Teng et al. 2017).
However, those models are computationally expensive, which is particularly unaffordable in urban
flood estimations when the required model resolution is 50m or less and/or for probabilistic
analyses which require a large number of simulations (Bates et al. 2005; Teng et al. 2017).
Furthermore, computationally-expensive models are less likely to take advantage of the recent
development in the remote sensing of topography such as high-resolution Light Detection and
Ranging (LIiDAR) digital elevation models due to the large computation time. In fact,
improvements of other factors such as increasing the model resolution may help generate more
accurate results than that of increasing physical complexity of the model itself (Lewis et al. 2013).
Therefore, simplified two-dimensional hydraulic models that are computationally efficient while
still capable of capturing dominant processes in flood events were developed, such as LISFLOOD-
FP, Cama-Flood and JFLOW (Teng et al. 2017; N.M. Hunter et al. 2007; Horritt and Bates 2002).

Bates, Horritt, and Fewtrell (2010) developed a simplified two-dimensional model LISFLOOD-
FP, which discretizes the domain into grid cells and solves two-dimensional shallow water
equations without the advection term using an explicit finite difference scheme on a staggered grid.

This inertial model provides water depths and discharge rates at each time step by preserving mass
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balance in each cell (continuity equation, Eg. (2-1)) and handling the momentum between cells
(momentum equation, Eg. (2-2)). These equations are briefly outlined here but are documented in
detail in Bates, Horritt, and Fewtrell (2010) and de Almeida et al. (2012). To maintain model
stability, an adaptive time-stepping method (Eq. (2-3)) is used to automatically select suitable time

steps based on the Courant-Friedrichs-Lewy (CFL) condition.
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where h is the water depth at the centre of each cell, Q is the flow between cells, A is the area of
flows between cells, subscripts i and j are cell spatial indices in x and y directions, 4t is the time
step, superscripts t and ¢+A¢ indicate the time t and 7+4¢, R is the hydraulic radius, S is the water
surface slope between cells, n is the Manning's roughness coefficient, g is the gravitational
acceleration, a is the CFL coefficient ranging from 0.2 to 0.7 used to generate stable simulations

for most flow situations, Ax is the cell width, and max(h®) is the maximum water depth.

Besides the extensive tests in benchmarking studies (N. Hunter et al. 2008; J. Neal et al. 2012),
developments were also made for the purpose of extending the use of this inertial model. Although
instabilities in low friction scenarios were reported in Bates, Horritt, and Fewtrell (2010), solutions
were subsequently proposed in de Almeida et al. (2012). J. Neal, Schumann, and Bates (2012)
presented a scheme to include a sub-grid channel routine in the original inertial model, which was
further extended by J.C. Neal et al. (2015) through introducing a shape parameter to represent
various cross-sectional shapes. The sub-grid version of LISFLOOD-FP was proven to be stable
and allows for an accurate representation of river channels with any cross-sectional geometry and
with any width that is below model resolution. Its successful applications in Lewis et al. (2013),
Fernandez et al. (2016), and Garcia-Pintado et al. (2015) showed that the connectivity provided by
sub-grid channels was essential to reproduce flow dynamics particularly in large scale simulations.

The inclusion of river networks and the calibration of shape parameter led to a significant increase
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in the predicting capability and accuracy in terms of water levels, wave propagation speeds, and
inundation extents. Besides the introduction of sub-grid channels, considering the increasing need
to directly use hydrodynamic models to simulate pluvial events particularly in complex urban
areas, a constant velocity rainfall routing scheme was introduced by Sampson et al. (2013). This
new scheme enables the model to route rainfall-derived water from elevated structures such as

buildings without causing instabilities while reducing computation time.

The resulting inertial formulation, relatively simple yet robust, has found to be computationally
efficient while yielding similar performance (in representing flood characteristics such as extents,
depths and velocities) to diffusive models and full two-dimensional shallow water models
especially in simulating subcritical flows that gradually vary in time and space (Bates, Horritt,
and Fewtrell 2010; Fewtrell et al. 2011; Lewis et al. 2013; de Almeida and Bates 2013).
Additionally, this scheme has the ability to deal with rapid wetting and drying conditions during
the flood events (Bates, Horritt, and Fewtrell 2010). It provides an appropriate compromise
between computational cost and physical realism, and was successfully applied in floods caused
by single factor, such as river flows (Bermudez et al. 2017; Fewtrell et al. 2011; Garcia-Pintado
et al. 2015; Wood et al. 2016), rainfall (Sampson et al. 2013), and coastal water levels (Lewis et
al. 2011; Quinn et al. 2014; Seenath, Wilson, and Miller 2016), as well as compound floods
caused by storm tides and river flows (Lewis et al. 2013; Maskell et al. 2014; Skinner et al. 2015).
In compound flooding, it is critical to accurately simulate the interaction between river flows and
coastal water levels. Maskell et al. (2014) investigated the combined influence of storm surges
and river flows in an idealized estuary by using the FVCOM (a full shallow-water formulation)
and LISFLOOD-FP models. Comparison of the results shows that LISFLOOD-FP has similar
predicting performance (i.e. maximum flood extents) as that of FVCOM but with much-reduced
computation resources. This indicates the great potential and advantage of using simplified
models that capture dominant physics when the surge-river interaction caused by momentum
exchange is insignificant to flood extents. In the study of Lewis et al. (2013), 3 arc-second
resolution (approximately 90m) Shuttle Radar Topography Mission (SRTM) dataset was pre-
processed and used as the terrain input for the LISFLOOD-FP model to simulate flooding caused
by storm tides. Sub-grid channels were included to allow propagations of sea water in river
channels along with backwater effects of river flows. The inundations model showed accuracy

on the reproduction of flood conditions, and the overall performance (i.e. peak flood extents and
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maximum water levels) was satisfactory, indicating the suitability of publicly available data as

well as the ability of the sub-grid version of LISFLOOD-FP in simulating combined flooding.

Despite the successful applications of sub-grid LISFLOOD-FP in various flood analysis, its
ability to simulate compound flood caused by multiple concurrent contributing factors (i.e.
coastal water levels, river flows, and rainfall) has not been investigated thoroughly. In addition,
the accuracy of such simplified two-dimensional hydrodynamic model strongly depends on the
data quality, indicating the needs of high-resolution topographic data and correct forcing data for
more accurate simulation results (J. Neal et al. 2012; Lewis et al. 2013). In data-poor regions
where high-quality data is not available, it is necessary to process and improve the quality of
coarse-resolution topographic data, while the uncertainties in boundary conditions and their

propagations through the model to simulation results should be characterized.

2.3 Flood Risk Assessment of Critical Infrastructure

Flooding is one of the most frequent and disastrous natural hazards, which has caused significant
destructions to human societies (Teng et al. 2017; Salman and Li 2018). Based on the driven factor,
common flooding types include pluvial flooding that occurs when rainfall exceeds the capacity of
urban drainage systems, fluvial flooding that results from river overflows, and coastal flooding
caused by oceanic effects such as storm tides and waves (Hammond et al. 2015; Blanc et al. 2012).
Economic losses from floods, including direct damages (e.g. property and infrastructure damages)
and indirect impacts (e.g. disruptions of pubic essential services), have greatly risen over the
previous decades, mainly because of the increasing exposure of human settlements and economic
assets (Kundzewicz et al. 2014; Handmer et al. 2012; J. Yin, Yu, and Wilby 2016). Current flood
risks are projected to be exacerbated in many regions around the world due to climate change
because i) sea-level rise would amplify the impacts of coastal flooding, ii) changing local rainfall
patterns could lead to more frequent riverine and inland floods, and iii) changes in the frequency
and intensity of storm events would affect the characteristics and patterns of storm surges and
waves (Jha et al. 2012). Small island states, where human settlements and significant infrastructure
are predominate in coastal floodplains, are at particularly high risk of coastal- and weather-related

flood disasters (Handmer et al. 2012). Therefore, flood risk management and cost-effective disaster
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risk reduction strategies are of fundamental importance to avoid or reduce potential damages and

losses while achieving basic development objectives (Mercer 2010; Handmer et al. 2012).

Effective flood risk management relies on a prior flood risk assessment, which provides sufficient
insights into flood events, their consequences and possible mitigation measures that support the
decision-making procedures (de Moel et al. 2015). Risk can be defined as “the combination of the
probability of an event and its negative consequences” (UNISDR 2009). In the academic literature
for flood risk assessment, flood risk generally refers to the product of hazard, exposure, and
vulnerability (Kron 2005). To better understand and compute flood risk, the US Army Corps of
Engineers (USACE) conceptually defines flood risk as a function of the flood hazard, performance,
exposure, vulnerability, and consequence (USACE 2017). Flood hazard is represented by the flood
characteristics such as flood extents, flow velocities, and water depths; performance depicts how
the system reacts to the flood hazard; exposure describes the assets and population that are exposed
to flood hazards, while vulnerability refers to their susceptibility to floods; and consequence is
defined as the harm, such as economic damages and loss of life, resulting from flood hazards
(USACE 2017). Extensive frameworks of flood risk assessments were set up for pluvial flooding
(Szewranski et al. 2018; Z. Yin et al. 2016), coastal flooding (Christie et al. 2018; Neumann et al.
2015), and fluvial flooding (Bates et al. 2005; Feyen et al. 2012) at different scales. Urban flooding
can include pluvial, coastal, and fluvial flooding. Due to the complexity and significance of urban
environments, frameworks were proposed for performing flood risk analysis of urban floods (Jha
et al. 2012; J. Yin et al. 2015). If different types of floods are correlated with each other in the
study area and are likely to occur simultaneously (e.g. hurricanes not only induce storm surges that
cause coastal floods but also heavy rainfalls that cause flash floods), flood risk assessment should
consider the joint probability of different flood factors and the combined consequences of
concurrent flooding (Lamb et al. 2010; Emanuelsson et al. 2014; Dawson 2015).

Infrastructures can be defined as “the basic facilities, services, and installations needed for the
functioning of a community or society”, and critical infrastructures are “systems and assets,
whether physical or virtual, so vital to the United States that the incapacity or destruction of such
systems and assets would have a debilitating effect on security, national economic security,
national public health or safety, or any combination of those matters” (Bennett 2018). Critical

infrastructures are the backbone of modern societies and economies, providing essential services
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and covering sectors that include agriculture and food, banking and finance, drinking water and
water treatment systems, energy, telecommunications, information technology, public health and
healthcare, commercial facilities, emergency services, as well as transportation systems (Bennett
2018; Rinaldi, Peerenboom, and Kelly 2001). Their reliable and secure operations are of
fundamental importance to national security and economic development. Infrastructures do not
function in isolation from each other, but are interdependent and the state of one infrastructure
may depend on the state of several other infrastructures. Rinaldi, Peerenboom, and Kelly (2001)
identified four types of interdependencies, namely physical, cyber, geographic, and logical.
Infrastructures can either directly or indirectly connect through one or more intervening
infrastructures. These connections are described as nth-order interdependencies, where n is the
number of direct and indirect linkages between the two infrastructures. The coupling of
infrastructures can significantly increase the risk by triggering cascading effects. Disruptions or
failures of one infrastructure can propagate through the network and subsequently cause
disruptions or failures of other infrastructures thus creating first, second, and higher-order
disruptions or failures and making the whole system more vulnerable in exceptional circumstances
such as floods (Rinaldi, Peerenboom, and Kelly 2001). Propagation mechanisms of disruptions or
failures among infrastructures are expected to aggravate the impacts of flooding, leading to more
severe direct and indirect damages. For example, Hurricane Sandy hit New York City in 2012, and
the associated extremely high sea levels caused extensive flooding at the coast. The flooding led
to failures of several electric power systems, which subsequently led to destructions of other
infrastructures, including the evacuation of the New York University Langone Medical Center and
the transfer of 200 patients, destroyed and damaged houses in fire incidents due to the lack of
electricity, shortage of fuel supply, business interruptions, and the breakdowns of heating networks,
security systems, telecommunication services, as well as emergency power generators (Serre and
Heinzlef 2018). Therefore, although risk analysis of infrastructures is challenging because of
network complexity, data availability, and high degrees of interdependencies among different
infrastructures, it is indispensable in order to understand how disruptions or failures propagate
through the network and prevent catastrophic infrastructure breakdowns (Rinaldi, Peerenboom,
and Kelly 2001).

Recent studies have highlighted that relationships between infrastructures are essential for accurate

representations of infrastructure characteristics, operations, and maintenance (Alcaraz and
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Zeadally 2015; Laugé, Hernantes, and Sarriegi 2015). There are several frameworks to simulate
interdependencies of infrastructures, including network-based approaches, agent-based modelling,
input-output models, and statistical techniques (Wang, Hong, and Chen 2012). Each framework
has its advantages and limitations, and therefore, selections of the appropriate method should be
based on the objectives and evaluated scopes of the study (Johansson and Hassel 2010). The major
task of flood risk analysis on infrastructures is to investigate how flood damages propagate through
the network of interdependent infrastructures (Hammond et al. 2015; Pant et al. 2018). Several
studies successfully integrate interdependencies of infrastructures into the flood risk assessment
framework by using network-based methods. The network theory is a classical and widely applied
method, where a set of nodes with connecting links build up systems as networks (Ottino 2003).
Emanuelsson et al. (2014) proposed a screening approach on the basis of network theory for flood
risk assessment of water utility infrastructure. This framework is the combination of probability
assessment, which considers the exceedance probability of a flood event and the vulnerability of
each asset at the event, and consequence assessment, which accounts for not only the direct
consequences of flooding of each asset but also consequences arising from interdependencies
among assets. Risk scores assigned to each asset by multiplying the probability and the
consequence can be utilized to rank assets, identify the potential critical assets, prioritize assets in
terms of investments to reduce flood risks, and also provide information for more detailed and
informative risk analysis. O’Neill (2014) proposed Strongest Path Method (SPM) for performing
risk analysis on interdependent infrastructure components, which consists of standalone risk
assessment for each node, identification of direct connections between each pair of nodes, and
simulation of effects of indirect connections among nodes. Strongest paths, which refer to the paths
between two infrastructures that constitute the most significant influence with the least intervening
nodes, can be identified. Besides, multiple analytical tools can be used to analyze the relative
importance of infrastructures in the system, which helps the prioritization of risks and development
of effective mitigation strategies. Tsavdaroglou et al. (2018) have developed a network-based
methodology to conduct the risk analysis of interdependent infrastructures under the conditions of
weather-induced hazards, including coastal, fluvial, and pluvial flooding, for the current and future
climate conditions. The risk estimations on infrastructure level are based on a semi-quantitative
approach, using the Likert scale to estimate impacts of the event on each infrastructure and

percentages to represent probabilities of event occurrences. Dependencies between infrastructures
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are quantified as the product of impact on the Likert scale and likelihood as a percentage showing
the degree of impact that a failure of one infrastructure can propagate to the other infrastructure.
Total cascading impacts on each infrastructure are assumed to be equivalent to the highest impact
among all its dependencies. This study showed that the severity of cascading effects is not only
related to the relationships among assets but also strongly dependent on the recovery time of

different infrastructures in different scenarios.
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Chapter 3

3. Analysis of Compound Flooding in Saint Lucia

The passage of tropical storms, as the main driver of storm surges and high waves in many regions,
can also generate heavy rainfalls. The resulting combination of riverine, pluvial, and coastal
flooding can cause significant losses, particularly in densely-populated coastal environments.
Hewanorra International Airport (HIA), located at the southern coast of Saint Lucia, is the only
international airport in this island, which is susceptible to flooding caused by heavy rainfalls, high
levels of water in rivers, as well as storm tides and waves. It was shut down in several extreme
events (such as Hurricane Tomas in 2010) due to the flooded runway and terminal. The disruptions
of HIA, as well as the flooding in surrounding human communities and significant infrastructure,
have led to huge economic losses. In this study, a two-dimensional sub-grid hydrodynamic model
(LISFLOOD-FP) was set up to simulate the combined effects of river flows, coastal water levels,
and rainfall in the event of Tropical Storm Matthew. The model is forced with rainfall inputs that
are derived from station observations and different rainfall products, as well as coastal water levels
that consist of estimated storm tides and waves. A lumped rainfall-runoff model (HYMOD) was
also set up and calibrated to generate upstream inflow boundary conditions for the hydrodynamic
model. Validation of the LISFLOOD-FP model is based on the flood inundation map derived from
available satellite imageries including the Pléiades-1 imageries and Sentinel-1 imageries.
Sensitivity analysis is introduced to explore model uncertainties associated with uncertain
boundary conditions. Scenario analysis is conducted to investigate the potential impacts of wave
run-up. Probabilistic flood hazard analysis is completed to visualize the impacts of uncertain

boundary conditions as well as to identify areas with high risks of flooding.

3.1. Introduction

In the Caribbean region, Small Island Development States (SIDS) have high exposure but limited
adaptive capacities to hurricanes and tropical storm events, which were found to significantly

increase since the mid-1990s, resulting in extensive damages and economic losses (Pulwarty,
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Nurse, and Trotz 2010). For example, in the case of Hurricane Tomas on the island of Saint Lucia
in 2010, the consequences were disastrous, which include numerous rainfall-induced landslides,
the loss of electricity, destructions of houses and infrastructure, confirmed deaths of eight people,
and an estimated total loss of 336.15 million U.S. dollars (Pasch and Kimberlain 2011). During
the high active 2017 Atlantic hurricane season, seventeen named tropical cyclones have developed
with notable collective intensity; among those extreme events, Hurricane Irma and Hurricane
Maria showed the most remarkable impacts by affecting a total of 14 SIDS and 16 SIDS,
respectively (Shultz et al. 2019). Besides the high sensitivity to current atmospheric conditions,
Caribbean SIDS are projected to be more vulnerable in the changing climate (Pulwarty, Nurse,
and Trotz 2010). They are facing critical challenges from climate-related hazards that are driven
by sea level rise (SLR), increasing air and surface temperatures, as well as potential changes in the
frequency and intensity of tropical storms and other extreme events (Nurse et al. 2014; Pulwarty,
Nurse, and Trotz 2010; Rhiney 2015). Annual economic losses in the Caribbean in terms of
hurricane damage, loss of tourism revenue, and infrastructure damage are estimated as $22 billion
by 2050 and $46 billion by 2100 (Bueno et al. 2008). These estimations are believed to increase if
the temperature change of 1.5°C beyond pre-industrial levels is considered (Mycoo 2018).

As the main driver of storm tides and high waves, the passage of tropical storms in the Caribbean
region can also generate heavy precipitation. Caribbean SIDS are at high risk of compound
flooding not only due to their high exposure to storm events but also the inherent geophysical
characteristics of small islands. Many of them can be characterized as volcanic islands with small
and steep river catchments, indicating the rapid response to rainfall and generally limited storage
capacity (Mycoo 2018). In addition, the majority of human communities, critical infrastructure,
and development are located in low-lying areas along the coastal fringe of Caribbean SIDS, and
as a result, the combined effects of storm tides, waves, heavy rainfall, and river overflows could
be disastrous in those islands (Nurse et al. 2014). Coastal water levels, as well as the interactions
between sea levels and river flows, can cause extensive inundation hazards along the coastline and
in river floodplains, not only threatening human settlements and coastal resorts but also affecting
the operations of seaports and/or airports in low-lying areas (Monioudi et al. 2018). Intense rainfall
events can cause widespread disruptions of services and induce inland floods, mudslides, as well
as landslides that can greatly impact transportation assets and their connecting road networks such

as the major highway in the islands (Fay et al. 2017). Current challenging conditions are expected
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to be worse due to climate change. SLR, one of the most widely acknowledged climate-related
threats to lowlands, is believed to increase surge severity and shift higher hazards farther inland
(Biondi and Guannel 2018; Lin et al. 2012). Changes in rainfall patterns are not well recognized
yet, but there is a potential increase in the destructiveness of tropical cyclones and associated storm
surges. Bender et al. (2010) found that the frequency of Atlantic tropical cyclones with extreme

intensities (i.e. category 4 and 5 storms) is projected to double by the end of the 21 century.

As in Figure 1, the Caribbean SIDS of Saint Lucia, located in the Caribbean Sea with a land area
of approximately 616 km?, has a mountainous landscape that is characterized by steep slopes cut
by fast-flowing water drainage networks, confined low-lying coastal areas, and pocket beaches
(United Nations Conference on Trade and Development 2017). Coastal lowlands in Saint Lucia
have a high concentration of human settlements, hotels, seaports, airports, and transportation assets
that connect major communities and coasts on the island (Mycoo 2011). These highly-developed
low-lying areas, however, are prone to floods and vulnerable to tropical storms and other extreme
events. For example, on 24 December 2013, an unseasonal low-level trough system passed over
the island. Major communities, such as Castries in the north and Vieux Fort in the south of the
island, experienced substantial floods caused by heavy precipitation as well as overwhelming
water in nearby river channels (Global Facility for Disaster Reduction and Recovery 2014). Both
international and local transportation were impacted since the Hewanorra International Airport
was shut down for nearly 48 hours due to the temporarily flooded runway and terminal building,
and several sections of the main highway were collapsed due to the insufficient drainage systems
(Global Facility for Disaster Reduction and Recovery 2014). The total estimated damages and
losses of this event was US$99.88 million, equivalent to 8.3 per cent of the country’s GDP; the
transport sector was the major damage (72.3 per cent) followed by the agriculture sector (12.92
per cent) and the housing sector (3.81 per cent) (Global Facility for Disaster Reduction and
Recovery 2014). Under a changing climate, flooding risks in Saint Lucia are believed to increase
as the result of sea level rise, continuous damages to natural barriers such as coral reef ecosystems,
reduced capacities of the drainage infrastructure, as well as potentially more frequent extreme
events such as intense tropical cyclones associated with waves and storm surges (Government of
Saint Lucia 2018b). Despite the high exposure and vulnerability to natural hazards, increasing
development and population growth are still expected at the coastal lowlands in Saint Lucia

because of the three main characteristics of the country: (i) small geographical area and limited
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on-island relocation opportunities, (ii) high dependence on tourism, which accounts for 65% of
GDP and serves as the main source of foreign exchange earnings for the island, and the
irreplaceable role of beaches as the major tourism product, and (iii) the needs of livelihood sources
such as lowland agriculture and coastal fisheries (Government of Saint Lucia 2018b; World Travel
and Tourism Council 2019; Central Intelligence Agency 2019). Given the high risks of low-lying
coastal areas to flooding but limited financial and human resources in Saint Lucia, flood risk
assessment and efficient flood mitigation strategies are necessary for the country to protect human

settlements, ecosystems, and the economy.

Elevations (m)

Value
] Migh : 944.88

Figure 1. The topography map and the geographic location of Saint Lucia (Sources: Esri,
DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community; National Geographic, Esri, DeLorme, HERE, UNEP-
WCMC, USGS, NASA, ESA, METI, NRCAN, GEBCO, NOAA, iPC; Esri, GEBCO, NOAA,
National Geographic, DeLorme, HERE, Geonames.org, and other contributors; Saint Lucia Digital
Elevation Model that is downloaded from http://www.charim-geonode.net/layers/geonode:dem).

Two-dimensional modelling is an essential measure to understand the effects of multiple flood
factors and accordingly to develop efficient flood mitigation measures. Using the integrated
watershed model Limburg Soil Erosion Model (i.e. LISEM erosion/runoff model combined with
the FUllSWOF2D open source 2D flood module), a national flood hazard map was developed in
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Saint Lucia to identify flood inundation extents in rainfall events with different return periods
(Jetten 2016). In this model, the 1D kinematic wave scheme is used to route channel flows, and
the 2D full Saint-Venant equations are used when channel flows spread into surrounding
floodplains. However, considering the lack of model calibration and inherent uncertainties in the
simulation results, estimated flood extents can only be used as a preliminary evaluation of flood
hazards. The resolution of 20m is also not adequate to simulate flows around structures such as
houses and buildings in communities. Furthermore, the effects of coastal water levels and river
discharges are not considered in this model. Therefore, it is necessary to set up a high-resolution

hydraulic model in order to comprehensively evaluate compound floods in Saint Lucia.

In this study, the latest version of the simplified two-dimensional hydrodynamic model
LISFLOOD-FP (J. Neal et al. 2018) was set up to simulate flood conditions at the southern coast
of Saint Lucia in the event of Tropical Storm Matthew in September 2016. This event is selected
due to its severe consequences and data availability. This version of LISFLOOD-FP not only has
the ability to solve inertial formulations proposed in Bates, Horritt, and Fewtrell (2010) and de
Almeida et al. (2012) with much higher computation efficiency, but also includes subroutines for
simulations of sub-grid river channels (J. Neal et al. 2012) and for the stable routing of rainfall-
induced flows over elevated surfaces (Sampson et al. 2013). High-resolution topographic data is
available for the model setup. Since observational data is limited in this data-scarce region, river
discharges were simulated using a calibrated hydrologic model, coastal water levels are estimated
along with corresponding uncertainty bounds, while the time series of rainfall intensities are
derived from both station observations and rainfall products. Simulated river discharges, estimated
coastal water levels, and derived rainfall inputs are used to force model boundaries. A flood
inundation map was derived from available satellite imageries and used for the model validation.
Since the accuracy of simulation results strongly depend on the forcing data, sensitivity analysis
is performed to evaluate the effects of uncertain boundary conditions, and individual contributions
of the three flood factors (i.e. coastal water levels, river flows, and rainfall) in flood patterns.
Probabilistic flood hazard analysis is conducted based on a large number of simulations in order
to explore the probability of flooding for each pixel when considering the uncertainties in river
flows, sea levels, rainfall volume, as well as temporal patterns of rainfall intensities. Lastly,
scenario analysis is utilized to explore the potential effects of wave run-up. Objectives of the study

in this chapter are as follow.
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(1) Set up and validate a simplified two-dimensional hydrodynamic model LISFLOOD-FP for the
study area to comprehensively evaluate the combined effects of storm tides, waves, river

discharges, as well as heavy rainfall.

(2) Conduct the sensitivity analysis to determine the impacts of uncertain boundary conditions as
well as the contributions of different flood factors to the flood patterns in the event of Tropical
Storm Matthew.

(3) Take uncertainties in boundary conditions into account and derive probabilistic flood hazard
maps in order to examine model uncertainties associated with the input data as well as to identify
high-risk flood-prone areas, which can help develop flood risk assessment and determine effective

flood mitigation methods.

(4) Investigate the potential impacts of wave run-up in the scenario analysis by assuming different
heights of wave run-up constantly affect the island during the simulated event.

3.2. Study Area

The study area, with a total area of 9.55 km?, is located at the southern coast of Saint Lucia and
bounded by the coastline (Figure 2). Surrounded by elevated hills and mountains, significant
infrastructure and human communities are built on flat low-lying lands (Figure 3). As in Figure 4,
the major land cover types are pasture (40%), shrubland and forest (31%), and buildings (9.8%).
The wet season is from June to December, while tropical storms associated with heavy
precipitation and storm tides typically attack the island from September to November. Flooding
risks are expected to be high especially in the changing climate. Effective flood management and
applicable mitigation strategies are greatly needed in this region due to the existence of significant

infrastructure, lowland agriculture, transportation assets, and major communities.

Significant infrastructures, the La Tourney River, road networks, and human settlements in the
study area are shown in Figure 3. The two assessed critical international transportation assets are
Hewanorra International Airport (HIA) and Vieux Fort Seaport (VFSP). HIA handles 78% of all
air traffic (715,955 passengers in 2017) (Government of Saint Lucia 2018a), serving as the



28|Page CHAPTER3. ANALYSIS OF COMPOUND FLOODING

gateway to the international long-haul airlines. The eastern end of the HIA’s runway is about 150m
from the shoreline that forms on the Sandy Beach fronted by coral reefs; this seaward edge of
runway is projected to be vulnerable to flooding due to SLR and possible degradation of coastal
ecosystem including the beach (Government of Saint Lucia 2018b; Monioudi et al. 2018). Water
from hills and mountains drains into La Tourney River, which was redirected from its original path
under the runway to the west running parallel to the runway and then to the south draining to the
ocean. The realignments of La Tourney River was the major cause of overbank flooding in several
extreme events since the river flows with high velocities were unable to make the sharp turn near
HIA and eventually followed the original course, broke the riverbanks, and flew across the runway.
Surrounded by low-lying land and approached by a narrow road, VFSP is about 5km from HIA
and facilitates a significant fraction of the total container traffic. The seaport is 1.5m above the
local mean sea level and has the resilience to storm surges since there was no reported incidents
or damages (United Nations Conference on Trade and Development 2017). As is shown in Figure
4, there are areas for woody agriculture (e.g. cacao, coconut, and banana) at the east coast. Two
towns are located near the airport, namely, the town of La Tourney to the north of HIA and the
town of Vieux Fort to the south of HIA. Vieux Fort has reportedly experienced flooding that was
exacerbated by insufficient drainage infrastructure (United Nations Conference on Trade and
Development 2017). The major north-south highway, which connects Vieux Fort to other major
communities and beaches, separates the western and eastern ends of the runway from the Atlantic
Ocean. Local residents and visitors rely heavily on this highway. Many people living in Vieux Fort
have to travel to Castries for work, education, and health care; more than 90% of the tourists arrive
at HIA and then go to their hotels that are mainly located in the north of the island such as Castries,

and at west coast such as Soufriere (United Nations Conference on Trade and Development 2017).
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Figure 2. The drainage basin and study area (Sources: Saint Lucia Digital Elevation Model

downloaded from http://www.charim-geonode.net/layers/geonode:dem; Saint Lucia river

networks downloaded from http://www.charim-geonode.net/layers/geonode:rivers; Map data ©
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http://www.charim-geonode.net/maps/217; Digital Surface Model provided by Deep Logic

Solutions Inc.).
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Figure 4. Land cover map of the study area (Sources: Saint Lucia 2014 Land Cover Map

downloaded from http://www.charim-geonode.net/layers/geonode:landcover 2014 improvedl).

3.3. Data and Methods

The 2016 Atlantic hurricane season was an above-average season since 2012 with 15 named
storms and 3 intense hurricanes; among them, Hurricane Matthew, impacting across the Caribbean
Region and in the United States, was the strongest and most destructive cyclone of the season
(Beven 2017). Heavy rainfall, rough seas, and strong winds associated with the storm affected the
island of Saint Lucia from 11:00 am Atlantic Standard Time (AST) on September 28, 2016 to 8:00
am AST on September 29, 2016 (International Federation of Red Cross and Red Crescent Societies
2017). Roofing damages and loss of services such as electricity, telephone, and internet were
reported across the island; several communities including the town of Vieux Fort were flooded:;
landslides and fallen trees hindered accesses to some drains; blocked roads and bridges impeded
the local transportation; Hewanorra International Airport was closed during the storm and restarted
operations on September 29, which led to disruptions of international and regional transportation;
the agriculture sector was the most adversely affected with 85 per cent of farms experiencing
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damages (International Federation of Red Cross and Red Crescent Societies 2017; The Caribbean

Catastrophe Risk Insurance Facility 2016).

A sub-grid version of the simplified two-dimensional hydrodynamic model LISFLOOD-FP was
set up to simulate the combined effects of storm tides, waves, river flows, and heavy rainfall in the
event of Tropical Storm Matthew. The model setup is challenging since the study area is a data-
scarce region with limited observational data. Solutions and assumptions made during the
preparations of boundary conditions are introduced in the following sections. Model results in
terms of flood inundation area are validated using the flood inundation map derived from available
satellite imageries. The resultant validated model is subsequently utilized to conduct sensitivity

analysis, scenario analysis, as well as the probabilistic flood hazard analysis.

3.3.1. Input Data for the Hydrodynamic Model
Topographic Data

Topographic data used in this study is a Digital Surface Model (DSM) that represents the
elevations of grounds as well as natural and built features such as trees and buildings (Figure 3).
Provided by Deep Logic Solutions Inc., the DSM is produced from the correlated point clouds
obtained from a high-resolution orthoimagery taken in April 2018. It has a spatial resolution of
0.05m with an accuracy of 3 cm (68% confidence) in both horizontal and vertical directions. The
DSM was levelled to the local mean sea level, indicating that the DSM elevations are always
expressed relative to local MSL = 0. The fine terrain resolution, typically 1-5m or even finer than
1m, is required to capture complex flood paths in micro-topography (T. Fewtrell et al. 2011; T.J.
Fewtrell et al. 2008; Hunter et al. 2008), but the finer the resolution is the greater the computational
cost would be. In this study, initial experiments have shown that the resolution of 5m can provide
an appropriate compromise between computational resources and simulation accuracy. The 0.05m
DSM, as a result, was resampled to 5m and used as the terrain input to provide topographic
information of the study area for the hydrodynamic model. Elevations of trees and other types of
vegetation are not supposed to be included in the simulations; nevertheless, the resampled DSM is
used in this study considering the data availability, infeasibility of vegetation removal, and the

limited impacts of vegetation elevations on simulations results in the major areas of interest.
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Land Cover Map

Based on the available Pleiades imageries (acquired between 2013-2014) and RapidEye imageries
(acquired between 2010-2014), a 2014 validated land cover map of Saint Lucia (Figure 4) was
generated by the British Geological Survey and is available for download in the Caribbean
Handbook on Risk Information Management (CHARIM) website (http://charim-
geonode.net/layers/geonode:landcover_2014 improvedl). Since there are minimal changes in the
land cover within the study area since 2014 and there is no other available land cover map, this
2014 land cover map is resampled to 5m and used to generate spatially-varied Manning’s n for
each pixel. Based on the study of Jetten (2016), the land cover map is reclassified to eleven land
cover types and the corresponding Manning’s roughness coefficients are listed in Tablel. No

calibration is conducted regarding Manning’s n since no relevant resources are available.

Table 1. Manning's roughness coefficients for different land cover types.

Manning’s

Land Cover Type Roughness

Coefficient
Mangrove 0.10
Semi-Deciduous, coastal Evergreen and mixed forest or shrubland 0.10
Lowland forest (e.g. Evergreen and seasonal Evergreen) 0.10
Woody agriculture (e.g. cacao, coconut, banana) 0.07
Pastures, cultivated land and herbaceous agriculture 0.03
Buildings 0.02
Concrete pavement 0.02
Roads and other built-up surfaces (e.g. concrete, asphalt) 0.02
Bare ground (e.g. sand, rock) 0.02
Quarry 0.02

Water 0.03



http://charim-geonode.net/layers/geonode:landcover_2014_improved1
http://charim-geonode.net/layers/geonode:landcover_2014_improved1

33|Page CHAPTER3. ANALYSIS OF COMPOUND FLOODING

Rainfall Input

Saint Lucia has an extensive network of rain gauges, and there is one gauge located in the
Hewanorra International Airport. Daily rainfall data from 1998 to 2018 and the 6-hourly
accumulated rainfall records from September 28, 2016 to September 29, 2016 were provided by
the Water Resource Management Agency (WRMA) in Saint Lucia. Daily rainfall data would be
used to set up the hydrologic model discussed in Section 3.3.2, while the 6-hourly rainfall data
would be utilized as the rainfall input for LISFLOOD-FP.

Rainfall observations provided by the WRMA is considered to be reliable in this study, but
considering that the hourly rainfall pattern of the event is not known and significant inconsistency
is observed in rainfall data from different sources, several precipitation datasets were used
additionally to investigate the effects of uncertainties in rainfall volume and temporal precipitation
distributions. Besides WRMA, the other source of 6-hourly rainfall data recorded at the Hewanorra
International Airport is from the Surface Data Hourly Global (DS3505) dataset, which provides
sub-daily historical observations from station networks around the world. Due to the lack of
knowledge regarding the hourly rainfall patterns, hourly rainfall intensities are assumed to remain
constant in each time interval of six hours, and time series of rainfall inputs could accordingly be
derived from the 6-hourly rainfall records. Other than gauge records, four gridded sub-daily

precipitation products were also used to obtain the time series of precipitation.

1) European Centre for Medium-range Weather Forecasts ReAnalysis 5 (ERA5) dataset
(Copernicus Climate Change Service 2017) is based on the ECMWF atmospheric
reanalysis that combines model data with observations (satellite and in-situ) from across
the world to provide hourly atmospheric data on pressure levels or 2D parameters such as
hourly precipitation on the surface/single level.

2) The second Modern-Era Retrospective analysis for Research and Applications (MERRA-
2) is based on the NASA atmospheric reanalysis. The hourly time-averaged collection
tavgl 2d_flx_Nx, which provides hourly bias-corrected total precipitation data, is utilized
(Global Modeling and Assimilation Office 2015).

3) Tropical Rainfall Measuring Mission Multi-Satellite Precipitation Analysis 3B42 Research
Version Three Hourly 0.25° x 0.25° Version 7 (TMPA-3B42 VV7) dataset (Tropical Rainfall
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Measuring Mission 2011) provides 3-hourly combined microwave-IR estimates with
gauge adjustments in regions of latitudes 50°N-S. Hourly rainfall intensities are assumed
to remain constant in each time interval of three hours, and the time series of precipitation

is accordingly derived.

4) The Integrated Multi-satellitE Retrievals for GPM Final Run Half Hourly 0.1° x 0.1°
Version 5 (IMERGHH V05) dataset (Huffman 2017) combines multi-satellite and gauge

data, providing global half-hourly rainfall estimates.

DS3505 dataset is accessible from the NOAA National Data Center Climatic Data Online server
(https://www7.ncdc.noaa.gov/CDO/cdo). ERA5 hourly estimates of variables on single levels
dataset are available for download in the Climate Data Store website
(https://cds.climate.copernicus.eu/#!/home). The products of MERRA-2, TMPA-3B42 V7, and
IMERGHH V05 are all accessible in the Goddard Earth Sciences (GES) Data and Information
Services Center (DISC) server (https://disc.gsfc.nasa.gov/).

Table 2 summarizes the characteristics of rainfall data derived from different datasets and
products. The largest total rainfall volume is observed in IMERGHH V05, while the lowest rainfall
volume is found in MERRA-2. Time series of hourly or half-hourly rainfall intensities during the
event, as in Figure 5, are derived from each precipitation source and are used as boundary

conditions for the hydrodynamic model.

Table 2. Characteristics of rainfall data derived from different sources during the event of Tropical
Storm Matthew.

Rainfallon  Rainfall on Total Differences

Source of Temporal . in Total
Rainfall Data Resolution 2016-09-28  2016-09-29  Rainfall o .oy
(mm) (mm) (mm) 0
(%)
Rainfall Gauge (WRMA) 6-hour 320.60 0.10 320.7 /
Rainfall Gauge (DS3505) 6-hour 275.93 56.18 332.11 3.56
ERA5 1-hour 78.56 13.52 92.08 -71.29

MERRA-2 1-hour 58.92 11.14 70.06 -78.15


https://www7.ncdc.noaa.gov/CDO/cdo
https://cds.climate.copernicus.eu/#!/home
https://disc.gsfc.nasa.gov/
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TMPA-3B42 V7 3-hour 229.73 53.32 283.05 -11.74
IMERGHH V05 30 minutes 381.48 114.18 495.66 54.56

Note: The formula for calculating the differences in the total rainfall is (total rainfall derived from sources other than
WRMA — total rainfall derived from the gauge data provided by WRMA)/ total rainfall derived from the gauge data
provided by WRMA.
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Figure 5. Time series of hourly or half-hourly rainfall intensities derived from different sources
during the simulated period (from 00:00 am AST on September 28, 2016 to 00:00 am AST on
September 30, 2016)).
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Figure 6. Locations of utilized tide gauges in surrounding islands (Sources: Esri, DigitalGlobe,
GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the
GIS User Community).

During the events of tropical storms and hurricanes, tidal observations at gauges not only include
astronomic tides, but also sea level variations caused by atmospheric pressure fluctuations, storm
surge, and wave setup (i.e. rise in water levels due to breaking waves) to the degree that occurs at
the location of the gauge (Federal Emergency Management Agency 2016). Tidal gauge
measurements, which consists of storm tides (the combination of astronomical tide and storm
surge) and limited wave setup, are extensively utilized to simulate coastal flooding (Kumbier et
al. 2018; Saleh et al. 2017). There is no tidal gauge located within the study area, and therefore,
tidal gauges located in surrounding islands (i.e. Fort-de-France in the Island of Martinique, Roseau
in the Island of Dominica, and Prickly Bay in the Island of Grenada) are utilized to derive possible
storm tides patterns in the study area. Their geographic locations are presented in Figure 6. Those
gauges are operated by the University of Hawaii Sea Level Center (UHSLC) network, and their
UHSLC IDs are 271, 786, and 789, respectively. The UHSLC network (Caldwell, Merrifield, and
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Thompson 2015) assembles and distributes Fast Delivery (FD) and Research Quality (RQ) datasets
of hourly- and daily-averaged tide gauge water-level observations around the world. The FD
dataset is released within 4-6 weeks of the collection after a level 1 quality assessment (e.g. unit
and timing evaluation and outlier detection), while the RQ dataset undergoes a level 2 quality
assessment (e.g. tide gauge datum evaluation and comparison with nearby stations) and is available
on an annual cycle. The FD data is replaced by RQ data when available. Both FD and RQ data are
available for download on the UHSLC website (http://uhsic.soest.hawaii.edu/data/). Datasets used
in this study is the RQ dataset for the gauge 271 and the FD datasets retrieved on March 21, 2019
for gauges 786 and 789. Mean Sea Level (MSL) for each tide gauge can be obtained in the UHSLC
website (https://uhslc.soest.hawaii.edu/stations/?stn=786#datums) and/or calculated using years of
tidal gauge data. Water level measurements from 00:00 am AST on September 28, 2016 to 00:00
am on September 30, 2016 at tide gauges are obtained and levelled to their corresponding MSL.
The resultant time series of observed water levels (Figure 7) have similar characteristics and are

considered as possible temporal distributions of storm tides at the coastline during the event.

In the study of Monioudi et al. (2018), extreme sea levels (ESLs; defined as the sum of mean sea
level, the maximum astronomical tide, and the episodic water level rise due to storm surges and
wave setup; wave run-up heights are not included) under different return periods from the year of
2000 to 2100 were determined for Saint Lucia. ESLs in the year of 2020 under the condition of
RCP 8.5, which were levelled to the mean sea levels of tide gauges, are used to rescale the temporal
distributions of observed water levels obtained from tide gauges in surrounding islands, thus
generating the possible patterns of coastal water levels during the event. The rescaling procedure
is based on the values of ESLs in Saint Lucia and the observed peak water levels at the gauges (i.e.
Eg. (3-1) and Eq. (3-2)). Table 3 presents the rescaling factors calculated for each tide gauge for
different return periods, and the resultant rescaled time series are presented in Figure 7. Based on
the observed and rescaled time series (i.e. 24 time series in total), values of mean and standard
deviation (o) can be calculated for each hour during the simulated event. The composite two-day
time series of coastal water levels based on the mean values is considered as the true sea levels
during the event, while the time series based on mean+o, mean+2s, mean-o, and mean-2o¢ values
represent uncertainty bounds in the estimation of coastal sea levels, and are used as coastal
boundary conditions in the sensitivity analysis to explore the effects of uncertainties in sea levels.

The five composite time series are presented in Figure 7.


http://uhslc.soest.hawaii.edu/data/
https://uhslc.soest.hawaii.edu/stations/?stn=786#datums
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WL, p = WLop X F (3-1)
ESL
p = S 62

where WL, , is the rescaled water levels for each hour, WL, ,, is the observed water levels for each

hour, E,. is the rescaling factor, ESLs,s, are the extreme sea levels that were levelled to mean sea

levels of the corresponding tide gauge, and PWL, is the observed peak water levels recorded at

the corresponding tide gauge.
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Figure 7. Observed and derived time series of coastal water levels. Solid colored lines (a) are the

observed time series of tide gauges, and the dotted grey lines (a) are the scaled water levels based

on the rescaling factors. Observed and rescaled time series are all used to calculate the mean and

the standard deviation (o) of water levels for each hour. Derived time series based on the mean

and o, represented as colored lines in (b), are used as boundary conditions for LISFLOOD-FP.
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Table 3. The mean sea level and observed peak water levels in the event of Tropical Storm
Matthew for each tide gauge, extreme sea levels in Monioudi et al. (2018), and the rescaling factors

calculated for each tide gauge.

Tide Observed _
Gauge Mean Sea Peal.< Wat'er Level Ret_urn ESLsys,’ Rescaling
ID Level (mm) (PWL'O, mm; referenced  Period Factors
to tide gauge MSL)

1 439.06 2.33

5 519.06 2.76

10 559.06 2.97

271 700.341 188.06 20 599.06 3.19

50 649.06 3.45

100 689.06 3.66

200 739.06 3.93

1 145.00 0.65

5 225.00 1.01

10 265.00 1.19

786 995.002 223.00 20 305.00 1.37

50 355.00 1.59

100 395.00 1.77

200 445.00 2.00

1 532.00 1.46

5 612.00 1.68

10 652.00 1.79

789 608.002 365.00 20 692.00 1.90

50 742.00 2.03

100 782.00 2.14

200 832.00 2.28

Note: Data are calculated from the tide gauge records (2013-2016) (Caldwell, Merrifield, and Thompson 2015)?,
obtained from the UHSLC website (https://uhslc.soest.hawaii.edu/stations/?stn=786#datums)?, and retrieved from
Monioudi et al. (2018)3.
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Wave run-up is defined as the difference between the maximum water level elevation measured
on the foreshore and the still water elevation (i.e. the water level in the absence of waves and their
effects), consisting of two dynamically different processes: i) maximum setup, the time-averaged
water level elevation at the shoreline, representing the increase in the mean water level caused by
wave shoaling and breaking; and ii) swash, representing the time-varying, vertical oscillations
from the temporal mean (Stockdon et al. 2006; U.S. Army Corps of Engineers 2002). The
contribution of wave run-up to coastal water levels strongly depends on the topography,
bathymetry, and coastal bottom types (Marcos et al. 2019). Neglecting wave run-up and its
compound effects with the presence of storm surges, particularly in areas where wave run-up can
be the major driver of coastal floods, might lead to underestimated values of coastal water levels
and thus significantly different flood estimates in extreme events (Armaroli et al. 2009; Perini et
al. 2016; Stockdon et al. 2006).

Atlas of Probable Storm Effects in the Caribbean Sea, sponsored by the Caribbean Disaster
Mitigation Project (CDMP), has used the Arbiter of Storms (TAOS) hazard model to estimate the
surge and wave heights throughout the Caribbean basin for 10-, 25-, 50- and 100-year return
periods. The data for Vieux Fort, Saint Lucia is available for download on the website
(http://www.oas.org/cdmp/document/reglstrm/) and summarized in Table 4. Since the heights of
wave run-up are significantly higher than that of surges, the effects of wave run-up can be

dominant in the study area and induce severe flooding in extreme events.

Since extreme sea levels presented in Monioudi et al. (2018) do not include wave run-up heights,
simulated flooding risks could be greatly underestimated, indicating the need to conduct scenario
analysis and investigate the impacts of wave run-up. Due to the lack of knowledge regarding the
interactions between storm tides and wave run-up during the event, the worst scenarios are
considered by simply adding 0.5m, 1.5m, 2.5m, 3.5m, 4.5m, 5.5m, and 6m to the mean time series
from 11:00 am AST on September 28, 2016 to 8:00 am AST on September 29, 2016. The resultant

time series of coastal water levels used in the scenario analysis is presented in Figure 8.


http://www.oas.org/cdmp/document/reglstrm/
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Table 4. Surges and wave run-up heights in different return periods for Vieux Fort, Saint Lucia.

Surges Heights
) ) ) ] Wave Run-up
_ (m; including astronomical tide and )
Return Period ) Heights
setups from pressure, wind and wave,

but not wave run-up) (m)
10 0.1 ”
% 0.2 45
50 0.3 5 5
100 0.5 59

(2]

(%))

Time Series of Water Levels
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Figure 8. Time series of coastal water levels used in the scenario analysis when excluding and

including the heights of wave run-up.

3.3.2. Hydrologic Modelling

There are limited discharge records available for the La Tourney River, and there are no observed
records during the simulated event. A simple conceptual rainfall-runoff model, HYdrological
MODel (HYMOD), was set up and calibrated for the drainage basin as in Figure 2. The total
drainage area is 23.57 km? and the watershed outlet is at the location near La Resource (13.74°N,
60.95°W; Figure 2). Streamflow at the outlet, simulated by the HYMOD model, is utilized as
upstream inflow boundary conditions for the hydrodynamic model LISFLOOD-FP.
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Model Introduction

Based on the probability-distributed principle proposed by Moore (1985), HYMOD was originally
developed by Boyle (2001) and subsequently applied in the analysis of parameter estimations and
model uncertainties (Dechant and Moradkhani 2012; Moradkhani et al. 2005; Schaefli and Gupta
2007; Wagener et al. 2001). HYMOD consists of a rainfall excess model, which connects to a
sequence of three quick-flow reservoirs to route surface flows, in parallel to a single slow-flow
reservoir to describe subsurface flows. Details of the model structure can be found in Boyle (2001)
and Wagener et al. (2001). This model includes five parameters: Cmax is the maximum soil moisture
capacity in the watershed; Alpha is the partitioning factor distributing surface flows and subsurface
flows; Beta is the variability of soil moisture capacity in the domain; and Rq and Rsare the residence
time of linear quick-flow and slow-flow reservoirs, respectively. Their descriptions and feasible

ranges are presented in Table 5.

Table 5. Descriptions and the feasible ranges of HYMOD parameters.

Parameter Description Range

Cmax (mm) Maximum soil moisture capacity in the watershed 100-1000

Partitioning factor distributing

Alpha the surface flows and subsurface flows 0.6-0.99
Beta Variability of soil moisture capacity 0-2
Rq (day) The residence time of the quick-flow reservoirs 0-0.99
Rs (day) The residence time of the slow-flow reservoir 0.001-0.5

Model Calibration and Validation

It is necessary for hydrological models to conduct model calibration in order to estimate optimal
values of parameters that can ensure reliable runoff estimations. In this study, the model calibration
of HYMOD is based on the comparison of simulated and observed discharges using a goodness-
of-fit measure, also called an objective function. The derived parameter sets are used in model

validation to examine the prediction abilities of the calibrated HYMOD model.
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e Input Data

In the model calibration, HYMOD requires observed daily streamflow, observed daily rainfall,
and daily potential evapotranspiration (PET) as inputs. In the model validation, required inputs are

observed daily rainfall and daily potential evapotranspiration (PET).

Both streamflow and rainfall data are provided by WRMA in Saint Lucia. A total of 35 observed
daily streamflow records extending from 2013 to 2018 are available at the outlet of the simulated
drainage watershed. Daily precipitation data recorded from 1998 to 2018 are available at the
rainfall gauge of Hewanorra International Airport, but a total of 15 per cent of data is found missing
in the record. To fill in the missing values, daily rainfall estimates obtained from the TMPA-3B42
V7 product is utilized. Rainfall values from the product is bias corrected on a daily basis from
1998 to 2018 using the linear scaling method (i.e. Eq. (3-3) and Eqg. (3-4)), aiming to match the
monthly mean of the corrected values with that of the observed values (Lenderink, Buishand, and
Van Deursen 2007). Monthly bias factors are presented in Table 6.

PIIPA = POE X Fy, (3-3)
PrngS
n = L -4

where PIMP4 s bias-corrected TMPA-3B42 V7 rainfall data on the dth day of the mth month,

corm,

985 is the observed rainfall data on the dth day of the mth month, Fr is the monthly bias factor

of the mth month, u(BJ%%) is the monthly mean of observed rainfall of the mth month, and

u(PTMPAY is the monthly mean of raw TMPA-3B42 V7 rainfall data of the mth month.

Performance of the bias correction is presented using statistical metrics (Table 7), including bias
and relative bias (Rbias) that measure systematic differences (Eq. (3-5) and Eqg. (3-6)), the root
mean square error (RMSE) that measures the average error (Eq. (3-7)), and the correlation
coefficient (CC) that assesses the agreement between the rainfall gauge observations and data from
the rainfall product (Eqg. (3-8)). Bias, Rbias, and RMSE have a perfect score of 0.00 to show a
complete match between the observed daily rainfall and bias-corrected daily rainfall. CC ranges
from -1 to 1 with a perfect score of 1. Results show that the bias correction conducted for the
TMPA-3B42 V7 rainfall data has led to significant decreases in bias and Rbias.
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Bias = Y(Prmpama—PoBsm.d) (3-5)
N
RbiaS — Z(PTMPA,m,d_POBS,m,d) X 100% (3_6)
2PoBsm,d
RMSE = Z(PTMPA,m,d—Pmses,m,d)2 (3-7)
N
CcC = 2[(Prmpama—Prmpama)(PoBsmd—Possma)l (3-8)

\/Z(PTMPA,m,d_PTMPA,m,d)Z\/Z(POBS,m,d_POBS,m,d)Z

where Prypama 1S the raw/bias-corrected TMPA-3B42 V7 rainfall data on the dth day of the mth
month, Ppgsm q IS the observed rainfall on the dth day of the mth month, Prypa m g is the mean
of the raw/bias-corrected TMPA-3B42 V7 rainfall of all days, Ppgsm q IS the mean of observed

rainfall of all days, and N is the number of total days.

Table 6. Monthly mean rainfall calculated from observed records at the rainfall gauge operated by
WRMA in Saint Lucia, monthly mean rainfall calculated from the raw TMPA-3B42 V7 rainfall

data, and the derived monthly bias factors.

Monthly Mean of Monthly Mean of

orih rawTvpagaez  GEREANTIS Me
(mm) Operate?mb%)WRMA Factors

1 1.03 3.24 3.14
2 0.55 2.52 4.60
3 0.72 2.25 3.11
4 1.14 3.96 3.47
5 1.50 3.17 211
6 3.05 5.67 1.86
7 4.05 5.89 1.45
8 3.97 6.31 1.59
9 4.01 6.06 1.51
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10 5.63 8.40 1.49
11 3.79 7.13 1.88
12 1.57 4.09 2.60

Table 7. Performance of the bias correction conducted to TMPA-3B42 V7 product.

Raw Rainfall Estimates Bias-corrected

Metrics Rainfall Estimates from
from TMPA-3B42 V7 TMPA-3B42 \/7
Bias -2.058 -0.505
Rbias -41.2% 10.1%
RMSE 13.31 16.77
CC 0.380 0.377

Monthly PET is calculated using Thornthwaite Equation (Eqg. (3-9) and Eqg. (3-10)) (Thornthwaite
1948), and the daily PET required for the model is obtained by assuming daily PET to be constant
throughout each month (i.e. Eq. (3-11)). Records of daily temperature at the Hewanorra
International Airport station are available for download in the Global Summary of the Day
(GSOD) dataset, which provides daily historical weather data and is accessible in the NOAA
National Data Center Climatic Data Online server (https://www?7.ncdc.noaa.gov/CDO/cdo).
Records of day hours at Vieux Fort, Saint Lucia are available at a weather website
(https://www.timeanddate.com/sun/saint-lucia/vieux-fort). Daily temperature and day length
(hours) of each month are used to calculate average daily temperature and average day length

(hours) of each month, respectively.

PETy, = 16 (12 (Am) (Xlazam)® (3-9)
1 = gz, (T (3-10)
PET,, 4 = —im (3-11)

_Nm


https://www7.ncdc.noaa.gov/CDO/cdo
https://www.timeanddate.com/sun/saint-lucia/vieux-fort
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where PET,, and PET,, 4 is the estimated monthly and daily potential evapotranspiration of the
mth month, L is the average day length (hours) of the mth month, Nn, is the number of days of the
mth month, Ty, 4., is the average daily temperature of the mth month, and I is the heat index

calculated based on the Equation (3-10).

e Calibration Method

Model calibration of HY MOD includes the optimization of five parameters, which are Cmax, Alpha,
Bate, Rq, and Rs. The Shuffled Complex Evolution - University of Arizona (SCE-UA) algorithm
(Q. Duan, Sorooshian, and Gupta 1992; Q.Y. Duan, Gupta, and Sorooshian 1993) was used for the
parameter optimization. The SCE-UA method combines the strength of multiple search strategies,
including (i) controlled random search, (ii) the simplex method, (iii) competitive evolution, and
(iv) complex shuffling (Q. Duan, Sorooshian, and Gupta 1992). This optimization algorithm has
proven to be an effective search algorithm and was extensively applied in the calibration of various
rainfall-runoff models (Ajami et al. 2004; Jiang et al. 2015; Q. Duan, Sorooshian, and Gupta 1994;
Lee, Jayawardena, and Muttil 2006; Madsen 2000; Vrugt et al. 2003; Najafi, Moradkhani, and
Jung 2011).

General descriptions of the steps taken in the SCE-UA algorithm are given below. The detailed
explanations can be found in Q. Duan, Sorooshian (1992) and Gupta and Q.Y. Duan, Gupta, and
Sorooshian (1993).

(1) Generate sample points randomly in the feasible parameter space and compute the objective

function value at each point;
(2) Rank the points in the order of increasing objective function value;
(3) Partition the sorted points accordingly into p complexes, each containing m points;

(4) The competitive complex evolution (CCE) algorithm is applied to each complex independently
to evolve each complex towards the global optimum;
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(5) Points in the evolved complexes are combined into a single sample population and sorted in
the order of increasing function value. The sample population is then shuffled (i.e. re-partitioned)

into p complexes.

(6) Above five steps are iterated until the pre-defined convergence criteria are satisfied, ensuring

the entire population converges to the global optimum or near global optimum.

To initialize the SCE-UA algorithm, several parameters should be pre-determined, including (i)
the number of complexes (p), (ii) the number of minimum complexes (pmin), (iii) the number of
points in each complex (m), (iv) the number of points in each subcomplex constructed at the CCE
algorithm (q), (v) the number of consecutive offspring generated by each subcomplex (o)), and (vi)
the number of evolution steps taken by each complex before complexes are shuffled (). Suggested
values of the algorithmic parameters were provided in Duan et al. (1994): (i) pmin = p; (ii) m =
2n+1, where n is the number of parameters to be optimized on; (iii) g = n+1; (iv) a = 1; and (v) S
=2n+1. Duan et al. (1994) also found that the dimensionality was the primary factor determining
the proper choice of parameter p; in the two- and four-parameter cases (i.e.n=2andn=4),p>1
was sufficient to ensure all optimization are successful, while for six-parameter cases (i.e. n = 6),
a p value equals to two or larger is sufficient. In this study, sensitivity analysis was conducted to
select the proper value of p. Results indicate that p = 2 is sufficient to ensure successful

optimization trials and obtain better function values.

The objective function used in the optimization process is Kling-Gupta efficiency (KGE) (Gupta
et al. 2009). Different from the traditional measures such as the mean squared error (MSE) and the
Nash-Sutcliffe efficiency (NSE), the KGE provides a multi-objective perspective to the model
calibration as well as diagnostic insights into the model performance because of the decomposition
into three components representing the correlation, variability term, and bias term. The KGE is
calculated as:

KGE=1-(r—12+ (8- 12+ (y — 1)2 (3-12)
p=:= (3-13)
y== (3-14)
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where r is the linear correlation coefficient between observed and simulated discharges, f is the
bias ratio, vy is the variability ratio, u is the mean value of flows, o is the standard deviation of
flows, and the subscripts s and o represent the simulated and observed flows, respectively. KGE,
r, B, and y have their optimum at unity.

Based on Q.Y. Duan, Gupta, and Sorooshian (1993), convergence criteria used in this study to stop
the shuffling loops are as follows. In each case, the trial is deemed a success when the best function
value becomes less than 107 and/or the per cent of changes in the function value of the current
shuffling loop and that of several shuffling loops before is less than 0.01%. The trial is regarded
as fail and is automatically stopped if the convergence criteria have not been satisfied when

reaching 25,000 function evaluations or 5 shuffling loops.

Due to the limited observed streamflow records, leave-n-out cross-validation method was used,
enabling the maximum use of observation data for the model calibration and validation.
Preliminary results have shown that n = 3 can lead to the maximum function value. In this study,
three out of thirty-five sample points are randomly selected for the model validation while the
remaining are used as the data sets for model calibration. With the simulated period from the year
1998 to 2018, the calibration procedure on the basis of the SCE-UA algorithm is repeated for 1000
times by using different randomly selected calibration data sets generated from the cross-validation
process. This process can not only maximize the use of observed records but also help explore

model uncertainties associated with the selection of model parameters.

e Calibration Results and Analysis

A total of 1000 parameter sets are derived after the calibration procedure, and each of them can be
regarded as a set of optimal parameters and be applied to the HYMOD model for simulations, thus
resulting in 1000 streamflow estimations for each day in the simulated period. Mean value is
calculated on a daily basis from the 1000 simulation results and regarded as the daily runoff
estimate from the HYMOD model, while the standard deviation is also calculated to explore model

uncertainties of the HYMOD model associated with the selection of parameters.
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Figure 9. Simulated streamflow and observed streamflow at the watershed outlet (a) from 1998 to
2018, and (b) from 2010 to 2016. Red dots correspond to the observed streamflow records, and
the black line indicates the daily runoff estimates from the HYMOD maodel (i.e. the mean out of
all simulations that utilize the 1000 derived parameter sets). The light grey shaded area denotes
the 95% hydrograph prediction uncertainty associated with selection of parameter sets derived
using the SCE-UA algorithm. Green dots are estimated runoff for the event.

Figure 9 presents the observed streamflow, daily runoff estimates (i.e. the mean value out of all
estimations), and the 95% hydrograph prediction uncertainty associated with the selection of

parameter sets derived using the SCE-UA algorithm. The uncertainty bound is narrow, indicating
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that model uncertainties associated with the selection of parameters are low. Furthermore, the KGE
metric was calculated to explore the agreement between observed runoff and daily runoff
estimations. Considering the limited number of observed records, the resultant KGE value of 0.544
indicates that the performance of the HYMOD model is acceptable and the parameter sets derived

from the leave-three-out cross-validation method can be used for reliable runoff simulations.

e Runoff Estimations and Associated Uncertainties

Based on the 1000 parameter sets derived from the calibration procedure, daily runoff estimates
(i.e. the values of mean calculated out of all simulation results) and the associated uncertainty
bounds (i.e. the values of mean+o, mean+20, mean-o, and mean-2¢ calculated out of all
simulation results) are obtained for each day from the year of 1998 to 2018. During the event of
Tropical Storm Matthew (i.e. from September 28, 2016 to September 29, 2016), as in Table 8,
daily runoff estimates (i.e. the mean) of these two days are utilized as riverine inputs for the
hydrodynamic model to simulate the effects of river flows, while the uncertainty bounds (i.e. the
mean+ao, mean+20, mean-o, and mean-2o¢) in runoff estimations are used in the sensitivity

analysis to investigate how the uncertainties in riverine inputs affect the simulated flood patterns.

Table 8. Runoff estimations obtained from the calibrated HYMOD model and the associated
uncertainty bounds.

Estimated Runoff (m%/s) Estimated Runoff (m%/s)
on September 28, 2016 (AST) on September 29, 2016 (AST)

mean 2.27 1.92
mean+o 2.71 2.23
mean+2c 3.15 2.54
mean-o 1.83 1.60

mean-2o 1.39 1.29
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The HYMOD model is set up and calibrated based on the rainfall gauge records provided by
WRMA in Saint Lucia; however, as in Table 2, rainfall data derived from different sources have
different characteristics in rainfall patterns such as daily rainfall volume during the event, and as
a result, the selection of rainfall sources can affect the resultant runoff estimations and accordingly
affect the simulations of flood patterns. To comprehensively examine the effects of rainfall inputs
to HYMOD, daily rainfall volumes derived from DS3505 dataset, ERA5, MERRA-2, TMPA-
3B42 V7, and IMERGHH V05 product are also used as rainfall inputs to the calibrated HYMOD
model, and the corresponding runoff estimates (Table 9) are used as the upstream inflow boundary

conditions for the hydrodynamic model in the sensitivity analysis.

Table 9. Runoff estimations of the calibrated HYMOD model when using rainfall inputs derived

from different sources.

Estimated Runoff (m%/s) Estimated Runoff (m/s)

Source of Rainfall Data oo iemper 28, 2016 (AST)  on September 29, 2016 (AST)

Rainfall Gauge 2.27 1.92
(WRMA)
Rainfall Gauge 1.94 2.10
(DS3505)
ERAS 0.78 0.76
MERRA-2 0.69 0.67
TMPA-3B42 V7 1.64 1.79
IMERGHH V05 2.71 3.08

Note: Estimated runoff is the mean value out of 1000 simulations using the derived parameter sets.

In conclusion, the mean value calculated for each day from all 2000 simulation results is regarded
as the daily runoff estimate from the calibrated HYMOD model. However, the calibrated HYMOD
model has two major sources of uncertainties: (i) the selection of parameter sets, and (ii) the
selection of rainfall inputs to the model. Their impacts on the flood estimates would be investigated

in the sensitivity analysis.



52|Page CHAPTER3. ANALYSIS OF COMPOUND FLOODING

3.3.3. Observational Data

There are no ground observations such as recorded flood depths in the event of Tropical Storm
Matthew. Available remote-sensing data is therefore utilized to provide valuable information on
flood extents for the validation of the hydrodynamic model.

Pléiades-1 Satellite Imagery

Two high-resolution Airbus Defence and Space Pléiades-1 satellite images, purchased from Harris
Geospatial Solutions Inc., have captured the surface features of the study area before and after the
event, respectively. The images are presented in Figure 10, and the image information is presented
in Table 10. No image was taken during the event. Through visual comparisons of the pre-event
and post-event images, it is found that there is no presence of flood water after the event but flood-
related eroded areas are observed. Those eroded regions are identified and assumed to be severely
flooded, thus deriving a map to reflect flood conditions in the event of Tropical Storm Matthew.
The resultant flood area derived from the Pléiades-1 satellite images is presented in Figure 12.
However, the flood condition during the event is supposed to be more severe than the one indicated
in the derived map not only because most of the flood water has receded and only the areas that
went through severe flooding had the potential to be eroded but also because there are
unidentifiable areas in the images due to the presence of clouds and high-density buildings in the

human communities.

Figure 10. The Pléiades-1 pre-event (left) and post-event (right) imageries (Copyright PLEIADES
© CNES 2016, Distribution Airbus DS).
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Table 10. Information of the Pléiades-1 imageries

Imagery Acquisition Date Resolution
Pre-event Pléiades-1 Imagery 2016-09-19 10:30am AST 0.5m
Post-event Pléiades-1 Imagery 2016-09-30 10:45am AST 0.5m

Sentinel-1 Satellite Imagery

Increasing efforts on the integration of remotely sensed flood extent derived from the Synthetic
Aperture Radar (SAR) imageries with hydraulic models have revealed the great potential of SAR
data in flood detection and supporting timely flood management, as the all-weather, day-night
operation of SAR sensors can also penetrate clouds that is often associated with flood events and
are reflected by the open water surface (G. Schumann et al. 2009; G.J.P. Schumann and Moller
2015; Woodhouse and Press 2017; Yan et al. 2015). In order to derive flood inundation area,
various SAR imagery-processing techniques were proposed, including visual interpretation, image
histogram thresholding, automatic classification algorithms, image texture algorithms, and multi-
temporal change detection methods. Each method has its advantages and disadvantages, and
therefore, researchers should choose the appropriate method based on characteristics of the study
area, features of the simulated flood event, and availabilities of SAR imagery. No SAR imagery is
available during the event of Tropical Storm Matthew, but there is a C-band Sentinel-1A image
taken after the event at 6:10 pm (AST) on September 30, 2016. Since this image has the potential
to capture anomalies in areas where erosions are not noticeable in Pléiades-1 images, it was used
to complement the flood map derived from the Pléiades-1 imagery. Among multiple imagery-
processing techniques developed for Sentinel-1 images, the Change Detection and Thresholding
(CDAT) method proposed in Long, Fatoyinbo, and Policelli (2014) is adopted due to its simplicity,
applicability, and reliability. CDAT method compares the brightness information of flood imagery
with the reference brightness information derived from the reference images (pre-event). Areas
with significant differences in backscattering behaviour are identified as flood-affected regions.

To minimize the backscatter variability that is unrelated to flooding and establish a reliable

reference profile, the reference images and the flood image should have the same orbit track, the
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same polarization configuration, and preferably the same sensing period of the year especially in
regions with pronounced seasonal flooding (e.g. rainy seasons in tropical areas) or significant land
cover changes among seasons (Ban et al. 2012; Cian, Marconcini, and Ceccato 2018; Hostache,
Matgen, and Wagner 2012; Li et al. 2018). Reference images in this study are therefore carefully
chosen and the information of all selected SAR images is listed in Table 11. All images were taken
in the relative orbit track of 91 by the Sentinel-1A C-band SAR instrument with the acquisition
mode of Interferometric Wide swath (IW) and were delivered in Ground Range Detected High
Resolution (GRDH) product with a pixel spacing of 10m (Torres et al. 2012). The reference images
extend from 2014 to 2016, corresponding to the flooding season same with the flood image (i.e.
September to November). No extreme event occurred when the reference images were taken. All
images are pre-processed within the Google Earth Engine (GEE) (Gorelick et al. 2017) platform
with steps of thermal noise removal, radiometric calibration, and terrain correction. Since initial
experiments indicate the same conclusion as many other studies that VVV polarization has slight
advantages to identify floods (Clement, Kilsby, and Moore 2018; Twele et al. 2016), all selected
images for deriving the flood extent were of the VVV polarization.

Table 11. Information of all utilized Sentinel-1A images in the study.

Pixel
Sensing Date Relative _
Sensor (Band) Track ) Spacing Status
(AST) Orbit

(m)
Sentinel-1A (C) 2016-09-30 18:10 Ascending 91 10 Flood
Sentinel-1A (C) 2014-11-16 18:10  Ascending 91 10 Reference
Sentinel-1A (C) 2015-09-12 18:10  Ascending 91 10 Reference
Sentinel-1A (C) 2015-10-06 18:10 Ascending 91 10 Reference
Sentinel-1A (C) 2015-11-23 18:10  Ascending 91 10 Reference
Sentinel-1A (C) 2016-09-06 18:10 Ascending 91 10 Reference

Note: All images are obtained from the image collection (ID: COPERNICUS/S1_GRD) within the GEE platform
(Google Earth Engine 2015).
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Figure 11. Workflow used to derive flood extent from the SAR imagery.

Figure 11 provides an overview of the processing steps to derive flood inundation areas. Utilized
platforms include GEE and SNAP (Sentinel Application Platform) Toolbox (SNAP 2018). As
listed in Table 11, the flood image is taken on September 30, 2016, while the reference profile is
established based on the collection of five reference images by calculating the median
backscattering values for each pixel. The reference profile represents the non-flood backscattering
behaviour of the study area and is used as the final reference image (Clement, Kilsby, and Moore
2018). The median is used instead of the mean because it is less influenced by extreme values and
outliers that may be caused by the instrument error (Hostache, Matgen, and Wagner 2012). SAR
imagery faces the challenge of speckle noise, which is caused by the random interference with
multiple backscatters on the earth surface and is generally reduced before image interpretation due
to its undesirable impacts on the image quality (Argenti et al. 2013; Singh and Shree 2016; Tavus
etal. 2018). Multiple filters (e.g. Boxcar, Median, Lee, Lee Sigma, Refined Lee, and Gamma Map)
are available in the SNAP Toolbox. Based on the initial tests, both the flood image and the final
reference image have a median 5 x 5 pixel filter applied to remove speckle and smooth the images
(Bioresita et al. 2018; Tian et al. 2017; Wang et al. 2019).
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A difference map (D) is derived by applying the difference expression (Eq. (3-15)) to obtain the
difference between the absolute backscattering values of the flood image (F) and that of the final
reference image (R). The difference map is subsequently filtered based on the terrain
characteristics. Areas with steeper slopes (i.e. a slope larger than 3°) are masked, aiming to remove
pixels that are unlikely to be flooded but show changes in backscattering behavior due to the
changes in angles of signal return from steep river banks, hydraulic structures, and hill slopes
(Long, Fatoyinbo, and Policelli 2014). The Shuttle Radar Topography Mission (SRTM) (Farr et
al. 2007) global digital elevation model at the resolution of 1 arc-second (approximately 30m) is

available at GEE platform and is used to calculate slopes for the masking process.
D = |float(F)| — |float(R)| (3-15)

Surviving pixels after the terrain filter are evaluated and classified based on the threshold criteria,
which is set using the brightness variance and multiplicative coefficients (Long, Fatoyinbo, and
Policelli 2014). It is expected that flooding in open surface will cause a negative difference due to
the specular reflection of the radar signal by the water, while flooding in vegetated or urban areas
will cause a positive difference due to multiple-bounce effects of buildings and partially
submerged vegetation (Brunner et al. 2008; Clement, Kilsby, and Moore 2018; Long, Fatoyinbo,
and Policelli 2014; Martinis and Rieke 2015). Within non-flood areas, no significant changes are
expected in the backscattering values. Therefore, the following criteria are used to determine if the

pixel (PL) is inundated in open surface or if the pixel (Pr) is inundated in vegetated or urban areas.
P, < {lmean[D]} — k; X {lstdev[D]} (3-16)
Py > {lmean|[D]} + kj, X {Istdev[D]} (3-17)

where Imean[D] and Istdev[D] are the mean and standard deviation of the backscattering values
of surviving pixels in the difference map, and kiand k are the coefficients used to determine the
thresholds. Values of ki and k are not fixed and need to be calibrated for the study area based on
several criteria, including the amount of remaining speckle and its coverage, visual interpretation
of other available observational data, and identification of characteristic flooding patterns (Long,
Fatoyinbo, and Policelli 2014). The optimal values for ki and ki are 1.5 and 2.5 in Long, Fatoyinbo,

and Policelli (2014), but in our study, in order to minimize the effects of speckle noise in the flood
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image, values for ki and kn are both set as 2.5, which basically leads to more conservative

estimations of flood inundation areas. The derived flood area from the SAR imagery is presented

in Figure 12.

Derived Flood Inundation Map
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Figure 12. The flood map that is generated based on the combination of flood area derived from

the Pléiades-1 and Sentinel-1 imagery.

As in Figure 12, the flood map used for model validation of LISFLOOD-FP is generated by

combining flooded areas derived from Pléiades-1 and Sentinel-1 imagery. The resultant flood map

provides valuable insights into flood conditions of the event; however, it is not expected to provide

a comprehensive understanding of flood inundation area during the event for the following

reasons: (i) available collections of Pléiades-1 and Sentinel-1 imagery were taken after the event,

by which time the flood-induced water was largely receded; (ii) no flood-induced water was

observed but only flood-related erosions, which are generally associated with severe flooding,

were spotted in the Pléiades-1 imagery; (iii) unidentifiable areas exist in the Pléiades-1 imagery
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due to the presence of clouds and high-density buildings in the communities; (iv) in order to
minimize the impacts of speckle noise of Sentinel-1A imagery, pre-defined thresholds are set to

have conservative estimations of flood areas.

3.3.4. Hydrodynamic Modelling

Flood extents and water depths are simulated using the latest version of the simplified two-
dimensional raster-based hydrodynamic model LISFLOOD-FP (J. Neal et al. 2018). Studies have
shown that the LISFLOOD-FP model has capabilities to simulate combined floods in coastal
environments (Lewis et al. 2013; Skinner et al. 2015). The computational grid used within the
model is of Cartesian coordinates (WGS 1984 UTM Zone 20N) with a horizontal resolution of
5m. Two subroutines are included to route river flows in sub-grid channels (J. Neal, Schumann,
and Bates 2012) as well as rainfall-induced flows over elevated structures (Sampson et al. 2013).
The model is forced with estimated coastal water levels, estimated river discharges, and rainfall
inputs to simulate the combined effects of multiple flood factors in the event of Tropical Storm
Matthew. Model validation is based on the derived flood map (Figure 12), and the resultant
validated model is used to conduct sensitivity analysis, scenario analysis, and the probabilistic
flood hazard analysis.

Model Setup

The model is set up to explore flood conditions caused by the Tropical Storm Matthew from 00:00
am AST on September 28, 2016 to 00:00 am AST on September 30, 2016. The application of the
sub-grid LISFLOOD-FP model requires the specification of floodplain topography, bank-full river
widths, river bank elevations, river bed elevations, river channel shapes, Manning’s roughness
coefficients for the channel and the floodplain, parameters required for the rainfall routing scheme,

as well as boundary conditions (i.e. coastal sea levels, inflow hydrographs, and hyetographs).

As discussed in Section 3.3.1.1, a DSM is produced from the correlated point clouds obtained from
a high-resolution orthoimagery taken in April 2018. The DSM was levelled to the local mean sea
level and is used to present the floodplain topography, while the orthoimagery is used to identify
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the bank-full river widths of La Tourney River, which increases from 5m at the upstream to
approximately 15m at the river mouth. Spatially-varied Manning’s roughness coefficients assigned
different land cover types are presentedin Tablel, and the Manning’s n for the channel is set as
0.035 (Jetten 2016). No resources are available to calibrate the Manning’s n for the channel or for

floodplains.

No surveyed cross sections are available for the La Tourney River, but there are several images
taken in non-flood conditions providing information about the characteristics of the river channel
such as the channel shape and elevation difference between the water surface and the banks. J.C.
Neal et al. (2015) have introduced a shape parameter to simulate river channels of different shapes
(Eg. (3-18) and Eq. (3-19)).

hfiow 1/s

Weiow = Wryn X (—hfu”) (3-18)
1

Afiow = Wriowlfiow (1 — s+—1) (3-19)

where wgy,,, is the flow width for a given water depth of hyy,,,, weyy is the bank-full width
corresponding to the bank-full depth of the channel he,,, s is the shape parameter, and Ay, is
the flow area. The parameter s can take any value above 0 and produce various channel geometry;
for example, a value of one will lead to a triangular channel, a value of two represents a parabolic
channel, while the channel will change towards trapezoidal then rectangular as the value of s
increases (J.C. Neal et al. 2015). Figure 13 shows some example channel shapes as in J.C. Neal et
al. (2015). Preliminary results indicate that the optimal value of s is 20 in this study. This value
represents a similar cross-sectional shape as the river channel and leads to realistic flow patterns

in preliminary simulations.

Parameter Values
- s=1

Figure 13. Example channel shapes.
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Since abundant trees are grown at the river bank, the DSM did not capture the elevations of river
banks but instead capture the elevations of trees, which are several meters higher than the banks.
To obtain the river bank elevations, water surface elevations along the river are derived from the
DSM, and the river banks are assumed to be 0.5m higher than the river surface under non-flood
conditions. Bank-full river depths are calculated using the Equation (3-20) introduced in Jetten
(2016). The river bed elevations are determined by subtracting bank-full river depth from the river

bank elevations in surrounding pixels.
d e
RiverDepth = a ((1 —8) + ¢ X Dgpq ) (3-20)

where S is the terrain slope (bounded 0-1), D, is the relative distance to the sea (bounded 0-1),
and the scaling parameters are: a=1.5,b=0.5, ¢ =0.5,d = 0.1, e = 1.5. This equation shows that
steeper slopes and/or closer to the sea will lead to the shallower river. Estimated river depths vary
from 0.35m to 2.56m with an average value of 1.80m.

Instabilities arise when many two-dimensional hydrodynamic models attempting to model flow
off elevated features such as buildings; introduction of the rainfall routing scheme enables
LISFLOOD-FP to directly and stably simulate pluvial events by applying a relatively simple flood
spreading algorithm than hydraulic equations (i.e. Eqg. (2-1) and Eq. (2-2)) to shallow rainfall-
induced flows (Sampson et al. 2013). Parameters required for the routing scheme are the
specification of a depth threshold, a routing speed, and the Courant-Friedrichs-Lewy (CFL)
coefficient. For cells where the water depth is below the user-defined threshold, the routing scheme
will route water to the lowest neighbouring cell with a constant routing velocity (Sampson et al.
2013). As is in Sampson et al. (2013), the depth threshold is set as 5mm and the routing speed is

0.1m/s. A CFL coefficient of 0.4 is used to ensure model stability.

The soil map, which originates from 1966 soil map made by UWI Imperial College of Tropical
Agriculture and is accessible in the Caribbean Handbook on Risk Information Management
(CHARIM) website (http://charim-geonode.net/layers/geonode:soils_1), is utilized to estimate
infiltration rate of the study area. Based on Hillel (1998), typical steady infiltration rates are
assigned to each soil type and the spatially-uniform infiltration rate is calculated as 2.9x10° m/s.

Evaporation and drainage capacity are not considered due to the lack of relevant data resources.


http://charim-geonode.net/layers/geonode:soils_1
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Minimum Flood Depth Threshold for Flooded Areas

A threshold of minimum depth should be defined to categorize the study area into flooded regions
and non-flooded regions, which can help transfer the flood depth map to a binary map showing
the locations of dry cells and wet cells. The choice of depth threshold is essential not only for the
delineation of flood areas but also for decision-making during the development of the floodplain

(Bharath and Elshorbagy 2018). Criteria for defining flood inundation areas used in the study are:

1) The runway, taxiway, and apron of the Hewanorra International Airport are considered to
be flooded when the flood depth is greater than 0.001m since the movement of aircrafts
would be affected whenever substances, such as standing water and snow, are present in

these areas (Federal Aviation Administration 2019; Transport Canada 2019).

2) Other regions in the study area are considered as flooded when the depth of inundation is
greater than 0.1m, which is the minimum depth threshold applied in many studies (Candela
and Aronica 2017; Savage, Bates, et al. 2016; Savage, Pianosi, et al. 2016).

Model Validation and Verification Method

Model validation of the hydrodynamic model is based on the event of Tropical Storm Matthew.
Combined effects of multiple flood factors during the event is simulated by using the combination
of estimated coastal water levels, estimated river discharges, and observed precipitation as
boundary conditions. As discussed in Section 3.3.1.4, the derived mean time series in Figure 7
represents the patterns of coastal water levels during the event and is used to force coastal
boundaries. As discussed in Section 3.3.2.2.4, Table 8 presents the estimated daily runoff
discharges when the rainfall inputs to the hydrologic model are provided by WRMA in Saint Lucia.
Those daily runoff estimates are assumed to remain constant throughout the day and are utilized
as the upstream inflow boundary conditions. As to the rainfall inputs to the hydrodynamic model,
as discussed in Section 3.3.1.3, the 6-hour accumulated rainfall records provided by WRMA in
Saint Lucia are utilized, and the derived time series of rainfall intensities are indicated in Figure 5.

The ability of the hydrodynamic model to simulate the spatial extents of flooding is evaluated by

conducting a visual comparison between simulated flood extents and flood extents derived from
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available satellite imagery. Comparison results are categorized into three types, namely,

overestimation, underestimation, and correct simulation as flooding.

Sensitivity Analysis

There are many sources of uncertainties in the hydrodynamic modelling, and they can be
categorized into three major types: model structures (e.g. different types of numerical equations
and assumptions of the model), model parameters (e.g. roughness values for the channel and
floodplain), and model inputs (e.g. channel and floodplain geometry, boundary conditions such as
hyetographs, inflow hydrographs, and coastal water levels) (Liu and Merwade 2018; Teng et al.
2017). In this study, due to the lack of reliable hourly observations during the event, estimated
boundary conditions are expected to be the major source of model uncertainties. As a result, the
sensitivity analysis was conducted in this study not only to explore the individual effects of each
flood factor as well as the combined effects of two flood factors, but also to identify and rank the
influences of the three uncertain boundary conditions (i.e. rainfall input, upstream inflows, and
coastal water levels) by perturbing one of them at a time. The configuration used in the model
validation is considered as the reference model, and its simulation results are used as the base case
for comparison with that of other configurations. Configurations of simulations conducted in
sensitivity analysis are shown in Table 12. Simulation results from different model configurations
are evaluated based on both the horizontal (flood extent) and vertical (water depth) flood estimates.

Scenario Analysis

Potential effects of wave run-up are investigated by considering the worst scenarios where the
wave run-up is assumed to continuously affect the island along the coastline on top of storm tides
with the heights of 0.5m, 1.5m, 2.5m, 3.5m, 4.5m, 5.5m, and 6m from 11:00 am AST on September
28, 2016 to 8:00 am AST on September 29, 2016. Simulations conducted in the scenario analysis
and the corresponding boundary conditions are listed in Table 13. Evaluations are based on the

comparison of simulation results obtained in scenarios of including wave run-up and excluding
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wave run-up in regards to the differences in horizontal (flood extent) and vertical (water depth)

flood estimates.

Probabilistic Flood Hazard Analysis

The combination of the uncertain coastal boundary conditions (estimated water levels and the
uncertainty bounds; wave run-up is not included; Figure 7), rainfall inputs (time series of rainfall
intensities derived from different sources; Figure 5), and upstream inflow conditions (estimated
streamflow values and the uncertainty bounds associated with the selection of parameters as well
as rainfall data sources; Table 8 and Table 9) leads to a total of 300 simulations (Table 14). Results
of each simulation are evaluated by analyzing the maximum flood extent and maximum flood
depths over the course of simulation for each pixel. The probability of inundation for each pixel is
defined as Equation (3-21), and a probabilistic flood hazard map is accordingly derived in order
to minimize the impacts of uncertain boundary conditions, identify the high-risk regions, and

provide insights into local flood management.

p, =20 (3-21)

Nt

where P; is the probability of inundation calculated for the i-th pixel, N; is the number of times
when the i-th pixel is inundated (maximum flood depth > 0.001m in the areas of runway, taxiway,
and aprons, and maximum flood depth > 0.1m in other areas), and Ny is the total number of

simulations (i.e. 300).
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Table 12. Characteristics of input data for the LISFLOOD-FP model in model validation and sensitivity analysis.

] ] Coastal
Simulation . .
Purpose Boundary Rainfall Input Data Upstream Inflow Condition
Number -
Conditions
RO
Model ) ) )
(Reference Validati Mean Rainfall Gauge (WRMA) Mean (Rainfall input of HYMOD: data from WRMA)
alidation
Model)
R1 SAindividual® Mean / /
R2 SAindividual® / / Mean (Rainfall input of HYMOD: data from WRMA)
R3 SAindividual Mean / Mean (Rainfall input of HYMOD: data from WRMA)
R4 SAndividual® / Rainfall Gauge (WRMA) /
R5 SAindividual Mean Rainfall Gauge (WRMA) /
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R6

R7

R8

R9

R10

R11

R12

R13

R14

CHAPTERS.

2
SACoastaI

2
SACoastaI

SACO{;\staI2

2
SACoastaI

SARainfall®

SARainfall®

SARainfall’

SARainfaII3

SARainfall’

Mean + o

Mean + 2o

Mean - ¢

Mean - 2¢

Mean

Mean

Mean

Mean

Mean

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (DS3505)

ERA5

MERRA-2

TMPA-3B42 V7

IMERGHH V05

ANALYSIS OF COMPOUND FLOODING

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

Mean (Rainfall input of HYMOD:

data from WRMA)

data from WRMA)

data from WRMA)

data from WRMA)

data from WRMA)

data from WRMA)

data from WRMA)

data from WRMA)

data from WRMA)
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R15

R16

R17

R18

R19

R20

CHAPTERS.

SAIanow-ModeI4

SAIanow-ModeI4

SAIanow-Model4

SAIanow-ModeI4

SAnflow-Rainfall®

SAnflow-Rainfall®

Mean

Mean

Mean

Mean

Mean

Mean

ANALYSIS OF COMPOUND

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

Rainfall Gauge (WRMA)

FLOODING

Mean + o
(Rainfall input of HYMOD: data from WRMA)

Mean + 2o
(Rainfall input of HYMOD: data from WRMA)

Mean — ¢
(Rainfall input of HYMOD: data from WRMA)

Mean - 2c
(Rainfall input of HYMOD: data from WRMA)

Mean
(Rainfall input of HYMOD: data from DS3505 dataset)

Mean
(Rainfall input of HYMOD: data from ERAS dataset)
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Mean

R21 S/A\Inflow-Rainfall5 Mean Rainfall Gauge (WRMA) . .
(Rainfall input of HYMOD: data from MERRA-2)

Mean

R22 SAnflow-Rainfall® Mean Rainfall Gauge (WRMA) _ _
(Rainfall input of HYMOD: data from TMPA-3B42 V7)

Mean

R23 SlA\Ianow-Rainfall5 Mean Rainfall Gauge (WRMA) ] .
(Rainfall input of HYMOD: data from IMERGHH V05)

Note: The purposes of sensitivity analysis are to explore the individual effects of each flood factor! as well as to investigate the model’s
sensitivity to coastal water levels?, rainfall input data®, and upstream inflow with its uncertainty associated with the selection of

HYMOD’s parameters* and rainfall input data®.
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Table 13. Characteristics of input data for the LISFLOOD-FP model in the scenario analysis of including wave run-up.

Simulation Reference Coastal Boundary ) .
. Rainfall Input Data Upstream Inflow Condition
Number Model Conditions
Mean
w1 R1 / /
+ Wave run-up: 0.5m
Mean
W2 R1 / /
+ Wave run-up: 1.5m
Mean
W3 R1 / /
+ Wave run-up: 2.5m
Mean
w4 R1 / /
+ Wave run-up: 3.5m
Mean
W5 R1 / /

+ Wave run-up: 4.5m
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W6

W7

w8

W9

W10

W11

CHAPTERS.

R1

R1

RS

RS

RS

RS

Mean

+ Wave run-up: 5.5m

Mean

+ Wave run-up: 6m

Mean

+ Wave run-up: 0.5m

Mean

+ Wave run-up: 1.5m

Mean

+ Wave run-up: 2.5m

Mean

+ Wave run-up: 3.5m
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Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)
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W12

W13

W14

W15

W16

W17

CHAPTERS.

RS

RS

RS

RO

RO

RO

Mean

+ Wave run-up: 4.5m

Mean

+ Wave run-up: 5.5m

Mean

+ Wave run-up: 6m

Mean

+ Wave run-up: 0.5m

Mean

+ Wave run-up: 1.5m

Mean

+ Wave run-up: 2.5m

Rainfall Gauge
(WRMA)

Rainfall Gauge
(WRMA)

Rainfall Gauge
(WRMA)

ANALYSIS OF COMPOUND FLOODING

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)
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W18

W19

W20

w21

CHAPTERS.

RO

RO

RO

RO

Mean

+ Wave run-up: 3.5m

Mean

+ Wave run-up: 4.5m

Mean

+ Wave run-up: 5.5m

Mean

+ Wave run-up: 6m

Rainfall Gauge
(WRMA)

Rainfall Gauge
(WRMA)

Rainfall Gauge
(WRMA)

Rainfall Gauge
(WRMA)

ANALYSIS OF COMPOUND FLOODING

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)

Mean (Rainfall input of HYMOD: data from WRMA)
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Table 14. Descriptions of boundary conditions used for the LISFLOOD-FP model in the

probabilistic flood hazard analysis.

Number of
Boundary Condition Type Characteristics Boundary
Conditions
Five composite two-day time series of water
Coastal Water Levels levels (i.e. mean, mean+o, mean+20, mean-o, 5
and mean-2o values calculated for each hour)
Time series of rainfall intensities derived from six
_ different sources: WRMA in Saint Lucia, DS3505
Rainfall Inputs 6
dataset, ERA5, MERRA-2, TMPA-3B42 V7, and
IMERGHH V05 product
Estimated runoff from the calibrated HYMOD
Upstream Inflows model and uncertainty bounds associated with the 10

selection of parameters and rainfall input data

Total Number of Simulations =5 x 6 x 10 = 300

3.4. Results and Discussions

3.4.1. Model Performance and Validation

Simulation RO, the reference model, is utilized for model validation as well as the analysis of
model performance. In this study, the runway, taxiway, and apron of the Hewanorra International
Airport are considered to be flooded when the flood depth is greater than 0.001m, while other
regions are considered as flooded when the flood depth is greater than 0.1m. During the event of
Tropical Storm Matthew (from 00:00 am AST on September 28, 2016 to 00:00 am AST on
September 30, 2016), the maximum flood extent is 2.6018 km?, which accounts for 27.244% of

the total area, and the maximum flood depth for each pixel ranges from 0.01m to 10.202m (Figure
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14). Maximum flood depths in the river channel vary from 0.3m to 3m, while for the floodplain is
mostly less than 2m. Since topographic data used in this study also captures the elevations of trees
and there are huge elevation differences between the trees and the ground, there are some pixels
with low elevations surrounded by pixels with much higher elevations, resulting in significant
accumulation of water and unrealistic extreme values of flood depths (i.e. flood depth greater than
2m). Those pixels are mostly located in the communities in the north and west of the study area,

which are not the major areas of interest in this study.

Maximum Flood Depth (m)
¥ [0.001, 0.003)

I (0.003, 0.1]

[7(0.1, 0.3]

[ (0.3, 0.5]

W (0.5,1]

M1, 1.5]

M (1.5,2]

[@2,3]

M (3,10.202]

Figure 14. Map showing the maximum flood depth for each pixel over the course of the simulation

RO in the event of Tropical Storm Matthew.

Despite the significant role of Hewanorra International Airport in the tourism and local economy,
it is located in the low-lying area and is at high risk of flooding. Figure 15 presents the maximum
flood depth for each pixel within the airport boundary over the course of simulation RO. Most of
the airport facilities such as the terminal building, cargo shed, fire station, and the control tower is
not likely to be impacted by flood water. Parking areas are expected to be partially flooded with
maximum flood depth ranging from 0.3m to 0.5m, and therefore, cars in the parking lot may be
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swamped by the flood water. Maximum flood depths for the runway, taxiway, and apron vary from
0.001m to 0.3m, indicating the need for timely clearing of flood water during the event. Otherwise,
operations of airplanes would be interrupted, leading to disruptions of regional and international
transportation. Flood conditions are the most severe in the grassland (i.e. flood depth ranging from
0.3m to 3m) near the western end of runway due to the low elevations; however, such severe flood

can lead to enormous erosion but limited impacts to the operations of the airport.

Legend Maximum Flood Depth (m)
Airport Facilities [0.001, 0.003]

1 Runway M (0.003, 0.01]

2 Taxiway 7(0.01, 0.1]

3 Terminal Building [{#(0.1, 0.3]
4 Parking / Driveway |~|#(0.3, 0.5]

5 Tower m©0.5,1]

6 Fire Station (1, 1.5]

7 Cargo Shed m(1.5,2] T

8 Abandoned Airfield “Im(2, 4.122] oL MAAN

9 Fuel Depot ] Vo sl |
\| ~La Tourney River | \
I\ Roads [ +le

| =Buildings

Figure 15. Map showing the maximum flood depth for each pixel over the course of the simulation
RO in the event of Tropical Storm Matthew within boundaries of Hewanorra International Airport.

Apart from the Hewanorra International Airport, areas affected by the flooding include the two
human settlements (the town of La Tourney and Vieux Fort), the Vieux Fort Seaport, and coastal
agricultural lands. Within the seaport boundary, estimated flood depths for flooded areas are
mostly less than 0.2m, which is not likely to interrupt seaport operations. Agricultural areas are
expected to be flooded with maximum flood depths ranging from 0.5m to 1m, which is consistent
with the statement that at least 80% of the farms incurred losses during the event (Stewart 2017).
Although sections of the major highway are estimated to be flooded with maximum flood depths

less than 0.5m and the settlements are expected to experience flooding with maximum flood depths
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varying from 0.1m to 2m, there may be significant overestimations in these regions since the

hydrodynamic model does not consider the drainage systems, which are essential for flood water

removal in these areas during the event. Inclusion of drainage systems, higher resolution of the

model, and topographic data that excludes elevations of trees are needed to obtain more realistic

and reliable simulation results in the environments with a high intensity of buildings and trees.

In the model validation, pixels with the maximum flood depth that is higher than the pre-defined

threshold are all considered as flooded and will be compared with the flood map derived from the

available satellite imageries. Comparison results are grouped into three types and are presented in

Figure 16. Discussions on the three categories are as follows.

1)

2)

3)

Overestimation: Overestimation indicates the pixels that are simulated as flooded but not
shown as flooded in the derived flood map. A major reason for the overestimation is that
the derived flood map cannot provide comprehensive information on the flood extents

during the event but only indicates the areas that have potentially been severely flooded.

Underestimation: Underestimation indicates the pixels that are not simulated as flooded
but are shown as flooded in the derived flood map. The topographic data was generated
from the orthoimagery taken in 2018, while the Tropical Storm Matthew occurred in 2016.
The land use change, such as the newly-developed structures near the town of La Tourney,
is the major reason for the underestimation. Besides, to derive the flood map, eroded areas
observed in Pléiades-1 imagery are considered to were severely flooded, but those erosions
are not necessarily caused by flooding.

Correct simulation as flooding: Correct simulation as flooding indicates the pixels that are
simulated as flooded and are also shown as flooded in the derived flood map. The results
of simulation RO indicate that the hydrodynamic model can accurately capture the severe

flooding in the grasslands near the runway and in agricultural areas.
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Figure 16. Comparison of the maximum flood extent from the model and flood extents derived

from the satellite imageries.

3.4.2. Sensitivity Analysis

Due to the lack of reliable hourly observational data, major assumptions were made when
generating boundary conditions for the hydrodynamic model. Influences of uncertain boundary
conditions (i.e. coastal water levels, river discharges, and hyetographs) are explored in the
sensitivity analysis by considering the uncertainty bounds of the three types of input data.

Simulation results are analyzed in detail in this section.

Individual Effects of Flood Factors

Simulations R1~ R5 are conducted to investigate the individual effects of each flood factor and
the combined effects of two flood factors, aiming to understand flood mechanisms in the event of

Tropical Storm Matthew. Corresponding boundary conditions are presented in Table 12.
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e Effects of Coastal Water Levels

Individual effects of coastal water levels in the event of Tropical Storm Matthew are explored in
simulation R1. Wave run-up is not considered. The maximum flood depth for each pixel over the
course of the simulation is presented in Figure 17. Backwater effects from the ocean are expected
in La Tourney river channel, indicating the potential interactions between high river flows and
high sea levels in extreme events. No coastal flooding is caused along the coastline, showing that

the estimated sea levels during the event are not significantly high to induce flood at the coast.

Hewanorra International Airport

P v "

Vieux Forf|

A vauthey”

Hewaftorrartntermationat atfporr )
Z Sandff Beach
Sitikron /5 Legend
e L La Tourney River
Roads
Wi Fout Denieg Hewanorra International Airport
X Buildings
Maxi d Depth
PR Depth (o

Low : 0.102

Figure 17. Map showing the maximum flood depth for each pixel over the course of the simulation

R1 in the event of Tropical Storm Matthew.

e Effects of River Discharges and Coastal Water Levels

Based on the maximum flood depth conditions of simulations R2 and R3 (Figure 18), major
conclusions are as follows: 1) closed coastal boundaries in simulation R2 cause significant water
accumulations at the river mouth and at the river floodplain, thus leading to unrealistic flood
estimations; 2) river discharges during the events are not expected to cause overbank flows along
the channel; 3) there are no estimated floods in simulation R3, indicating that the inclusion of
coastal water levels majorly enables river flows discharging into the sea while the interactions

between river flows and coastal water levels are not likely to induce floods in the floodplain.
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Figure 18. Map showing the maximum flood depth for each pixel over the course of the simulation

R2 (left) and simulation R3 (right) in the event of Tropical Storm Matthew.

However, the assumption of constant river discharge throughout the day can lead to significant
underestimation of flood estimates. The catchment has a quick response to rainfall, and considering
the rainfall patterns, hourly river discharges have the potential to dramatically increase when the
rainfall volume dramatically increases. Moreover, if peak river discharges occur simultaneously

with the peak sea levels, resultant flooding conditions can be much more severe.

e FEffects of Rainfall and Coastal Water Levels

Comparing the maximum flood depth conditions obtained from simulation R1 (Figure 17),
simulations R2 and R3 (Figure 18) as well as R4 and R5 (Figure 19) with that of the reference
model RO (Figure 14), major conclusions are as follows: 1) closed coastal boundaries in simulation
R4 cause significant water accumulations along the coastline, thus resulting in unreasonable flood
estimations; 2) including coastal water levels as in simulations R5 leads to more reliable flood
estimates since it enables the rainfall-induced water draining into the sea; 3) it is determined that
rainfall is the major contributor of flooding in the event of Tropical Storm Matthew because
simulations RO and R5 yield similar simulated flood patterns, the results of simulation R3 indicate
that river discharges do not lead to overbank floods, and the results of simulation R1 show that

coastal water levels during the event are not likely to incur flood along the coastline or the river.
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Figure 19. Map showing the maximum flood depth for each pixel over the course of the simulation

R4 (left) and simulation R5 (right) in the event of Tropical Storm Matthew.

Effects of Uncertain Rainfall Patterns

Due to the lack of knowledge in hourly rainfall patterns as well as the inconsistency of rainfall
data from different sources, time series of rainfall intensities derived from different datasets and
products are utilized as rainfall inputs to the LISFLOOD-FP model in the sensitivity analysis to
investigate model uncertainties associated with rainfall volume and temporal distributions of
rainfall. For this purpose, simulation R10~R14 are conducted. As in Table 12, coastal and riverine
boundary conditions for R10~R14 are the same as that of the reference model RO. Selected sources
of rainfall data for simulations R0, R10, R11, R12, R13, and R14 are 6-hourly accumulated rainfall
gauge data provided by WRMA, 6-hourly accumulated rainfall gauge data from the DS3505
dataset, hourly rainfall data from ERADS, hourly rainfall data from MERRA-2, three-hourly rainfall
data from the TMPA-3B42 V7 product, and half-hourly rainfall data from the IMERGHH V05
product, respectively. 6-hourly data and 3-hourly data are transformed to hourly data by assuming
that the rainfall intensities are constant within every 6 hours and 3 hours, respectively. The

resultant hyetographs are presented in Figure 5.

Figure 20 shows the spatial patterns of maximum flood depth for each pixel over the course of

simulation when using rainfall inputs derived from different sources, and Figure 21 presents the
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temporal patterns of flood inundation area throughout the event. Characteristics of different rainfall
inputs and corresponding flood estimations are summarized in Table 15. Since rainfall is the major
contributor to flooding in the event of Tropical Storm Matthew, spatial patterns of floods are
strongly dependent on the characteristics of rainfall volume and temporal distributions of rainfall
intensities. Using rainfall data with higher total rainfall volume leads to larger flood-impacted
areas, higher flood depths for inundated pixels, and higher values of maximum flood inundation
area. However, the runway, taxiway, and apron of the Hewanorra International Airport as well as
coastal lowland agriculture areas are at risk of flooding in all simulations, indicating the need for
further study in regards to the flood risk of the airport in extreme events. In addition, temporal
patterns of flood inundation area are related to the temporal distributions of rainfall intensities. The
increase of rainfall intensities causes the increase of flood inundation area, the time for the peak
rainfall intensity affects the time reaching the maximum flooded area, and the flood would start
receding when the rainfall intensity drops. Also, considering that the flood inundation estimations
are sensitive to the dramatic increases in rainfall intensities, the assumption that the rainfall
intensities are constant within every 6 hours and 3 hours when utilizing the 6-hourly and 3-hourly
rainfall data could lead to underestimations in the flooded area since there may be significant
variations in rainfall intensities within each time interval. Therefore, reliable hourly or sub-hourly
rainfall patterns would be needed to obtain more accurate flood estimations for the event of

Tropical Storm Matthew.
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Figure 20. Maps showing the maximum flood depth for each pixel over the course of simulations
when the rainfall input is derived from (a) rainfall gauge (WRMA), (b) rainfall gauge (DS3505),
(c) ERADS, (d) MERRA-2, (e) TMPA-3B42 V7, and (f) IMERGHH VO05.
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Figure 21. Graphs showing the flood inundation area over the course of simulations when the
rainfall input is from (a) rainfall gauge (WRMA), (b) rainfall gauge (DS3505), (c) ERAS5, (d)
MERRA-2, () TMPA-3B42 V7, and (f) IMERGHH V05.
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Table 15. Characteristics of rainfall derived from different sources and corresponding flood

inundation estimations.

Rainfall Characteristics Flood Inundation
Differences Maximum . .
Source of Total Lo Peak Flooded Area  Differences in
Rainfall Data  Rainfall \ Rainfall over the the Maximum
Rainfall .
Volume Intensity Course of Flooded Area
Volume . .
(mm) (%) (mm/h) Simulation (%)
’ (km?)
Rainfall Gauge
(WRMA) 320.7 / 24.317 2.6018 /
Rainfall Gauge
(DS3505) 332.11 3.56 24.257 2.6179 0.617
ERA5 92.08 -71.29 10.983 1.6724 -35.721
MERRA-2 70.06 -78.15 11.010 1.4812 -43.072
TMPA-3B42 V7 283.05 -11.74 26.680 2.4994 -3.938
IMERGHH V05 495.66 54.56 49.000 2.7999 7.612

Note: The formula for calculating the differences in total rainfall is (total rainfall from other sources — total rainfall
from the WRMA rainfall gauge)/total rainfall from the WRMA rainfall gauge), and the formula for calculating the
differences in the maximum flooded area is (maximum flooded area when using rainfall inputs from other sources —
maximum flooded area when using rainfall inputs from the WRMA rainfall gauge)/maximum flooded area when
using rainfall inputs from the WRMA rainfall gauge.

Effects of Uncertain Coastal Boundary Conditions

Since there is no tide gauge in the study area, time series of coastal water levels of tide gauges in
surrounding islands are utilized. Extreme sea levels for Saint Lucia proposed in the study of
Monioudi et al. (2018) are used to rescale the observed time series in order to generate possible
patterns of sea levels during the event. In total, there are 3 time series of observed sea levels and
21 time series of rescaled sea levels, representing the potential effects of astronomical tides, the

episodic water level rise due to storm surges, as well as wave setup. Based on these 24 time series,
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values of mean and standard deviation (o) can be calculated for each hour during the simulated
period. The mean time series is assumed as the true time series of sea levels, and to investigate the
effects of uncertainties in the estimations of coastal water levels, mean+o, mean+20, mean-o, and
mean-2q¢ time series are regarded as the uncertainty bounds in sea levels and utilized as the coastal
boundary conditions for the LISFLOOD-FP model (Figure 7). Accordingly, simulation R6~R9
were conducted. As in Table 12, pluvial and riverine boundary conditions for R6~R9 are the same
as that of the reference model RO, but the coastal boundary conditions are different to explore the

effects of uncertainties in sea levels.

As in Table 16, uncertainties in the estimations of coastal water levels have limited impacts on the
maximum flooded area. The major reason is that, when considering uncertainty bounds, the
individual contribution of coastal water levels to flooding remain insignificant, indicating unlikely

occurrences of overbank or coastal floods as discussed in Section 3.4.2.1.1.

Table 16. Flood area estimations when considering the uncertainties in coastal water levels.

Flood Inundation Condition

Time Series of

Comlwar Loty Moo Foetst v D
(km?) (%)
Mean 2.6018 /
Mean + ¢ 2.6023 0.019
Mean + 26 2.6032 0.055
Mean - o 2.6013 -0.019
Mean - 20 2.5998 -0.079

Note: The formula for calculating the differences in the maximum flooded area is (maximum flooded area when
using mean+o/mean+2o/mean-o/mean-2c time series — maximum flooded area when using mean time
series)/maximum flooded area when using mean time series.
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Effects of Uncertain River Discharges

A hydrological model HYMOD was set up and calibrated to simulate daily river discharges of La
Tourney River. Uncertainties in the runoff estimations majorly come from the selection of model

parameters and the sources of rainfall inputs.

e Uncertainties associated with the Selection of Model Parameters

As discussed in Section 3.3.2.2.3, 1000 optimal parameter sets were derived by using the leave-
three-out cross-validation method, thus leading to 1000 simulation results. From these results,
values of mean and standard deviation (o) can be calculated for each day. Time series of mean is
assumed to be the true time series of river flows, while mean+2¢, mean+o, mean-o, and mean-2¢
time series were regarded as the uncertainty bounds of runoff estimations. These uncertainty
bounds (Table 8) are utilized as upstream inflow boundary conditions for the hydrodynamic model
in order to investigate the effects of uncertainties associated with the selection of model
parameters. Simulation R15~R18 were accordingly conducted. As in Table 12, pluvial and coastal
boundary conditions for R15~R18 are the same as that of the reference model RO, but the upstream

inflow boundary conditions are different.

As in Table 17, uncertainties in river flow estimations associated with the selection of model
parameters have limited impacts on the maximum flooded area. The major reason is that, when
considering uncertainties, the individual contribution of river discharges to flooding remain

insignificant due to the unlikely occurrence of overbank floods as discussed in Section 3.4.2.1.2.

Table 17. Flood area estimations when considering the uncertainties in river flow estimations

associated with the selection of model parameters.

Flood Inundation Condition

Time Series of

Simulated River Inflows Differences in Maximum

Maximum Flooded Area (km?) Flooded Area (%)

Mean 2.6018 /

Mean + ¢ 2.6028 0.038
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Mean + 2¢ 2.6039 0.079
Mean - ¢ 2.6004 -0.056
Mean - 2c 2.5990 -0.109

Note: The formula for calculating the differences in the maximum flooded area is (maximum flooded area when
using mean+o/mean+2o/mean-o/mean-2c time series — maximum flooded area when using mean time
series)/maximum flooded area when using mean time series.

e Uncertainties associated with the Source of Rainfall Data

The HYMOD model was set up and calibrated based on the rainfall inputs derived from the gauge
data provided by WRMA. Considering that different sources of rainfall data lead to different daily
rainfall volume (Table 2), the effects of uncertainties associated with the selection of rainfall data
sources should be considered. For this purpose, simulations R19~R23 were conducted. As in Table
12, pluvial and coastal boundary conditions for R19~R23 are the same as that of the reference
model RO, but the upstream inflow boundary conditions are the simulated river flows using rainfall
data derived from the DS3505 dataset, ERA5, MERRA-2, TMPA-3B42 V7, and IMERGHH V05,
respectively (Table 9).

As in Table 18, the effects of uncertainties in river flows associated with the selection of rainfall
data have insignificant impacts on the flood area estimations. The major reason is that, regardless
of the rainfall input sources to the HYMOD model, resultant river discharges are not likely to cause
overbank floods and accordingly have limited contributions to the flooding in the event of Tropical

Storm Matthew as discussed in Section 3.4.2.1.2.

Table 18. Flood area estimations when considering the uncertainties in upstream river inflows

associated with the sources of rainfall data used in the HY MOD model.

Flood Inundation Condition

Source of Rainfall Data Differences in Maximum

Maximum Flooded Area (km?) Flooded Area (%)

Rainfall Gauge (WRMA) 2.6018 /
Rainfall Gauge (DS3505) 2.6006 -0.045
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ERA5 2.5976 -0.163
MERRA-2 2.5975 -0.164
TMPA-3B42 V7 2.5998 -0.076
IMERGHH V05 2.6028 0.038

Note: The formula for calculating the differences in the maximum flooded area is (maximum flooded area when
using rainfall inputs from other sources — maximum flooded area when using rainfall inputs from the WRMA rainfall
gauge)/maximum flooded area when using rainfall inputs from the WRMA rainfall gauge.

3.4.3. Scenario Analysis

As discussed in Section 3.3.1.4, coastal boundary conditions used for model validation (simulation
RO) and sensitivity analysis (simulation R1~R23) do not consider the effects of wave run-up, and
the results indicate that the contribution of estimated sea levels to flooding is limited. However, as
in Table 4, heights of wave run-up are significantly higher than storm surges in Saint Lucia,
indicating that the effects of wave run-up can be dominant in extreme events and induce severe
flooding in the study area. The scenario analysis, as a result, is conducted to explore the potential
impacts of wave run-up in the event of Tropical Storm Matthew. Due to the lack of knowledge in
temporal patterns of wave run-up, the worst scenarios are considered by adding 0.5m, 1.5m, 2.5m,
3.5m, 4.5m, 5.5m, and 6m to the mean time series of sea levels from 11:00 am AST on September
28, 2016 to 8:00 am AST on September 29, 2016. The resultant time series of coastal water levels,
as in Figure 8, are used as the coastal boundary conditions to conduct simulations W1-W28.
Results are analyzed based on the comparisons with their corresponding reference models that
have the same pluvial and riverine boundary conditions but do not consider the effects of wave
run-up (Table 13). Overestimations are expected since the worst scenarios are considered in the
scenario analysis; however, the results provide insights on areas that are at high risk of temporary

floods caused by high waves.

Individual Effects of Coastal Water Levels

Simulations W1~W?7 are conducted to explore individual effects of coastal boundary conditions

when considering the wave run-up. Table 19 presents the flood area estimations for simulation RO
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and W1~W?7, and Figure 22 shows the spatial patterns of maximum flood depth for each pixel over
the course of simulations in scenarios of including wave run-up heights in the coastal boundary
conditions. The results indicate the significant potential impacts of wave run-up. When the wave
run-up height is 0.5m, greater backwater effects are observed in the La Tourney River. When the
wave run-up height is 1.5m, there are not only overbank flooding caused by seawater draining into
the river channel but also coastal flooding occurring along the coastline and in the town of Vieux
Fort. Flood inundation area dramatically increases when the heights of wave run-up increase from
2.5m to 6m. The town of Vieux Fort, the runway of the airport, and the coastal agriculture area are
at risk of flooding when the wave run-up heights are greater than 2.5m, the Hewanorra
International Airport area are at significant risk when the wave run-up heights are larger than 3.5m,
and the flood hazards are farther inland when the wave run-up heights are above 4.5m. Flood
hazards in different scenarios within the Hewanorra International Airport boundary are presented
in Figure 23. When the height of wave run-up reaches 3.5m, the runway, taxiway, and aprons of
the airport are under the risk of flooding, leading to disruptions of the airport if there is no effective
removal of flood water. As the heights of wave run-up increase from 3.5m to 6m, flood hazards
go farther inland, severely impacting the airport facilities such as the control tower, the cargo shed,
and the terminal building. Discontinued operations of the airport are expected with the failures of
all these facilities, and therefore, further study on the effects of wave run-up and effective flood

management in the airport is needed.

Table 19. Flood area estimations in scenarios of excluding wave run-up and including wave run-

up in the coastal boundary conditions.

Flood Inundation Condition

Heights of
Simulation Wave(rlr'\]’)un-up Maximum Flooded Area Differences
Number over the Course of Simulations in Maximum
(km?) Flooded Area
RO 0 0.0099 /
w1 0.5 0.0294 1.985

w2 1.5 0.2030 19.612
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W3 2.5 1.0725 107.878
w4 3.5 2.4481 247.563
W5 4.5 3.0076 304.343
W6 5.5 3.5002 354.348
W7 6.0 3.6929 373.916

Note: The formula for calculating the differences in the maximum flooded area is (maximum flooded area when
considering wave run-up — maximum flooded area when excluding wave run-up)/maximum flooded area when
excluding wave run-up.
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Figure 22. Map showing the maximum flood depth for each pixel over the course of simulations

in scenarios of including wave run-up in the coastal boundary conditions.
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Figure 23. Maps showing the maximum flood depth for each pixel within the Hewanorra

International Airport boundary over the course of simulations when the heights of wave run-up are
(@) 2.5m, (b) 3.5m, (c) 4.5m, (d) 5.5m, and (e) 6m.
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Combined Effects of River Discharges and Coastal Water Levels

As in Section 3.4.2.1.2, based on the results of the reference model RO, it is determined that river
discharges do not lead to overbank floods, coastal water levels do not incur flood along the
coastline, and the interactions between sea levels and river flows are insignificant. However, when
including wave run-up in coastal boundary conditions, the flood mechanisms are expected to be
different. Figure 24 presents spatial patterns of the maximum flood depth for each pixel over the
course of simulations, and Table 20 summarizes the flood area estimations under different
scenarios. As in Figure 24, when the height of wave run-up reaches 1.5m, overbank flooding is
expected in the river floodplains due to the interactions of high sea levels and river discharges. As
the heights of wave run-up increase, compared to the interactions between seawater and river
flows, the role of coastal water levels becomes dominant, leading to the significant increase in the
flood inundation area, more intense backwater effects, more serious coastal flooding along the

coastline, as well as farther-inland flood hazards.

Table 20. Flood area estimations in scenarios of excluding wave run-up and including wave run-

up in the coastal boundary conditions.

Flood Inundation Condition

Heights of
Simulation Wave Run-up Maximum Flooded Area over . . .
. : Differences in Maximum
Number the Course of Simulations
(m) > Flooded Area
(km?)
R5 0 0.0409 /

W8 0.5 0.0597 0.459

W9 15 0.2245 4.484

W10 25 1.0754 25.278

W11 35 2.4481 58.820

W12 4.5 3.0076 72.491
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W13 5.5 3.5001 84.524

W14 6.0 3.6929 89.236

Note: The formula for calculating the differences in the maximum flooded area is (maximum flooded area when
considering wave run-up — maximum flooded area when excluding wave run-up)/maximum flooded area when
excluding wave run-up.
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Figure 24. Maps showing the maximum flood depth for each pixel within the Hewanorra
International Airport boundary over the course of simulations when the heights of wave run-up are
(@) Om, (b) 0.5m, (c) 1.5m, (d) 2.5m, (e) 3.5m, (f) 4.5m, (g) 5.5m, and (h) 6m.

Combined Effects of River Discharges, Rainfall Inputs, and Coastal Water Levels

Simulations W15~W21 were conducted to investigate the combined effects of rainfall, river
discharges, and coastal water levels when considering the effects of wave run-up. Figure 25
presents the spatial patterns of the maximum flood depth for each pixel over the course of
simulations, and Table 21 summarizes the flood area estimations under different scenarios. As the
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heights of wave run-up increase, high sea levels begin to interact with river flows in the river
channel causing overbank floods in the river floodplains, coastal floods are expected along the
coastline affecting the town of Vieux Fort and lowland agriculture areas, and more severe flooding
are estimated within the Hewanorra International Airport boundary impacting the operations of
airport facilities. Comparing Figure 22, 24, and 25, it can be concluded that effects of wave run-
up are significant and would cause extensive impacts to compound flood patterns in extreme

events, especially in the Hewanorra International Airport and the town of Vieux Fort.

Table 21. Flood area estimations in scenarios of excluding wave run-up and including wave run-

up in the coastal boundary conditions

Flood Inundation Condition

Heights of
Simulation  Wave Run-up  Maximum Flooded Area over . . .
Number i : Differences in Maximum
(m) the Course of Simulations
5 Flooded Area (%)
(km?)
RO 0 2.6018 /
W15 0.5 2.6121 0.626
W16 15 2.6812 3.289
W17 2.5 2.9845 14.970
W18 3.5 3.6251 39.649
W19 4.5 3.9793 53.296
W20 55 4.3310 66.843

w21 6.0 4.4812 72.629
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Figure 25. Maps showing the maximum flood depth for each pixel over the course of simulations
when the heights of wave run-up are (a) Om, (b) 0.5m, (c) 1.5m, (d) 2.5m, (e) 3.5m, (f) 4.5m, (g)
5.5m, and (h) 6m.

3.4.4.Probabilistic Flood Hazard Analysis

As in Table 14, a total of 300 simulations were conducted to investigate the combined effects of
the three uncertain boundary conditions by considering all possible coastal boundary conditions
(estimated water levels and the uncertainty bounds; wave run-up effects are not included), all
selected rainfall inputs (time series of rainfall intensities derived from different sources), and all
potential river discharges (estimated streamflow values and the uncertainty bounds associated with
the selection of parameters as well as sources of rainfall inputs). Simulation results are analyzed
in three aspects, namely, the maximum flood inundation area, the maximum flood depth for each

pixel, and the probability of flooding.

Maximum Flood Inundation Area

Figure 26 presents the maximum flood inundation area for each simulation, and it can be concluded

that in terms of the estimations of flood inundation area, uncertainties in the rainfall inputs play an
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important role in flooding in the event of Tropical Storm Matthew, while uncertainties in the

coastal and riverine boundary conditions are relatively insignificant.

N

Rainfall Inputs for LISFLOOD-FP

ERA5

IMERGHH V05
MERRA-2

Rainfall Gauge(DS3505)
Rainfall Gauge(WRMA)
TMPA-3B42 V7

Maximum Flood Inundation Area ( km2)

o

0 100 200 300
Simulations
Figure 26. Maximum flood inundation area over the course of simulations in the probabilistic

flood hazard analysis.

Maximum Flood Depth Estimations

A total of 300 estimations of maximum flood depth were generated for each pixel in the study
area, and it is expected that the estimates for the same pixel do not necessarily have the same value
because the boundary conditions are different in each simulation. The impacts of uncertain
boundary conditions on flood depth estimations can be determined by calculating the ranges,
which is defined as the differences between the maximum estimated values of maximum flood

depth and the minimum estimated values maximum flood depth for each pixel.

Figure 27 shows spatial patterns of the ranges calculated for each pixel, and it is found that the
ranges derived from the total of 300 simulations are less than 1m or equal to Om in most inundated
pixels. It can be concluded that in terms of maximum flood depth estimations, uncertainties in the

boundary conditions have limited impacts.
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Figure 27. Map showing the ranges of maximum flood depth estimations for each pixel.

Probability of Flooding

In each simulation, each pixel can be classified into flooded or non-flooded areas based on the pre-

defined criteria as in Section 3.3.4.2, and the probability of flooding can be calculated as in Section

3.3.4.6. Figure 28 and Figure 29 show the probability of flooding calculated from the total of 300

simulations for pixels in the study area and within the Hewanorra International Airport boundary.

The figures indicate that areas at high risk of flooding are the lowland agriculture areas, the major

highway, the town of Vieux Fort, the grassland around the runway, as well as the runway, taxiway,

and apron of the airport.
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Figure 28. Map showing the probability of flooding calculated from all simulations for each pixel

in the study area.
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Figure 29. Map showing the probability of flooding calculated from all simulations for each pixel

within the Hewanorra International Airport.
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3.5.Conclusions

The study area, located at the southern coast of Saint Lucia, is highly vulnerable to weather-related
extreme events and at risk of compound flooding, especially in the condition of climate change.
There are high concentrations of infrastructures and human communities in the low-lying areas.
Major assets include the Hewanorra International Airport, the Vieux Fort Seaport, the north-south
major highway, and the towns of Vieux Fort and La Tourney.

A two-dimensional hydrodynamic model LISFLOOD-FP was set up to simulate the combined
effects of coastal water levels, river discharges, and rainfall in the event of Tropical Storm
Matthew. The model was validated using the flood map derived from available Pléiades-1 and
Sentinel-1 imagery. However, due to the lack of imagery taken during the event, the derived flood
map reveals areas that have potentially experienced severe flooding but could not provide a
comprehensive understanding of the actual flood extents. In addition, not considering the drainage
system can lead to overestimation of flood conditions because it plays an important role when
floodwater is receding in urban areas and in the highway. As to the impacts of changing climate,

although it is expected to be significant to the flooding, it is not included in this study.

Due to the lack of reliable hourly rainfall patterns, the lack of observational coastal water levels,
and the uncertainties in river flow estimations from the hydrological model HYMOD, assumptions
were made in the preparations of boundary conditions. Therefore, boundary conditions become
the major source of model uncertainties in hydrodynamic modelling. Sensitivity analysis has
according been conducted to explore the uncertainties associated with the uncertain input data as
well as to investigate individual contributions of different flood factors. It is determined that
rainfall is the major contributor to flooding in the event of Tropical Storm Matthew when not
considering the effects of wave run-up. Uncertainties in the rainfall volume and in the hourly
patterns of rainfall intensities have significant impacts on flood patterns such as maximum flood
inundation area and water depths. Although rainfall plays a major role in flooding in the event of
Tropical Storm Matthew, the inclusion of coastal and riverine boundary conditions is significant
for more accurate and reliable flood estimations not only because the interactions between
seawater and river flows are expected but also because the temporal patterns of coastal water levels
determine how the river flows and rainfall-induced water drain into the sea. Nevertheless, the

interaction mechanisms between river flows and sea levels are not well studied due to the lack of



101|Page CHAPTER3. ANALYSIS OF COMPOUND FLOODING

reliable hourly patterns for these two factors. The assumption of constant river discharge
throughout the day may result in significantly underestimated flood estimations. The drainage area
of the river is characterized as steep and mountainous, indicating that the river discharges have a
quick response to the rainfall, and therefore, in the event of Tropical Storm Matthew, hourly river
discharges have the potential to dramatically increase when the rainfall intensity significantly
increases. Moreover, if there are simultaneous occurrences of peak river discharges and peak sea

levels, resultant floods can be much more severe.

The wave run-up has significantly higher values than the storm surges in Saint Lucia. The scenario
analysis was conducted to analyze the potential impacts of wave run-up. It can be concluded that
wave run-up can lead to severe coastal flooding along the coastline, the river overflows in the
floodplains due to the interactions between river flows and high sea levels, as well as more severe
compound floods caused by the rainfall, river discharges, and coastal water levels. The maximum
flood area for compound floods increases from 2.6018km? to 4.4812 km?when the heights of wave
run-up increases from Om to 6m. Hewanorra International Airport and the town of Vieux Fort are

at especially high risk of flooding when considering the effects of wave run-up.

Taking uncertainty bounds of the three types of boundary conditions into consideration, the
probabilistic flood hazard analysis was conducted. In terms of maximum flood inundation area,
the sources of rainfall inputs for the hydrodynamic model play the most significant role since
rainfall is the major contributor to flooding in the event of Tropical Storm Matthew. In terms of
maximum flood depths, uncertainties in boundary conditions have limited impacts on the
estimations. Probabilistic flooding maps were derived to estimate the flood probabilities for each
pixel in the total of 300 simulations. In the event of Tropical Storm Matthew, areas at high risk of
flooding are the lowland agriculture areas, the major highway, the town of Vieux Fort, the

grassland around the runway, as well as the runway, taxiway, and apron of the airport.

In summary, major conclusions from the analysis of compound flooding are as follows: (i) Rainfall
is the major contributor of flooding in the event of Tropical Storm Matthew, but considering
multiple flood factor leads to more accurate flood estimations; (ii) Uncertainties in the rainfall
volume and temporal rainfall patterns have significant impacts on simulation results in terms of

flood inundation area; (iii) It is expected that the potential impacts of wave run-up include stronger
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interactions between sea levels and river flows, more severe coastal flooding at the coastline and
even farther inland, as well as more severe pluvial flooding due to the reduced ability of rainfall-
induced water draining into the sea, thus resulting in more intense compound flooding; (iv) High-
risk flood areas in the study area are the Hewanorra International Airport, the town of Vieux Fort,

the north-south major highway, and coastal agricultural lands.

Despite the limitations, this study evaluates the compound flooding caused by river flows, rainfall,
and coastal water levels in the event of Tropical Storm Matthew. The results have provided insights
into the areas that are at high risk of flooding. Hewanorra International Airport, as the assessed
critical transportation asset in the study area, is at particularly high risk of disruptions because the
runway, taxiway, and apron have high potential to be flooded especially when considering the

impacts of wave run-up. As a result, further study on flood risk analysis is needed for the airport.
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Chapter 4

4  Flood Risk Analysis in Saint Lucia

Significant infrastructures in the study area include Hewanorra International Airport, Vieux Fort
Seaport, the town of Vieux Fort and La Tourney, as well as the north-south highway. Those assets,
along with other entities, ensure services and activities of key economic sectors in Saint Lucia such
as tourism, agriculture, manufacturing, housing and human settlements, information and
communications technology, health, food, energy, water, electricity, transportation, physical
planning and infrastructure, watershed management, and disaster risk management.
Interdependence is expected among infrastructures from different sectors, and therefore, failures
of entities could propagate through the network and cause cascading effects. In this study,
RiskLogik software was used to set up a network analysis model in order to investigate the impacts
of indirect connections among entities, to explore the relative importance of entities in the system,
as well as to prioritize risk for more efficient allocation of resources. Aside from normal conditions,
flood scenarios were also introduced in the risk assessment. Flood conditions in the event of
Tropical Storm Matthew, simulated by the hydrodynamic model LISFLOOD-FP in Chapter 3,
were utilized to explore how flooding within the airport boundary affect the risk of entities. Results
indicate that normal operation of Hewanorra International Airport is of fundamental significance
in the system. To reduce risks of the airport especially in scenarios of flooding, prioritization
should be given to those airport facilities whose risk indices are expected to dramatically increase
due to floods. Moreover, essential services, such as transport, electricity services, as well as
information and communication services, are at high risk in all scenarios, indicating the need to

ensure those services all times regardless of in normal conditions or in floods.

4.1 Introduction

Saint Lucia, a tropical island in the Caribbean Sea, is located in the tropical cyclone belts and is

highly exposed to multiple natural hazards such as storm surges, tide waves, landslides, tropical
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storms, and hurricanes (ICF GHK 2012). Flood risks generated from these climate-related extreme
events are exacerbated due to the mountainous topography in Saint Lucia, increasing impermeable
surfaces associated with the coastal urbanization, inadequate and poorly maintained drainage
systems in the city area, as well as the high concentration of infrastructures and settlements at
coastal lowlands (ICF GHK 2012; Global Facility for Disaster Reduction and Recovery 2019).
Historical events have revealed that critical infrastructures in the island, such as airports, seaports,
roads, electricity networks, water systems as well as health facilities, are highly susceptible to
flooding and landslides. Their potential failures in extreme events can lead to interruptions of
essential services, tourism, agriculture, and other key economic sectors in Saint Lucia, thus leading
to considerable economic losses (Global Facility for Disaster Reduction and Recovery 2019). For
example, in August 2007, the storm surge associated with the Hurricane Dean occurred
simultaneously with the normal high tide and the recorded maximum sea level was 10.2m
(Augustine 2007). The northwest coast of the island was majorly impacted, leading to significant
coastline erosion, damages to the marine equipment and infrastructure particularly in the Castries
harbor and resort areas, as well as rock and sand washing back to the end of the runway of the
George Charles Airport (Economic Commission for Latin America and the Caribbean 2007;
Augustine 2007). According to Economic Commission for Latin American and the Caribbean
(2011), in October 2010, Hurricane Tomas attacked Saint Lucia and the associated waves were
equivalent to a 1:15 year event while the associated rainfall was classified as a 1:180 year event,
triggering severe flooding across the island and leading to the total impact that is equivalent to
43.4% of GDP. Critical infrastructures, including the water supply and distribution utilities, roads
and bridges, airports and seaports, electricity networks, as well as telecommunications, were
heavily damaged and accounts for 43% of the total impact. Tourism was also greatly impacted
mainly due to the flooding in the main tourist hub, damages to the hotels, disruptions of water
supply, and the closure of the two airports during the event. Increased costs for the facilities include
the fees for the cleanup of mud at the runway, dramatic loss of passengers immediately following
the event, and the shuttle fees utilized to transfer passengers due to the loss of road connections.
In December 2013, as reported in Global Facility for Disaster Reduction and Recovery (2014), a
tropical trough system passed over Saint Lucia and generated extraordinarily heavy rainfall. The
rainfall incurred intense and rapid flash floods, whose effects were enhanced due to the

mountainous topography and the already saturated soil, leading to the total damages and losses
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equivalent to 8.3% of the GDP. As is in the event of Hurricane Tomas, the major impact was
sustained in the infrastructure sector, primarily related to transportation (72.31%) and water
systems (6.44%). The impacts on the transportation largely refer to the damaged roads, bridges,
the highway, and the closure of Hewanorra International Airport due to the temporal flooding in
the runway and terminal building. Agriculture (12.99%) and tourism (2.12%) were also severely
affected. In 2016, the passage of Hurricane Matthew produced heavy rainfall, strong winds, and
rough seas, severely damaging the infrastructures and human settlements (Global Facility for
Disaster Reduction and Recovery 2019). Major impacts include power outages observed in several
communities, flooding in Vieux Fort and other cities, impassable roads, as well as the interruptions

of water supply (International Federation of Red Cross and Red Crescent Societies 2017).

Current weather-related threats are expected to intensify under the changing climate. Sea level rise,
increasing sea surface temperature and wind speed, as well as more intense tropical storms and
hurricanes are projected in Saint Lucia, indicating the possibility of increased coastal erosion and
loss of natural defences, higher storm tides and breaking of waves further inshore, higher
possibility of severe inundation in low-lying coastal areas, as well as more frequent landslides and
flooding from the intense seasonal rainfall and hurricanes (Government of Saint Lucia 2018). Key
economic assets in Saint Lucia are mainly located at coastal lowlands and therefore at particularly
high risk (United Nations Conference on Trade and Development 2017). Potential impacts of
climate change on the infrastructure sector majorly relate to the loss of coastal properties and
tourism utilities, reduced effectiveness of drainage systems, as well as destructions of critical
infrastructures, thus resulting in increased risks of injuries, significant economic loss due to the
interruptions of essential services provided by the commercial properties and critical
infrastructures, as well as increased costs for relocating, replacing, and/or repairing the damaged
infrastructures (Government of Saint Lucia 2018, 2017). Risk assessment, as a result, is necessary

to protect significant assets from current and future extreme events.

Networks of critical infrastructures, which provide a broad range of fundamental services that are
critical to social security and economic development, are highly interdependent and vulnerable to
both internal and external threats (Eleutério, Hattemer, and Rozan 2013). According to Rinaldi,
Peerenboom, and Kelly (2001), there are four principal types of interdependencies between two

infrastructures: (i) physical interdependency means that there are material linkages between two
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infrastructures; (ii) cyber interdependency represents information links that connect information
infrastructures to others; (iii) geographic interdependency occurs when two infrastructures are
spatially close to each other, and therefore, although there is no material or information linages,
failures of one infrastructure can affect the other infrastructure; (iv) logical interdependency refers
to the connections that are not physical, cyber, or geographic. Disruptions or failures of
infrastructures can propagate to other infrastructures through the feedback loops, leading to much
more severe consequences (Rinaldi, Peerenboom, and Kelly 2001). To prevent catastrophic
infrastructure failures and mitigate damage, it is critical to identify the interdependence

relationships among infrastructures as well as the pathways of possible failures.

O’Neill (2014) has proposed the Strongest Path Method (SPM) for performing risk analysis on
interdependent infrastructures, which can not only identify the potential impact of one entity to
another but also the compound effects of all possible pathways of failures. In SPM, risk is defined
as the possibility of loss and is assessed through two dimensions: (i) the degree of impact, referring
to the measures of the positive or negative consequences of an event; and (ii) the likelihood of
occurrence, indicating the measures of the possibility or the relative level of belief in the possibility
that an event would occur. Potential risks arising from the direct and indirect dependencies are
considered in the modelling through directed graphs, where entities are represented as nodes and
the direct connections are presented as directional edges. Modelling results can be used to evaluate
the risk and relative importance of entities, which helps decision-makers prioritize risks and
determine effective mitigation strategies. The RiskLogik software, developed by RiskLogik Inc.
on the basis of SPM theory, was used in this study to identify connections among major assets, to
analyze the pathways for potential failures, as well as to prioritize risks for preventing cascading

consequences caused by interdependencies between infrastructures.

4.2 Methodology
4.2.1 Terminology

As discussed in O’Neill (2014), Strongest Path Method (SPM) can be used to understand indirect
relationships and to conduct risk analysis for interdependent assets. Well defined terminology is
the foundation of SPM and therefore is introduced in Table 22.
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Table 22. Defined terminology in Strongest Path Method.

Terms

Definition

Entity

Degree of Impact

Likelihood of Failure

System
Input

Output

Direct Dependency
Relationship

Degree of Dependence

Directed Graph

A distinct and individual existence in each sector. Entities can be
physical or non-physical. They can be inputs and outputs, enablers
and activities that require inputs and produce outputs, controls and
regulations that govern the enablers and activities, or monitoring and

verification agents that oversee the activities and processes.

A weight assigned to each entity reflecting its importance relative to

the other entities in the networks.

A weight assigned to each entity indicating the relative likelihood that
a node will fail in the condition of random internal causes or non-

random external threats such as natural hazards.

A collection of entities that collaborate together to produce outputs.
An entity or a system requires or receives inputs.

An entity or a system produces outputs.

A direct relationship refers to the directional connections between
two entities. The number of connections can be 0, 1, or 2. If there is
zero connection, the two entities have no interaction. If there is 1
connection, one entity is dependent on the other entity. If there are 2
connections, the two entities are interdependent. The dependency or

interdependency can be physical, cyber, geographic, or logical.

A weight assigned to each relationship to reflect the strength of a

relationship between two entities.

SPM is developed based on the directed graphs, in which entities are
represented as nodes and each pair of them may have directional
connections represented as directed edges. In this modelling diagram,

each entity has two weight indices, which are the degree of impact
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and the likelihood of failure, while the degree of dependence would

be assigned to each directional relationship.

The global impact can be calculated for each entity. It means the
Global impact of any node x on the entire model. The higher the global
Impact impact, the more important the entity is to the system, and

accordingly, the more severe the consequences are if the entity fails.

The global vulnerability can be calculated for each entity. It considers
two factors, which are the likelihood of failure of any node x, and the
Global Vulnerability  cumulative vulnerability of node x from all nodes in the model. The
higher the global vulnerability, the more vulnerable the entity is to

the internal and external threats.

Risk index, defined as the product of global impact and global

_ vulnerability, can be calculated for each entity and is used in SPM to
Risk Index ) - ] _

compare risk among all entities. Prioritization should be given to

entities that have a high risk index in the system.

4.2.2 Scoring Systems

The modeling diagram used in the RiskLogik software is called the directed graph, which consists
of a set of nodes and a set of directional edges. Each node has two weight indices, namely, the
degree of impact and the likelihood of failure, whose definitions are presented in Table 22. These
two indices are assigned to nodes without regard for any of their explicit relationships in the
networks. In the context of RiskLogik modelling, failure of an entity is defined as falling below
the Minimum Acceptable Level of Service (MASL), which refers to the lowest level of
functionality of an entity that allows its dependents to normally operate. Aside from MASL, other
operational statuses of an entity are clarified in Table 23. If necessary, the likelihood of failure can
be estimated in terms of “degree of belief” or “expert judgement”. Whether the analysis is
quantitative or qualitative depends upon the data availability. Each edge should be assigned a
weight called the degree of dependence to reflect the strength of direct connections between two

entities. The degree of impact, the likelihood of failure, and the degree of dependence are pre-
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defined parameters and are assigned as integers ranging from 0 to 10. The scoring criteria of those
parameters, as indicated in Table 24, 25, and 26, are provided by the RiskLogik Inc. and applied

consistently to every node and edge in this study.

Table 23. Operational status of an entity.

Operational Status Definition

MOC encompasses the required resource demands and the

critical functions that enable an entity to survive. The MOC

Minimum Operational level is the lowest level of functionality of an entity. In this
Capability (MOC) Levels  level, the operation of the entity is not sustainable since
revenues do not cover costs. An entity is deemed to be “failed”

when its functionality falls below MOC levels.

MSC encompasses the operations to achieve a balance so that

o ] costs can be covered by revenues in the short term, enabling the
Minimum Sustainable

- entity to continue operating under adverse conditions.
Capability (MSC) Levels

However, sustainability is not in the long term because the

revenues do not allow for growth or capital investment.

Routine operations encompass the operations that allow the

) ) entities to operate under normal conditions. Under internal or
Routine Operating Levels ) ] o .

external threats, routine operating levels indicate that entities

could recover quickly or continue to operate at routine.
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Table 24. Criteria used for assigning the Likelihood of Failure of an entity.

Likelihood of Failure Value Descriptions
Very Low 1 Unlikely to happen (once/10 years)
Low 3 May or may not happen (2 or 3 times/10 years)
Medium 5 Happens occasionally (2 or 3 times/5 years)
High 7 Happens frequently (once every 1-2 years)
Very High 9 Happens regularly (>once every year)

Table 25. Criteria used for assigning the Degree of Impact of an entity.

Degree of Impact Value Descriptions

Little or no disruption to operations, or max $1 per

Very Low 1 )
capita loss expected
Minor impact on operations (short term, <6 hours
Low 3 loss of operations expected), or max $10 per capita
loss expected
Moderate impact on operations (between 6 and 24
Medium 5 hours loss of operations expected), or max $100
per capita loss expected
Major impact on operations (between 24 hours and
High 7 7 days loss of operations expected), or max $500
per capita loss expected
) Disastrous impact (>7 days loss of operations
Very High 9

expected), or >$500 per capita loss expected
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Table 26. Criteria used for assigning the Degree of Dependence to a direct connection between

two entities.
Degree of Dependence Value Descriptions
Without invoking a contingency plan, the
Low 2 dependent entity will remain at Routine Operating
levels if the reference entity fails.
By invoking a contingency plan, the dependent
Medium-Low 4 entity will remain at MSC levels if the reference
entity fails.
By invoking a contingency plan, the dependent
Medium-High 6 entity will remain MOC levels if the reference
entity fails.
High The dependent entity will unavoidably fall below
19

MOC levels if the reference entity fails.

4.2.3 Analytical Tools

In SPM, the risk is considered in two dimensions, namely the impact and the vulnerability. The
modelling would start from the standalone risk assessment for each entity, which means assigning
the degree of impact and the likelihood of failure to individual entities. Ordered pairs of entities
are then connected by directional edges and the degree of dependence is assigned to each edge to
represent the strength of the connections. Multiple directed paths can accordingly be generated. In
each path, a node can be directly connected to its respective successor by an edge or indirectly
connected to other nodes through one or more intervening nodes and edges. The length between
the two entities is the number of intervening edges between them. The global impact and global
vulnerability can subsequently be calculated for each entity in the system based on all its pathways
of impacts on other entities and all its pathways of vulnerability from other entities.
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To calculate the global impact of each entity in the networks, rules for propagating impact along
the directed paths should be first defined. In SPM, the propagated impact can be no higher than
the lesser of the degree of impact and the degree of dependence because it is expected that the
failure of an entity with high degree of impact can have little impact on its dependent entities if
their connections are weak, and if their connections are strong, the propagated impact depends on
the degree of impact of the failed entity. Equation (4-1) can be used to illustrate the propagation

of impact along each edge in the selected path.
1(z) = min{I(x),D(x,z)} (4-1)

where x and z are the entities, (x, z) indicates the edge directed from x to z, I(z) is the degree of
impact at z propagated from x, I(x) is the degree of impact of X, D(x, z) is the degree of direct

dependence of z on x.

The propagation rule indicates that the greatest impact from entity x to z is propagated by the path
or paths whose lowest degree edge has the highest degree of dependence among all pathways
connecting the two entities. The strongest path is accordingly defined to indicate the path or paths
carrying the largest impact with the shortest length. As indicated in Equation (4-2), when the
strongest path between two entities do exist, the strongest path impact of x on z is the degree of
dependence of the strongest path multiplied by the degree of impact of x raised to the power of the
length of the strongest path. In other words, the more intervening edges between two indirectly

connected entities, the less impact would propagate from the entity to its dependent entities.
I([x, 21) = D([x, z])) x I(x)*{==D) (4-2)

where x and z are individual nodes, [x, z] is the strongest path from x to z, I([[x, z]) is the strongest
path impact of x on z, D([[x, z]) is the degree of dependence of the strongest path, that is the degree
of dependence of the lowest degree edge, and L([[x, z]) is the length of the strongest path.

Equation (4-3) can be used to estimate the cumulative impact of each entity to the other entity by

considering all pathways that exist between them.
If [x,z] = @,then I([x,z]) = 0; otherwise,

I([x,z]) = 1 = [Iyez(1 = min{D([x, 1), D(y,2)}) x I(x)tTx¥D+1 (4-3)
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where [x, z] indicates all paths from xto z, y € E is the set of nodes on which z is directly dependent,
[x, v] is the strongest path from x to y, (y, z) indicates the edge directed from y to z, L([[x, y]) is
the length of the strongest path from x to y. This formula calculates the strongest path impact from
x to z through y, and similar to the binomial probability function, it compounds the effects of all
pathways from x to z. Based on the calculation of the cumulative impact, Equation (4-4) can be
used to estimate the global impact of each entity.

1([x,G]) = Ypen(Ilx, 2] X 1(2)) / X2en 1(2) (4-4)

where G denotes the directed graph with a set of nodes N, z € N means that z represents any node
in the graph, [x, G] indicates all paths from x to all nodes in G (including x itself), [X, z] indicates
all paths from x to z (including x itself), I[x, z] is the cumulative impact of x on z, I(z) is the degree
of impact of the entity z showing the relative importance of z. The term I[x, z] X 1(z) gives the
global importance of the impact of x on z, and the sum of these products for all nodes z in the graph
can be regarded as a sum of cumulative impact values weighted by the direct impact, giving the
impact of x on the entire model. Y.,cn I(2), the sum of the direct impact of all nodes, is used for
normalization so that the global impact factor can be utilized to evaluate the relative impact of
each entity to the model.

To calculate the global vulnerability of each entity, the source of vulnerability should be defined.
In SPM, the possible failure of any entity z could be influenced by its likelihood of failure as well
as the cumulative impact of other entities on it. The cumulative vulnerability of each entity from
other entities could be calculated as Equation (4-5), and the global vulnerability of each entity

could be represented as Equation (4-6).
F([x,z]) = 1([x,z]) X F(x) (4-5)

where x and z are entities, F([x, z]) is the cumulative vulnerability of z from x, I([x, z]) is the

cumulative impact of x on z, and F (x) is the likelihood of failure of x.

F([G,2]) = 1 — [Txen(1 — F([x, 2D) (4-6)

where G denotes the directed graph with a set of nodes N, x € N means that x represents any node

in the graph, F([G, z]) is the global vulnerability of z from the model, and F([x, z]) is the
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cumulative vulnerability of z from x. The binomial probability function is used to compound the

effects of cumulative vulnerability from all nodes in the model.

Risk is in two dimensions in SPM, namely, the impact and the vulnerability. The risk index of
each entity is defined as the product of its global impact and global vulnerability. Equation (4-7)

is used to calculate the risk index and the results can be used to prioritize risks of entities.
R(x) = I([x,G]) x F([G, x]) (4-7)

where x denotes any entity in the model, R(x) is the risk index of x, I([x, G]) is the global impact

of x on the model, and F([G, x]) is the global vulnerability of x from the model.

In our study, the global impact, the global vulnerability, and the risk index would be calculated for
each entity with the help of RiskLogik software. Those risk indices, as the evaluation criteria,

would be utilized to explore the risk of different entities in the system.

4.3 Model Setup

According to Government of Saint Lucia (2017), key economic sectors in Saint Lucia include
Tourism, Agriculture, Manufacturing, Housing and Human Settlements, Information and
Communications Technology, Physical Planning and Infrastructure, Health, Energy, Water,
Electricity, Transportation, Watershed Management, and Disaster Risk Management. Major assets
pertaining to these sectors in the study area are Hewanorra International Airport, Vieux Fort
Seaport, the town of Vieux Fort and La Tourney, and the north-south highway. To explore the role
of those assets and how the failure of them propagate through the infrastructure network, the
RiskLogik software was used to develop a network analysis model. The initial model was set up
by RiskLogik Inc., and has subsequently been refined in our study for conducting the flood risk
analysis. Considered entities, as is presented in Table 27, consist of inputs and outputs, enablers
and activities, controls and regulations, as well as monitoring and verification agents, all of which
support major services and assets in the study area, and by extension, the economy of the island.
Entities in the network analysis framework could be categorized into the following classes:

agriculture, assets and operations of Hewanorra International Airport, Eastern Caribbean Civil
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Aviation Authority, electricity generation, electric power transmission, electricity distribution,
energy, food, goods, government services, health, housing and human settlements, information
and communication technology, manufacturing, physical planning and infrastructure, safety,
tourism, transportation, flood control, floodplain development, water, and watershed management.
Each entity is assigned two weights, namely, the degree of impact and the likelihood of failure, to
illustrate its relative importance in the networks and the relative degree of belief that it would fail
under internal and external threats. Due to the limited resources, weight indices are assessed in a
qualitative manner. Major references are official reports from the Government of Saint Lucia and

professional experience from RiskLogik Inc.

Adapted from Rinaldi, Peerenboom, and Kelly (2001), the direct connections between two entities
in this study can be physical, cyber, and logical. Physical connections mean that the state of one
entity is dependent on the material output(s) of the other entity. For example, freshwater resources,
including the rivers, springs, streams, and wetlands, are water supplies to drinking water treatment
plants. Operations of airports, housing and human settlements, manufacturing, as well as hotels
and restaurants are also highly dependent on the electricity brought by the distribution systems.
Cyber connections indicate that the state of one entity depends on the information that is
transmitted and delivered by the other entity. Flood control systems, especially the emergency
measures such as sandbags, are dependent on the monitoring of water levels and rainfall intensities
at gauges, as well as the outcomes of flood risk analysis. Logical connections denote connections
that are not physical, cyber, or geographic, majorly referring to human decisions and regulations
that link an agent in one entity to an agent in the other entity. For example, departments that
propose stormwater management plans would have significant impacts on departments that are
responsible for the design of the local sewer system. Geographic connections, indicating that the
state of one entity would be affected by the other entity if they are geographically close to each
other, are not considered in this study due to the lack of data resources. The strength of the direct
connections is assigned based on Table 26. The directed graph set up for the study area in the
RiskLogik software and the model setup (i.e. the degree of impact of each entity, the likelihood of
failure of each entity, and the degree of dependence between two entities) are presented in Figure

30 and Table 28, respectively.
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Table 27. The hierarchical system of considered entities.

Level 1 Level 2 Level 3 Level 4 Level 5
Banana
. Fisheries
Agriculture Livestock

Non-banana Crops

Air Traffic Control

Air Traffic Management

Aircraft Fueling

Airplane Landing
and Taking Off

Baggage and Disembarkation
of Passengers

Cargo Loading and Unloading

Airport Processes Crash, Fire, and Rescue Services

Lighting of
Runway and Taxiway

Meteorological Services

Parking

Baggage

Security and Screening Services Cargo

People
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Airport Resources

Hewanorra International Airport

Air Terminal

Baggage Handling
Equipment

Gate Counters

Purchase and
Check-in Counters

Security Screening

Aircraft and Cargo
Capacity

Aircrews

Ground Support
Crews

Ground Support
Equipment

Aircraft Fueling
and Refueling

Cargo Loading and
Unloading

Cargo Shed for
Storage

Engine and
Fuselage
Examination

Food and
Beverage Catering

Lavatory Waste
Tank Drainage

Maintenance

Passenger Loading
and Unloading

Portable Water
Storage
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Backup Electricity
Generators

For the Control
Tower and Air
Traffic Systems

For the Crash, Fire
and Rescue Services

For the
Terminal Building

Control Tower

Drainage System

Drainage System
in the Parking Lots

Drainage System
in the Runway

Drainage System in

Airport

the Taxiway/Apron
Fire and Rescue Building
Fuel Depot
) Aviation Fuel
Fuel Supplies to the Diesel

Vehicle Gasoline

Runway Conditions

Clearing of the
Runway

Clearing Crews

Clearing
Efficiency

Clearing
Equipment

Runway Status

Contamination
Conditions

Runway
Length
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Taxiway/Apron
Conditions

Clearing Crews

i Clearing
Clegrmg of the Efficiency
Taxiway/Apron :
Clearing
Equipment
Taxiway/Apron Contamination
Status Conditions

Meteorological Office

Parking Lot Status

Flood/Rain Water
Depth

Flood/Rain Water
Extent

Runway and Taxiway
Lighting Systems

Airport's Normal
Operations

Eastern Caribbean Civil
Aviation Authority

Communication System

Air Traffic Control System Radar
Visual

Communication System
Terminal Control System Radar
Visual

Electric Power
Transmission

Castries Substation

Cul-De-Sac Substation

Praslin Substation

Reduit Substation

Soufriere Substation
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Union Substation

Vieux Fort Substation

. : Saint Lucia Electricity Services | Cul-de-Sac Power Station
Electricity Generation

Limited Solar Farms

Fuel Lines

Gas Pipelines

Distribution Systems -
y Petrol Stations

Road Transportation

Energy Imported Petroleum Products

Liquefied Petroleum
Gas Storage Facility

Storage Facilities in the South
Oil Storage Facility
in the North
Processing

Convenience Stores

Food Retailing Grocery Stores

Public Markets

Wholesale and Food Distribution

Goods Exports
Imports
Regulations on External
Ministry of External Affairs, Affairs and International
Government Services International Trade and Civil Trade
Aviation St Lucia Air and Sea

Ports Authority
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Ministry of Finance and
Economic Affairs

Customs and Excise
Services

Health Facilities

Housing and Human
Settlements

Other Human Settlements

The Town of La Tourney
The Town of Vieux Fort

Cell Towers

Information and
Communication
Technology

Data Communications
Internet Access

Voice Communications

Manufacturing

Heavy Industry

Chemical Industry

Petroleum and Coal
Industry

Primary Metals Industry

Pulp and Paper Industry

Light Industry

Food Industry

Paper Making

Physical Planning and
Infrastructure

Energy and Utilities

Electricity Distribution

Heating Oil Distribution

Natural Gas Distribution

Vehicle Fuel Distribution

Diesel

Gasoline

Transportation Assets

Bridges

Major North-South

Highway
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Roads
Vieux Fort Seaport
EMS
Safety Emergency Services Fire
Police
Emergency Shelters
Hotels and Restaurants
Performance
Near-shore Tourist Attractions Beaches
Reef-based Activities
Biking
Eco-tours to waterfalls
Tourism Soft Adventure Activities and rainforests

Hiking

Mountain Climbing

Tourist Arrivals

Cruise Ship and Yacht
Arrivals

Flight Arrivals

International Flights

Regional Flights

Transportation

Goods and Freight

Road Transportation

Water Transportation

People

Inter-city Road
Transportation

Intra-city Road
Transportation

Water
Transportation
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Watershed Sub-sectors

Flood Control

Hard Groynes
Engineering
Options Sea Wall
Natural
Coastal Defenses Coastal Protection Reef
Soft Beach
Engineering Nourishment
Options Managed Retreat
Dams
Dykes
Low-impact

Rainwater Control

Development

Municipal Drains

Open Channels

River Defences

Floodplain and
Groundwater
Replenishment

Levees

Weirs

Temporary
Perimeter Barriers

Flood Risk Analysis

Floodplain Floodplain Development
Development Standards
Controls Floodplain
Mapping
Rivers

Freshwater Resources

Springs
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Wetlands

Wastewater Treatment and
Discharge

Water Consumption

Drinking Water

Drinking Water
Distribution

Drinking Water
Treatment

Water for Agricultural
Uses

Animal Production

Crop Production

Water for Firefighting

Water for Industrial Uses

Water Monitoring

Land Use Practices

Marine Ecosystem

Coral Reefs

Mangroves

Sea Grass Beds

Rainwater

Sea Level

Streamflow

Urban Flood Conditions

Water Quality

Watershed Management Plans

Allocation and Use of
Water Resources

Protection and Control of
Water Resources

Stormwater Management
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Figure 30. The directed graph set up in the RiskLogik software.
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Downstream Direct Connections

Upstream Direct Connections

Degree I
Entity of leellhood
Impact of Failure
: Degree of : Degree of
Entity Name Dependence Entity Name Dependence
Processing 6 Electricity Distribution 6
Exports 6 Water forU ,g\egsrlcultural 5
Wastewater Treatment 6 Manufacturin 4
Agriculture ¢ 3 and Discharge g
gricultu Tourism 4 Distribution Systems 6
Floodplain Development 4
Standards
Coastal Defences 7
Rainwater Control 6
Air Traffic Management 4 Control Tower 9
Airplane Landing and . i
Taking Off 9 Meteorological Services 6
Air Traffic Control 5 1 Airport's Normal 9 Air Traffic Management 4
Operations g
Eastern Caribbean Civil 4
Aviation Authority
Airport's Normal . .
Air Traffic Operations 8 Meteorological Services 6
5 1 . :
Management Airplane Landing and 8 Air Traffic Control 4

Taking Off
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Aircraft Fueling

Airplane Landing
and Taking Off

Baggage Handling
Services

Boarding and
Disembarkation of
Passenger
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Air Traffic Control

Airplane Landing and
Taking Off

Airport's Normal
Operations

Airport's Normal
Operations

Airport's Normal
Operations

Eastern Caribbean Civil
Aviation Authority
St Lucia Air and Sea Ports
Authority
Aircraft and Cargo
Capacity
Taxiway/Apron Status
Aviation Fuel
Fuel Depot
Aircraft and Cargo
Capacity
Lighting of Runway and
Taxiway
Aircraft Fueling
Runway
Status
Air Traffic Management
Air Traffic Control

Air Terminal

Aircraft and Cargo
Capacity
Taxiway/Apron Status

Air Terminal

Aircraft and Cargo
Capacity
Taxiway/Apron Status

o
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Cargo
Loading/Unloading

Crash, Fire and
Rescue Services

Lighting of
Runway and
Taxiway

Meteorological
Services

Parking

Security and
Screening Services

Air Terminal

Aircraft and Cargo
Capacity

CHAPTER4. FLOOD

Airport's Normal
Operations

Airport's Normal
Operations

Airplane Landing and
Taking Off

Air Traffic Management
Air Traffic Control
Airport's Normal
Operations
Airport's Normal
Operations
Baggage Handling
Services
Boarding and
Disembarkation of
Passenger
Security and Screening
Services
Wastewater Treatment
and Discharge

Airplane Landing and
Taking Off
Aircraft Fueling

RISK ANALYSIS

Aircraft and Cargo
Capacity
Taxiway/Apron Status

Fire and Rescue Building

Aircraft and Cargo
Capacity

Runway and Taxiway
Lighting Systems

Meteorological Office

Parking Lot Status
Air Terminal

Electricity Distribution

For the Terminal Building

Drinking Water

Wholesale and Food
Distribution
Rainwater Control
River Defences

Diesel

Vehicle Gasoline

o OO0 OO, b~
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For the Control
Tower and Air
Traffic Systems

For the Crash, Fire
and Rescue
Services

For the Terminal
Building

Control Tower

Drainage System
in the Parking Lots
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Boarding and
Disembarkation of
Passenger

Cargo Loading/Unloading

Baggage Handling
Services
Crash, Fire and Rescue
Services
Control Tower
Runway and Taxiway
Lighting Systems
Meteorological Office
Aircraft and Cargo
Capacity
Fire and Rescue Building

Air Terminal

Air Traffic Control
Wastewater Treatment
and Discharge

Parking Lot
Status
Wastewater Treatment
and Discharge

© ©O© ©O© ©O© o o

Electricity Distribution

For the Control Tower and
Air Traffic Systems

Diesel

Rainwater Control

Diesel
Rainwater Control

Diesel
Rainwater Control
Electricity Distribution
For the Control Tower and
Air Traffic Systems
Drinking Water
Rainwater Control

A0 O OO0 O O
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Drainage System
in the Runway

Drainage System
in the
Taxiway/Apron

Fire and Rescue
Building

Fuel Depot

Fuel Supplies of
Aviation Fuel to
the Airport

Fuel Supplies of
Diesel to the
Airport

Fuel Supplies of
Vehicle Gasoline
to the Airport
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Runway
Status
Wastewater Treatment
and Discharge
Taxiway/Apron
Status
Wastewater Treatment
and Discharge
Crash, Fire and Rescue
Services

Aircraft Fueling

Fuel Depot
Aircraft Fueling

Aircraft and Cargo
Capacity
For the Control Tower
and Air Traffic Systems
For the Crash, Fire and
Rescue Services
For the Terminal Building

Aircraft and Cargo
Capacity

Electricity Distribution

For the Crash, Fire and
Rescue Services
Water for Firefighting
Rainwater Control
Aviation Fuel
Rainwater Control
Distribution Systems

Distribution Systems

Distribution Systems
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Clearing of the
Runway

Clearing Crews
Clearing
Efficiency
Clearing
Equipment

Runway Status

Clearing of the
Taxiway/Apron

Clearing Crews

Clearing
Efficiency
Clearing
Equipment

Taxiway/Apron
Status

CHAPTER4. FLOOD RISK ANALYSIS

Runway
Status

Clearing of the Runway

Clearing of the Runway

Clearing of the Runway

Airplane Landing and
Taking Off

Taxiway/Apron Status

Clearing of the
Taxiway/Apron
Clearing of the
Taxiway/Apron
Clearing of the
Taxiway/Apron

Aircraft Fueling

Baggage Handling
Services

Clearing Crews

Clearing Efficiency
Clearing Equipment

Clearing of the Runway

Drainage System in the
Runway
Coastal Defences
Rainwater Control
River Defences
Clearing Crews
Clearing Efficiency
Clearing Equipment

Clearing of the
Taxiway/Apron
Drainage System in the
Taxiway/Apron

OO O
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Meteorological
Office

Parking Lot Status

Runway and
Taxiway Lighting
Systems

Airport's Normal
Operations
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Boarding and
Disembarkation of
Passenger

Cargo Loading/Unloading

Meteorological Services
Rainwater
Wastewater Treatment
and Discharge

Parking

Lighting of Runway and
Taxiway

Imports

Exports
International Flights

Regional Flights

Coastal Defences

Rainwater Control
River
Defences
Electricity Distribution
Internet Access
For the Control Tower and
Air Traffic Systems
Data Communications
Drinking Water
Rainwater Control
Drainage System in the
Parking Lots
Rainwater Control

Electricity Distribution

For the Control Tower and
Air Traffic Systems
Rainwater Control
Airplane Landing and
Taking Off
Baggage Handling Services
Boarding and
Disembarkation of
Passenger
Cargo Loading/Unloading
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Eastern Caribbean
Civil Aviation
Authority

Electric Power
Transmission

Electricity
Generation

Distribution
Systems
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Transportation

Airport's Normal
Operations
Air Traffic Management
Air Traffic Control
Electricity Distribution

Electric Power
Transmission

Heating Oil Distribution
Natural Gas Distribution

Vehicle Fuel Distribution

Electricity Generation

O b~ b

o 00 O

Crash, Fire and Rescue
Services
Parking

Security and Screening
Services

Internet Access

Voice Communications

Air Traffic Management

Eastern Caribbean Civil

Aviation Authority
Air Traffic Control
Data Communications
St Lucia Air and Sea Ports
Authority

Electricity Generation
Rainwater Control

Distribution Systems

Rainwater Control

Storage Facilities
Bridges
Major North-South
Highway
Roads
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Imported
Petroleum
Products

Storage Facilities

Food

Processing

Retailing

Wholesale and
Food Distribution
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Agriculture
Aviation Fuel
Diesel
Vehicle Gasoline

Storage Facilities

Distribution Systems

Tourism

Wholesale and Food
Distribution
Wastewater Treatment
and Discharge
Food

Housing and Human
Settlements
Near-shore Tourist
Attractions
Food
Retailing
Air Terminal

o 00 00 0O O™

M~ oo o b~

Electricity Distribution
Rainwater Control

Customs and Excise
Services
Vieux Fort Seaport
Imported Petroleum
Products
Processing
Retailing
Wholesale and Food
Distribution

Agriculture

Manufacturing

Drinking Water
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4.4 Results and Discussions

Based on the hierarchical system of considered entities (Table 27) and the direct connections
identified between each pair of entities (Table 28), a directed graph (Figure 30) was set up in the
RiskLogik software. The model has subsequently been used to conduct risk assessment under three
different scenarios: (i) no existing external threats; (ii) compound flooding in the event of Tropical
Storm Matthew without considering the effects of wave run-up; (iii) compound flooding in the
event of Tropical Storm Matthew when considering the effects of wave run-up. Evaluated indices
include the global impact of each entity, the global vulnerability of each entity, as well as the risk
index of each entity. By comparing the indices calculated for different entities, the relative

importance of entities in the system is explored, which can help identify and prioritize risk.

With the help of RiskLogik software, the risk of entities can be categorized into five classes, which
are extreme, very high, high, moderate, and low. The category of risk is a measure used to indicate
the relative importance of entities, and therefore, it is not based on a set of constant threshold
values. Discussions in this study majorly focus on the entities that are at extreme/very high/high

risk in order to provide insights for the prioritization of risk.

4.4.1 Risk Assessment under Normal Condition

In the first scenario, there are no external threats to the system in order to investigate the risk of
different entities under normal conditions. Risk indices, including the global impact, the global
vulnerability, and the risk index, were calculated for each entity and are presented in Figure 31.
Figure 32 presents entities that are at extreme/very high/high risk and their corresponding risk
indices. According to the simulation results, 3 entities (i.e. airport’s normal operations, rainwater
control, and electricity distribution) are at extreme risk, 2 entities (i.e. transportation as well as
housing and human settlements) are at very high risk, 4 entities (i.e. internet access, data
communications, voice communications, and tourism) are at high risk, 33 entities are moderate

risk, and the remaining 201 entities are at low risk.
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Figure 31. Risk indices of each entity in the non-flood condition: (a) global vulnerability and

global impact; (b) risk index.
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Under normal conditions, it is extremely significant to maintain normal operations of Hewanorra
International Airport because it has the highest risk index and the highest global impact. Electricity
distribution, as the entity that has the second-highest risk index, has high values of global
vulnerability but is indispensable to numerous entities in the system, especially to those that do
not have backup electricity generators. Rainwater control, including dams, dykes, municipal drains,
open channels, and low-impact development, have the highest value of global vulnerability. The
failure of rainwater control can lead to significant flooding, hugely affecting the normal operations
of entities, such as cell towers providing communication services, bridges and highway connecting

cities across the island, and the houses in human communities.

Transportation, as well as housing and human settlements, are both at very high risk. Major
transportation in Saint Lucia includes inter-city road transportation, intra-city road transportation,
water transportation such as cruise ships and yachts, and air transportation, providing services for
citizens, visitors, as well as carrying goods. Major human communities within the study area are
the town of La Tourney and the town of Vieux Fort, which are vulnerable to the disruptions of
essential services such as electricity and water supplies. Tourism, as well as information and
communication technology (i.e. data communications, internet access, and voice communications),
are at high risk. All these four entities are key economic sectors in Saint Lucia, indicating the need

to conduct further risk analysis and develop efficient risk mitigation strategies.

The optimized Monte Carlo analysis provided by the RiskLogik software was used to investigate
the model uncertainty that comes from the pre-defined parameters. The values bounds are +1 for
all pre-defined weighting indices, which are the degree of impact, the likelihood of failure, and the
degree of dependence. Monte Carlo analysis results are presented in Figure 33. Based on the mean
and median values, it is believed that the model uncertainty regarding pre-defined parameters has
little impact when identifying the relative importance of entities. However, entities that have
relatively high values of risk index also have larger ranges between the maximum and minimum

values, indicating their relatively high sensitivity to pre-defined parameters.
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Figure 33. Results of the Monte Carlo analysis in the non-flood condition.

In conclusion, under normal conditions, following entities are at relatively high risk: Hewanorra
International Airport, rainwater control, electricity distribution, transportation, housing and human

settlements, data communications, Internet access, voice communications, and tourism.

4.4.2 Risk Assessment under Flood Scenarios

As in Chapter 3, a two-dimensional hydrodynamic model LISFLOOD-FP was set up to simulate
compound flooding in the event of Tropical Storm Matthew. Simulated flood extents can be
utilized in flood risk assessment. Since Hewanorra International Airport is at high risk of flooding
while its normal operations is at extreme risk under normal conditions as illustrated in Section
4.1.1, the major focus of this section is to explore how floods occurring within the airport boundary
affect airport facilities, and if they fail in the flooding, to understand how the failures propagate
through the network and cause cascading effects.
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Flood Conditions when not considering Wave Run-up

Flood factors for this scenario are river flows, rainfall, as well as coastal water levels but not
considering the effects of wave run-up. According to the simulation results, flood extents reach
the maximum value at 18h, and the simulated flood depth for each pixel within the airport

boundary is presented in Figure 34.

The RiskLogik model that was set up in Section 4.4.1 is utilized as the base model. Since standing
water is expected in the runway and taxiway/apron, the likelihood of failure of these two entities

are set to 10, indicating their failures in flooding.
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Figure 34. Map showing the flood conditions when flood extents reach the maximum value over
the course of the simulation RO in the event of Tropical Storm Matthew within the boundary of

Hewanorra International Airport.

Risk indices, including global impact, global vulnerability, and risk index, were calculated for each
entity and are presented in Figure 35. Figure 36 presents entities that are at extreme/very high/high
risk and their corresponding risk indices. According to the simulation results, 1 entity (i.e. airport’s
normal operations) is at extreme risk, 3 entities (i.e. electricity distribution, rainwater control, and

transportation) are at very high risk, 8 entities (i.e. housing and human settlements, internet access,
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data communications, runway status, voice communications, airplane landing and taking off,

tourism, and taxiway/apron status) are at high risk, 25 entities are moderate risk, and the remaining

204 entities are at low risk.
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Figure 35. Risk indices of each entity in flood conditions when not considering the effects of wave

run-up: (a) global vulnerability and global impact; (b) risk index.
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Figure 36. Risk indices of entities that are at high/very high/extreme risk in flood conditions when

not considering effects of wave run-up: (a) global vulnerability and global impact; (b) risk index.
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The normal operation of Hewanorra International Airports has the highest values of both global
impact and risk index. Compared to Figure 32, it can be concluded that external threats in this
flooding scenario not only increase the risk index of the airport’s normal operations but also
significantly increase the risk of runway status, taxiway/apron status, as well as airplane landing
and taking off. As a result, it is important to timely clear the standing water in the runway and
taxiway/apron; otherwise, airplanes cannot land or take off normally greatly affecting the normal
operations of the airport. Similar conclusions can be drawn from the results of the Monte Carlo
analysis (Figure 37). In addition, as discussed in Section 4.1.1, entities that have higher risk index
have a higher sensitivity to the pre-defined parameters, such as the normal operations of the airport,

transportation, rainwater control, and electricity distribution.
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Figure 37. Results of the Monte Carlo analysis in flood conditions when not considering the effects

of wave run-up.

In conclusion, under the scenario of flooding in the event of Tropical Storm Matthew without
considering the effects of wave run-up, it is of fundamental importance to maintain normal
operations of Hewanorra International Airport. In addition, significant attention should be paid to
following entities with high values of risk index: transportation, rainwater control, electricity
distribution, housing and human settlements, data communications, Internet access, runway status,

airplane landing and taking off, voice communications, tourism, as well as taxiway/apron status.
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Flood Conditions when considering Wave Run-up

Flood factors for this scenario are river flows, rainfall, as well as coastal water levels which include
the effects of wave run-up. As in Chapter 3, due to the lack of knowledge in temporal patterns, the
worst scenarios are considered by adding 0.5m, 1.5m, 2.5m, 3.5m, 4.5m, 5.5m, and 6m to
the mean time series of sea levels from 11:00 am AST on September 28, 2016 to 8:00 am AST
on September 29, 2016. Much more severe flood conditions are expected when considering the
effects of wave run-up, indicating the urgent need to conduct the risk assessment in these scenarios.

Figure 38 shows the maximum flood depth for each pixel within the airport boundary under
different conditions. When the heights of wave run-up are less than or equal to 2.5m, majorly
affected entities are the runway and taxiway/apron. When the heights increase from 3.5m to 4.5m,
besides runway and taxiway/apron, the fire and rescue building also has the risk of being
inundated. When the heights are equal to or larger than 4.5m, most of the airport facilities are
expected to be flooded, including the air terminal, fuel depot, ground support equipment, backup
electricity generators, meteorological office, parking lots, the fire and rescue building, the runway,
as well as the taxiway/apron. As a result, two scenarios are considered in this section: (i) failed
airport entities include the runway, taxiway/apron, as well as fire and rescue building; (ii) failed
airport entities include the air terminal, aircraft and cargo capacity, backup electricity generators,
fuel depot, meteorological office, parking lots, the fire and rescue building, the runway, as well as
the taxiway/apron. The RiskLogik model set up in Section 4.4.1 is utilized as the base model, and
the likelihood of failure of failed entities is subsequently set to be 10, indicating their failures in

flooding. Modelling results would be used to investigate the impacts of failed entities.
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Figure 38. Maps showing the maximum flood depth of each pixel within the airport boundary
when wave run-up heights are: (a) 1.5m, (b) 2.5m, (¢) 3.5m, (d) 4.5m, (e) 5.5m, and (f) 6m.

Results of the first scenario are presented in Figure 39, 40, and 41. The failure of the fire and rescue
building does increase the risk of normal operations of Hewanorra International Airport, but it has

negligible impacts on other entities that also have high values of risk index.

Results of the second scenario are presented in Figure 42, 43, and 44. Since most of the airport
facilities are expected to fail, Hewanorra International Airport is at extreme risk of failure. Among
all failed airport facilities, the backup electricity generator for the control tower and air traffic
system has the highest global impact. Electricity distribution, rainwater control, and transportation
are at very high risk, while entities at high risk include housing and human settlements, airplane

landing and taking off, aircraft and cargo capacity, data communications, internet access, runway
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status, as well as voice communications. According to the results of Monte Carlo analysis, other

entities such as the air terminal, taxiway/apron, as well as tourism are also at relatively high risk.
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Figure 39. Risk indices of each entity in the first scenario of flooding when considering the effects

of wave run-up: (a) global vulnerability and global impact; (b) risk index.
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Figure 40. Risk indices of entities that are at high/very high/extreme risk in the first scenario of

flooding when considering the effects of wave run-up: (a) global vulnerability and global impact;
(b) risk index.
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Figure 41. Results of the Monte Carlo analysis in the first scenario of flooding when considering

the effects of wave run-up.
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Figure 42. Results of the Monte Carlo analysis in the second scenario of flooding when

considering the effects of wave run-up.
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Figure 43. Risk indices of each entity in the second scenario of flooding when considering the
effects of wave run-up: (a) global vulnerability and global impact; (b) risk index.
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Figure 44. Risk indices of entities that are at high/very high/extreme risk in the second scenario

of flooding when considering the effects of wave run-up: (a) global vulnerability and global

impact; (b) risk index.
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4.5 Conclusions

Major assets in the study area include Hewanorra International Airport, Vieux Fort Seaport, coastal
agricultural land, the town of Vieux Fort and La Tourney, as well as the north-south highway,
whose normal operations along with other entities pertain to key economic sectors in Saint Lucia,
such as Tourism, Agriculture, Manufacturing, Housing and Human Settlements, Information and
Communications Technology, Physical Planning and Infrastructure, Health, Food, Energy, Water,
Electricity, Transportation, Watershed Management, and Disaster Risk Management. Dependence
relationships are expected among all involved entities. With the help of RiskLogik software, a
network analysis model was set up to investigate the relative importance of those interdependent
entities in the system as well as to understand how the failures of airport facilities propagate
through the network in the scenarios of flooding. Considered entities are presented in Table 27,

and the direct connections between each pair of entities are presented in Table 28.

In the perspective of failed entities, four scenarios are considered in the risk assessment: (1) no
existing external threats; (2) flooding conditions in the event of Tropical Storm Matthew when the
heights of wave run-up is 0m, 0.5m, 1.5m, or 2.5m ; (3) flooding conditions in the event of Tropical
Storm Matthew when the heights of wave run-up is 3.5m or 4.5m; (4) flooding conditions in the
event of Tropical Storm Matthew when the heights of wave run-up is equal to or larger than 5.5m.
Failed entities in each scenario are presented in Table 29. Entities that are at extreme/very

high/high risk in each scenario are summarized in Figure 45.

Table 29. Scenario number and failed entities in each scenario.

Scenario Number Failed Entities!
1 None
2 Runway, Taxiway/Apron
3 Runway, Taxiway/Apron, Fire and Rescue Building

Air Terminal, Aircraft and Cargo Capacity, Backup Electricity
4 Generators, Fuel Depot, Meteorological Office, Parking Lots, Fire

and Rescue Building, Runway, as well as the Taxiway/apron

Note: The likelihood of failure of failed entities is set to 10%.
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Figure 45. Risk index of entities that are at extreme/very high/high risk in each scenario.

In all scenarios, the normal operation of Hewanorra International Airport has the highest value of
risk index, indicating its fundamental significance in the system. Moreover, when the flooding
becomes more severe, the global vulnerability of the airport increases, and accordingly, the value
of risk index increases. Effective flood control is indispensable since services of the airport are
majorly provided by airport facilities such as the air terminal, ground support crews and equipment,
backup electricity generators, the control tower, drainage systems, the fire and rescue building,
fuel depot, the runway, the taxiway/apron, meteorological office, parking lots, and the lighting

system of runway and taxiway/apron.

The presence of flooding within the airport boundary dramatically increases the risk index of
airplane landing and taking off, runway status, taxiway/apron status, aircraft and cargo capacity,
and particularly the backup electricity generator for the control tower and air traffic system. Those
entities are at moderate risk when there are no external threats. To effectively maintain the normal
operations of Hewanorra International Airport, further risk analysis should be conducted and
prioritization should be given to those airport facilities. Among them, the backup generator has the
highest risk index in Scenario 4, indicating its significance in the system. Deep Logic Solutions

Inc. conducted field surveys in the airport, and according to the reports documented for this field
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trip, the backup generator building is highly vulnerable to flooding. Therefore, mitigation measures

should be developed particularly for protecting the backup generators from the flooding.

Both transportation and tourism have high values of risk index in all scenarios, and slightly higher
values of risk index in the scenarios of flooding, which indicates that flooding in the airport has
impacts on the sectors of transportation and tourism. This is reasonable since the disruption of
Hewanorra International Airport would affect air transportation and lead to disruptions of visitor

arrivals and departures by international flights and regional flights.

Entities that are at high risk but not sensitive to the flooding within the airport boundary include
electricity distribution, rainwater control, housing and human settlements, internet access, data
communications, as well as voice communications. It can be concluded that essential services,
which includes electricity services, flood control, as well as information and communication

services, should be maintained no matter in normal conditions or in flooding scenarios.

Due to the limited data resources, not all major entities are taken into consideration in each sector.
Pre-defined parameters, including the degree of impact, the likelihood of failure, and the degree
of dependence, are assigned majorly in a qualitative manner. Moreover, floods outside the airport
boundary, such as flooding in human communities and agricultural lands, and their possible
outcomes, such as power outages and disruptions of water supplies, are not considered, which
could lead to significant underestimation of flood risk in the system. However, further risk analysis
could be conducted when more detailed information is available. The RiskLogik model that was
set up in this study, as well as the findings derived from the modelling results, could provide

valuable insights for future risk assessment in Saint Lucia.
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Chapter 5

5 Concluding Remarks and Future Work

The study area, located at the southern coast of Saint Lucia, is highly exposed to weather-related
extreme events and at risk of compound flooding that is caused by the multiple contributing factors
such as river flows, heavy rainfall, and coastal water levels. The associated risk is exacerbated due
to the high concentrations of infrastructure and human communities at coastal lowlands. Major
assets in the study area include Hewanorra International Airport, the towns of Vieux Fort and La

Tourney, Vieux Fort Seaport, coastal agricultural lands, as well as the north-south highway.

A hydrologic model (i.e. HYdrological MODel) and a two-dimensional hydrodynamic model (i.e.
LISFLOOD-FP) was set up and calibrated to investigate the combined effects of storm tides, wave
run-up, rainfall, and river flow in the event of Tropical Storm Matthew. Simulated flood extents
are validated based on the flood inundation map derived from available satellite imagery. Due to
the limited data resources, boundary conditions are expected to be the major source of model
uncertainties in hydrodynamic modelling. Sensitivity analysis was accordingly used to investigate
impacts of uncertain boundary conditions, as well as to determine individual contributions of
different contributing factors. Probabilistic flood hazard analysis was utilized to derive conditional
probabilistic flood hazard map and to gain understanding of high-risk regions. In addition, scenario
analysis was conducted to evaluate the potential impacts of wave run-up. Results indicate that
although heavy rainfall is the major contributing factor in the flooding in the event of Tropical
Storm Matthew, it is necessary to include sea levels and river discharges in modelling to obtain
more reliable and accurate flood estimates. Uncertainties in the rainfall volume and in temporal
patterns of rainfall intensities have significant impacts on the flood estimates, including water
depths as well as the magnitude and peak time of flood inundation areas. The potential effects of
wave run-up are severe, which can induce overbank flooding and flood water from the coast

running much farther inland, affecting numerous assets.
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The RiskLogik software, a network-based risk analysis platform, was used in this study to explore
the relative importance of infrastructures and prioritize risks in conditions of non-flooding and
flooding. The model setup was based on major assets that pertain to key economic sectors in Saint
Lucia. Interdependencies are expected among those assets. Direct connections between entities
were pre-identified while effects of indirect connections were simulated in the RiskLogik model.
Modelling results revealed the fundamental importance of the normal operations of Hewanorra
International Airport, which has the greatest impact on the system and has the highest risk index.
In scenarios of flooding, to ensure the normal operations of the airport, it is critical to timely clear
the standing water in the runway and taxiway. Uncertainty analysis indicates that the subjectivity
in pre-defined parameters (i.e. the degree of impact, the likelihood of failure, and the degree of
dependence) has limited impacts on the ranking of risk of entities. Prioritization should be given
to following entities: airplane landing and taking off, runway status, taxiway/apron status, aircraft
and cargo capacity, and particularly the backup electricity generator for the control tower and air
traffic system. Other entities that are found at high risk include transportation, tourism, as well as

essential services such as electricity distribution, rainwater control, and communication services.

This study considers inland flooding caused by rainfall as well as flooding caused by coastal water
levels (i.e. storm tides and waves) along with the effects of interactions between river flows and
sea levels, which can help complete current understanding of compound flooding in the research.
This study also reveals the potential of using simplified two-dimensional hydrodynamic models in
data-scarce regions with the appropriate preprocess of topographic and forcing data as well as the
characterization of the effects of uncertain boundary conditions to simulation results. In addition,
risk analysis is conducted for interdependent infrastructures that support major services in the

study area and the economy of the island, which provides insights for local flood management.

Major limitations of this study are as follows. Firstly, due to the lack of data resources, uncertain
boundary conditions can result in significant uncertainties in simulated results of LISFLOOD-FP,
which are investigated but not comprehensively quantified in this study. Secondly, interaction
mechanisms between different factors and their impacts to flooding patterns are not well studied.
Hourly runoff is assumed to be constant during one day, but in reality, river discharge rates can
dramatically increase and then decrease due to the quick response of the catchment to heavy
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rainfall. Wave run-up is assumed to continuously affect the island for 21 hours along the coastline
with different heights on top of storm tides, while in real events, extreme wave run-up heights may
only last for seconds or minutes. The inability to reproduce hourly patterns of river flows and
coastal water levels (including wave run-up) can lead to significant underestimation of flood risks
because peak river discharges and peak sea levels can occur simultaneously and induce substantial
overbank flooding or significant overestimation of flood risks due to the continuing high wave
run-up heights for hours. Thirdly, consideration of drainage systems, higher resolutions of the
hydrodynamic model, and topographic data that excludes elevations of trees are needed to obtain
more realistic and reliable simulation results especially in the environments with high intensities
of buildings and trees. Besides, surveyed cross sections are needed for more reliable simulations
on overbank flooding. Fourthly, in model validation, since available satellite imagery are taken
one day after the event and flood water has mostly receded, the derived flood inundation map
cannot provide a comprehensive understanding of flood conditions during the event. Lastly, due
to limited resources, risks of assets are assessed in a qualitative and relative manner, not all spatial
relationships between assets are considered, and subjectivity is expected when assigning pre-
defined parameters in the RiskLogik software.

To address the limitations of this study and obtain more reliable simulation results, the major task
is to investigate and quantify the impacts of uncertain boundary conditions. It is critical to
understand how the uncertainties propagate through the model and influence the simulation results
including flood extents and water depths. Secondly, sensitivity analysis should be conducted to
evaluate the effects of different temporal distributions of river flows, coastal water levels, and
rainfall to flood patterns. To obtain higher-quality forcing data, hydrological models can be set up
to simulate sub-daily runoff when there is available data, and hydrodynamic circulation models

can be utilized to generate reliable time series of sea levels.

Analysis of this study is restricted to the event of Tropical Storm Matthew. To further extend the
scope, effects of storms with different characteristics (e.g. different magnitudes and temporal
patterns of rainfall, river flows, and coastal water levels) can be simulated using the validated
hydrodynamic model. Analysis can also be conducted to evaluate the impacts of changing climate
on compound flooding, which includes earlier snow melt (M.R. Najafi, Zwiers, and Gillett 2017a;
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M.R. Najafi, Zwiers, and Gillett 2016), more intense precipitation events (M.R. Najafi and
Moazami 2016; Halmstad, Najafi, and Moradkhani 2013), changes in the flow characteristics
including its peaks (M. Najafi and Moradkhani 2014; Reza Najafi and Moradkhani 2013; M.R.
Najafi, Zwiers, and Gillett 2017b), more intense storm surge events among others. In addition,
copulas and Bayesian approaches can be used to evaluate the statistical dependencies between
multiple contributing factors, characterize the uncertainties and develop more robust estimations
based on multi-modelling (M.R. Najafi and Moradkhani 2015).
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