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ABSTRACT

The severity of weather events accompanying tropical cyclones (TC), such as torrential precipitation and
strong winds, is changing because of increased global anthropogenic warming. The last 5-10 years have
witnessed overwhelming flooding from tropical cyclone extreme rainfall causing damages that have
burdened the economy, especially for developing countries in TC-prone zones. Due to the scarcity of long-
term TC rainfall records, flood modelers in these countries use regional design storms for TC-related flood
hazard assessment. However, design storms might fail to represent the intricate patterns of TC precipitation
due to the few observational recordings of TCs by rain gauges, giving unrealistic estimations of the TC-
related flooding hazard.

This research’s solution is a new approach that attempts to categorize the structure of TC associate rainfall
by utilizing satellite precipitation estimates from GPM-IMERG V06 data to improve TC-related flood
hazard assessment. The method was tested on Tropical storm Erika (2015), which brought torrential rainfall
to the study area in the vicinity of Dominica. The TC rainfall’s distinct spatial-temporal behaviours were
revealed using K-means in a time series clustering analysis. The research focused on the differences in the
temporal distribution of the rainfall, also emphasized by the distinct flood responses modeled in
openLISEM. First, Tropical storm Erika’s rainfall temporal distribution was analyzed for three values of
optimal clusters (K), i.e., 5, 4, and 3. For each K value, one cluster is excluded from further analyses as its
location away from TC, the precipitation amount, and intensity were significantly lower than the other
clusters. The second step in the developed approach involved setting a 10mm /hr starting threshold to align
the pixel times series. The third step was to derive cluster representative signals used as the precipitation
input in the flood model. Rainfall signals resulting from K=5 had similar quantified responses in flood extent,
depth, volume, duration, and runoff ratio between the cluster signals. A final step in the form of an
optimization approach was implemented to address these similarities and improve the generalization of the
TC rainfall. At a reduced K value, the TC precipitation was divided into three (for K= 4) and two (for K=3)
levels of magnitude with distinct quantified flood responses. Concluding, rainfall signals resulting from K=4
were selected as the TC associate rainfall dataset since they were associated with higher magnitudes in flood

response.

We observed that different temporal behaviours of varying magnitude exist for precipitation accompanying
a given tropical cyclone. Since flood characteristics change with intricate rainfall patterns, the consequences
suffered in an area depend on which part of the TC passes that location. This study showed that flood
hazard modelers and risk planners can utilize the developed approach to generate a reliable TC associate

rainfall dataset to make better-informed decisions related to TC-induced flooding.

Keywords: Satellite precipitation estimates, Tropical cyclones, Time series clustering, Flood hazard

assessment.
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BUILDING A TROPICAL CYCLONE ASSOCIATE RAINFALL DATASET FOR FLOOD HAZARD ASSESSMENT IN DOMINICA

1. INTRODUCTION

1.1.  Background and Motivation

Tropical cyclone (T'C) systems impact extended areas with their destructive power resulting directly from
strong winds and indirectly from torrential rainfall amounts, landslides, flooding, and storm surges (Lenzen
et al., 2019; Rahimi et al., 2015; Roux, 2019). A mature tropical cyclone consists of a low-pressure center, a
convective eyewall, and active inner and outer spiral rainbands (Wang, 2012). The rainbands are located
outside the eyewall; their spiraling nature influences the system’s intensity and structure. The system affects
areas between 200-500km diameter up to around 1000km (WMO, 2020). Experts of Munich Re-Insurance
Company report that tropical cyclones dominated the global economic losses from natural disasters for the
years 2017, 2018, and 2019 (Faust & Bove, 2017; Loew, 2019, 2020). According to Smith (2020), tropical
cyclones were responsible for damages worth USD 945.9 billion during 1980-2019 in the U.S, which
amounts to 53.9% of the total costs of the U.S billion-dollar natural disaster events. The Caribbean islands
take 15 spots in the top 25 countries with the most TCs per square kilometer (Acevedo & Alleyne, 2016),
hence the most vulnerable regions to these devastating weather systems. In some Caribbean countries,
especially the smaller island states such as Dominica and Marie-Galante, economic damages suffered from

TCs were observed to exceed their economy (Otker & Srinivasan, 2018).

The destruction from the recent very wet tropical cyclones has raised concern and interest in TC-induced
rainfall in the Caribbean. For example, in 2015, Tropical storm Erika produced torrential rains with
maximums up to 320.5mm (Pasch & Penny, 2015), resulting in catastrophic flash floods on Dominica and
Guadeloupe. Two years later, the Caribbean islands were again hit by an episode of record-breaking
precipitation brought by Hurricane Maria (Pasch et al., 2017) that led to rapid flooding, causing severe
damages which halted the recovery efforts from the previous 2015 devastation. Puerto Rico and Dominica
experienced the highest maximum totals above 558.8mm, followed by Guadeloupe and the Dominican
Republic, with precipitation ranging from 254mm to 330.2mm. Knowing that the severest impacts in low
developed countries are primarily due to overexposure, higher vulnerability, less coping capacity, and
recovery, future TCs might have disproportionate consequences from their highly destructive force
(Hallegatte et al., 2017).

Recently, most Caribbean islands are engaging in extensive flood hazard analysis from TCs and are worried
that climate change will strongly affect hazard frequency and intensity (CHARIM, 2018). Already, the last
five years of the annual Atlantic hurricane season have witnessed an increased occurrence of higher category
TCs, landfalling TCs, precipitation extremes, and greater devastation, all linked to climate change impacts
(Jacqueline, 2020; Stephenson & Jones, 2017; Thomas et al., 2017). In this context, many researchers are
using climate models to produce scientific evidence on the likely influence of global anthropogenic warming
induced by greenhouse gas emissions on future tropical cyclone activity (Bacmeister et al., 2018; Emanuel,
2013; Gallo et al., 2019; Mori, 2014; Murakami et al., 2012). The IPCC (2014) summarized findings from
various studies on future climate change based on terminologies for assessing likelihood and levels of

confidence, as in Mastrandrea et al. (2010).
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The latest findings by a team from the WMO (Knutson et al., 2020) about the future TC activity for model
simulations at 2°C global warmings reveal a range of likely (>66%probability) future impacts. 1) a 14%
global average increase in TC precipitation rates, 2) higher coastal inundation due to the future sea-level rise
resulting from the likely increase in moisture content due to projected increased warming of the sea surface,
and 3) with a medium (about 5/10 chance) to high (about 8/10 chance) confidence, the global average TC
intensities were projected to increase by a range of 1-10%. In addition, very intense TCs classified as
categories 4 and 5 on the Saffir-Simpson Hurricane Wind Scale were projected to rise in their proportion at
a median rate of 13%. Knutson et al.’s (2020) findings show a likelihood of a decrease in TC propagation
speed; however, this is with low (about 2/10 chance) confidence hence the need for further research for an
explicit link to climate change. Furthermore, IPCC (2014) reports that regional projections have low
confidence as climate change’s influence on tropical cyclones is region-specific. For instance, in the western
North Pacific and North Atlantic basins, the most intense tropical cyclones will most likely not increase in
frequency. Stephenson and Jones (2017) point out an existing knowledge gap for future TC projections
specific to the Caribbean basin. In short, there is still a lot of uncertainty in the behaviour of these highly

dynamic weather systems with current and future climate change.

Knowing that TC-induced rainfall poses a potential flood threat, future risk mitigation and management
require accurate quantification of TC accompanying rainfall; however, long-term, high-quality precipitation
measurements of TCs are scarce. The flood hazard assessment typically depends on the frequency and
magnitude of peak discharges. However, long-term discharge records are non-existent for frequency analysis
of flash floods, especially in hilly terrain with many rivers, which give a simultaneous and fast response. TC
accompanying torrential precipitation is the primary cause of flash and riverine floods that have recorded
devastating damages in the humid tropics over the years (Kostaschuk et al., 2001). What flood modelers are
doing, they usually substitute the probability of the flood peak discharges with the probability of the

meteorological forcing (i.e., extreme precipitation events) derived from long-term rainfall records.

Conventionally, long-term ground gauge measured daily rainfall records, for example, 30 years or more, are
utilized to predict TC-related floods. Rain gauge records are collected as point measurements; however,
floods result from accumulated areal rainfall over the study area (Rakhecha & Singh, 2009); therefore,
measuring gauges must be distributed with a good density for adequate data capturing (Girons et al., 2015).
It is possible to have no precipitation measurements during TC events because the gauges break down or
may record an under catch due to the high-speed wind conditions, thus introducing a bias in the recorded
rainfall estimations (Pollock et al., 2018). Considering weather radar-based measurements, they provide high
spatial-temporal resolution rainfall estimates but are limited by acquisition backscatter and partial or whole
blockage, especially in complex terrain regions (Gilewski & Nawalany, 2018). Furthermore, radar
observations are limited in their operational period, implying insufficient long-term data to generate statistics
for TC representative rainfall. Satellite precipitation estimates are more efficient for the continuous
acquisition of long-time rainfall data and coverage over hard-to-reach areas (Elhamid et al., 2020; Yoshimoto
& Amarnath, 2017). However, drawbacks have been observed due to the different products’ precipitation
retrieval algorithms (Jiang et al., 2019), their spatial and temporal resolution.

In 2014, NASA launched the GPM-IMERG (Integrated Multi-satellitE Retrievals for Global Precipitation
Measurement) and has continuously upgraded its signature rainfall retrieval algorithm (Yong & Wang, 2020).
The 0.1° x 0.1° grid precipitation data set is available in both near-real-time (Early and Late tuns) and post
real-time (Final run) with a time scale ranging from 30 minutes, three hourly and daily records. The current

V06 supersedes the previous versions; its displacement vectors for precipitation motions are computed from
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GEOS Forward Processing data for the Final run product and MERRA-2 for the near-real-time products
(Huffman, Bolvin, et al., 2019; Tan & Huffman, 2019). The GPM-IMERG Final run product has been
recognized to outperform the near-real-time products in extreme precipitation estimation and hydrological
simulation (Zhong et al., 2017).

Other satellite precipitation datasets with global coverage exist, such as the Tropical Rainfall Measuring
Mission (TRMM) (retired in 2015), Climate Hazards Group InfraRed Precipitation with Station data
(CHIRPS), a 35+ year rainfall dataset (Chang et al., 2013; Funk et al., 2015; Huffman & Bolvin, 2018).
Despite this, however, GPM-IMERG Final run V06 has been observed to provide the best estimates among
these datasets. For instance, Le et al. (2020) evaluated the adequacy of precipitation estimates from satellite
datasets including CHIRPS, TMPA, GPM-IMERG -V06, and PERSIANN over six basins (typhoons often
affect some) in Vietnam; they concluded that GPM-IMERG had the highest performance. GPM-IMERG
products are now used to estimate precipitation accompanying mesoscale convective systems such as
tropical cyclones (Gutro, 2018; NASA, 2019). Omranian et al. (2018) and Tang et al. (2020) showed
confidence in GPM-IMERG products’ usefulness in applications such as natural disaster management,
water resources management, and flood assessment. The Global Flood Monitoring System uses IMERG

products as input for flood detection and forecasting around the world.

1.2. Problem Statement

Countries in TC prone zones commonly use design storms as the main rainfall inputs in hydrological models
to simulate flood hazard characteristics; however, these synthetic curves were initially meant to determine
peak discharge for channel and bridge design. By definition, a design storm is a synthetic estimation of the
highest rainstorm over a catchment with a specific magnitude, frequency, and temporal distribution
(Krvavica & Rubini¢, 2020). Design storms are derived from Intensity-Frequency-Duration (IDF) curves
generated from statistical analysis of long-period tipping bucket gauge measurements. Different design
storms exist, from simple geometric shapes such as triangles (linear rise and fall from O to the peak rainfall)
to shapes based on asymmetric probability density functions (Balbastre-Soldevila et al., 2019). The statistical
distribution underlying the IDF curves raises the question; how representative are design storms for tropical
cyclone rainfall? In addition, design storm assumptions such as the storm duration equalling to the rainfall
duration (Berk et al., 2017), rainfall homogeneity across the catchment, and the subjective determination of
the critical storm duration (De Paola et al., 2014; Winter et al., 2019) might fail to represent the complex
structure of TC rainfall. Design storms are, by definition, single-peaked, while a TC can have multiple
moments with peak rainfall. Therefore, these assumptions seem not to convey the TC rainfall complex

structures as its spatial and temporal distribution is highly influenced by the TC intensity and motion.

Flood characteristics change with intricate rainfall patterns, making design storms’ use for T'C-associated
flood hazard assessment questionable. Many developing countries in TC-prone zones lack IDF curves
associated with T'C rainfall (Lumbroso et al., 2011); therefore, they assume that it is represented in the design
storm IDF curves. This research recognizes the gap for the need for a rainfall dataset that captures the
complex structure of TC rainfall, one that can be assigned with a known probability. The research introduces
an innovative approach that utilizes satellite precipitation estimates to generate a tropical cyclone associate
rainfall dataset, an intermediate between real storms and design storms, critical for TC-related flood hazard
assessment and risk mitigation. The method seeks to categorize the spatial-temporal characteristics of TC
rainfall by conducting rainfall time-series clustering. The rainfall signal(s) from the clustering analysis is
utilized as the precipitation input in a hydrological model to simulate the resultant flood characteristics. The
research selects a case study in Dominica to demonstrate the application of this new approach. Since the
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analysis requires a test area for the flood modelling part, a catchment in the south of the island of Dominica
was selected for practical reasons because the area was severely affected by the T'Cs subject to this study. In
addition, previous research includes multiple hazard analyses in Dominica, which practically means that the
spatial dataset for flood modelling is available (Bout & Jetten, 2020; Serere, 2020; Westen, 2016).

1.3.  Research Objectives and Questions

1.3.1.  Main Objective

This research aims to develop an approach that generates a tropical cyclone associate precipitation dataset
for improved TC-related flood hazard assessment, solely utilizing T'C rainfall data obtained from satellite

precipitation estimates.
1.3.2.  Specific Objectives

Specific objective 1:
To perform rainfall spatial-temporal pattern analysis for the most suitable tropical cyclones.
. Which tropical cyclones passed close to the case study in the period 2015 to 20197
. Which tropical cyclone fulfills the selection criteria for being classified with the most
devastating rainfall?
. What is the rainfall spatial-temporal pattern for the selected tropical cyclone?

Specific objective 2:
To perform spatial-temporal clustering of the T'C rainfall time series to categorize the rainfall characteristics.

. What number of clusters can represent the characteristics of the rainfall time series in the spatial
and temporal perspectives?

. What are the key differences between the clusters; in location, duration, amount, and intensity?

. How should the representative precipitation signals be derived from temporal clusters to be

useful for flood modelling?

Specific objective 3:
To evaluate the tropical cyclone associate rainfall dataset by simulating the flood response using a flood

characteristics prediction model.

. What selections of cluster representative signals have similarities or differences in their impacts
on flood characteristics?

. How do the flood characteristics vary with the selection of cluster representative signals?

. How can the design rainfall dataset be optimized using information from the resulting flood
characteristics?

1.4. Case Study Area

The research focused on the Commonwealth of Dominica (capital city: Roseau), an island state in the eastern
Caribbean that occupies about 750 square kilometers. Dominica is characterized by a steep and rugged
landscape with the highest peak at 1,447meters in Morne Diablotins (Paul-Rolle, 2014), receiving over
9,000mm annual rainfall averages. As a consequence of its terrain, this highly wet island experiences
substantial variations in rainfall due to orographic effects (Barclay et al., 2019). These variations cause heavy
pour that eventually impacts its population, mostly settled in the low elevation and coastal areas. In addition,
the island is vulnerable to meteorological disasters such as torrential rainfall and powerful winds brought by
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TCs that form in the North Atlantic Ocean, especially during the annual June to November hurricane
season. In 2015-2019 alone, the lives and livelihoods of Dominica’s already vulnerable population were
devastated by two major extreme events, leaving thousands homeless and causing losses greater than the
island’s GDP. Nevertheless, the island is already building efforts for adaptation and resilience towards

climate change-driven meteorological events and their consequences, especially the flooding hazard.

In this research, flood characteristics were modelled over a catchment in the south of Dominica (Figure
1-1), with steep and rugged terrain which determines where the flooding occurs. The catchment
geomorphology confines the water input, especially in upstream areas, whereby the valley is likely to fill up
from both sides. At some point, the river bends towards the east and back to the sea. The river flood plain
is near the outflow point, and this is the only location where the floodwater can choose its own paths because

of the diversion.
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Figure 1-1: Location of the studied catchment in the south of Dominica.
The inserts show that most buildings are located in flood plains (low elevation areas) and are likely to suffer damages
during a flood event. The buildings and road data were obtained from OpenStreetMaps.

1.5. Research Framework and Overview

The research strategy involves analyzing the spatial-temporal variability of only tropical cyclone precipitation
to generate a rainfall dataset for improved TC-related flood hazard assessment. The research framework
illustrated graphically in Figure 1-2 is divided into four stages: selecting the candidate TC, spatial-temporal
analysis of the rainfall for the selected TC, time-series clustering, and flood characteristics prediction. The
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output of the first stage forms the input of the next step; there is an iteration between the clustering and the
flood modelling to optimize the building of the rainfall dataset. First (in Chapter 2), a case study location is
selected, and all tropical cyclone tracks that passed in its vicinity are mapped; only those that satisfy the
selection criteria are chosen. Next, the period of the candidate storm is used to guide the download of
satellite precipitation estimates of GPM-IMERG half-houtrly data, and an analysis is conducted to extract
the pixel rainfall time series. Then, time-seties clustering is performed to group the pixel rainfall time series
both spatially and temporally. Next, the clusters are analyzed to derive representative signals used as the
rainfall information for the flood characteristics prediction (in Chapter 3) over a catchment in the case study.
The results of the TC rainfall analysis in stages 1-3 are in Chapter 4. In Chapter 5, the output flood
characteristics are examined to guide running an iteration to improve the building of the TC associate rainfall
dataset. The sixth chapter presents the discussions and conclusions; suggestions for further research are

given in chapter seven.
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2. SPATIAL-TEMPORAL EVALUATION OF TROPICAL
CYCLONE RAINFALL

The research’s first and second objectives are to investigate tropical cyclone rainfall patterns and perform
spatial-temporal clustering of the rainfall time series to classify their characteristics. This chapter starts with
a literature review summarizing the knowledge on tropical cyclones and their accompanying precipitation in
section 2.1. This knowledge is utilized to develop the approach for evaluating TC rainfall. Sections 2.2, 2.3,
and 2.4 detail the methodology used to select the studied tropical cyclone and analyze its precipitation to
obtain specific objective 1. Section 2.5 describes the method for performing the TC rainfall clustering
analysis to obtain specific objective 2. The approach for deriving the cluster representative signals is

explained in section 2.6

21.  Tropical Cyclones and their Precipitation

NOAA’s (2020) definition of a tropical cyclone emphasizes its characteristics of an organized storm system
in a rapid circular motion with origin over the tropical oceans and closed low-level atmospheric circulation.
The designations of TC systems differ by location (WMO, 2020); however, these very violent storm systems
form in the same way. The warm moist air conditions that exist over a warm ocean surface (SST of at least
26°C) within 5° to 30° south and north of the Equator fuel the generation of tropical cyclones. Near-surface
disturbances due to a rising column of moist warm air create a zone of low air pressure, and as the air
continues to tise, it eventually cools off to form a system of clouds spinning around the low-pressure area
(Kristen, 2019). The switling movement, Figure 2-1a, is caused by the earth’s Coriolis effect, whereby the
clouds rotate anticlockwise and clockwise in the northern hemisphere and southern hemisphere,
respectively. The system of clouds is blown over the ocean by trade winds causing it to grow bigger as it
encounters more clouds and rotates faster while releasing more heat energy that powers the storm. The
combination and persistence of these conditions for a long time drive tropical cyclone generation (Evans,
2017); on the other hand, the system weakens and dies out over cold water or land when their supply of

warm moist air is cut.

The rainbands separated by gaps of no rain, as shown in Figure 2-1b, are capable of causing torrential rainfall
over areas beneath the storm, stretching up to many kilometers away from the storm center. Several factors
influence the distribution of tropical cyclone rainfall, such as the storm intensity, diurnal cycle, vertical wind
shear, atmospheric moisture content, TC motion, and local terrain (Ayala, 2016; Cheung et al., 2018). Yu
and Wang (2018) studied the asymmetric and axisymmetric distribution of rainfall accompanying landfalling
TCs in China and other controlling environmental factors. They conclude that, unlike the extreme rainfall
values, the axisymmetric TC rainfall area, average rate, and total volume increases with T'C intensity. Their
research mentions the likely association of large rainfall extremes to weaker storms than more intense
tropical cyclones. Tropical cyclone intensity is classified based on the system’s maximum sustained wind
speed to determine the potential impact on society according to the Saffir-Simpson Hurricane Wind Scale
(Timothy et al., 2019). However, this categorization does not provide information on the TC-associated
rainfall, implying flood hazard assessments may focus on the highest category TCs leaving out those TCs
associated with the heaviest rain.
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Figure 2-1: Structure of a tropical cyclone.

Satellite view (left) appearing as a thick body of clouds spiralling around the eye. Cross-section of the TC system (right),

the upward-facing arrows represent the rising moist air. Source: https://richhoffmanclass.com/chapter11.html

2.2.  Tropical Cyclone Selection

The research focused on tropical cyclone rainfall activity in the vicinity of the case study, Dominica, for
2015 to 2019. This study period was of interest considering the existing evidence of flooding devastation on
the island due to tropical cyclone occurrences in the proximity of Dominica’s coast. In addition, the
availability of GPM-IMERG data (Huffman, Stocker, et al., 2019) was a crucial consideration in selecting
the study period. The 500km diameter buffer drawn around Dominica’s coast defined the study area
boundary and was used as part of the criterion to exclude non-tropical cyclone rainfall (WMO, 2020).

TC best track information from the NHC-HURDRAT?2 database was used to map all tropical cyclones
which crossed the study area during the study period. The NHC-HURDAT?2 database provides six-houtly
UTC format best track positions of all tropical cyclones that passed in the Atlantic Ocean from 1851-2019
(Landsea & Beven, 2019). The TC positions and intensity ate recorded at precisions of 0.1°
latitude/longitude and Sknots, respectively (Landsea & Franklin, 2013). The database provided information
on the TC timing, the TC system status changes based on its intensity, the eye location, and the wind radii
while crossing the study area. Time information from the NHC-HURDAT?2 database was used to select the
range of GPM-IMERG files to acquire the rainfall for the selected candidate TCs.

Candidate storms satistied the condition of traversing the 500km diameter buffer around Dominica with a
track length more than the buffer boundary radius and the eye spending an extended time in the study area.
The condition assumed that tropical cyclones that spent a long time within the study area could bring heavy
rainfall volumes leading to massive flooding. The research’s initial interest was in all the candidate storms;
however, a decision to test the approach on one TC was made to reduce the data to be analyzed given the

time constraints.

2.3.  Satellite Rainfall Data Acquisition

The utilization of high spatial and temporal resolution satellite precipitation estimates was critical for the
spatial-temporal pattern analysis of rainfall associated with the selected TC. Additionally, the precipitation
data source needed to have a wide temporal coverage to capture precipitation data over the size of the study
area (500km diameter buffer) for the whole period of the selected TC. NASA’s GPM-IMERG Final Run
Level-3 Half Hourly product (V06) was suitable for this purpose as the dataset provides precipitation
estimates on a global coverage at 0.1° X 0.1° spatial resolution and 30minutes intervals. GPM-IMERG V06
half-hourly data files are stored at 2.8 MB in size and available in GeoTIFF format for GIS analysis. GPM-
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IMERG V06 is the latest upgrade from V05; Mekonnen et al. (2021) commend the product’s outstanding
satellite extreme rainfall estimation and detection capabilities compared with other satellite rainfall products.
Additionally, GPM-IMERG V06 can reproduce the diurnal cycle with very high performance (Tan et al.,
2019; Tang et al., 2020) and capture and represent mesoscale convective systems (Cui et al., 2020).

In this research, GPM-IMERG V06 data was downloaded for a time window covering the period the TC
eye spent in the study area plus two additional days, i.e., the day before the eye entered and a day after it left
the study area. The selected time window enabled capturing all the rainfall brought by the TC when its low-
pressure center passed the study area. The research only used data to the extent of the buffer boundary and
not to the entire length of the T'C track because the system’s behaviour is likely to change with its lifetime
and latitude. Therefore, concentration was only on TC rainfall that poured in the buffer. Half-hourly
intervals for the time window of the selected TC implied the download of hundreds of GPM-IMERG V06
files; hence an autogenerated python script from the NASA website was utilized for this purpose.

2.4.  Rainfall Inspection for the Selected TC

The statistical examination of the downloaded precipitation data was necessary to generate pixel rainfall time
series and gain insight for the clustering analysis. The investigation was performed in RStudio, an open-
source tool with a rich library of statistical computation and spatially related packages to handle raster data
(Hijmans, 2020). The scripts used in the analysis can be found in GitHub (MSC-THESIS). First, the raster
files were clipped to the study area’s extent using an automated process in ArcGIS Model Builder. The files
were then combined as a raster stack in RStudio, and their pixel values (rainfall values in mm) were read in
a data frame. The temporal rainfall patterns of the selected TC were investigated based on statistical
computations for each pixel, including mean, sum, maximum, minimum, standard deviation, and quantiles.
Time series were generated for each rainfall pixel to extract information such as the rainfall duration,
maximum intensity, and total rainfall accumulation. The spatial patterns were analyzed based on what time

the different pixels received rainfall as the selected TC moved across the buffer boundary.

2.5.  Rainfall Time Series Clustering

The second objective of this research is to perform spatial-temporal clustering of the TC rainfall pixel time
series to make groups of distinct rainfall characteristics. The simplest form of clustering, the traditional one-
way clustering (Wu et al., 2020), was implemented to classify the TC precipitation time series to form clusters
based on either spatial or temporal similarity. In this research, K-means, the most commonly used traditional
one-way clustering method, was employed to conduct spatial and temporal clustering of the TC rainfall.
Previous research shows evidence of K-means’ broad applicability for rainfall time-series clustering (Alam
& Paul, 2020; Hadi et al., 2018; Machiwal et al., 2017). This partitioning clustering algorithm widely uses the
Euclidean distance as its similarity measure to assign data to a predefined number of clusters (K). Given
time series X and Y, where X= (xy, ..., x,) and Y= (33, ..., y,), the Euclidean distance D (X, Y) between the

series was calculated as:

DX,Y) = X (x—y)% 1

2.51. Determining the Optimal Number of Clusters (K)

To determine the suitable value K of the optimal number of clusters needed to partition the data from the
spatial and temporal perspectives, a heuristic approach, the elbow method (Naranjo-Fernandez et al., 2020),
was utilized. The method was implemented by running the K-means algorithm on the data over a range of
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K values, selecting an agglomeration coefficient, and plotting the coefficient against the varying K values
(Ketchen & Shook, 1996). The output is a plot of a decreasing “arm-like” graph with an inflection point
(elbow) which eventually flattens as K increases. The graph’s inflection point is a visual indicator of the most
appropriate number of clusters to partition the data (Kodinariya & Makwana, 2013). However, the elbow
may not be pronounced in some cases, introducing ambiguity in defining the optimal K values. In such
scenarios, the starting point of a plateau or flattening of the elbow graph indicates the distinctiveness of the
output clusters (Ketchen & Shook, 1996; Martin & Sinclair, 2007). The total within-cluster sum of squares,
a measure of cluster compactness, was selected as the coefficient and plotted against the different K values
(Syakur et al., 2018). The K value of optimal clusters should have a cluster compactness measure that is as
small as possible.

2.52. Spatial and Temporal Clustering

For the spatial clustering, the K-means algorithm was run on the whole dataset to group locations with
similar behaviour in the precipitation timing. Clustering in the spatial perspective treated locations (pixels)
as objects and timestamps as attributes; then, locations were grouped in a single collection if their data
elements (rainfall) behaved similarly in the time dimension (Wu et al., 2020). Only the cluster size and the
timing of the precipitation were explored in the spatial clusters. The rain starting and ending times for the
output clusters were approximated based on readings from their time series plots. The results of the spatial
clustering will be shown; however, they were not investigated further because the research’s preference was

in the temporal distribution of the TC rainfall.

Clustering in the temporal perspective treated timestamps as objects and the locations as attributes to group
timestamps for data elements with similar behaviour across all areas (Wu et al., 2020). Lanfredi et al. (2020)
only based on three parameters, including the lower quantile, median, and the upper quantile, to cluster pixel
monthly precipitation estimates to assess their similarities in rainfall seasonality. However, in this research,
temporal clustering was conducted by running the K-means algorithm over the upper quantile, maximum,
mean, standard deviation, 90" percentile, and accumulated total. These statistics were selected based on the
realization that the rainfall data for all the pixels were in the upper limits since the time series had long silent
periods of little or no rainfall. The output clusters represented the varying temporal behaviour of the TC
rainfall. Temporal cluster statistics were inspected for differences in rainfall location, duration, amount, and
intensity. Temporal clusters characterized with low rainfall accumulation and intensity were regarded as not

flood intense in this research; therefore, excluded from further analysis.

25.3. Quality of the Clustering

The two basic principles of clustering data into homogeneous groups include maximizing similarity within
a cluster and minimizing similarity between the clusters (Esma, 2020; Warren, 2005). It was therefore of
utmost importance to assess the goodness of the clustering based on these two principles. The K-means
algorithm returns outputs, including the cluster size, an array of cluster centers, and cluster validation
statistics used to assess the clustering goodness. To evaluate the clustering quality, the percentage ratio of
the between sum of squares (BSS) to the total sum of squares (1:55) was calculated (Soetewey, 2020).

BSS
T_SS* 100% ............................................. 2

Where, BSS is a measure of how well the clusters are separated from each other, and TS is a measure of
the total variability in the data. The higher the percentage ratio, the more the variability in the data was

10
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accounted for when assigning cluster membership to the observations, implying a higher value for BSS,

spread out clusters, and therefore a higher quality of the clustering.

2.6.  Selection of Cluster Representative Signals

The main challenge was to translate the temporal clusters into precipitation signals used as the input into
the flood prediction model to evaluate the resultant impacts on the flooding hazard. The cluster
representative signals needed to be selected in the most optimal format because they served as a link between
the clusters (the different temporal behaviours of the TC rainfall) and the flood hazard modelling. Caution
was taken to ensure that the cluster representative signals were realistic in rainfall accumulation, intensity,

and duration as observed in the cluster statistics.

Rainfall time series of individual pixels were visualized (as illustrated in Figure 2-2a) to get insight into the
range of variability within each cluster. Characteristics like duration, the number of peaks, peak intensity of
these individual time series served as the basis for deciding on the most suitable method to derive cluster
representative signals. The developed procedure to select the cluster representative signals involved three
steps; 1) introducing thresholds to determine the beginning of the TC rainfall, 2) statistical aggregation with
the timestep quantiles, and 3) deciding which quantile to use.

Starting thresholds were introduced to remove silent periods and the antecedent rainfall before the storm’s
start, as illustrated in Figure 2-2b. The use of thresholds was an essential step to align the rainfall series as
the TC is a moving system, so the starting time of precipitation varies per pixel within a given cluster. In the
second step, descriptive quantiles were computed at each time step, as illustrated in Figure 2-2¢. Table 2-1
lists the labels and corresponding probabilities for the statistics computed at each timestep after applying
the thresholds determining the onset of the TC rainfall.

Table 2-1: Labels and corresponding probabilities for the descriptive statistics calculated at each timestep.

Label QO Q1 Q2 Q3 Q4 Q5
Probability | 0 0.25 0.5 0.75 0.9 1

Finally, the timestep quantiles statistics were explored for each cluster to only select those quantile series
with rainfall accumulation, maximum intensity, and duration comparable to the statistics of the temporal
cluster. If more than one quantile series were selected in a given cluster, each of these would be used
separately as the primary precipitation input into the flood model to simulate the landscape response for the
flood hazard analysis. The decision on a cluster’s most representative signal (quantile series) would then be
the one with the highest impact on flood generation and hence used to build the final TC associate rainfall
dataset.

11
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Figure 2-2: Illustration of the procedure for selection of cluster representative signals.
a) Visualization of pixel rainfall time series of a given cluster. b) Rainfall series after applying a starting threshold.

¢) Example for timestep quantile series for probabilities 0.5, 0,75 calculated after applying the starting threshold.
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3. FLOOD HAZARD MODELLING

This chapter presents the methodology used to obtain the third specific objective; evaluating the tropical
cyclone associate rainfall dataset by simulating the flood response using a flood characteristics prediction
model. The chapter starts with describing the utilized flood model, the motivation for its choice, and the
model’s data requirements in section 3.1. The model setup and assumptions applied in this research are in
section 3.2. The investigated flood characteristics for the flood hazard assessment are in section 3.3. The
last section, 3.4, describes the procedure for optimizing the TC associate rainfall dataset by using information

from the flood response to the different rainfall signals.

3.1.  Flood Modelling in openLISEM

To start with, the choice of the flood model was based on its ability to imitate hydrological water movement
in the catchment during an extreme precipitation event (the cluster representative signal) because the interest
of the research was on the prediction of the flooding, not the entire hydrological process. Many hydrological
models exist, and researchers have evaluated their effectiveness for flood modelling and forecasting (Devia
et al., 2015; Unduche et al., 2018; Wijayarathne & Coulibaly, 2020). This research utilized openLLISEM, an
open-source physically-based numerical model (Bout et al., 2018) developed by ITC-University of Twente.
According to Jetten (20106), the model is used to simulate event-based spatial-temporal processes such as
runoff, flooding, and sediments, at time steps less than 60seconds for periods between 1-24 hours at a spatial
resolution less than 100m grid cells. Figure 3-1 summarizes the sediment and hydrological processes in
openLISEM; however, this research only utilized the hydrological part. The sediment processes were,
therefore, disabled when running the model. Previous research shows that the openLISEM model has
already been used for flood mitigation (Pérez-Molina et al., 2017), flash flood modelling (Nurritasari et al.,

2016), and exploration of catchment response to storms of varying magnitude (Baartman et al., 2012).

3.1.1.  Data Requirements for openLISEM

Like other flood forecasting models (WMO, 2013), openLISEM is parameterized by assembling several
input spatial datasets that affect flood response in a catchment, including rainfall, Digital Elevation Model
(DEM), soil characteristics, land use, and infrastructure. The research utilizes input parameter maps created
by Bout et al. (2018). The procedure for assembling the model parameter maps involves converting the
input spatial data to raster format and resampling the data to match the DEM resolution as it forms the

mask for all the basic input maps. PCRaster GIS scripting (https://pcraster.geo.uu.nl/) is then employed to

automatically create hydrological variable parameter maps from the raster data in a format that openLISEM
can understand (Karssenberg et al., 2010).

The DEM is used to delineate the catchment boundary and generate derivatives such as the local drainage
direction, slope, flow accumulation, and gradient maps. Land use and infrastructure effects are implemented
as an input layer because they influence the runoff behaviour and, consequently, the flood magnitude. Land
use affects soil characteristics which in turn influences the soil hydrological variables and the infiltration
capacity. The land use information is used to derive parameters including surface roughness, canopy storage,
Manning’s n, and cover. Saxton & Rawls’ (2006) pedotransfer functions are combined with soil physical
properties to derive parameter maps such as the porosity, average suction, and saturated hydraulic
conductivity (ksat). The openLISEM model treats the parameter maps at a sub-grid cell basis, whereby the
input layers are read as fraction maps of a given square cell (Bout & Jetten, 2018). All the input parameter
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maps that trigger the different hydrological processes are overlaid; the soil physical information map and its
derivatives form the base layer (Bout et al., 2018). Then, openLLISEM reads through the overlay vertically
during the model run to predict a single grid cell’s hydrological response (Jetten, 2016).
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Figure 3-1: Summary of openLISEM sediment and hydrological simulation.

3.2.  Model Setup and Assumptions

Dominica is characterized by thin volcanic soils (Rouse et al., 19806), which received close to 200mm of
rainfall in the two weeks before Tropical storm Erika (the studied candidate TC). Considering these
antecedent rains, Ogden (2016) set the initial soil moisture content at 90% of porosity when modelling
floods due to Tropical storm Erika over the island. However, in this research, the initial soil moisture content

was set at 85% of saturation to allow for more infiltration.

The research utilized the option where the DEM redirects the water flow downstream by setting the surface
flow to a 2D dynamic wave for overland flow and flood. This option does not distinguish between flood
and runoff; therefore, a threshold of 0.05m depth was used to serve this purpose. As shown in Figure 3-2,
the model’s flow processes are such that if runoff water is present at the surface, it is routed towards channels
by either a 1D kinematic wave over a user-defined flow network or by a 2D dynamic wave over the DEM.
Once in the channel, the discharge is routed with a kinematic wave towards the outlet. If the water level of
the channel rises above the channel sides, flooding occurs, triggering a 2D flow of the Saint-Venant
equations (Jetten, 2016). However, if the full 2D flow is used everywhere, there is no difference between
runoff and floods in terms of flow calculations. Therefore, a user-defined (artificial) water level is set to
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differentiate between runoff and flooding. The period of the flood recession usually occurs after the rain
has stopped.

Lastly, the rainfall input for the flood modelling was the cluster representative signals stored in separate text
files of intensities in mm/hr for time steps of 30 minutes corresponding to the GPM-IMERG temporal
resolution. The openLISEM model was run separately for each input rainfall signal to output flood variables

for the flood hazard assessment. For each of the runs, the model was set to time steps of 60 seconds.

Order of processes

1D
Discharge
wave

1D baseflow @

2D
Flood recession

2D
flood

1D discharge
Figure 3-2: Order of flow processes in openLISEM, including overland flow, channel flow, flooding, and flood
recession. Adopted from Bout et al. (2018)

3.3.  Investigated Flood Characteristics

Knowing that the cluster signals represented the different temporal behaviours of the TC precipitation, it
was necessary to investigate how these variations of the rainfall characteristics impact the catchment
response and hence the flood hazard. The catchment characteristics, the model setup, and assumptions were
not changing; only the rainfall input was changing. For each rainfall signal, the research examined a selection
of flood characteristics (detailed in the subsections below) commonly considered essential indicators for
assessing the impact of a flood hazard (Westen et al., 2011). As required in specific objective three,
similarities and differences in the flood characteristics were quantified by examining outputs from the
openLLISEM model. An investigation based on linear regression of scatter plots was made to show how each
flood characteristic varied with the rainfall accumulation and maximum intensity of a given cluster
representative signal. The correlation value R? and the trend line slope were used to assess the linear
relationship. The insights gained from the analyzed flood characteristics guided the subsequent decisions on
improving the TC associate dataset.
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3.3.1. Flood Extent

The research investigates flood extent by quantifying how much area of land flooded due to the different
rainfall events. Depending on the severity of the forcing rainfall event, the flooded land can reach the extent
of the flood plains. The nature of the catchment’s terrain and rainfall characteristics influence where the
flood happens in the catchment; it can be both upstream (valleys) and downstream. The flood extent can
be represented on a map to show where the flood happened in the catchment. Knowledge of where and
how much area flooded is essential for responders to plan rescue missions and issue safety guidelines to the

affected communities.

3.3.2.  Flood Depth

Inundation depth is an essential variable in flood hazard assessment to measure how the water rises in the
different parts of the catchment during the duration of the flood. The deeper the flood water level, the
higher the risk of drowning and damages to housing, among other consequences. The model reports the
highest flood level at any pixel during the event because flood hazard analysis is often based on this.
However, this highest flood level is not reached everywhere simultaneously as the water moves downstream.
Thus, the maximum flood level map is not something that actually exists at any one moment in a flood
event. The highest flood level is calculated as the difference between openLISEM outputs of maximum

flood volume and maximum flood area.

3.3.3. Flood Volume

Accurate estimation of the flood volume is critical for flood hazard assessment because it is not enough to
know where it will flood; the flood water accumulation should be quantified. Large flood volumes can float
objects such as cars; they make roads unpassable or even breakthrough structures, especially when flowing
at a high velocity. Information on the flood extent is combined with the DEM details to quantify the volume
of floodwater flowing through a given area during the flood. The openLISEM model outputs information
on the maximum flood volume and its distribution up to various depths; this information was used in the

research to compare flood volume amounts resulting from the different rainfall events.

3.3.4. Infiltration

If the infiltration rate is exceeded, all precipitation that falls will flow as surface runoff and trigger a flood.

The infiltration rate is influenced by terrain characteristics, soil properties, and land-use changes in the
catchment. For instance, the antecedent soil moisture conditions impact the amount of water that can
penetrate the soil; the infiltration rate is faster for unsaturated soils and lower for partially saturated soils.
Additionally, a catchment with steep and rugged terrain reduces the infiltrated water; therefore, it quickly

flows downstream as surface runoff, eventually speeding up the onset of the flood event.

3.3.5. Runoff Ratio

The ratio of rainwater that becomes runoff is influenced by the intensity of the incoming rainfall and
catchment properties, including the terrain, soil moisture content, and land use. For instance, extreme
precipitation falling on partially saturated soil with low infiltration rates implies more water available for
runoff and flooding. The steep terrain of the catchment likely redirects the water into the channel, eventually
flowing out into the sea. Fast-flowing runoff can break bridges, uproot trees in its path, and carry boulders
and sediments from high to low elevation areas. The openLISEM model outputs information on the total
outflow and total precipitation both in millimeters. The ratio of these two variables gives a dimensionless
measure of the runoff percentage (Goel, 2011; Ratzlaff, 1994), necessary for watershed management and

simulation of peak flow at the outlet.
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3.3.6. Response time

TC accompanying heavy precipitation instigates rapid flooding with short lead times, consequently limiting
the time available to evacuate the vulnerable population and increase the flood risk. As in Marchi et al.
(2010), the study quantifies lag time as the measure of the response time, influenced by the catchment
complex geomorphologic characteristics. The lag time is a widely used parameter computed to exist between
the precipitation that fell on the catchment and the output hydrograph (Abdulkareem et al., 2019; Gericke
& Smithers, 1935; Marchi et al., 2010). This time variable reflects the catchment’s hydrological response,
critical for flood hazard assessment regarding the water storage capacity, time of concentration, and peak
discharge. Zhou et al. (2019) describe four ways of calculating the lag time. In this study, the response time
was calculated between the peaks of the rainfall intensity and the discharge hydrograph extracted directly
from openLLISEM output.

3.3.7. Flood Duration

The flood duration is indicative of the time that the hazard lasts. Depending on the meteorological forcing
and the catchment properties, floods may vanish faster or take an extended period to recede. In addition,
the duration of the flood influences the consequences (usually indirect) in the aftermath of the hazard, for
example, disruption of business, the spread of waterborne diseases, contamination of freshwater. In this
research, average flood duration was investigated for all the rainfall signals for flood hazard assessment

purposes.

3.4.  Optimization Approach based on the Flood Characteristics

As this study develops a method with time series clustering to find TC representative precipitation signals
for TC-related flood hazard assessment, optimization was essential to remove redundancy between clusters.
In addition, we required that the rainfall signals of the final TC associate rainfall dataset have a distinct flood
response. Therefore, we hypothesized that the elbow curve’s inflection point was not well-defined, and the
resultant flood characteristics were similar for representative rainfall signals of some clusters. In that case,
an iteration was performed between the clustering analysis and the flood modelling, as illustrated in Figure
3-3. The approach involved reducing the K value, rerunning the temporal clustering, and then the flood
characteristics prediction.

Temporal Clustering
Analysis

Detive Cluster
Reduce K Value ] Iterative process }

Representative Signal
Flood Characteristics
Simulation
Tropical Cyclone
Associate Rainfall Dataset

Figure 3-3: Illustration of the approach for optimizing the TC associate rainfall dataset.
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4. RESULTS: RAINFALL ANALYSIS

The results presented in this chapter were attained by applying the methodology in chapter 2 to obtain the
research’s first and second specific objectives, i.e., rainfall spatial-temporal analysis and time series
categorization. Section 4.1 details the results on the selected TC, including an analysis of its rainfall. The
results of the elbow method for determining the most optimal number of clusters are in section 4.2. Sections
4.3 and 4.4 present the results of the spatial and temporal clustering, respectively. Finally, the derived cluster

representative signals are in section 4.5.

4.1.  Selected/Candidate Tropical Cyclones
Figure 4-1 shows that five TCs named by the NHC satisfied the selection criteria for suitable TCs; Tropical
storm Erika (Pasch & Penny, 2015), Hurricane Maria (Pasch et al., 2017), Hurricane Isaac (Zelinsky, 2018),
Hurricane Beryl (Avila & Fritz, 2018), and Hurricane Dorian (Avila et al., 2019). However, only Tropical

storm Erika (hereinafter TS Erika) was selected for further analysis to reduce the data to be analyzed.
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Figure 4-1: Tracks for candidate TCs passing through the study area (500km diameter buffer around Dominica’s coast).
The TC eye’s six-hourly positions and corresponding intensity (knots) are for Tropical storm Erika. The other suitable
TCs are 1) Hurricane Maria of 2017, 2) Hurricane Isaac of 2018, 3) Hurricane Beryl of 2018, and 4) Hurricane Dorian
of 2019.
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The mapped TC track in Figure 4-1 above shows that TS Erika developed over the eastern tropical Atlantic
Ocean. The TC eye progressed westward, crossing through the Caribbean islands, the Caribbean Sea, south
of the U.S Virgin Islands, before dispersing around the eastern tip of Hispaniola. TS Erika remained of
category tropical storm throughout its lifetime, sustaining maximum wind speeds ranging 35-45knots. By
26" August 2015 1200UTC, the TC eye was already less than 250km away from the study area buffer, and
it was still within 200km on 28® August 2015 0000UTC while it progressed further west. TS Erika’s eye
entered the study area on 27" August 2015 with wind speeds of 40knots; however, the storm’s intensity
increased by Sknots just before it touched the northern tip of Guadeloupe about 100km north of Dominica.
TS Erika’s wind speeds later dropped back to 40knots just before the eye left the study area. TS Erika’s eye
spent about 18hours (00:00-18:00 UTC) in the study area.

41.1. Analysis of Tropical Storm Erika’s Rainfall

The results in this section are for the spatial-temporal analysis of the selected TC (TS Erika) to obtain the
first specific objective of this research. The downloaded 144 raster files of half-houtly precipitation estimate
for TS Erika’s rainfall covered the time window between 26 August 2015 0000UTC and 28% August 2015
2330UTC, capturing all rainfall data including the day before the eye entered and after it left the study area.
Atfter the files were clipped to the buffer boundary’s extent, a total of 1911 pixels were analyzed. The number
of pixels corresponds to the number of rainfall time series analyzed. As observed in Figure 4-2, two regions,
both slightly south of the TC track, received much more total precipitation than others. The islands lie
between or south of these two regions, suggesting that the heaviest rain fell over the ocean. The storm’s
highest rainfall accumulation was 767.9mm.
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Figure 4-2: Distribution of the pixel rainfall accumulation due to TS Erika’s precipitation over the study atea from 26
August 2015 0000UTC to 28™ August 2015 2330UTC. The four shapes, cross, star, triangle, and hexagon, are locations
for the pixels whose time series are plotted in Figure 4-3.
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Examination of the rainfall time series for individual pixels revealed various rainfall characteristics, including
multiple peaks, differences in duration, total amount, timing, and some pixels receiving antecedent rainfall
way before TS Erika passed. For example, Figure 4-3 below are time series plots a), b), ¢), and d) for four
randomly selected pixels marked with a cross, star, triangle, and hexagon, in Figure 4-2, respectively. The
rainfall total in millimeters for each time seties is indicated in the right-hand corner of each graph. Time
series plot a) shows there were pixels that received relatively high rainfall intensities followed by a silent
period just before the TS Erika’s rainfall. The time series in plots a) and b) attained maximum intensities of
85.8mm/hr and 110.4mm/hr, respectively. However, the accumulated rainfall volume was higher for plot
a) than for the time series in plot b). Multiple peaks are observed in plot c) and this pixel received relatively

high rainfall volumes falling at a lower intensity. In plot d), very low rainfall totals and intensities were

observed.
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Figure 4-3: Time series plots for individual pixels selected randomly from the dataset.
On the Y-axis is the rainfall intensity (mm/hout). The date and time (UTC) information is plotted on the X-axis. Plots
a), b), ¢) and d) are for the pixels highlighted in Figure 4-2 with a cross, star, triangle, and hexagon, respectively.

4.2.  Optimal Number of Clusters (K)

The result obtained from the implementation of the elbow method was the optimal number of clusters
needed to categorize the pixel rainfall time series based on the observed characteristics in section 4.1.1.
Figure 4-4 plots the total within sum of squares, a measure of the cluster compactness, against varying K
values ranging 1-15 for the spatial and temporal clustering. Examination of both graphs shows the curves’
points of inflection (the elbow) were not so pronounced; therefore, the K values were determined at a
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location where the graphs started to flatten as indicated by the blue arrows. As a result, K=9 and K=5 were
selected as the optimal number of clusters for spatial and temporal clustering, respectively.
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Figure 4-4: Optimal K values determined at locations where the graph starts to flatten as indicated by the blue arrow.

a) Spatial clustering. b) Temporal clustering.

4.3.  Spatial Clustering Statistics

Based on the elbow method (section 4.2), the spatial clustering partitioned the pixels into nine regions
(Figure 4-5) with similar behaviour in the timing of their precipitation, as summarized in Table 4-1. In both
the table and the map, the spatial clusters were labelled using the initial S; for instance, S1 is the same as
spatial cluster 1. The precipitation timing (start and end) for each spatial cluster was read directly from the
time series plots attached in Appendix 1. The spatial partitioning was completed with a clustering goodness
measure of 61.8% for the ratio of BSS to TSS.

Table 4-1: Statistics for the nine spatial clusters.
The precipitation timing is read column-wise (the first date and time reading are the precipitation starting time and the

second reading is the ending time).

Cluster S1 S2 S3 S4 S5 S6 S7 S8 S9
Cluster size 76 99 100 | 215 1014 | 115 121 114 57
Maximum min | 65.2 312 | 414 |272 |04 48 356 | 36.4 81.8
Intensity
(mm/hour) | max | 120 958 | 119.4 | 1154 | 111 120 105.4 | 90 120
Cu{nulative min | 382 163.9 | 190.7 | 140.8 | 1.4 1789 | 167.5 | 1241 | 408.7
?"““ia” max | 767.9 | 4355 | 564 | 483.6 | 2252 |583.3 |570.2 |372.1 | 724.4
mm
mean | 584.7 | 333.7 | 367.4 | 283.9 | 51.14 | 368.7 | 3145 | 240.0 | 541.1

Date and . 102:00 | 0:00 00:00 | 01:00 | 05:30
Time (UTC) | 27"
A 015 16:00 | 4:30 | 1:00 | 15:30 7:00 | 15:30 | 15:30 | 14:00

g 28th 2:00 | 02:30 | 01:00 00:03 | 03:00

As observed in Figure 4-5, spatial clusters east of Dominica (S1, S2, S6, S7) received rainfall mostly on 27%
August 2015, while regions to the west (83, S4, S8, S9) received rainfall between 14:00UTC on 27t up to
around 03:00UTC on 28® August 2015. S5, the largest spatial cluster occupying 53.1% of the study area, is
spread to the north and south of the TC track. Areas in ST and S9 received the heaviest rainfall, while S5
regions accumulated the least precipitation. S2 are those areas that were first to receive rainfall immediately
when the eye entered the buffer; however, by 14:30UTC, they received little or no rain, as shown in
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Appendix 1. 84, the second-largest cluster, includes locations that only started receiving TC rainfall at around
15:00UTC on the 27%; their rain stopped after 14 hours at around 02:30UTC on 28% August. Spatial cluster
3 (83) received rain on 27% and 28%; however, rainfall in this region started eatlier than the other areas west

of the buffer.

64°W 62°W B60°W
=z i 1 1 =
51 ~ B
- =1 e e "--.._._._' -
N

\1 800 UTC

] \
Z | ! \ | =
e i \ ©
i [}
|! . Dominica S$2 |
i S$1 i
| S7 I
i |
i S6 i
! /]
“ > |
\ q /
\ !
\ !
\ !
\ /
= 3
1 N S5 O i -
3 \ y p 3
\\\ Ve
e /'/
. o~
"‘\.,__._4 O P g b
T _;l? et
.0 50 100 200
R Kilometers
T T
64°W 62°W 60°W

* Eye's SixHourlyPosition Clusters [ ] 2 sa| ]se[ Iss

TS Erika Track st Ml s3] |sss7 [ se

:_::J' Buffer Boundary

Figure 4-5: A map representation of the spatial clustering of TS Erika’s rainfall.

44.  Temporal Clustering Statistics

Temporal clustering revealed the similarities in the temporal rainfall distribution across pixels in different
locations of the buffer. Additionally, the individual temporal clusters represented the distinct temporal
behaviours of the rainfall patterns accompanying TS Erika. Temporal clustering results are first presented
for K=5, which was determined as optimal when using the elbow method in section 4.2. The temporal
clustering results for a reduced value of K, i.e., K=4 and K=3, are presented to be later used in the
optimization approach, as illustrated in Figure 3-3. The clustering goodness (BSS/TSS) measures were
83.9% for K=5, 80.1% for K=4, and 75.1% for K=3. The temporal clusters are labelled with the initial T}

for instance, T1 is the same as temporal cluster 1.

4.4.1. Using Five Temporal Clusters (K=5)

The map in Figure 4-6 represents the geographical distribution of the five temporal clusters. It is observed
that pixels in Dominica have a temporal distribution corresponding to T3, T4, and T5. The southern
catchments of the island experienced precipitation distribution as in T3. Statistics in Table 4-2 show that
temporal cluster 1 (T1) is the most extreme, comprising pixels that received the heaviest half-hourly rainfall
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with maximum intensities ranging from 55-120mm/hr. Dominica was not hit by pixels from T1; most of
the rain poured over the ocean. In addition, Figure 4-6 shows that the temporal clusters are spatially distinct;
for example, T'1 comprises blocs of pixels in the east and the west of the buffer. Likewise, T2 and T3 contain
spatially distinct pixels of similar rainfall temporal distribution. T2 is the largest cluster; it comprises 41.8%
of the rain pixels, mostly located away from the storm track, especially those far south of the study area
(Figure 4-6). Further examination of corresponding statistics for T2 in Table 4-2 shows that these pixels
received the lowest rainfall intensity and total volumes. Therefore, T2 was not considered flood-prone in

this research and was excluded from further analysis.
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Figure 4-6: A map representation of the temporal clustering of TS Erika rainfall using K=5

Table 4-2: Summary statistics for the temporal clusters resulting from K=5

Cluster T1 T2 T3 T4 T5
Cluster size 132 798 433 399 149
(%) (6.9%) | (41.7%) | 22.7%) | (20.9%) | (7.8%)
Maximum Intensity | min | 55 0.4 36.4 18.2 32
(mm/hour) max | 120|502 [120 | 111 120
Accumulated min | 451.5 | 1.4 201.1 47.8 121
Rainfall (mm) max | 767.9 | 1124 571.5 275.9 603.2
mean | 583.94 | 29.41 34417 | 167.46 | 3314
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Figure 4-7 are box plots showing the distribution of the maximum rainfall intensity and cumulative rainfall
pet cluster. Most pixels in T3 experienced maximum intensities above 40mm/hr but below 75mm/ht, also
depicted in the corresponding range of relatively low accumulated volumes compared to T1. Most pixels in
this T1 experienced maximum rainfall intensity above 80mm/ht, as shown in Figure 4-7a. T4 is the second
less intense cluster, including pixels with low precipitation accumulation that pours at lower intensities.
However, T4 has a few pixels that experience high maximum intensities compared to its members. The
pixels in T5 experience relatively higher intensities than T3; however, their mean accumulated volumes are

almost similar.
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Figure 4-7: Rainfall distribution across all clusters. a) Pixel maximum rainfall intensity b) Cumulative rainfall.

For each box plot, the pixel distribution is such that the lower horizontal line (minimum, 0%), the bottom of the box
(lower quantile, 25%), top of the box (upper quantile, 75%), upper horizontal line (maximum, 100%), points (outliers),
and vertical lines (lower and upper 25% of the data).

4.4.2. Using Four Temporal Clusters (K=4)

For four temporal clusters, the map and key statistics are shown in Figure 4-8 and Table 4-3. Compared to
the result of five temporal clusters in subsection 4.4.1; we observe that pixels that made up T5 when using
K=5 were redistributed to make only four clusters. The boundaries of the least intense clusters in both cases,
ie., K=5 and K=4, vary by minor differences. Additionally, pixels over Dominica now belong to only two
temporal clusters. From Table 4-3, we observe that T3 comprises some pixels that received high intensities
up to 50.2 mm/hr; however, the clustet’s range of accumulated rainfall is low and therefore regarded as not
flood intense. The two spatially distinct blocs of the most extreme cluster have more pixels as compared to
using K=5. Figure 4-8 shows that the clusters buffer each other in their order of decreasing magnitudes. For
example, T2’s pixels are surrounded by pixels of T4, T'1 surrounds T4, and in turn, T1 is surrounded by T3.

Table 4-3: Summary statistics for the temporal clusters resulting from K=4

Cluster T1 T2 T3 T4
Cluster size 434 146 818 513
(%) (23.9%) | (7.6%) | (41.7%) | (26.8%)
Maximum Intensity | min 18.8 55 0.4 42
(mm/hour) max 111 120 50.2 120
Accumulated min 47.8 433.7 1.4 202.2
Rainfall (mm) max 275.9 767.9 132.1 571.5
mean 180.05 | 574.32 | 31.127 347.59
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Figure 4-8: A map representation of the temporal clustering of TS Erika rainfall using K=4

44.3. Using Three Temporal Clusters (K=3)

For three temporal clusters, the map and key statistics are shown in Figure 4-9 and Table 4-4. Compared to
the result from K=5 and K=4, pixels over Dominica are only in one cluster. Most pixels of T3, T4, and T5
resulting from K=5 were likely merged to form one big cluster when using K=3 (Figure 4-9). Likewise, most
pixels in T1 and T4 resulting from K=4 were put together to create T3 when using K=3. It is still observed
that the boundary of the least extreme cluster, in this case, T1 changes marginally. T1 was excluded from
further analysis considering its statistics in Table 4-4, showing very low accumulated rainfall volumes
compared to the other clusters. Figure 4-9 below shows that the pixels that make up T2 are surrounded by
member pixels of T3. Consistently, the pixels of the T1 are surrounded by those in T3.

Table 4-4: Summary statistics for the temporal clusters resulting from K=3

Cluster T1 T2 T3
Cluster size 937 212 762
(%) (49%) | (11.1%) | (39.9%)
Maximum Intensity | min | 0.4 55 26
(mm/hour) max | 68.0 120 120
Accumulated Rainfall | min | 1.4 352.5 83.6
(mm) max | 171.9 | 767.9 489.2
mean | 42.702 | 530.79 279.82
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Figure 4-9: A map representation of the temporal clustering of TS Erika rainfall using K=3

4.5.  Cluster Representative Signals

The derived cluster representative signals summarize the temporal characteristics of the individual clusters
in terms of their rainfall accumulation, maximum intensity, and duration. The results for the selected
representative signals are presented in detail first for the temporal clusters resulting from K=5 (explained in
detail in subsection 4.5.1). Then, the statistics for the representative signals of the temporal clusters resulting
from K=4 and K=3 are presented in subsections 4.5.2 and 4.5.3.

4.51. Using Five Temporal Clusters (K=5)

Cluster representative signals were derived for T1, T3, T4, and T5 since T2 was disregarded from further
analysis (see subsection 4.4.1). The detailed explanation uses T'1 as an example to demonstrate the procedure
applied for all the clusters.

Figure 4-10a below is a plot of the 132-member time series for temporal cluster 1 (T1). This cluster
comprises two blocs of spatially distinct pixel time series with similar behaviour in their temporal
distribution. The black bloc has a rainfall duration lasting about 16 hours, and the blue block lasts a bit less
than this duration. Observe that the black bloc has some pixel time series with antecedent rainfall of
intensities reaching almost 40mm/hr. Referring to Figure 4-6, the black bloc are series for T1 pixels in the
east and the blue bloc for pixels west of the study area. Calculating the time step quantiles for these series

without applying a starting threshold outputs signals far from realistic regarding the cluster rainfall duration
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and accumulated volumes since the series starting time differs. Figure 4-10b shows that the rainfall duration

was doubled, and a second peak was observed because of the spatially distinct blocs of pixels.
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Figure 4-10: a) Plot of T1’s spatially distinct time series with similar temporal behaviour. b) Timestep quantile series of

T1 based on the original data (without applying a starting threshold).

As the storm’s starting period was observed to vary, the beginning of the TC precipitation was tested for

different intensities, including 2, 5, 10, and 20mm/ht. Table 4-5 summarises the observations when applying

different starting thresholds (step 1 as explained in section 2.6) to determine the start of TS Erika’s rainfall

per pixel. The corresponding plots of the timestep quantiles series in Figure 4-11 show that the thresholds

removed the silent periods and

short antecedent rainfall before the start of the storm.

Table 4-5: Observations in the characteristics of timestep quantile series at varying starting thresholds.

Starting Threshold >=

Remarks

1mm (2mm/ht)

Figure 4-11a: Q4 has two peaks, and the rainfall duration is still longer than
the observed 16 hours in Figure 4-10a.

2.5 mm (5mm/hr)

Figure 4-11b: There are still pixels that receive antecedent rainfall
intensities over 5mm/hr before the storm begins (see Figure 4-10a),
causing the upper quantiles to have two peaks. Lower quantiles are almost
aligned, and their duration is neatly comparable to the cluster duration

(about or more than 6 hours ).

5mm (10mm/hr)

Figure 4-11c: When the storm’s statt is raised to 10mm/hr, the second
peak on Q4 is dissolved and almost the same period as the lower quantiles.
However, Q5 is still double-peaked; there is a likelihood of a pixel(s) that
receives antecedent rainfall above this threshold before the actual TC
rainfall begins. This threshold attempts to bring back the cluster temporal
behaviour, i.e., a steep increase, then the rain dying down with a duration
of about or slightly more than 16hours.

10mm (20mm/hr)

Figure 4-11d: At this threshold, Q5 still shows a pixel(s) with a peculiar
behaviour of antecedent rainfall intensities above 20mm/hr before the start
of the storm. The starting rainfall value can be raised further to remove this

effect.
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Figure 4-11: Plots of Tl timestep quantile series using varying starting thresholds.
a) Threshold >=1 mm (2mm/ht). b) Threshold >=2.5 mm (5mm/hr). ¢) Threshold >=5 mm (10 mm/ht). d)
Threshold >= 10 mm (20mm/hr). The plots for T3, T4 and T5 are in Appendix 3.

Figure 4-11 shows that varying the rainfall starting thresholds brings the characteristics of the calculated
timestep quantiles (step 2 as explained in section 2.6) to realistic values. The resulting precipitation
accumulation, duration, and maximum intensities become comparable to the cluster statistics, and the peaks
of the timestep quantile series move to an almost similar timing. Table 4-6 summarizes the timestep quantile
series statistics. From the table, we observe that rising the threshold values brings the accumulated totals up
for the lower quantiles and down for the higher quantiles. The accumulated rainfall and duration for QO,
Q1, Q4, and Q5, are overly low or high and outside of the ranges of T1’s statistics in Table 4-2. As Q2, Q3,
and Mean were in line with the observed T'1 characteristics; they were selected as cluster representatives to
use as input for flood modelling in OpenLLISEM (step 3 as explained in section 2.6). However, the selection
was made only for the timestep quantiles seties starting at 10mm/hr. This threshold better removes the
non-TC antecedent rainfall and regenerates the cluster’s temporal behaviour, as explained in Table 4-5. The
procedure of varying starting thresholds for the pixel time series was repeated for T3, T4, and T5, and a
similar selection of representative signals like in T'1 was made. The time series plots for T3, T4, and T5 are
in Appendix 2, and the graphs for the timestep quantiles at varying thresholds are in Appendix 3.
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Table 4-6: Signal statistics computed for timestep quantiles series of T1 at varying thresholds.
The statistics for T3, T4, and T'5 are in Appendix 4.

Statistic Q0 | Q1 Q2 Q3 Q4 Q5 Mean
Original Data | Accumulation (mm) 40 |60.1 |407.3 |9057 | 1533.8 | 2240.5 | 583.9
(without Maximum Intensity (mm/ht) 1.2 | 142 | 635 82.8 112.6 120.0 51.7
threshold) Duration (Hours) 9.0 230 |275 46.5 | 52.5 70.0 70.0
Accumulation (mm) 1.0 |33.0 |2049 825.7 | 1820.3 | 3144.1 | 581.7
Threshold ) .
- Maximum Intensity (mm/hr) 20 199 49.0 83.0 | 100.8 | 120.0 |45.1
=1 mm
Duration (Hours) 05 | 185 | 255 32.0 | 43.0 53.0 39.5
Accumulation (mm) 27 838 |4903 | 7221 | 1527.2 | 2707.0 | 578.1
Threshold . .
>=2§ Maximum Intensity (mm/hr) 50 190 |694 8§7.5 | 110.6 | 120.0 | 56.6
=2.5 mm
Duration (Hours) 125 | 175 | 18.0 255 | 36.0 45.5 39.5
Accumulation (mm) 6.0 |289.0 | 518.9 729.9 | 1029.1 | 2502.2 | 574.6
Threshold . .
oz Maximum Intensity (mm/hrt) 10.0 | 48.0 | 73.1 949 | 1124 | 120.0 | 64.8
=5 mm
Duration (Hours) 125 | 165 | 17.5 25.0 | 315 45.0 45.0
Accumulation (mm) 11.7 | 374.0 | 544.2 | 721.6 | 879.7 | 2210.5 | 569.0
Threshold ] ]
>=10 Maximum Intensity (mm/ht) 20.0 | 63.0 | 78.7 955 | 1124 | 120.0 | 73.1
=10 mm
Duration (Hours) 12.0 | 16.5 | 17.0 240 | 315 45.0 38.0

Figure 4-12 below plots the time series and cumulative rainfall of the representative signals for T1, T3, T4,

and T5 for the 10mm/hr starting threshold. T1, T3, and T4 signals are similar in shape; whereas, their

duration and maximum intensities vary significantly. The representative signals for T5 behave very

differently as its pixels experienced rainfall with multiple peaks but still at a lower magnitude than T3. It is
observed in Table 4-7 that TS Erika rainfall generally poured for less than 24hours for Q2 and Q3, however,

with varying intensities and total volumes across the study area. The duration of the signal at the Mean is

slightly longer as the pixels that received antecedent rainfall of very high intensities close to an average of

12hours before the storm’s start (for example, Figure 4-10a) likely affected its period. Based on the statistics

in Table 4-7, it is observed that some representative signals behave almost similatly in duration, intensity,

and total accumulation. Nevertheless, the rainfall signals were input in the flood model to reveal whether

they are distinct enough to lead to different flood characteristics.

Table 4-7: Summary statistics for signals Q2, Q3, and Mean for the temporal clusters resulting from K=5

29

T1 T3 T4 T5

Tr Tmax Dr | Tr Lmax Dr | Tr Lmax Dr | Tr Imax Dr

(mm) | (mm/ht) | (ht) | (mm) | (mm/hr) | (ht) | (mm) | (mm/ht) | (hr) | (mm) | (mm/hr) | (ht)
Q2 518.9 | 73.1 17.51 307.1 | 50.2 15.5 | 107.6 | 20.2 14.5 | 159.7 | 24.6 18.0
Q3 729.9 | 94.9 25.0 | 440.0 | 63.8 17.51209.9 | 38.9 20.5 | 427.3 | 61.6 22.5
Mean | 574.6 | 64.8 45.0 | 334.6 | 45.4 37.0 | 155.9 | 24.8 27.5 | 317.7 | 37.2 38.0

Tr (mm): Accumulation (mm) Dr(ht):  Petriod (Hours)

Imax (mm/hr):  Maximum Intensity (mm/hr)
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Figure 4-12: Rainfall time series (left) and cumulative plots (right) of the selected cluster representative signals when

5.T1,T3, T4, and T5 plots are in rows 1, 2, 3, and 4, respectively.

using
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4.5.2. Using Four Temporal Clusters (K=4)
When using K=4, representative signals were derived for T1, T2, and T3 by applying the procedure explained

in subsection 4.5.1. The representative signals resulting from using K=4 were used to optimize the building
of the T'C associate rainfall dataset when the flood characteristics of signals resulting from K=5 were found
to be similar. The statistics of the selected representative signals for K=4 are summarized in Table 4-8, and
their plots are in Appendix 5. The rainfall signals for all the clusters are similar in shape, showing sudden
heavy rain pours for an extended time, followed by an abrupt drop in the rainfall intensity. The multiple
peak behaviour observed in T5 resulting from K=5 is dissolved. Except for T2, all signals at Q2 and Q3
have a rainfall duration lasting less than 24hours. The period of the Mean signal is still affected by pixels

with higher antecedent rainfall before the storm starts.

Table 4-8: Summary statistics for signals Q2, Q3, and Mean for the temporal clusters resulting from K=4

T1 T2 T4

Tr Imax Dr Tr Lmax Dr Tr Lmax Dr

(mm) | (mm/hr) | (he) | (mm) | (mm/hr) | () | (mm) | (mm/hr) | ()
Q2 116.4 | 21.8 15.0 | 500.8 | 71.1 18.0 | 293.8 |49.6 16.0
Q3 2304 | 42.2 18.0 | 7273 | 91.4 25.0 | 4462 | 65.0 18.0
Mean | 169.0 | 26.1 27.5 |564.6 | 61.2 385 [336.6 | 454 33.0
Tr (mm): Accumulation (mm) Dnhr):  Period (Hours)

Imax(mm/hr):  Maximum Intensity (mm/hrt)

4.5.3. Using Three Temporal Clusters (K=3)

For three temporal clusters, the representative signals were derived for T2 and T3. The statistics of the
rainfall signals are in Table 4-9, and their plots are in Appendix 5. These rainfall sighals were used in the
optimization approach when generating the TC associate dataset. The maximum intensity and rainfall
accumulation differ significantly for Q2 and Q3 in both clusters. The rainfall duration is now shorter as
some signals have less than 18hours; however, the duration at the mean is still longer. The rainfall is shaped

with a single peak, as observed earlier in the representative signals resulting from K=4.

Table 4-9: Summary statistics for signals Q2, Q3, and the Mean for temporal the clusters resulting from K=3

T2 T3

Tr Imax Dr Tr Imax Dr

(mm) | (mm/hr) | (ht) | (mm) | (mm/hr) | (h1)
Q2 4357 | 61.7 17.5 | 213.5 | 384 15.5
Q3 676.6 | 84.9 24.5 | 381.3 | 59.0 17.5
Mean | 520.3 | 55.0 45.0 | 269.2 | 38.6 37.0
Tr (mm): Accumulation (mm)

Imax (mm/hr):  Maximum Intensity (mm/hr)
Drthr):  Period (Hours)
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5. RESULTS: FLOOD MODELLING

The results presented in this chapter were attained by applying the methodology in chapter 3 to obtain the
research’s third specific objective of evaluating the tropical cyclone associate rainfall dataset by simulating
the flood response using openLISEM model. The flood characteristics were examined to improve the
building of the TC associate rainfall dataset. Section 5.1 presents the detailed assessment of the flood
response for the rainfall signals resulting from using K=5. In section 5.2, the flood characteristics resulting
from the optimization of the rainfall dataset are presented. Finally, the decision on the final Tropical Cyclone

Associate Rainfall Dataset is in section 5.3.

5.1.  Using Five Temporal Clusters (K=5)

The results are for the quantified flood response for the representative signals of T1, T3, T4, and T5.
Temporal cluster 2 (T2) was not included in the flood modelling as it was regarded as not flood intense. The
tables in this section summarize the quantified flood response for each of the rainfall signals. In the tables,
the coloured cells are used to highlight similarities in the flood response for different cluster representative
signals. The scatter plots in this section are for the examined flood variables vs. the precipitation variables
of cumulative rainfall and maximum intensity. The points represent individual rainfall signals of the temporal
clusters, where T1, T3, T4, and T5 are blue, gray, yellow, and red, respectively. For reporting purposes, the
naming format of the cluster representative signals will be, for instance, Q2-T1 is the same as cluster

representative signal Q2 of temporal cluster T'1.

5.1.1. Flood Extent

Some representative signals result in similar maximum flood extent even though they belong to different
clusters. For example, as observed in Table 5-1, the flood extent (km?) resulting from rainfall of Q2-T3 is
comparable to the flood area caused by Q3-T5. Likewise, Q3-T3 and Mean-T1 caused almost similar flood
extents. The statistics in the table show that the rainfall signal Q3 causes the largest flood area for all the
temporal clusters compared to Q2 and Mean. On the other hand, T1 has the most extensive flood extent,
and T4 has the lowest.

Table 5-1: Quantified maximum flood extent (km?) caused by cluster representative signals resulting from K=5.
Cells coloured similatly are for the flood extents that differ by less than 0.005km?. The values in the table are rounded
off to four decimal places to show the very slight differences.

Q2 Q3 Mean
T1 3.9844 4.8416 3.7620
T3 3.1204 3.7624 2.9836
T4 1.0176 2.1904 1.2992
T5 1.3976 3.1156 2.3816

Scatter plots of the quantified flood extents vs. the cumulative rainfall and flood extents vs. maximum
intensity reveal a steady linear relationship (Figure 5-1). However, rainfall intensity is more dominant in
driving the maximum flood extent. This finding is observed in the slope of the trend lines where maximum
intensity has a slightly higher slope value and R-squared (R?) value. Signals with slightly lower cumulative
rainfall volumes but higher maximum intensity caused more extensive flood areas than those with larger

precipitation volumes received at lower intensities. For example, Q3-T3 and Mean-T1 experience a

32



BUILDING A TROPICAL CYCLONE ASSOCIATE RAINFALL DATASET FOR FLOOD HAZARD ASSESSMENT IN DOMINICA

considerable difference in their rainfall accumulation (the black circle in Figure 5-1a); however, they caused
cause nearly the same flood extent (differing by only 0.0004km?). It can be observed that these two signals

have almost similar maximum rainfall intensities (the black circle in Figure 5-1b).
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Figure 5-1: Scatter plots of the linear relationship between the maximum flood extent (Y-axis) and a) cumulative

rainfall, b) maximum rainfall intensity.

5.1.2. Flood Depth Distribution

Table 5-2 summarizes the quantified maximum flood depths experienced in the catchment due to rainfall
representative signals for the different temporal clusters. The table statistics show that some signals caused
comparable maximum flood depths as highlighted by the colored cells; for example, Q3-T3 and Mean-T1
respond similarly. For all the clusters, maximum flood depths were highest due to rainfall of Q3, with T1
reaching water levels of 4.2meters at some point during the flood event. An area was considered not flooded
if the water level was <=0.05meters, and these mostly corresponded to higher altitude locations in the
catchment (Figure 5-2). A significant percentage of the flooded areas reached depths ranging from 0.05-
0.5meters for all the cluster representative rainfall signals. Except for Q3-T1, flood depths above 2meters

were fewer for all the rainfall signals.

Examination of Figure 5-3 shows a strong positive linear relationship observed between the flood depth
and the rainfall characteristics. However, the correlation value R? for the maximum rainfall intensity is
slightly higher (by about 0.027) than the value for the rainfall accumulation. The slope value of the trend
line is higher for the maximum intensity showing that this rainfall variable has more influence on the

maximum flood depth.

Table 5-2: Quantified maximum flood depth (meters) caused by cluster representative signals resulting from K=5.
Cells coloured similarly are for the flood depths that differ slightly. The values in the table are rounded off to four
decimal places to show the very slight differences.

Q2 Q3 Mean
T1 3.880 4.213 3.698
T3 2.788 3.697 2.612
T4 1.256 1.688 1.326
T5 1.319 2.846 1.846
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Figure 5-2: Geographical representation of the maximum flood depths reached in the different temporal clusters due
to rainfall of Q3. All the maps use the same scale of flood depths labelled Low, Medium, High, and Extra.
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Figure 5-3: Scatter plots of the linear relationship between the maximum flood depth (Y-axis) and a) cumulative rainfall,

b) maximum rainfall intensity.

5.1.3. Flood Volume

The statistics in Table 5-3 show that more rainfall signals from different clusters cause similar maximum
flood volumes as highlighted by the coloured cells; for example, Q2-T5 and Mean-T4 have a similar
response. T1 accumulated the most enormous flood volumes compared to other temporal clusters. The
property of Q3 causing the largest flood response in all the clusters is again observed in the maximum

accumulated flood volumes.

The scatter plots in Figure 5-4 show that while the maximum flood volume increased with the total rainfall,
the maximum intensity was more influential in driving this flood variable due to the higher associated R2
value of 0.97. Also, the slope of the trend line shows that the maximum flood volume increases by a slightly
higher margin when the rainfall intensity increases than when the total rainfall increases. For example, Mean-
T1 accumulates 134.3mm more than Q3-T3, but their maximum flood volume only differs by 5100m?,

attributable to their very close maximum intensities.

Table 5-3: Quantified maximum flood volume (million m3) caused by cluster representative signals resulting from K=5.
Cells coloured similarly are for the flood volumes that differ very slightly. The values in the table are rounded off to
four decimal places to show the very slight differences.

Q2 Q3 Mean
T1 1.6668 2.2789 1.5051
T3 1.0955 1.5000 1.0448
T4 0.4158 0.7662 0.5599
T5 0.5596 1.1218 0.8101

35



BUILDING A TROPICAL CYCLONE ASSOCIATE RAINFALL DATASET FOR FLOOD HAZARD ASSESSMENT IN DOMINICA

w
w

™ ™
= =
= z
Q o
o y =0.0028x+ 0.1073 ~ = y=0.0239x-0.0842 4
g 2 R?=0.9429 . E N Rz= 0.9696“”.«""
w w
s s
S o S s
g " g .
S . >
: :
. A A
21 21
= [ s =
S ) S .
3 e s .-
2 2 .
= >
0 0
0 100 200 300 400 500 600 700 800 0 20 40 60 80 100
CUMULATIVE RAINFALL (MM) MAXIMUM INTENSITY (MM/HOUR)

Figure 5-4: Scatter plots of the linear relationship between the maximum flood volume (Y-axis) and a) cumulative

rainfall, b) maximum rainfall intensity.

5.1.4. Infiltration

As explained in section 3.3.4, the infiltration is influenced by the initialization of the soil moisture content.
It should be noted that the initial soil moisture content was set at 85% of saturation. Statistics in Table 5-4
show that infiltration was generally low for all the cluster representative signals. Similarities in infiltration
mainly were observed for signals within the same cluster, especially for Q3 and Mean, as highlighted in the
table. The linear relationship between infiltration and the rainfall characteristics is generally weaker, as
observed in the lower values for R? (Figure 5-5). The cumulative rainfall has a slightly stronger influence
on infiltration than the maximum rainfall intensity. Figure 5-6 is a map representation of the cumulative

infiltration resulting from the representative signal Q3 for each temporal cluster.

Table 5-4: Summary of the total infiltration (mm) for the cluster representative signals resulting from K=5.
Cells coloured similatly are for the values that differ by small margins.

Q2 Q3 Mean
T1 92.1 97.4 99.5
T3 75.3 86.6 86.9
T4 60.8 73.0 73.4
T5 77.8 98.5 98.0
120 120
o 2 y =0.0548x + 65.397 © Q2 y =0.4068x + 64.633
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Figure 5-5: Linear relationship between the infiltration and a) cumulative rainfall, b) maximum rainfall intensity

36



BUILDING A TROPICAL CYCLONE ASSOCIATE RAINFALL DATASET FOR FLOOD HAZARD ASSESSMENT IN DOMINICA

[ ] Low (0-25) [ High (50-75)

0 250 500
[ | Medium (25-50) [l Extra (>75) — Kilometers

Figure 5-6: Cumulative infiltration (mm) reached due to signal Q3 rainfall.
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5.1.5. Runoff Ratio

The statistics of the cluster runoff percentages are represented in Table 5-5 below. It is observed that some
signals within the same cluster have almost similar runoff percentages, for example, Q2 and Mean of T1.
Likewise, Q2 and Mean of T3 respond similarly. The runoff ratio for Q3 is more dominant for all the
clusters, with T'1 having the highest value of 0.84. The least runoff proportions are observed in T4, including
areas that accumulate the least rainfall and experience the lowest maximum rainfall intensities. However, the

runoff percentage for Mean-T4 differs minimally from that for Q2-T5.

From the scatter plots in Figure 5-7, it is observed that the maximum intensity is more dominant in
influencing the runoff percentage than the cumulative rainfall since it has a higher R? value of 0.838. For
example, the T1 signals have the highest maximum rainfall intensities and the highest runoff ratio. Thus, it

shows, more water flows into the sea, meaning not all the incoming precipitation is converted to flood.

Table 5-5: Quantified runoff ratio caused by cluster representative signals resulting from K=5.
Cells coloured similarly are for the values that differ by small margins. Again, the figures in the table are rounded off

to four decimal places to show the very slight differences.

Q2 Q3 Mean
T1 0.7958 0.8479 0.8034
T3 0.7113 0.7724 0.7003
T4 0.3336 0.5880 0.4435
T5 0.4296 0.7373 0.6492
a) b)
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Figure 5-7: Scatter plots of the linear relationship between the runoff ratio (Y-axis) and a) cumulative rainfall, b)

maximum rainfall intensity.

5.1.6. Response Time

As explained in section 3.3.6, response time was expressed as the difference between the timing of the peak
discharge and the peak intensity. Table 5-6 below summarized the statistics for the cluster lag-to-peak time
for all the representative signals. T'1 has the shortest average lag time of about 2.5hours, and the most
prolonged delay is experienced in T5. Flood response times for signals Q3-T1 and Q2-T3 are similar.
Likewise, the response time for (Q3-T3 and Mean-T4 differs by a small margin. Also, Q3-T4 and Mean-T3
respond similarly. The hydrographs for each representative signal of the four clusters are in Appendix 6.
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Table 5-6: Summary of the flood response time (hours) caused by cluster representative signals resulting from K=5.

Cells coloured similatly are for the values that differ by small margins (less than 0.5hours)

Q2 Q3 Mean
T1 2.0 3.2 2.1
T3 3.2 3.0 3.5
T4 2.7 3.5 2.9
T5 5.0 4.4 5.2

5.1.7.  Flood Duration

Similarities in the average flood duration for representative signals from the different clusters are observed
as highlighted by the coloured cells in Table 5-7. In all the clusters, the average flood duration was most
extended for the signals at Mean lasting over 25hours. The rainfall of Q2-T3 caused the shortest flood

duration.

Table 5-7: Summary of the average flood duration (hours) caused by cluster representative signals resulting from K=5.

Cells coloured similatly are for the values that differ by small margins (less than 0.5hours)

Q2 Q3 Mean
T 18.4 272 34.9
T3 15.7 18.9 30.3
T4 16.7 222 277
T5 23.6 18.6 27.4

5.1.8.  Mini Discussion for the Observed Flood Response for Signals Resulting from K=5

The investigated flood characteristics show a similar flood response for the cluster representative signals. In
some cases, signals of the same cluster have a similar flood response. In addition, the value K=5 was an
arbitrary choice because the elbow graph (see Figure 4-4b) was smooth and did not have a defined inflection
point. However, the elbow method guided selecting the starting optimal number of clusters (K value). These
findings imply a redundancy in the number of optimal clusters that were used to classify the rainfall time
series. As explained in section 3.4, the optimization approach (see Figure 3-3) was applied to improve the
building of the TC associate rainfall dataset. Since it is required that the final rainfall should have a distinct
flood response, only the representative signal Q3 was be used to run the flood model during the
optimization. Q3 was selected because the flood response for this signal was highest for most investigated

flood characteristics, as observed in the previous subsections.

5.2.  Application of the Optimization Approach

The iterative process of the optimization approach illustrated in Figure 3-3 was performed twice, i.e., when
K=4 and K=3. As explained in subsection 5.1.8, only cluster representative signal Q3 was used to run the
flood model. The statistics of Q3 for K=4 and K=3 are in Table 4-8 and Table 4-9, respectively. The
corresponding time series and cumulative plots of the Q3 signal are in Appendix 5. The results of the flood

response are presented in the following subsections.

5.21. Using K=4

Compared to signals resulting from K=5, the quantified flood response for representative signals of K=4 is
significantly distinct, as observed in the calculated differences in Table 5-8. It is observed that the resulting
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flood characteristics show three levels of the magnitude for TS Erika’s rainfall which were labelled as
Extreme (T2), Intermediate (T4), and Least Intense (T1).

Table 5-8: Comparison of flood characteristics resulting from rainfall signal Q3 for K=4

Cluster Flood

Rainfall | Flood | Flood | Volume | Runoff | Infiltration | Flood Flood
Signal Extent | Depth | (million | Ratio (mm) Duration | Response
Q3) (km?) | (m) | md) (he) (hr)
T2 4.80 4.22 2.22 0.85 98.13 23.73 1.47
T4 3.70 3.65 1.42 0.77 88.95 19.16 3.13
Diff 1.09 0.57 0.79 0.08 9.18 4.57 -1.67
T2 4.80 4.22 2.22 0.85 98.13 23.73 1.47
T1 2.47 1.84 0.84 0.62 74.01 29.33 2.77
Diff 2.32 2.39 1.38 0.23 24.06 -5.61 -1.30
T4 3.70 3.65 1.42 0.77 88.95 19.16 3.13
T1 2.47 1.84 0.84 0.62 74.08 29.33 2.77
Diff 1.23 1.82 0.59 0.15 14.87 -10.17 0.37

5.2.2. Using K=3

This result divides TS Erika’s rainfall into two levels of magnitude with a very distinct flood response, as
shown in calculated differences in Table 5-9. Flood response of T2 from K=4 is comparable to T2 from
K=3. Likewise, the flood response of T4 from K=4 is comparable to that of T3 from K=4. Based on this
observation, the two levels of magnitude due to signals from K=3 can be labelled as Extreme(T2) and
Intermediate (T3). However, quantified flood characteristics at K=4 are slightly higher than those for K=3

in both cases.

Table 5-9: Comparison of flood characteristics resulting from rainfall signal Q3 for K=3

Cluster Flood

Rainfall | Flood | Flood | Volume | Runoff | Infiltration | Flood Flood
Signal Extent | Depth | (million | Ratio (mm) Duration | Response
(Q3) (km?) | (m) | md) (he) (hr)

T2 4.62 4.18 2.05 0.84 97.69 22.76 1.75

T3 2.31 1.76 0.79 0.61 84.40 29.78 3.38
Diff 2.31 2.43 1.26 0.23 13.29 -7.02 -1.63

5.3.  The Tropical Cyclone Associate Rainfall DataSet

The final decision on the Tropical cyclone associated rainfall dataset was based on the observed flood
response for both cases of reducing the K value, i.e., K=4 and K=3. In both scenarios, the flood response is
distinct, and the storm was divided into different levels of magnitude. However, the signals for K=4 have a
higher impact than those for K=3. Additionally, K=3 divides the storm into only two levels of magnitude
(Extreme and Intermediate), leaving out the third level (Least extreme) observed when using K=4. Thus,
implying that K=3 is not a suitable choice for the optimal number of clusters as it starts to group pixels of
different magnitude into the same cluster. Based on these observations, the cluster representative signals
resulting from K=4 were selected as the final Tropical Cyclone Associate Rainfall Dataset for TS Erika
(Figure 5-8).
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INTENSITY (MM/HOUR)

A characteristic of rapidly increasing intensities with a maximum peak reached in less than 2 hours after the

start of the storm is observed for the rainfall dataset. Additionally, about 50% of the accompanying rainfall
volumes were accumulated less than 6 hours into the storm (Figure 5-8). When such high-intensity

precipitation with heavy accumulation pours on steep terrain in a very short time; consequently, the flooding

hazard is triggered.

Since the initial soil moisture content was at 85%, there was little room for infiltration, and hence the high

values for the runoff percentage resulting in more discharge in the sea. The map in Figure 5-9 for the flood
depth distribution shows that low and medium flood depths were mainly experienced along the main

channel. Flood heights for classes High and Extra were primarily experienced in the river channel. There

was no flood in the high elevation areas.
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Figure 5-8: Precipitation time series and cumulative precipitation plots of the Tropical cyclone associate rainfall dataset

for TS Erika resulting from K=4.
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The blue bar graphs represent the half-houtly rainfall intensities, and the black line is for the cumulative precipitation.

a) Extreme, b) Intermediate, and c) Least Intense
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Figure 5-9: Flood depth (meters) distribution for all the three rainfall signals of the Tropical cyclone associate rainfall
dataset for TS Erika resulting from K=4.
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6. DISCUSSION AND CONCLUSION

Flood Hazard and the need for Rainfall Characterisation

An important aspect of flood hazard assessment is knowledge of the local precipitation patterns because it
is based on a combination of weather events with a given frequency (return periods) and associated
magnitudes of peak discharges. However, most countries lack information for the frequency analysis of the
flood hazard (Lumbroso et al., 2011); therefore, assumptions are made during the flood hazard assessment.
A common assumption is to substitute the probability of the flood (the peak discharges) with the probability
of the weather event causing the flood. The frequency and magnitude of the meteorological forcing (e.g.,
extreme precipitation events) has to be analyzed with relatively long rainfall time series (i.e., 30-50years);
however, these records are non-existent for long-term detailed rainfall analysis. Another assumption is made
to replace the required detailed weather information with the annual maximum 24hour rainfall to measure
the total rainfall event. Long-term daily data series are present for most weather and rainfall stations.
However, flood hazard modelling requires detailed sub-daily rainfall data to simulate correctly the catchment
hydrology, flow dynamics, mass movement, and even debris flows. Therefore, there is a need for rainfall

data detailed both in space and time, with a known frequency and magnitude.

Flood modelers translate precipitation records into design storms with a statistically derived shape and total
storm depth that coincides with given return periods. However, design storms are originally not meant to
do flood hazard modelling but to calculate peak discharge for channel and bridge design. Design storms
have very simple shapes derived from IDF curves of long-term ground measurements, which may not
provide a realistic estimate of rainfall accompanying TCs, because of extreme wind speeds and equipment
breaking down during the event (Pollock et al., 2018). Additionally, observations of TC rainfall are

sometimes regarded as outliers and excluded when fitting a distribution curve.

In this research, a new approach was developed to generate a TC associate rainfall dataset to provide a
realistic estimate of the TC-related flooding hazard. The research utilized satellite precipitation estimates
from GPM-IMERG to acquire the rainfall information needed. Unlike ground measurements, satellite
estimates provide a continuous acquisition of rainfall data for the period of a given storm on a broad spatial
coverage (Yoshimoto & Amarnath, 2017). Considering other satellite precipitation products, the TRMM
has the most prolonged temporal coverage; however, this dataset does not have the resolution in space and
time (Huffman & Bolvin, 2018) required for making good IDF curves. The GPM- IMERG data has a better
spatial and temporal resolution; however, its temporal coverage is not long enough to derive statistics for
IDF curves (Yong & Wang, 2020).

Knowing that precipitation measurement from just one GPM-IMERG pixel would not give enough
information to generate IDF curves representative of the precipitation accompanying studied TC, the
research used a more expansive study area to gather enough information. Previous research (Agustin Brefia-
Naranjo et al., 2015; Hernandez Ayala & Matyas, 2016) utilized a buffer of a 500km radius around the TC
low-pressure center to study accompanying rainfall. However, the interest of this research was in the TC
rainfall activity in the vicinity of the island. How was the TC rain falling as the eye passed close to the island?
Using a 500km diameter buffer around the island was suitable to define the required extent of the study
area, assuming that the TC activity for far way locations would not affect the island.
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Specific objective 1: To perform rainfall spatial-temporal pattern analysis for the most suitable tropical
cyclones.

The devastation from tropical cyclone activity in the last 5-10 years suggests possible effects of climate
change; therefore, the research was performed for a more recent period (2015-2019) for the possibility to
include these effects and build resilience toward future episodes of TC precipitation. The study period saw
landfalling TCs, higher category TCs and extreme precipitation accompanying the TCs (Blake & Zelinsky,
2017; Cangialosi et al., 2017). During the annual Atlantic hurricane seasons for the study petiod, the TC
occurrences ravaged the Caribbean islands and the eastern coast of the United States, among other areas.
For example, Dominica suffered twice during 2015-2019, first due to rain from Tropical storm Erika in
2015 and two years later due to landfalling Hurricane Maria in 2017.

The research investigated rainfall accompanying TS Erika of 2015. While the storm’s eye passed at a distance
from Dominica, TS Erika’s convective region passed over the island. As a result, TS Erika brought the island
state enormous amounts of rainfall on 27% August 2015 when the storm’s eye touched the northern tip of
Guadeloupe about 100km north of Dominica (Nugent & Rios-Berrios, 2018). When the GPM-IMERG
precipitation estimates over TS Erika were compared to the radar precipitation estimates calibrated using
ground gauge observations in Ogden (2010), it was found that GPM-IMERG data gave an acceptable
estimate of the precipitation measurements. For example, the measure of the maximum rainfall intensity
experienced in Dominica was well estimated. Additionally, the rainfall totals that were calculated from GPM-
IMERG over the island fall in the ranges provided in Pasch & Penny (2015). Since precipitation information
in this research was not averaged over just one pixel, but for a wide study area, it is concluded that GPM-
IMERG provided reliable precipitation estimates needed for this research. Some previous studies commend
the satellite dataset for its performance in estimating extreme rainfall; however, they mention likely
uncertainties, and thus the product’s algorithms need further improvement (Cui et al., 2020; Omranian et
al., 2018).

The TC is a dynamic system with a unique rainfall structure; therefore, it was essential to know the location
of the convective region and how precipitation was distributed over the study area. TS Erika precipitation
was mainly south of the track; now, the rainfall magnitude was not reducing with increasing distance from
the TC center but rather from the location of the heaviest rainfall. For instance, some sites of lower rainfall
accumulation and maximum intensities, especially in the north of the study area, were closer to the storm
track than some pixels in the east that experienced the highest rainfall (Figure 4-2). There were two spatially
distinct sites (both over the ocean) that received enormous precipitation. A likely explanation is that the
storm was In motion, for as long as it reached an area with favourable conditions (Evans, 2017), it was

capable of intensifying and causing heavy rainfall to areas within its path.

The observed differences in the characteristics of the rainfall time series for individual pixels were attributed
to the dynamics in the motion of the TC eye and the TC intensity. The multiple peak characteristics were
likely influenced by the moment of the increased TC intensity just before the eye hit Guadeloupe. Depending
on a pixel’s location from the position of the TC eye, it was possible to experience single-peaked or multiple
peaked precipitations. The findings of the rainfall characteristics were essential considerations for
categorizing the pixels in the clustering analysis. In addition, since rainfall extremes could be experienced
anywhere in the study area, knowledge of the timing and location of the varying rainfall severity is crucial to
better prepare for likely future occurrences.
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Specific objective 2: To perform spatial-temporal clustering of the TC rainfall time series to categorize the
rainfall characteristics.

The choice of the clustering algorithm was based on literature; also, due to time constraints, the research
was not focused on comparing the performance of the different clustering algorithms. Therefore, the
decision to use K-means may have been biased; however, previous studies, as detailed in section 2.5,
commend the algorithm’s high performance for rainfall time-series clustering. Additionally, the high values
obtained for the BSS/TSS ratio used to assess the clustering quality gave the confidence that the algorithm
detected the distinct rainfall behaviour and output quality clusters. While the main interest was in the
temporal distribution of the rainfall, the research investigated the spatial aspect to illustrate the differences
in the rainfall timing while the storm was in motion. Indeed, the time at which different locations received
rainfall varied as the storm progressed westward. The rainfall timing followed the eye movement, and some

pixels received rainfall earlier because they were closer to the eye as it moved westward.

The temporal clustering revealed the temporal distribution of TS Erika’s rainfall, i.e., reducing magnitudes
as the distance from the location of the heaviest rain increased. The two storm extremes were delineated,
and while they were spatially distinct, the clustering recognized the similarities in their temporal distribution.
The extreme cluster has rainfall magnitudes that have not been measured before in Dominica (Jetten, 2016);
even so, this finding is justifiable because none of these pixels hit the island. The temporal clustering showed

that the heaviest rain fell over the ocean.

Since the precipitation of the cluster representative signals would later be used to run the flood model, the
rainfall information before the starting threshold gave an insight into how to initialize the model (the initial
soil moisture content, ksat). The antecedent rainfall (whether TC related or not) makes the catchment wetter,
decreases the storage capacity, eventually inducing runoff water. Thus, thresholds to determine the start of
the TC rainfall proved useful to removing the antecedent rainfall that is not TC-related. However, caution
was taken to ensure that the storm’s essential starting timesteps were not discarded to avoid introducing
missing information in the data. For this reason, different starting points were tested before deciding to use
10mm/hr. Despite this, however, some storm information was likely excluded and considered non-TC
rainfall. An option not to regulate the storm’s ending intensity and period was taken to compensate for the
likely excluded information of when the storm started; only that, this choice could have influenced the
duration. Additionally, some pixels received antecedent rainfall higher than the selected threshold (see Figure
4-10a); these pixels eventually affected the period of the final rainfall dataset. It is possible to identify these
pixels by conducting further detailed analysis; however, it was not done in this study. Implying that
practitioners interested in the rainfall dataset’s duration dimension need to be careful unless this limitation

is corrected.

The optimal number of clusters was critical to the research approach because the rainfall characteristics were
classified based on the selected K value. Pixels of the temporal clusters resulting from the five optimal
clusters determined with the elbow method were redistributed when the value of K was reduced. Implying
that there was a redundancy when using K=5; nevertheless, it was an arbitrary value read based on the
visualization of the smooth elbow graph (see Figure 4-4b). The reduction of the K value shows that the
temporal distribution of TC rainfall characteristics does not have defined boundaries, as some pixels moved
from one cluster to another. This is not surprising because the TC system’s dynamics cause an uneven

distribution of the maximum rainfall intensities and total volumes.
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The decision on the cluster representative signal was not based on the rainfall realization of just one pixel
in a cluster but on quantiles. Considering that GPM-IMERG is not validated on a pixel-by-pixel basis but
rather using spatial averages (Maranan et al., 2020), the research derived the cluster representative signal
using timestep quantiles computed from the rainfall time series of all pixels in a given cluster. The rainfall
signals for QO0, Q1, Q4, and Q5 were not selected because these were likely few pixels probably located on
the cluster boundary (remember, the cluster boundaries were unstable and observed to change at a reduced
Kvalue). Instead, the timestep quantiles at Q2 (0.5), Q3 (0.75), and Mean were selected because these signals

comprised more pixels and were more realistic regarding the cluster temporal statistics.

Representative signals for the temporal clusters (T'1, T3, T4) resulting from K=5 have shapes comparable
to those of design storms (single peaked curve with a big volume, see Appendix 7). However, one cluster
deviated from this shape; T'5 has multiple peaks suggesting that with the temporal clustering, it was possible
to discriminate pixels with single-peaked rainfall and numerous peaks. Thus, the findings of the temporal
clustering show that the different temporal behaviours of the TC rainfall indeed exist and should be
considered when building a rainfall dataset specific to tropical cyclones. However, reducing the K value to
optimize the derivation of cluster representative signals dissolved the multiple peaked behaviours of the
rainfall. Therefore, introducing a limitation for which a definite conclusion is yet to be drawn about the

optimal number of clusters that reveal the TC rainfall distinct temporal behaviours.

Specific objective 3: To evaluate the tropical cyclone associate rainfall dataset by simulating the flood response using
a flood characteristics prediction model.

The flood modelling was used to evaluate the cluster representative signals and see if they had distinct flood
characteristics for purposes of flood hazard assessment. The openLISEM model was already set up; only
the precipitation input was changing (Serere, 2020). The rainfall was assumed to be homogeneous across
the 34km? catchment, meaning that the effect of spatial variability was not investigated. The catchment was
smaller than a grid cell of the GPM-IMERG dataset (0.1° X 0.1° spatial resolution). The catchment’s
landscape with steep slopes and narrow valleys determined a lot of the flood response because only the
coastal plain is flatter, and that is where water can more spread out. More rainfall may not mean more

extensive flooding for such a catchment because more water is also discharged into the ocean.

The catchment terrain may have influenced the similarity of flood response for some of the representative
signals resulting from K=5. For example, while rainfall signals from T5 had a different shape, their output
flood characteristics were compatable to those of some signals, mainly in T3 and T4. It is not surprising
because, for this catchment, that rainfall shape is less important, as a strong link exists between rainfall
amount, maximum rainfall intensity, and the magnitude of the flood hazard. However, the flood response

might be different for catchments where there is more space for the water to spread.

The similar reaction of the model to clusters labelled as different when using K=5 suggested a redundancy
in the cluster signals. It was speculated that the number of optimal clusters was likely related to the
catchment geomorphology, and differences in flood response might appear for reduced optimal clusters.
Since the rainfall signal at 75% quantile gave the most significant flood magnitude for all the clusters
resulting from K=5, a decision was made to only use this signal to run the flood model during the
optimization approach (see Figure 3-3). Cristiano et al. ’s (2018) found that the threshold at the upper
quantile (75%) was more representative of a cluster’s hydrological response; they used this threshold to

represent cluster flood generating precipitation.
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The optimization procedure was such that if the flood response was distinct for each cluster representative
signal (in this case, the 75% quantile), no more iterations were conducted. Different flood responses were
indeed observed for both cases of reducing the K value; however, the quantified flood statistics were higher
for K=4, and therefore selected as the Final Tropical Cyclone Associate Rainfall Dataset.

Conclusions

Instead of deriving a design storm from long-term temporal data on one location, the method developed
here has the advantage that it is based on all available rainfall data for all pixels in the study area. Therefore,
the method does not depend on short and potentially bad datasets from ground measurement or IDF curves

that are borrowed from other regions.

The final TC associate rainfall dataset can be assigned a known probability to be used for flood hazard
assessment in Dominica. However, the known probability is a choice of stakeholders/end users as some of
them base their disaster prevention and mitigation measures on station-based 24h rainfall return periods.

For instance, the Caribbean Catastrophe Risk Insurance Facility (https://www.ccrif.org/) determines

insurance based on 5,10,15, and 20-year return periods and uses ground-based rainfall. Therefore, the
probability assigned to the TC associate rainfall dataset must be linked to existing values to ensure that

methodology does not deviate from what the stakeholders experience.

The developed approach has been tested on only one TC (TS Erika); however, other TCs may give different
values. Nevertheless, GPM-IMERG is a rich dataset of 20 years of spatial data (Tan & Huffman, 2019) over
dozens of tropical cyclones, implying a large scope for further investigation. The research approach is not
limited to Dominica; the island was used as a proof of concept; therefore, the method can be tested and
applied in other TC-prone zones.

The TC associate rainfall dataset also revealed that TC rainfall has different levels of magnitude and as a
result, the flooding suffered in a location depends on the part of the storm that hits the area. The TC is a
dynamic system; therefore, planners and responders need to prepare for all levels of flood likelihood.
Dominica’s actors and stakeholders in disaster risk reduction can use the rainfall dataset to make informed
decisions on investments to mitigate damages from flooding. Furthermore, investigating TC rainfall patterns
provides valuable insight for impact-based forecasting to prompt actions to minimize the likely damages
before the disaster hits. The rainfall dataset is useful for early warning because the storm brings heavy rainfall
to different locations at varying times; therefore, citizens can be alerted beforehand on what time to expect

the torrential rains.
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RECOMMENDATIONS

Some of the research’s key findings were:

Existence of different temporal behaviours (with varying magnitudes) in the rainfall if the same
tropical cyclone system.

The practicality of time series clustering to classify the different temporal behaviours of tropical
cyclone rainfall.

Effectiveness of thresholds to align rainfall time series of spatially distinct pixels with similar

temporal behaviour.

However, there were some limitations:

A definite conclusion cannot be made based on the analysis of only one tropical cyclone. It is not
representative of the hundreds of the TCs that have devastated the Caribbean islands.

Some choices, such as the optimization process, were based on expert judgment; further
development is needed towards objective approaches.

The time dimension of the final rainfall dataset was influenced by pixels that received high-intensity
antecedent rainfall and the use of thresholds to determine the beginning of the TC rainfall.

Uncertainty in the suitable number of optimal clusters to categorize the temporal characteristics of
the T'C rainfall.

Therefore, there is still room for the potential development of this work. Below are some of the

recommendations for future researchers:

The current research analyzed what rainfall was happening in the island’s vicinity. However, not all
the output signals of the TC associate dataset likely have a probability experienced on the island,;
there is still a gap in deriving the island’s statistical values. Furthermore, since each tropical cyclone
is different, different magnitudes are likely to be experienced on the island as the storm is in motion.
A TC behaves differently over larger landmasses than over small islands, which likely affects the
clustering and resulting design event shapes and magnitude. Therefore, further investigation of
more TCs as they make landfall is advisable. Also, different types of catchments may influence the
flooding result.

The clustering analysis is a critical step in the procedure of categorizing the TC rainfall. How would
the K value change when exploring multiple TCs? Also, is it likely that another clustering algorithm
would output a better clustering of the rainfall data than K-means?

The research aimed to generate a distinct rainfall for a tropical cyclone; however, this dataset should
be linked to a return period for purposes of flood hazard analysis. Further research should focus
on assigning this probability; should it be for the individual signals from the dataset or the whole
storm? Key stakeholders/users need to be consulted when assigning the probability.

It is unknown if the output rainfall dataset is applicable for the whole island or limited to the
catchment. Further research can use the same method but explore different catchments in
Dominica.

TS Erika was generally a straight mover, and the location of the convective region did not change;
it remained south of the storm for the whole period of the storm. However, looping tropical

cyclones such as Hurricane Ivan (Stewart, 2011) may cause the convective region to shift with the
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storm dynamics. Future research should therefore consider how rainfall is distributed for TCs that

change course.
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APPENDICES

Appendix 1: Time Series Plots for the Spatial Clusters
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Appendix 2: Time Series Plots for the Temporal Clusters T1, T3, T4, and T5 resulting from using K=5
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CLUSTER T3

A.

Appendix 3: Plots of Time Step Quantiles Series for T3, T4, and T5 at varying Starting Thresholds. (Temporal Clusters
a) Threshold >

result from using K=5)
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Appendix 4: Statistics Computed of Time Step Quantiles Series for T3, T4, and T5 at varying Starting Thresholds.
(Temporal Clusters result from using K=5)

T3
Statistics Q0 | Q1 Q2 Q3 Q4 Q5 Mean
Accumulation (mm) 0.0 3.8 57.7 | 543.1 | 1157.8 | 2450.1 | 344.2
Original Maximum Intensity (mm/hr) | 0.0 0.8 9.0 512 | 725 120.0 | 23.6
Data Period (Hours) 0.0 12.0 | 250 |40.5 |53.0 72.0 72.0
Accumulation (mm) 1.0 11.5 | 103.9 | 446.6 | 1096.2 | 3155.7 | 341.8
Threshold . .
>=1 Maximum Intensity (mm/hr) | 2.0 2.2 16.8 | 50.2 | 69.8 120.0 | 24.3
=1 mm
Period (Hours) 0.5 16.5 |19.5 | 265 |355 50.0 50.0
Accumulation (mm) 2.5 1123 | 277.3 | 4404 | 618.2 | 2592.8 | 338.2
Threshold ) ]
. Maximum Intensity (mm/ht) | 5.0 23.6 | 46.8 | 061.6 75.4 120.0 | 41.1
=2.5 mm
Period (Hours) 0.5 140 | 160 | 185 | 250 46.0 38.5
Accumulation (mm) 5.0 155.5 | 307.1 | 440.0 | 587.0 | 2397.6 | 334.6
Threshold ) ]
oz Maximum Intensity (mm/hr) | 10.0 | 29.2 | 50.2 | 63.8 | 75.8 120.0 | 45.4
=5 mm
Period (Hours) 0.5 140 | 155 |[17.5 | 235 46.0 37.0
Accumulation (mm) 10.3 | 186.6 | 314.4 | 431.1 | 563.6 1803.0 | 328.0
Threshold ) ]
>=10 Maximum Intensity (mm/ht) | 20.0 | 37.0 | 54.8 | 64.8 79.6 120.0 | 51.2
=10 mm
Period (Hours) 1.0 13.0 | 150 |[17.0 | 220 46.0 36.0
T4
Statistics Q0 | Q1 Q2 Q3 Q4 Q5 Mean
Accumulation (mm) 0.0 8.1 45.1 172.2 | 510.8 | 1871.5 | 167.5
Original Maximum Intensity (mm/hr) | 0.0 1.6 3.8 153 | 54.0 111.0 | 11.2
Data Period (Hours) 0.0 135 1250 [295 |470 70.0 72.0
Accumulation (mm) 1.0 6.4 472 | 168.2 | 4764 | 2248.7 | 165.1
Threshold ) .
o= Maximum Intensity (mm/hr) | 2.0 2.2 5.6 24.6 44.3 111.0 15.0
=1mm
Period (Hours) 0.5 14.0 190 |285 |36.0 61.0 38.5
Accumulation (mm) 2.5 337 | 983 | 2125 | 3655 | 1647.5 | 160.6
Threshold ) .
S=2 8 Maximum Intensity (mm/hr) | 5.0 6.0 18.8 | 347 | 53.7 111.0 | 21.8
=2.5 mm
Period (Hours) 0.5 13.0 | 160 |22.0 |27.0 55.5 33.0
Accumulation (mm) 5.0 424 | 107.6 | 209.9 | 3453 | 1484.4 | 155.9
Threshold ) .
>=5 Maximum Intensity (mm/hr) | 10.0 | 13.4 |20.2 | 389 | 552 111.0 | 24.8
=5 mm
Period (Hours) 0.5 13.0 | 145 |20.5 | 235 44.5 215
Accumulation (mm) 0.0 50.9 | 1069 | 201.6 | 313.7 | 1189.7 | 146.3
Threshold . .
>=10 Maximum Intensity (mm/hr) | 0.0 243 | 31.6 | 428 59.8 111.0 | 34.4
=10 mm
Period (Hours) 0.0 11.0 | 140 | 165 |215 60.0 37.5
T5
Statistics Qo0 Q1 Q2 Q3 Q4 Q5 Mean
Accumulation (mm) 10.9 | 60.5 | 168.1 | 4121 | 931.8 | 1977.7 | 331.4
Original Maximum Intensity (mm/ht) | 1.8 6.8 40.6 67.6 99.3 120.0 | 35.2
Data Period (Hours) 12.0 | 20.0 | 225 |285 |46.0 72.0 72.0
Threshold | Accumulation (mm) 7.1 46.7 | 122.2 | 466.5 | 957.4 | 2197.8 | 329.7
>=1 mm Maximum Intensity (mm/hr) | 2.0 4.6 184 | 492 |90.1 120.0 | 273
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Period (Hours) 18.0 | 195 | 245 |255 30.0 50.0 49.5
Accumulation (mm) 3.7 65.3 135.3 | 426.1 | 929.1 2037.8 | 325.6
Threshold : .
>=25 Maximum Intensity (mm/hr) | 5.0 7.4 17.0 | 41.8 921 120.0 | 27.2
=2.5 mm
Period (Hours) 13.0 | 18.0 19.0 | 24.5 25.5 47.5 47.5
Accumulation (mm) 10.7 | 71.1 159.7 | 427.3 | 834.9 1969.2 | 317.7
Threshold . .
oz Maximum Intensity (mm/hr) | 10.0 | 124 | 24.6 | 61.6 94.5 120.0 | 37.2
=5 mm
Period (Hours) 12.0 | 165 | 18.0 | 22.5 25.0 43.0 38.0
Accumulation (mm) 22.3 | 87.1 189.3 | 404.4 | 751.2 1606.8 | 304.5
Threshold . .
>=10 Maximum Intensity (mm/hr) | 20.0 | 22.8 | 45.8 | 73.8 95.9 120.0 | 48.8
=10 mm
Period (Hours) 9.0 14.5 17.0 18.0 24.0 41.5 37.5

Appendix 5: Cluster Representative Signals

A. Using temporal clusters resulting from K=4
Rainfall time series (left) and cumulative plots (right) of the selected cluster representative signals. T1, T3,

T4, and T5 plots are in rows 1, 2, 3, and 4, respectively.
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Discharge Hydrographs for the Representative Signals of the Clusters resulting from K=5

Cluster T1
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