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Abstract

As the severity of tropical cyclones (TCs) is likely to increase and the sea level
rises due to climate change, destructive storm surges are expected to be more
frequent. It becomes increasingly important to be able to forecast their impact.
The use of reliable storm surge models will be a valuable resource in the effort
to predict the consequences of a cyclone making landfall. Northern Australia,
situated near the southern tropical line, is subject to numerous TCs, formed in
warm waters. In this study we focus on the coastal area around the Great Barrier
Reef in northern Australia, which is also of special interest due to its bathymetry
and the seabed rugosity. We analyze through a set of simulations the case of
cyclone Yasi, a category 5 TC which hit this area in 2011. We use the 2D SLIM
(Second-generation Louvain-la-Neuve Ice-ocean Model) hydrodynamic model with
a wetting and drying setup to estimate the storm surge and coastal inundation
induced by cyclone Yasi. The results obtained show that SLIM performs well under
certain circumstances: the wind speed and atmospheric pressure profiles must be
constructed with a cyclone model such as Holland’s and the simulation mesh needs
to be sufficiently refined near the coast and along the cyclone track. As SLIM
might be used for large-scale modeling of storm surges, we highlight the interaction
between tide and storm surge. The model presents a few limitations but overall it
shows potential for future applications in storm surge modeling.
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Introduction

Extreme storms such as tropical cyclones, bring huge devastation in their aftermath.
The high wind speed, the heavy rains and the large storm surge provoke great
damage to infrastructure and lead to human losses. With global warming likely to
increase the proportion of severe cyclones (IPCC, 2021)), it becomes increasingly
important to be able to forecast their impact.

1.1 Tropical cyclones

Tropical cyclones (TCs), also known as typhoons or hurricanes depending on the
region, cause widespread destruction particularly in coastal and low-lying areas. A
storm surge can inundate vast areas, leading to catastrophic flooding. Combined
with winds exceeding 150 km/h and rainfall that can reach over 200 mm in a single
day, these factors make TCs some of the most devastating natural disasters.

TCs form under specific meteorological conditions. These are, in a simplified
explanation, the presence of large amounts of water (ocean) and this water being
warm enough, the breaking point is usually considered to be around +27°C (Gray,
1998)). Regions near the tropical lines, are regions that receive much heat from the
sun. Because of the spherical shape of the Earth and the incline of its rotation axis,
the angle of the incident radiation from the sun allows a greater heat accumulation
in these regions. Therefore the tropical regions are favorable for the genesis of a
cyclone (hence the name tropical cyclone). These cyclones have varying intensity,
and are often classified into 5 categories using the Saffir-Simpson scale, ranging
from 1 for the weakest TCs with wind speed between 119 km/h and 153 km/h, to
5 for which the wind speed is over 252 km/h (National Hurricane Center, NHC).
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Figure 1.1: Flooding cause by storm surge of Hurricane Katrina in New Orleans, Louisiana.
(Source: NOAA)

With the climate changing due to anthropogenic activities, the oceans are
warming. A higher sea surface temperature provides more energy for the storm to
gain strength. Cyclones forming over very warm waters (30°C or higher) are more
likely to intensify into categories 3 to 5 (IPCC, .

The wind from a cyclone is devastating, but for some cyclones, the biggest
threat is the water pushed by the wind as storm surge and the flooding caused by
rains. A storm surge is a response by the ocean to the meteorological conditions
and the bathymetry. The atmospheric pressure drop of the cyclone (in its eye)
applies an upward force on the water surface, while the winds pushes the water
inland. These two components, induce a large wave called storm surge. This
wave provokes inundations in the coastal areas. In Figure [I.I] we can see the large
flooding caused by Cyclone Katrina, one of the most destructive in the United
States, killing nearly 1400 people, in Louisiana, most of the deaths were due to the
large storm surge that reached a height of about 8 m in some locations (Knabb
et al., [2023). A schematic of the storm surge phenomenon is given in Figure
In addition, rising sea levels caused by melting ice caps amplify the threat posed
by cyclones. Higher sea levels lead to more devastating storm surges and coastal
inundation, increasing the vulnerability of low-lying regions to extreme flooding

events (IPCC, 2021)).
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Figure 1.2: Schematic explanation of how a storm surge works. From the National Oceanic and
Atmospheric Administration (NOAA).

1.2 Australia and the Great Barrier Reef

Due to its location, near the southern tropic line, northern Australia is strongly
subject to cyclones. Historical records show numerous occurrences of TCs in the
north of Australia, as illustrated in Figure When looking at the population
density in Australia, shown in Figure [1.4] we observe that the east coast is the most
populated region. Thus, combining the fact that the TCs occur on the northern side
of Australia with the high population density on the east coast, we find it natural
to make this our study area. We focus on the area of the Great Barrier Reef (GBR)
situated in northeastern Australia (although less populated than the southeast area).

The Great Barrier Reef (GBR) is known for its remarkable variety of species,
and is a unique ecosystem. However, in the case of storm surge modeling the
interesting specific features of the GBR are its bathymetry (Figure and the
seabed rugosity (Delandmeter et al., Lambrechts et al., 2008).

Queensland, the region on the coast next to the GBR, has been struck by
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Figure 1.3: Map of past tropical cyclones tracks from The Australian Bureau of Meteorology
from 1999 to 2023 Australian Bureau of Meteorology (BoM), [2023

Figure 1.4: Density of the population in Australia in 2022 (Commonwealth of Australia (Geoscience
Australia), 2021)).

several devastating cyclones in the past years. In February 2015, the severe cyclone
Marcia wreaked destruction over Queensland. Several population centers of the
region, including Rockhampton and Yeppoon, were flooded. Figure|l.6|gives a more
detailed route for the cyclone. Nearly 2000 properties were damaged. According
to the Australian Institute for Disaster Resilience (AIDR), the Insurance Council
of Australia estimated insured damage to the figure of 403.6 million AUD, about
265 million USD (Australian Institute for Disaster Resilience, [2015). A few years
earlier, cyclone Yasi made landfall on the city of Cardwell, the track of the cyclone
is represented in Figure [I.7] In Cardwell a storm surge of 5 m was measured.
Figure [1.§ shows a local example of the damage such a surge can make. Yasi
caused the death of one person. Overall it generated approximately 3.6 billion
USD worth of damage, with the AIDR estimating insurance costs up to 1.41 billion
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Figure 1.5: Deepreef bathymetry (blue) and topography (brown to yellow) in the GBR, close-up
on the region around which Yasi made landfall, track of Yasi in Saffir-Simpson scale (Beaman,

Taylor et al., 2010).

USD (Australian Institute for Disaster Resilience, 2011; Government, [2012)). This
highlights again the importance of modeling storm surges and impacts of cyclones,
for authorities, risk managers, insurers and scientists with in interest in coastal
regions.

1.3 Storm surge modeling

Storm surge modeling is an efficient and necessary tool to study and forecast
the behavior of coastal flooding caused by tropical cyclones. Storm surge models
simulate the ocean’s response to a storm. They provide information on predicted
water levels with the aim to locate possible inundated areas.

The results from such models can be used in three ways. First for a deter-
ministic approach, where a single cyclone is modeled and the simulated storm
surge for that cyclone is obtained. Then for a probabilistic approach, we run
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Figure 1.6: Track of the Trop- Figure 1.7: Track of the Trop- Figure 1.8: Jetty broken in
ical Cyclone Marcia (2015) ical Cyclone Yasi (2011) from Cardwell (Source: DSITIA).
from the Bureau of Meteorol- the Bureau of Meteorology

ogy (BOM). (BOM).

simulations for a large set of cyclones, and statistically analyze the results of the
simulations, to find the probability of surge height at different locations. Then for
more advanced results the model can be used to form an ensemble prediction, by
running 100 to 1000 simulations with different (existing and simulated) cyclones,
using a cyclone genesis prediction as in Arthur, . These simulations allow for
finding the maximal water height possible at each location, thus being very use-
ful for risk managers (National Oceanic and Atmospheric Administration, .

Several different storm surge models exist. From these we can cite SLOSH (the
Sea, Lake, and Overland Surges from Hurricanes) using a finite difference method,
and the ADCIRC model (ADvanced CIRCulation) that is more sophisticated as
it uses an unstructured grid (CIRCulation, Jelesnianski et al., [1992).
The SLOSH model is used by the NOAA for their forecasting (National Oceanic
and Atmospheric Administration, (NOAA)).

In this research we are going to use SLIM (Second-generation Louvain-la-Neuve
Ice-ocean Model - https://www.slim-ocean.be/). SLIM uses the Discontinuous
Galerkin finite element method, providing it a high precision. This model was
validated for several uses, including larvae dispersal, coral connectivity analysis,
tracing pollutants and sediments (Faryuni et al., ; Figueiredo et al., ;
Sterckx et al., ; Wolanski et al., . It has however not been validated for

storm surge modeling.


https://www.slim-ocean.be/
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1.4 Objectives

The main goal of this project is to analyze if SLIM performs well as a storm
surge model, as it has not been validated for such use. To do this, we use
a deterministic approach to analyze the case of cyclone Yasi through a set of
simulations, searching for the best wind profile option and we will also test the
model for different mesh resolutions to investigate how the coarsening of the
mesh impacts the model’s results in terms of storm surge and size of inundated areas.

As in the future we might explore the use of SLIM for a probabilistic approach
or an ensemble approach, with the aim to build risk maps of the GBR area, we also
investigate the interaction between the tidal cycle and the storm surge.

In our model we will use SLIM with a wetting and drying method, to model
the hydrodynamics of the ocean. For the cyclone dynamics we are going to test
our model with the Holland’s (Holland, 1980) model for tropical cyclones. Our
model will cover an area centered around the track of cyclone Yasi and will cover
both land and ocean. All of these steps and methods will be covered thoroughly.
After the presentation of the simulations results, we will discuss their implications
in relation to the objectives mentioned above.
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Materials and methods

The main objective of the project is, as mentioned before, to find out how our
model simulates flooding due to storm surge. In this chapter, we will explore the
methods used to achieve these results and the different tools that we are going to use.

All simulations will be made using SLIM, a multiscale model of the land-sea
continuum. SLIM is composed of many branches, such as SLIM1D, used to compute
flows in rivers, SLIM2D, used in studies of shallow barotropic flows (flows that have
parallel pressure and density gradients) and SLIM3D, which is computationally
more expensive and may be used for more complex situations where the vertical
aspects of the flow cannot be neglected. SLIM also offers a variety of features, such
as a Langragian particle tracker (for larvae or debris tracking) and an Eulerian
transport model (for tracers dynamics such as pollutants and sediments). In this
case, we are going to use SLIM2D, with a wetting and drying setup, which allows
us to simulate the flows over areas where there is no water initially. This is of
course mandatory in our case since we study inundation.

2.1 SLIM2D

SLIM2D is sufficient due to the limited depth of the area between the Queensland
coastline and the Great Barrier Reef, which is why we will not use SLIM3D.
We briefly cover the hydrodynamic equations that will be the main point of the
calculations, present a special functioning mode of the model relevant to our case,
and then cover the numerical aspects of the resolution and the forcing data that
we insert into the model.
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2.1.1 Hydrodynamic model equations

The governing equations of the flow in this case are the shallow water equations.
They are derived by depth-averaging the Navier-Stokes equations using the following
steps and assumptions (Lambrechts et al., |2008, Gourgue et al., 2013 ):

o Incompressibility of the flow,
» Hydrostatic balance of the pressure,
« Vertical homogeneity.

The resulting 2D equations read:

on

_i_Y?. Hu) =0 2.1
7—|—u-(vu)—|—1k><u_—— V —*Cpa ;(H (;u)) ( )
B agvnmn tm 2l v H :

In the shallow water equations, we define the following variables and parameters.
The time is denoted by ¢ [s]. The reference height of the water column, also
referred to as the bathymetry, is h [m]. Above this reference height, the water
surface elevation is represented by n [m]. The actual water depth H [m] is given by
H = n+ h. The horizontal velocity vector u = (u,v) [m s™!] provides the eastward
(u) and northward (v) components. The Coriolis parameter f [s7!] is expressed
as f = 2wsin(¢), with w [rad s~'] denoting the Earth’s angular velocity and ¢
the latitude [rad]. We let k be the upward unit vector, while g [m s~2] represents
the gravitational acceleration. The parameter v [m?s™!] is the horizontal eddy
viscosity computed with the Smagorinsky parametrization (Smagorinsky, 1963).
p [kgm™3] denotes the density of water. pus, [Pa] is the atmospheric pressure at
the water surface. The surface stress vector 75 [N m™2] will be explained in detail
later in this chapter. The bottom stress vector 7° [N m~2] is computed with the
Chézy-Manning-Strickler formula which reads:

ulu|
™ = pgn’ /3

Where n is the Manning coefficient, We have three different values for this coeffi-
cient, we use 0.025 in the sea considering a sandy seabed, we multiply this by 3.16
over reefs (Delandmeter et al., 2017)), and on land we consider short grass which
has an estimated Manning coefficient of 0.022 (Arcement and Schneider, 1990).

(2.3)

The model equations are solved numerically, therefore the variables needs to be
discretized. On the one hand, we have a temporal discretization with an explicit

9
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numerical integration scheme. On the other hand we have a spatial discretization,
the domain is spatially divided in small triangles, and together they form a mesh.
The mesh has an important role in the precision of the results. If it is too coarse, the
computation will be fast but the result may lose some precision, on the other hand

if it is too fine, it may lead to unnecessary long computation times (Saint-Amand
et al., 2023).

2.1.2 Wetting and drying

These equations work fine for most cases but they have a liability in the regions
where the water depth H is 0 or almost 0. This induces a division by 0 in the right
term of equation 2.2} This is crucial for our application since we want to compute
the arrival of the flow on the land, i.e. from a region with positive topography
without water to a region that is submerged by the water. To solve this problem,
SLIM2D can be used with a wetting and drying method. There are a few different
types of methods that can be used to deal with this issue Gourgue et al., 2009
Ortleb et al., 2022, In this case, the method allows us to use the same conditions
as if we were using the regular hydrodynamic equations and this without causing
stability perturbations, by always maintaining a minimal water level Hy;,, we im-
pose on each element.

In this case the temporal scheme obey the following equation:
Urtt = U™ + AtM—'F(U™) (2.4)
with M the mass matrix and F' is the flux. Equation is:
"t ="+ AtMTUF (7, @) (2.5)

The wetting and drying method used for this project undergoes four steps
(Randresihaja et al., [2025)). First it computes the flux leaving the element F*'.
Then if an excessive amount of water leaves the triangle, a limiting coefficient is
computed to reduce the flux, this coefficient is parametrized so that H > Hy;,,
on average on the triangle. Then it computes all the fluxes with that limiting
coefficient, and finally it verifies that H > Hy;,,, on each vertex of the element. If a
vertex doesn’t fulfill that condition, another limiter is applied to redistribute the
mass within the element.

2.1.3 Domain and meshing

The geographical domain defined for the simulations in this project is presented in
Figure [2.1] The region is centered around the track of TC Yasi given by the Joint

10
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Figure 2.1: Simulation domain boundaries (purple) with Yasi track (green) and reefs inside (pink)
and reefs outside of the domain (lighter pink) (OpenStreetMap Contributors, [2024)).

Typhoon Warning Center (JTWC), 2023, in green, and delimited by the purple
line, the boundary of the domain. We have what we consider open boundaries that
are allowed to receive forcings such as currents. These are the boundaries in the
ocean (straight lines in the figure). We also have the closed boundary that is on
land and therefore isn’t allowed to give or receive any forcing. The closed boundary
is chosen by taking the SRTM30 (Shuttle Radar Topography Mission from NASA)
Digital Elevation Model (DEM) with the Opentopography API, (NASA, 2000;
OpenTopography, 2024). We then transform the raw DEM into iso-lines using
the contour function built in QGIS, and we keep the line for which the elevation
is equal to 20 m, providing us a delimiting line for the closed boundary (QGIS
Development Team, 2024)). The land area between the boundary and the coastline
varies significantly. In areas where the coastline is steep, such as in the presence of
cliffs, this land area tends to be much narrower. In areas with less steep coastline,
the land area between the boundary and the coast tends to be larger. Reefs are
represented inside (pink) and outside (lighter pink) the domain. The reefs are
elements that will be used to parametrize a higher Manning coefficient and they
are also used as refining points for the mesh. The domain is about 400 km long
and 250 km wide.

The mesh is built using the seamsh python package, which is a python interface
for the software GMSH developed at UCLouvain (Geuzaine and Remacle, [2009),

11
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7500 m

Figure 2.2: Main mesh used in most simulations, refined around the track, on land, near the
coast and the reefs, 3 millions triangles, sizes ranging from 100 m to 15 km. The city of Cardwell
is shown as the purple star.

by giving it a shapefile with domain boundaries tagged as "closed" or "open". The
mesh is unstructured, which means it allows for different size of elements. This is
very useful in our case, since we want a good resolution near the coast and on land,
but we can allow a coarser resolution in the sea far from land (Legrand et al., ,

2007; Pietrzak et al., 2005).

When creating our mesh we refine it along three main components, the track of
Yasi, the reefs and the coastal region, on land and in the sea near the land. For our
main computations we will use one principal mesh, which is very fine, consisting
of 3-10° triangles. Their nominal size ranges from 100 m near the coast, on land,
around reefs, up until a distance of 3 km from these regions, then gradually scaling
up to 15 km. Along the track, mesh elements have a minimal size of 250 m, in an
area of 50 km around the track, then also scaling up to 15 km further away. This
"base" mesh is shown in figure 2.2

To answer our questions from the end of chapter 1, we also have a series of other
meshes, that are coarser. We can observe these in figure [2.3 These meshes have
a minimal element size of 2000 m (top left), 1000 m (top right), 500 m (bottom
left) and 100 m (bottom right). They are all refined along the track except for the
last one (bottom right), which is intentionally left unrefined to investigate whether
such refinement is necessary.

12
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— (d) Minimal element size 100 m. Not refined
(c¢) Minimal element size 500 m. along track.

Figure 2.3: Meshes with different minimal nominal sizes, domain is the same as in Figure

The mesh size also rules the time steps for the computation, and thus has double
impact on the computation time. Once because increasing the number of triangles
increases the number of equations the computer solves, a second time because
a smaller element requires a shorter time step. This is because we respect the
Courant—Friedrichs-Lewy (CFL) condition for numerical analysis. It is a stability
criterion used in numerical simulations to ensure that the time step (At) is small
enough for the simulation to remain stable (Courant et al., |[1967).

13
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2.1.4 System inputs

In order to achieve accurate results, we rely on several important inputs, including
bathymetry, tides and currents, and wind speed and atmospheric pressure. Each of
these plays a key role in the quality of the simulations, which is why we selected
data sources that provide the highest possible precision. The water depth is a
particularly critical parameter, especially when dealing with shallow areas such
as the Great Barrier Reef (GBR). There are two bathymetry sources that are
suitable for our situation: the General Bathymetric Chart of the Oceans (GEBCO)
database, a global database with a resolution of 15 arc seconds, approximately
440 m in Queensland, (GEBCO Bathymetric Compilation Group, , and the
Deepreef dataset described by Beaman, [2010, which is specific for Australia and
has a resolution of 100 m. These two datasets are shown in Figure 2.4, we observe
that they are similar. The colorbars are limited at -300 m and 100 m for visibility
of the interesting data, the low coast and the shallow waters in the GBR. We
need a closer look to show the differences near the coast, where the precision of
bathymetry is the most important.

GEBCO Deepreef

-17.0

Latitude
KA
N
w

|
-
I
o

-18.5

-19.0

146.0 146.5 147.0 147.5 148.0 148.5 149.0 1455 146.0 146.5 147.0 147.5 148.0 148.5 149.0
Longitude Longitude

|
[-2159.9, -300.0] -250.0 -200.0 -150.0 -100.0 -50.0 0.0
Bathymetry [m]
[

0.0 20.0 40.0 60.0 80.0 [100.0, 1531.5]
Topography [m]

Figure 2.4: Bathymetry and topography from GEBCO (left) and Deepreef (right) in [m]. On
the studied region, from 145.3°F to 149.1° E longitude and 19.4°S to 15.7°S latitude. Land is in
yellow to brown shades and the sea in shades of blue.

In Figure we see that the coast is smoothed when we look at GEBCO (left)

14
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GEBCO Deepreef GEBCO - Deepreef
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Figure 2.5: Close-up of bathymetry and topography from GEBCO (left) and Deepreef (middle)
and the difference between both (right) in [m] on coastal region near the city of Cardwell, from
145.9°F to 146.1°F longitude and 17.8°5 to 18.0°S latitude. Land is in yellow to brown shades
and the sea in shades of blue. The differences show a higher data from Deepreef in blue and a
higher data from GEBCO in red.

Figure 2.6: Map of the study area from 145.9°F to 146.1°F longitude and 17.8°S to 18.0°S
latitude. From OpenStreetMap under the ODbL license, (OpenStreetMap Contributors, [2024]).

data as opposed to Deepreef (middle). We also observe areas of inconsistency, such
as a dry zone north of Hinchinbrook Island in the GEBCO dataset, that do not
appear on other maps, such as OpenStreetMaps (OpenStreetMap Contributors,
2024) nor on the data from Deepreef (see Figure . On the right plot we show
the bathymetry from GEBCO minus that of Deepreef, showing again that the
differences lie in the coast which is the most important area in our case since it is the
one becoming inundated. We can also see some differences in the higher altitudes,
but this isn’t relevant to our use of the data. Due to these inconsistencies and the
generally coarser resolution of the GEBCO data, we chose Deepreef as source for

15
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the bathymetry (and topography) throughout this project. The bathymetry we use
is then projected on the mesh which reduces slightly the bathymetry quality. The
bathymetry is smoothed to avoid large bathymetry gradients to enhance stability
of the simulation.

On the open boundaries of our domain, we force the water elevation and cur-
rents. We retrieve these forcings from the Bluelink ReANalysis (BRAN) model
from the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
(Chamberlain et al., [2021]). These are provided daily with a spatial resolution of
0.1°, which equals 10 km. To reflect tidal variability and thus increase the accuracy
of the model, we add tidal data from TPXO9 that has a spatial resolution of 1/30°,
which is around 3.5 km in the latitudes of our domain (Egbert and Erofeeva, [2002).

As for the atmospheric data, the atmospheric pressure and the wind speed,
which are the main drivers of storm surge, we employ the Era5 reanalysis data model
(Hersbach et al., 2023)). It is hourly and has a resolution of 0.25°, approximately 28
km in our latitudes. Another source for the wind speed is eReefs which provides the
data with a better resolution, of 400 m (Steven et al., [2019). To grasp the precision
of these models, we want to match the data they give to real-life measurements.
Unfortunately, we don’t have any wind speed and pressure measurement station
near and active during the passage of cyclone Yasi. We thus need to widen the
search region for stations. A good compromise of station location relative to cyclone
track and data availability and quality is the measurement station of Lizard Island
Relay Pole during the passage of Cyclone Ita in 2014 Australian Institute of Marine
Science (AIMS), [2020. Ita was a tropical cyclone of category 5 that hit Queensland
on the April 11, 2014, which had wind gusts up to 300 km/h (Australian Bureau
of Meteorology (BoM), [2023). Figure [2.7| shows what the above mentioned models
give during the passage of Cyclone Ita and the station measurements. For this we
used a new domain, with the coast centered at the place Ita hit land. The meshing
and domain properties are not important in this case as it is mainly used to show
the different wind forcings.

In Figure the pressure (top) is the same for eReefs and Erab, as eReefs
doesn’t provide atmospheric pressure information. The pressure in the models is
not close to the actual observed pressure. The pressure drop is in reality much
larger than what we have using the data models. Looking at the wind speed, we
see that the observations (here "raw observations") have a high variability, the
measurements where ranked "poor" during the cyclone hit on the station, April 11
at 11AM. However this still provides a good estimate of the conditions at that time.
The wind speed from Erab and eReefs are also quite far from the observations.
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Figure 2.7: Atmospheric pressure (top) and wind speed (bottom) at the location of Lizard Island
Relay Pole, coordinates (14.691°5, 145.466° F). eReefs and Erab data sets are in blue and yellow
respectively, observations are in black.

Erab even considers an intriguingly low wind speed when it is supposed to be at
its peak according to measurements.
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Figure 2.8: eReefs (left) and Era5 (right) data for atmospheric pressure over the domain in [hPal],
the location of Lizard Island Relay Pole, coordinates (14.692°S,145.466°F), is specified as the
purple star, displayed data is of the 11/04/2014 at 11:00.

Figures [2.8 and [2.9] display the pressure and wind speed on the specially crafted
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Figure 2.9: eReefs (left) and Era5 (right) data for wind speed over the domain in [m/s], the
location of Lizard Island Relay Pole, coordinates (14.691°S,145.466° ), is specified as the purple
star, displayed data is of the 11/04/2014 at 11:00.

simulation domain for this cyclone for these two data sources at the time when the
cyclone is closest to the Relay Pole (purple star on the map). We observe again
the same profile for eReefs and Erab as explained above. However the wind speed
profiles look fairly different, they even locate the cyclone in different places. We
cannot really rely on these data models on their own to capture the full strength,
size and position of the cyclone. Since extreme conditions seem to be poorly
captured by these models we introduce a specific model for cyclones to improve
the quality of the wind forcings.

2.2 Holland’s model and tropical cyclones

To improve the quality of the wind speed and atmospheric pressure forcings and
thus of the simulation, we introduce a model for the pressure and wind profile
of the cyclone. We chose Holland’s model for tropical cyclones because of its
simplicity, it only needs a few parameters and yet it is precise (Holland, Lin
and Chavas, . The only parameters it requires to compute the wind profile
and the pressure profile are the position of the eye i.e. the track of the cyclone, the
maximal wind speed of the cyclone, the radius of the cyclone for that speed, and
the pressure drop in the eye of the cyclone. These are all given in two available
databases that record cyclones (Australian Bureau of Meteorology (BoM), 2023
and Joint Typhoon Warning Center (JTWC), [2023).
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2.2.1 Holland’s model equations and validation

The model’s wind profile equation reads, (Lin and Chavas, 2012)):

1
R 2

V(r) = (R”L)BBAPe[( =)’ L fr

- I 2.
r p 4 2 (26)
VZ2ep + fVpyRunep
ith B=-" 2.
wi AP (2.7)

with R,,, the Radius of maximum wind, AP, the pressure deficit in the cyclone’s
center, e, the base of natural logarithms, p, the density of the air, and f, the
Coriolis parameter.

The pressure profile from the Holland’s model reads:

=

p(?’) = Pc + (pn - pc)e(T

sy

) (2.8)

with A, a scalar parameter, p., the pressure in the eye, p,, the ambient pressure
taken at a long distance from the cyclone.

Using this model we can build new wind speed and atmospheric pressure profiles
by combining them with Erab for periods before, after, and for the parts of the
domain that are far away from the cyclone track. We show these profiles and the
base datasets in Figure 2.10]

The model also shows better profiles at the Lizard Island Relay Pole as shown
in Figure 2.11] Looking at the pressure on the top graph, we observe the pressure
found using the track record of JTWC (green) to be very close to the observations.
We also observe a small drop in the red line (BOM). Overall in Figure 2.10] the track
from BOM builds a smaller cyclone, thus explaining the smaller drop in the BOM
line. On the lower graph of Figure the wind speed using reconstructed models
with track from BOM and JTWC are closer to the observations (in black). JTWC
overshoots the observations while BOM tends to undershoot them slightly. However,
as mentioned, the observations are not perfect as the measurement conditions are
rather extreme. If the measurements are ranked as poor, it is likely because the
wind was too strong for the station’s capacity, potentially indicating stronger winds
than those recorded. In reality, the actual wind speeds during the peak could be
either higher or lower than the measured values.
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(a) Atmospheric pressure in [hPal. (b) Wind speed in [m/s].

Figure 2.10: Atmospheric pressure (a) and wind speed (b), using data from eReefs (top left),
Erab (top right) and Holland models using JTWC track data (bottom left) and BOM track data
(bottom right). The location of Lizard Island Relay Pole, coordinates (14.691°5,145.466°F), is
specified as the purple star, displayed data is of the 11/04/2014 at 1100.

These cyclone models are provide good estimates, especially when comparing
to the two data sources we had initially, eReefs and Erab. As shown in Figure
[2.10] the cyclones are barely visible in the top row when using the colorbar that is
adjusted to the reconstructed profiles in the bottom row.

This said about Holland’s model we can set the domain for cyclone Ita aside,
as it served only to validate Holland’s model due to the wind measurement data
unavailability for cyclone Yasi. This validation allows us to showcase the impor-
tance of Holland’s model in such scenarios.

2.2.2 Wind drag parametrization

It is important to note that when the wind reaches a high velocity, the water
surface becomes turbulent and air mixes with the water, forming small air and
water droplets. When the wind reaches a certain point a white "foam" called spume
appears. This induces a drag saturation since the water underneath is separated
from the wind by this layer (Powell et al., , Liu et al., Moon et al.,
and Moon et al., [2007). The model used for the drag parametrization is as
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Figure 2.11: Atmospheric pressure (top) and wind speed (bottom) at the location of Lizard Island
Relay Pole, coordinates (14.691°S,145.466°F). eReefs, Erab and observations data data are in
blue, yellow and black respectively, reconstructed data using Holland’s model with JTWC and
BOM track data are in green and red.

described in Dobbelaere et al., 2022, The drag coefficient Cj reads:

1 -2
Cy = k*log (0> (2.9)

)

with k, the von Karman constant, U;g the wind speed at 10 m over sea level,
and z( is the roughness length given by:

B 0'0;8%3, if Ujg < 12.5m/s,
® T [0.085 (—0.56u2 + 20.255u, + 2.458) — 0.58] x 103, if Ujp > 12.5m/s.
(2.10)

In this last equation, u, is the friction velocity, it bounds the wind speed and
the ocean dynamics and is given by:

U = —0.56u2 + 20.255u, + 2.458. (2.11)

2.2.3 Cyclone Yasi

We now consider cyclone Yasi again and the domain described in section [2.1.3]
Using the track data from BOM and JTWC, we obtain the following profiles.
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(a) Atmospheric pressure in [hPa]. (b) Wind speed in [m/s].

Figure 2.12: eReefs (top left), Erab (top right) and Holland models using JTWC track data
(bottom left) and BOM track data (bottom right) data for atmospheric pressure (a) and wind
speed (b), on the domain for the case Yasi. Two storm surge monitoring sites are shown, the city
of Cardwell as the purple triangle and the brown star for the city of Townsville. Displayed data
is of the 02/02/2011 at 14:00.

The pressure (Figure also shows a stronger and larger drop with JTWC
(bottom left) than with BOM (bottom right) track data, while both still show
stronger pressure drops than the basic data model Era5. This is also the case for
the wind in Figure 2.12b] Overall we observe that the track data from JTWC
produces a larger and more severe cyclone, with the wind speed reaching 68.96
m/s. Whereas with track data from BOM, the maximal wind speed is 56.46 m/s.
The pressure drop is also greater when using the track data from JTWC, for which
the pressure minima is 922 hPa, while it is 929 hPa for BOM. These extremas
are recorded on the entirety of the cyclone’s life, in order to watch all snapshots
with the same colorbars. Black lines are iso-lines corresponding to the ticks of the
colorbar.

Figure and depicts a snapshot of Yasi’s atmospheric pressure’s (left)
and wind speed’s (right) reconstructed profiles using Holland’s model with track
data from JTWC and from BOM respectively. We see the strong pressure drop
(yellow) and the high wind speeds (red), and again the cyclone is larger with the
track from JTWC. The track and Saffir-Simpson scale are added to the figures
(Taylor et al., to increase readability of the path. The JTWC classified Yasi
as a category b TC, while the Australian Bureau of Meteorology classified it as
a category 4 cyclone. We also added small quivers to the wind speed figures to
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Figure 2.13: Snapshot of atmospheric pressure (left) and wind speed (right) using a reconstructed
Holland’s model with track data from JTWC. Time of snapshot is 2011/02/02 13:00.

visualize their direction. The cities of Cardwell and Townsville are shown as the
purple star and brown triangle. Cardwell is located right in the path of the cyclone.
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Figure 2.14: Snapshot of atmospheric pressure and wind speed using a reconstructed Holland’s
model with track data from BOM. Time of snapshot is 2011,/02/02 13:00.
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Results

In this chapter, we first cover the validation of the hydrodynamic model to demon-
strate its applicability. Afterwards we present the results obtained concerning the
flooded area, the mesh size sensitivity of these results, and the interaction between
tides and a cyclone storm surge. The results are based on simulations conducted
from January 25, 2011, to February 5, 2011. This time frame allows the model to
use the period between January 25 and the cyclone’s arrival within the domain as
a buildup phase.

3.1 Result validation

We first want to show the model’s simulated surge compared to real life measure-
ments. There are a few storm surge monitoring sites that are inside our simulation
domain and that are active during Cyclone Yasi’s landfall on February 2, 2011.

The monitoring sites are installed by the government of Queensland and provide
a measurement of the water height every ten minutes at different locations that
can be seen in Figure as the red dots, with their name attached (Queensland
Government, 2011} 2015)). Near the cyclone path we have three sites, Mourilyan,
Clump Point and Cardwell. Further away from the cyclone, around 200 km south
we have a fourth site in the city of Townsville.

The results of the simulations, using the four different wind forcing sources
we described at the end of section are shown in Figure [3.2] First we can
observe Figures [3.2] and [3.3b] We see that outside of the period where the cyclone
arrives on the coast, (between the red dotted lines) the Root Mean Square Error
(RMSE) is low and the simulations follow closely the observations. It is important
to note that the simulations’ water level is not the same as the level depicted in
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Figure 3.1: Map of central Queensland, with the domain borders in purple, the track of Yasi using
data from JTWC in green, and the validation points in red (OpenStreetMap Contributors, |2024))

the figure. The bathymetry is smoothed in the simulation and not the same as the
bathymetry the observation measurements consider. To compensate visually for
this we raised artificially the simulation lines in the figures to fit the beginning
of the observation lines. This raised line, is the one used for RMSE computation.
This lack in bathymetry exactitude is also behind the fact that the simulations do
not reach the bottom for some of the low tides, as can be seen on the Cardwell,
Townsville and Mourilyan plots (Figure . During low tides at these points, the
simulations show a water level of Hy;,, = 0.01 [m] which is the minimal water level
for wetting and drying. This of course impacts negatively the RMSE.

Focusing on the cyclone period, we can divide the set of points in two classes,
those who measured in real life a substantial surge during the cyclone’s passage,
Cardwell and Clump Point, and the other two points not showing a special surge,
Townsville and Mourilyan. Townsville, being far from the cyclone, shows a lower
surge. Although we still observe a prolonged high tide and higher low tide than
we could expect from seeing the previous tide cycles. For the second point in
this category, Mourilyan, which is close to the track of the cyclone, we could have
expected a higher surge than what is measured. But we still have a tide that is
higher than what the regular tide cycle predicts by 1 m.

For the points with a visible surge in the observations, we observe on the
left column of both Figures [3.35] and [3.3a] that the simulation that is closest to
observation is the one using a reconstructed cyclone model with track data from
JTWC (red lines in Figures and . The simulation using data from BOM
performs somewhat poorer than the simulation using data from JTWC in Cardwell,
and is very close to the simulations using basic data models Erab and eReefs in
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Figure 3.2: Water elevation in [m] at the location of the different validation points. Observation
of the said site is in black. Simulations results using data from Era5, eReefs, JTWC and BOM
are in blue, green, red and yellow, respectively. Blue dotted vertical lines denote the time period
for "regular" Root Mean Square Error (RMSE) computation, red vertical lines delimitate the
time period used for computation of RMSE during cyclone passage.

Clump Point. The highest surge recorded by observation is in Cardwell and the
simulation using JTWC track data is off by around 40 cm where the simulation
using BOM data is lacking more than a meter. Using JTWC data is also the setup
that has the lowest mean RMSE across all validation points.

3.2 Cyclone model and inundations

In this section we present maps of the maximal water height for each element
throughout the simulation (inundation maps), highlighting areas that were sub-
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ds described in Figure (right).

merged at least once during the cyclone’s landfall. For visibility purposes, the maps
are zoomed in on selected validation points. We begin with a close-up of Cardwell,
followed by the inundations around the Mourilyan point situated close to the TC
track. We also take a look at the flooding near the city of Innisfail, north of the
Mourilyan point and the region around Clump Point.

In Figure 3.4 we observe again that the cyclone model that simulates the larger
inundation is the Holland’s model with JTWC track data (bottom left); the surge
is higher at the coast, and the inundation reaches further inland. The simulation
conducted using BOM track data (bottom right) and the simulation with JTWC
data share some areas that are submerged. However the simulation using track
data from JTWC goes deeper inland in those areas. This difference is especially
visible in the lower part of the map, where we have a very large zone that is flooded,
but that also has a high water level when flooded. There is little to no flooding
when using wind forcings from Era5 and eReefs, except for areas usually submerged
during a high tide. We now focus on the results for simulations using Holland’s
model for wind speed and atmospheric pressure with track data from JTWC.

Zooming in on the city of Cardwell, we can compare this to a mapping of the

population density in Figure [3.5d Here we use a map of hexagons from Kontur,
with each hexagon having a surface of 0.76 km? (Kontur, 2023). This simulation
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Figure 3.4: Inundation map of the region around Cardwell with simulations using wind forcings
from Erab (top left), eReefs (top right), JTWC (bottom left) and BOM (bottom right). Dry land
and the sea are in tan and light blue respectively, submerged land zones’ water height are ranging
from 2 c¢m to 4.893 m and are displayed with the colorbar on the right. White is outside of the
simulation domain. The Cardwell storm surge monitoring site is the purple star.

shows that the cyclone has flooded regions in Cardwell where 539 people live. This
number is calculated by taking the number of people in a hexagon if the center
of this hexagon is submerged. We can also compare the cyclone inundation to a
normal high tide, in Figure We observe a clear difference, both in the flooded
areas and in the water level near the coast. The submerged area on the map is
32.04 km?, whereas when computing areas for the Erab, eReefs and BOM simula-
tions, we have a submerged area of 16.36 km?2, 16.69 km? and 25.95 km? respectively.

We now look at Figure [3.6] of the simulation results zooming in on the re-
gion around the validation point Mourilyan. Again we observe the flooding with
the cyclone (left), and a normal tide (center). The map shows a submerged re-
gion of 21.37 km? and the population impacted by the cyclone is 179 persons,
using population data from Kontur, shown in Figure [3.6¢ We can notice that
the flooding joins a river and a small lake in the middle of the figure, and that
there is a lake that floods its surroundings in the first third of the figure from the top.

In Figure we observe the simulation results around the city of Innisfail
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Figure 3.6: Close-up of the region around validation point Mourilyan, inundations summary (left),
water level during a normal high tide (center) and population concentration (right).

-17.50

Latitude

-17.53

-17.56

146.00 146.04 146.08
Longitude

2177
2.000

1.500

1.000

0500

0.010

Water Level [m]

-1750

itude
Population [habs/km]

s

1756

0010

146.00 146.04 14608
Longitude

(a) Flooding map around In- (b) Snapshot of simulation re- (c¢) Population concentration

nisfail city, simulation results
with wind data from JTWC.

sults at high tide before the map, with inundated areas
cyclone. (red) from Figure

Figure 3.7: Enlarged view of the city of Innisfail and surroundings, located just north of the
Mourilyan validation point, inundations summary (left), water level during a normal high tide
(center) and population concentration (right).

centered in the gray dot, located about 10 km north of the Mourilyan validation
point, near the coast. The simulation does not show flooding in the most populated
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regions, however in the areas surrounding the city the results show a flooding of an
area of 12.08 km? where there are 244 inhabitants.
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Figure 3.8: Enlarged view of the region around validation point Clump Point (yellow square),
inundations summary (left), water level during a normal high tide (center) and population
concentration (right).

In Figure [3.8] showing Clump Point, the outside of the domain (white area) is
very near to the coast. Sometimes there is even no visible coast, as seen just north
of the validation point (yellow square). This is because the coast is very steep and
is above 20 m very close to the water. Due to this, we will not include maps of this
point further on. However we will still use the storm surge measurements from this
validation point. On this map the flooded region has an area of 35.5 km? and the
flooding impacts 353 people.

We summarize the results for each of the locations in Figure 3.9 Figure [3.10]
summarizes the total submerged area (blue) and affected population (red) for the
entire domain.

Each graph in Figure focuses on the region around the point or city. Clump
point (top left) area and Innisfail (top right) area are as presented in figure
and [3.7], they both cover about 12 km coastline. We kept the larger view of the
Cardwell area (middle left) from Figure which covers 28 km of coast, and the
smaller zoomed in area from figure covering about 7 km of coast (middle right).
We also include an area around the city Townsville (bottom left) which covers 20
km of coast and Mourilyan (bottom right) is as presented in figure also covers
about 20 km of coast.

In Figure|3.9| we again observe that the simulation using track data from JTWC
is the one with the most inundated surface area and with the largest impacted
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Figure 3.9: Summary of the results of the simulations for each zone of interest. The x-axis
represents the wind forcing sources, from left to right, JTWC, BOM, eReefs and Era5. Submerged
area is in blue and the impacted population is in red.
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Figure 3.10: Summary of the results of the simulations over the entire domain. The x-axis
represents the wind forcing sources from left to right, JTWC, BOM, eReefs and Era5. Submerged
area is in blue and the impacted population in red.

population. Between "Cardwell Large" (middle left) and "Cardwell Small" (middle
right) the population that is impacted is roughly the same size, as most people
in that area live in or close to the city, while the area that is submerged is sig-
nificantly reduced since the considered zone is much smaller. For Townsville the
different simulations results show insignificant inundation, the population impacted
is roughly the same for all simulations in that area. Again, we can see in the last
figure of this section, which summarizes the results for the entire domain, that we
have a larger submerged area (blue) and a larger population impacted by the surge
when using track data from JTWC.
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3.3 Effects of the mesh resolution on results

In this section, we show results for different simulations all using wind forcings from
the reconstructed model explained in section with track data from JTWC. The
simulations each has a different mesh and thus mesh resolution. We want to show
the effect on the result’s precision by the refinement of the mesh. We first look at the
results and compare them to validation data such as in the previous section. Then
we look at the inundations maps and the submerged areas and impacted population.

3.3.1 Validation of simulations with different mesh resolu-
tion

The meshes used in the different simulations for this section are described in section
[2.1.3] We use the four meshes that are refined along the coast, on land, on and
around the reefs and following the track of tropical cyclone Yasi. We refer to them
by the size of their smallest element: mesh 100, mesh 500, mesh 1000 and mesh 2000.

In Figure [3.11] we observe the water elevation in the storm surge validation
points. We first see that we only have results for Clump Point with the base mesh,
mesh 100, as this point is outside of the coarser meshes due to smoothing of the
boundary.

Then we observe the large difference between the simulation using mesh 500
(green) and the observations (black) in the Cardwell and Mourilyan sites. This
difference comes from the bathymetry projection on the mesh. The bathymetry
differs significantly between the different meshes as shown in We do not have
the same interpolation of the bathymetry on each mesh, and the smoothing also
differs as it is resolution dependent. This implies large variations when looking at
results in the validation points.

We observe also that the coarsest mesh, mesh 2000, (yellow line) shows a
lag compared to the tidal cycle in Cardwell and Townsville. In Townsville, the
bathymetry is 85 ¢m higher than that of the mesh 100 explaining the high lows of
the tide. However, in Cardwell the bathymetry is close to the one of the base mesh
(mesh 100) and still shows the lag. At the same time, mesh 500 and mesh 1000 in
Townsville show a blocked low tide, but still follow the observation closely during
the high tide.

In Figure we explore more in depth the period when Yasi hits land and
show the RMSE between observation and simulation results. We have, as for the
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Figure 3.11: Water elevation in [m] at the location of the different validation points. Observation
of the said site is in black. Simulations results using meshes with smallest element of size 100,
500, 1000 and 2000 are in blue, green, red and yellow, respectively. Blue dotted vertical lines
denote the time period for RMSE computation, red vertical lines delimitate the time period used
for computation of RMSE during cyclone passage.

previous section, two different RMSE, the first (regular) is computed for a time
period before the cyclone interacts with the coast (between the blue dotted lines
in Figure , the second (cyclone) is the RMSE during the period the site is
impacted by the cyclone (in between the red dotted lines).

In this figure we also see that as a general tendency, the RMSE grows with
the mesh size. However it is not the case for each validation point. Especially in
Townsville during cyclone landfall, the coarser meshes provide a solution close to
observation, even better than the "base case" (in blue). However the difference
isn’t very large and occurs when the water level descends. The regular RMSE is
strongly influenced by the refinement of the mesh, and the bathymetry at the point.
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’ Mesh H Cardwell \ Townsville \ Clump Point \ Mourilyan ‘
Mesh 100 || —0.06 [m)] 0.28 [m] 1.59 [m] —0.24 [m]
Mesh 500 —2.23[m] | —1.06 [m] / —2.75 [m)]
Mesh 1000 || 0.05 [m] —1.04 [m)] / —0.20 [m)]
Mesh 2000 || 0.03 [m] —0.57 [m)] / 0.84 [m]

Table 3.1: Table of bathymetry in [m| at validation points for each mesh, negative
values imply the point is on land.

Cardwell Townsville Cardwell Townsville
61 P 2.0
21 ] 1.5
=) O\ S
| SN 1.0
E 0.5 1
£
5 ' T i - w 0.0 E
2 Clump Point Mourilyan % Clump Paint Mourilyan
§ 64 1 2.0
1.5+
4 e
=== 1.0
N -M ool
02-0‘2 12 02-0‘2 15 02-0‘2 18 Date 02-0‘2 12 02-0‘2 15 02-0‘2 18 0.0~ 100 500 1000 2000 - 100 500 1000 2000
—— observation — 100 --- 500 —— 1000 2000 Regular ~EEER Cyclone
(a) Close-up of Figure during cyclone (b) RMSE between observation and simula-
period (red dotted lines), results of the sim- tions, RMSE for regular period (in blue in
ulations using meshes 100, 500, 1000 and Figure [3.11) in light blue and in darker blue
2000 in blue, green, red and yellow respec- for the Tandfall period.

tively.

Figure 3.12: Extract of Figure (left) and RMSE for each of the simulations with relation to
observations, for both time periods described in (right).

The cyclone RMSE on the other hand is more complicated to characterize. It stays
relatively low when the mesh is very fine and the mesh 1000 shows also low values,
but then again it is dependent on the bathymetry for its computation.

Because of this, we place two new points instead of Cardwell and Clump Point,
both located 1.5 km away from the coast at the original point. This way we
minimize the bathymetry’s impact on the local results while still keeping the results
close to what is measured.
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Figure 3.13: Results for the new validation points, entire time series (left) and close-up of landfall
period (center) and RMSE for each of the simulations and observation, for both time periods
described in (right).

3.3.2 Inundated areas and mesh resolution

Looking at inundation maps, the results in term of area are quite different. In
Figure [3.14] we see a clear deterioration in the quality of the simulation. The area
becomes very large when the mesh coarsens. Looking at the topographic maps after
smoothing of the same region for the same meshes, we see that the coast is close to
flat for the coarsest mesh (mesh 2000) (Figure [3.15] right). We also see that the
coast gets swallowed by what we display as sea in the figures, which is in reality the
elements where the bathymetry is positive (topography < 0). The smoothing and
the mesh sizes are the only thing that changes between the topographic maps. The
smoothing is applied to avoid numerical errors, a coarser mesh needs a stronger
smoothing (without smoothing the simulations cannot run).

,,,,,

\ P . N Yim
§00 o M dd
(a) Mesh 100 (b) Mesh 500 (¢) Mesh 1000 (d) Mesh 2000

Figure 3.14: Inundations maps of the region around Cardwell. Simulation results using meshes
with increasing element size from left to right, mesh 100 (left), mesh 500 (center left), mesh 1000
(center right) and mesh 2000 (right). Each graph has its own colorbar as the maximums are not
equal
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Figure 3.15: Topography of the region around Cardwell after smoothing, land is in shades of
brown and sea is in blue. The second validation point (Cardwell 2) is shown as the purple star.

We also include figures of the entire domain. In the previous section, these were
difficult to visualize due to the domain’s size relative to the flooded areas. However,
they are now clearer with the use of coarser meshes. As we could already see in
Figure |3.14] we observe in Figure the submerged area growing substantially
with the mesh coarsening.

2 4

) Mesh 100 (b) Mesh 500 (¢) Mesh 1000 (d) Mesh 2000

Figure 3.16: Simulation results on the entire domain, sea and land are in blue and tan respectively.
The second validation point (Cardwell 2) is shown as the purple star.

To summarize the results in this section regarding the relation between mesh
resolution and result quality, we show Figure representing the behavior of
the simulation results when increasing the mesh size. For Cardwell (left) the
submerged area grows rapidly with the mesh size, up until it reaches a threshold,
where inundatable areas are flooded. In addition to this, the smoothing of the
bathymetry causes the land to disappear giving way to the sea. This also shows
for the impacted population as it rises significantly with the first coarsening of
the mesh, then reduces as the city becomes under water partially then totally,
resulting in the population no longer being counted. On a global note, for the
entire domain, the submerged area (blue) increase steadily as the mesh is less
refined. The population follows and seems to rise less steeply in the end, as for the
local case of Cardwell. Table [3.2] groups runtime information for each simulation,
showing a runtime ranging from 8 hours for mesh 100 to a few minutes for the
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Figure 3.17: Submerged area (blue) and population impacted by the cyclone (red) for the different
mesh sizes, in Cardwell (left) and on the entire domain (right).

coarsest mesh. It also shows that the runtimes for the mesh 500 and the mesh 1000
simulations to be quite close.

’ Computation Information H Mesh 100 \ Mesh 500 \ Mesh 1000 \ Mesh 2000 ‘

Number of triangles 3M 120 k& 100 & 28k
Computation time 8 [H] 4 [min] 5 [min] 2 [min]

Table 3.2: Computation information for each mesh.

3.4 Track refinement’s impact on results

In this section we present the results from a simulation with a mesh that is not
refined along the track, mesh 100 without track in section [2.1.3] First we show the
validation observations and simulation results at these sites. Then we briefly show
inundation maps for this simulation.

In Figure [3.1§ the results of the simulation with the mesh that is not refined
along the track (no track simulation) have the same shape as the observations
outside the time period where Yasi hits land. Inside that time period (between
red dotted lines) however, the results are rather far from the observations and the
simulation with track, for the sites where a real surge is measured (Cardwell and
Clump Point). In the sites where the measured surge is less consequent, the no
track simulation performs as well as the simulation with track refinement. This

also shows in the RMSE histograms in Figure they are almost the same for
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Figure 3.18: Time series of water height from observations (black), and for simulations using
mesh 100 (blue) and mesh no track (green). Regular RMSE period is between blue dotted lines
and landfall is between the red.
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along cyclone track.

Figure 3.19: Close-up of Figure (left) and RMSE for each of the simulations with relation
to observations, for both time periods described in Figure (right).

both simulations in the right column. In the left column, the Cyclone RMSE for
the simulation without refinement along the track is higher than that for the track
simulation by 30 %.
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We look at close-ups of the inundations around the regions of Cardwell and
Townsville in Figure and Figure [3.21]

5.16 5.16
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% Cardwell * Cardwell
—18.16 —18.16
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-18.24 r3.00 = -18.24 r3.00 T
5 3 8 ]
S E
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(a) Inundation map for simulation using the (b) Inundation map for simulation using
mesh with refinement along track. mesh without refinement along track.

Figure 3.20: Close-up on inundation maps in Cardwell, simulation with mesh with (left) and
without (right) refinement along track.
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Figure 3.21: Close-up on inundation maps in Townsville, simulation with mesh with (left) and
without (right) refinement along track.
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Although the inundation maps are similar there are significant differences. We
clearly observe Cardwell to be less flooded according to the simulation without
mesh refinement along track in Figure [3.20b] we also observe that overall the water
level is lower for that simulation compared to the simulation using the mesh refined
along the track.

In Figure however, we observe slightly more flooding with the mesh without
refinement along track than for the mesh with refinement.

We summarize the submerged areas for these regions and the entire domain,

for these two setups in Figure The total area submerged by the storm surge
is larger for the simulation using the mesh without track refinement.

Cardwell Townsvi lle Total

Figure 3.22: Submerged area and population impacted by the surge, close-up on Cardwell (left),
on Townsville (center) and entire domain (right) for simulations with mesh with and without
track refinement.

3.5 Cyclone and tide interaction

In this section we keep the base model setup from the previous section, the most
refined mesh (mesh 100) and wind forcings using a Holland’s model with track data
from JTWC. We now compare the hypothetical case where Yasi makes landfall at a
different time, to observe the interaction between the tide and the storm surge. We
first go through the validation points again as for the previous sections, and then
we cover the inundation maps, zooming in on Cardwell, and looking at flooding
numbers.

Figure m shows the simulations results at the validation points, Cardwell (top
left), Townsville (top right), Clump Point (bottom left) and Mourilyan (bottom
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Figure 3.23: Close-up on simulated and observed water heights during the surge at validation
points: Cardwell (top left), Townsville (top right), Clump Point (bottom left), and Mourilyan
(bottom right). The figure compares observed water levels (black) with simulated results for
cyclone landfall timings: 6 hours earlier (red), 4 hours earlier (green), 2 hours earlier (yellow),
normal time (blue), 2 hours later (pink), and 4 hours later (purple).

right). Each line represents a simulation with a specific cyclone landfall time.
The first simulation models a cyclone making landfall 6 hours earlier than the
observed event. The simulations are staggered at 2 hours intervals, with the final
simulation representing a cyclone with landfall delayed by 4 hours. This way we
have simulations with landfall in a 12 hours span, covering an entire tidal cycle.

Figure focuses specifically on the storm surge period. This close-up view
highlights the differences in surge magnitude under varying cyclone landfall scenar-
ios. We can already observe that the simulations that have cyclone landfall during
the high tide have a higher peak (for Cardwell and Clump Point) than what is
measured. These are the simulations with an advanced cyclone of 6 hours (red), 4
hours (green) and 2 hours (yellow). The lines that show the smaller peak surge are
the "Normal time" (blue) and the 2 hours later (pink), these are the simulations for

44



Chapter 3

which the cyclone arrives during low tide or during the lowering of the tide. The
periods where the tide is growing all show a stronger surge than the mere sum of
the basic surge and the tide raise. For the red line, the storm surge is 1 m higher
than the observed surge, the tide is at the same level when the cyclone hits, the
only difference being that the tide is rising instead of falling.

We do not show the RMSE between the observations and the simulations as
these are hypothetical scenarios that did not take place, the observation are mainly
there as visual guidance.

We look at inundation maps of Cardwell in Figure [3.24] We observe the flooding
to be larger in the cases where the cyclone hits during the rise of the tide in Figure
and Figure [3.24f] These are the simulations where we observe the largest

submerged area. However the peak surge is observed for the simulation in Figure
[3.24D], taking place at a high tide.

In figure , we present the submerged areas (blue) and the impacted pop-
ulation (red) for the different cyclone timing scenarios, for Cardwell (left) and
the total domain (right). This shows the impact of tidal cycle on the surge. The
submerged areas are up to 50% larger when the tide is rising, in this simulation it
happens 6 hours before and 4 hours after the actual landfall of Yasi.
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Figure 3.24: Inundation maps centered on Cardwell (purple star) for each of the cyclone timing
scenarios. Note: The colorbars are different to show the peak surge.
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the entire domain (right). Simulations with landfall occurring in a range from 6 hours before to 4
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Discussion

In this chapter, we discuss the results presented in the previous chapter. We
examine how the results address the objectives of our project outlined in chapter [I}

4.1 Hydrodynamic model for surge modeling

During the process we found that it is not enough to only use the base data models,
Erad and eReefs, for wind and pressure profiles. For extreme conditions, it is
necessary to use a cyclone model, such as Holland’s model. We showed in section
that this model is quite close to the observations, as we expected (Lin and
Chavas, 2012)). We saw that when using the track data from the Joint Typhoon
Warning Center (JTWC) we overshot the wind speed, however we believe this
shouldn’t impact the result negatively due to the wind drag saturation at high
wind speed (Powell et al., 2003).

Unfortunately it is difficult to have clear validation data for the areas that are
flooded by the storm surge. Satellite pictures are often blocked by the heavy clouds
the cyclone transports. This leaves us little to work with in terms of validation
of the submerged areas. However, we can work with the numerous storm surge
monitoring sites deployed by Queensland’s government. These give us a good idea
of what the surge should look like at certain key locations.

We find, with our SLIM model, the results at the locations of the validation
sites to be convincing. The surge is clearly visible at the moment the cyclone hits
land (Figure . The RMSEs presented in this chapter also confirms that track
data from JTWC is the better option. Possibly for other cyclones the track data
from the Australian Bureau of Meteorology (BOM) could provide better results,
but in this case, for cyclones Yasi and Ita (for wind and pressure validation), JTWC
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performs best. We are satisfied to see that the results are so close to observations,
the water level only being off by 30 cm when the storm surge is at its peak. The
SLOSH model surge height is known to be within 20% of observed peak surge
(Jelesnianski et al.,|1992). Here, with a storm surge of about 3 m above the tide, we
are within 10% of what is measured, and this is for Cardwell, where the storm surge
was highest. For the other monitoring sites the results are even more satisfying.
The RMSEs are good indicators, however we should also watch the time series as
the model describes a surge that retracts slightly faster than what is observed.

In this context, we believe this a good step towards considering the model to
be valid. However, it should be analyzed further for other cyclones.

4.2 Mesh refinement

In the section we showed how the quality of the results deprecates with the mesh
size and refinement. We observed that the key elements here are the representation
of the bathymetry and the topography. The bathymetry provided by Deepreef has
a very good resolution, but it is considerably modified by the smoothing operation
and also by the overall fact that with larger elements we might ignore some physical
aspects as small hills or dunes. Thus the model would not interact with these
elements. The model overall showed rather good results in the comparisons with
observations from storm surge monitoring sites even for coarse meshes. However
the areas shown to be flooded were not realistic nor in line with what we found
with the most refined mesh which we believe is closest to reality. This poses a new
question about the validation process: is it sufficient to rely solely on measure-
ment sites located along the coastline to assess the accuracy of a storm surge model?

Looking at the results from section we also observe the fact that the simu-
lated inundation is larger when the mesh is not refined along the track. It shows
that the cyclone’s wind and pressure forcings are somewhat smoothed and that
they spread the flooding over a larger part of the coastline, whereas the main
flooding would take place near the landfall region for a track refined mesh. This is
important to take into account, especially in the case we want to build a risk map
over the entirety of the coast following probabilistic or an ensemble approach. To
achieve such a map, it is needed to simulate many cyclones. In these processes, the
results would be more accurate if the simulations used a mesh refined along the
track of each cyclone. Otherwise the risk map would undershoot the danger or the
simulations would need to have a very refined mesh everywhere, which wouldn’t
be computationally ideal. The simulations using the mesh with elements of size
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1000 and 2000 showed it could be sufficient to limit the size of the elements along
the track to 1000 or 2000 m, at least to observe the storm surge. This would save
computation time.

4.3 Tide interaction with storm surge

As we show in section [3.5] the surge would have been higher had the cyclone hit at
another time. The flooded area are strongly influenced by the tides, not only by
the water height itself, but especially by the motion the tide brings to the surge.
Results show that the flooded area could grow by up to 50% if the cyclone hits
during the rise of the tide. The largest surges in our simulations appear around 3 to
5 hours prior to the high tide. In an ensemble or probabilistic approach, the process
of building risk maps, which are of high interest for authorities, risk managers,
engineers and insurers, needs to take account of the time the cyclone makes its
landfall. This is also the conclusion brought by Horsburgh and Wilson, 2007

4.4 Limitations and future perspectives

This model shows good results, however, the absence of validation data for the
inundated areas limits the possibility of confirmation for model. If we could
use more detailed validation data such as clear satellite imagery, possibly radar
measurements of inundated areas, or water level measurements from monitoring
sites further inland, we could perhaps have more confidence in the simulation results.

In this work, we estimated the number of people that would be impacted by
the storm surge according to the simulations. However the method we use for
the estimation has certain limitations, due to the nature of our population data,
which is presented in discrete hexagons. For our estimation a population center
(hexagon) is considered flooded only if its center is submerged. There may be cases
where a zone is classified as flooded even if only the very center is submerged, while
the opposite scenario can also occur, where a largely flooded population center is
excluded when its center is dry. In coastal cities such as Cardwell, the hexagons
that are closest to the sea are almost automatically taken into account as flooded.
Which is why we have a high number of impacted inhabitants even for the Era5 and
eReefs winds and pressures, that show low submerged areas. Other indicators of
the damage the surge brings could be interesting, such as the mapping of electrical
lines, fragile bridges or roads in general, and of course harbors, that suffer terribly
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from storm surges.

The SLIM 2D model also has its limitations, as it ignores the 3D flows, and it
doesn’t replace the waves. But using SLIM 3D with a wetting and drying setup
isn’t possible yet. A solution to that could be to link SLIM2D with SWAN model
from Delft University as made in Dobbelaere et al., 2022,

Our model does not take account of the heavy rainfall that comes the cyclone,
which adds to the storm surge thus causing larger flooding.

Since the bathymetry and its smoothing have a large impact on the quality
of the results, it would be interesting to see the results of simulations without a
smoothing. While not possible yet, trying to stabilize the model for simulations
without (or with reduced) smoothing of the bathymetry could be a possible im-
provement for the future.

In addition to that, we observed that an update of seamsh, which we use for
mesh generation, caused some simulations to be instable. To avoid this instability

the simulations were computed using longs instead of floats, multiplying the runtime
on GPUs by 4.

This being said, the work sets a first step in the long process of model validation
for large-scale usage, such as in an ensemble approach with the objective of creating
risk maps for the Great Barrier Reef.
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Conclusion

In this study, we first defined the importance of storm surge modeling. The cyclone
intensification and the sea level rise, due to the climate change, constitute a real
threat for low-lying coastal areas. Using storm surge models to build risk maps,
showing the areas possibly at risk of inundation, allows for better decision-making
by the authorities and insurance companies.

We crafted a model by first defining a simulation domain for the case of cyclone
Yasi on a selected part of the Great Barrier Reef. Then we built meshes of different
refinements using seamsh. Using these meshes and different wind forcing parame-
ters we ran several simulations with the 2D SLIM Hydrodynamic model, in order
to obtain results in the form of water height time series at selected measurement
sites. We also created inundation maps and estimated the size of submerged areas.
The simulated time series were satisfying. As we had no observed inundation area
measurements, the inundation maps mainly served as visualizing tools, and in some
cases facilitated comparisons between simulations.

During this process we came across a few parameters that play a key role in
the simulation of storm surges. First we highlighted the necessity to use a cyclone
model to represent the wind and pressure profile, in our model, the Holland’s model
with cyclone track from JTWC proved to work well.

Additionally, we observed that the mesh resolution has an indirect impact
on the simulation result, through the impact it has on bathymetry quality. The
bathymetry loses some details as it is projected on the mesh. The smoothing then
applied on this projected bathymetry, allowing a stable simulation, reduces the
quality of the bathymetry further. This was very visible on the inundation maps,
and less noticeable in the time series at measuring sites.
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Furthermore, we showed the importance to have a consistent and relatively
small size of mesh elements on the cyclone track to allow for better results. The
element size of the mesh should be capped at 1000 m around the cyclone track,
it was the maximum element size along track for which the simulations showed
results in line with observation.

We also highlighted how the storm surge interacts with the tide cycle: for a
selected cyclone track, the peak storm surge is observed if the landfall occurs 3 to
5 hours prior to the high tide, during the rise of the tide.

The results of this study are not sufficient on their own for creating probability

maps for risk analysis, however they could serve for further investigation and studies
of storm surges simulation using SLIM.
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