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1. ABSTRACT: In view of the ongoing global climate changes, low-lying coastal cities of the world,
including Perth in Western Australia, are encountering escalating threats from extreme wave events
aong with sea level rise. This research focuses on the compounding impacts of climate change on
wave heights and coastal inundation forms using an integrative numerical modelling approach.
Implementing high-resolution bathymetric data, 45-year offshore wave hindcasts, and IPCC AR6
sea-level rise projections across different Representative Concentration Pathways, the work has
been able to simulate coastal hazard scenarios using DHI MIKE 21. The existing literature points
out seasonal swell regimes and low-frequency cyclonic activity as the main drivers of Perth's
vulnerability, but there are few studies that describe it risk under changing climate. This research
addresses this gap by linking Extreme Value Analysis (EVA) to scenario-based modelling in order
to profile significant wave characteristics and coastal flooding changes. The outcomes show that
historic and future Hags differ up to 10% in the prevalence of significant wave heights across major
prevailing swell directions (180°, 225°, 270°) with significant wave height overstepping 9.2 m
under the extreme RCP 8.5 (SSP5-8.5) LC scenarios. Inundation footprints for Fremantle and
Mullaloo back under 100-year return periods and high-emissions scenarios significantly reflect
inland penetration, posing a serious threat to the coastal environment, and showcasing the
importance of adaptive coastal infrastructure development and resilience planning. The study
emphasizes the effectiveness of numerical methods to understand and estimate climate change
through coastal interactions. Therefore, it should be considered as the basis of proactive adaptation
guidelines. The results add to the ongoing academic conversation around climate-resilient urban
planning and promote the enhancement of predictive skills for coastal hazard assessments under
deep uncertainty.

2. INTRODUCTION

Coadtal regions are the sectors which are mostly affected by the wind and wave storms flooding sea
level rise, increased storm activity, and the transformation of wave climate to anthropogenic driven
climate change. Consequently, Perth, Western Australia (WA), which is a city located on the changing
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eastern area of the Indian Ocean with narrow continental shelves and swells bringing the event of a
coastal hazard. Despite the growing agreement on the global outcomes of climate change, regiona
assessments concerning the future coastal inundation risk, especially which considerslocal bathymetric
complexity, wave climatology, and probabilistic sealevel scenarios, still needs further investigation.

The literature review in section 2 discussed the wave and storm surge regimes along the Western
Australian coast and the essential factors that are responsible for them. These are the seasonal changes
in wind-wave systems [1]. Earlier studies have been more concerned with large-scale climatology or
used historical hindcasts without thinking about the improvement of the patterns of atmospheric
teleconnections, like ENSO variability, on the trgjectories of storms and on local extreme wave events
[2]-[4] Moreover, only a few studies have taken into consideration the full effect of the sea level rise
that is caused by different Representative Concentration Pathways (RCPs) / Shared Socioeconomic
Pathways (SSPs) for Perth [5]-[13]. The research isto fill the gap through a numerical model that will
have the ability to quantify future wave heights and risks of coastal inundation in Perth. The research
will study the impact of climate change on significant wave heights and the risks of coastal inundation.
The research is based on 45 years of offshore hindcast wave datasets and will use models of digital
bathymetric and topographic dataand the chain of the sealevel rise whichislinked to Intergovernmental
Panel on Climate Change's Sixth Assessment Report IPCC ARG (IPCC AR6) RCPY SSPs.

In terms of the defined approach in Section 3, the DHI MIKE 21 is employed for spectral wave
modelling, a 384,000-element unstructured mesh is used for spectral wave, hydrodynamic simulation,
and Weibull/Method of Moments techniques are used for Extreme Value Analysis (EVA) evaluation.
The article then gives an overview of the climatic and oceanographic drivers followed by the schematic
of the numerical framework. Theresults are demonstrated by scenario-based comparisons of the maxima
of wave height and the inundation footprints, ending with the issues of coastal infrastructure and
planning adaptation. Figure 1 represents the study area location of Perth, WA. Meanwhile. Figure 2
represents the numerical methodology flow chart followed for the study [14]-[17]

The motive behind this study is assessing climate change impacts on potential wave heights and
coastal inundation in Perth using numerical modelling approach. Assessing climate change impacts on
potential wave heights shall enhance the ability to plan of infrastructure and the implementation of the
other community measures which are sensitive to the risks. As the city of Perth expands along the
vulnerable shorelines, the necessity in forecasting of coastal hazards will increase as aform of an early
adjustment (i.e. proactive adaptation). In particular, the modelling of future extreme weather events shall
serve as apredictive tool that shall enable the identification of future coastal induction.
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Figure 1: Study zone of Perth, WA
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Figure 2: Numerical Methodology Flow Chart followed for the Study.

3. LITERATURE REVIEW

Australian Department of Climate Change[1] demonstratesthat Perth's coastal location isinfluenced
by its geographical position along the Indian Ocean margin and the dominant large-scale climatic
systems that determine regional oceanographic and atmospheric conditions. The Southern Ocean'slong-
fetch swell mostly hits its shoreline, but the wave climate changes with the seasons because of mid-
latitude storm systems in the austral winter and subtropical high-pressure systems in the summer
(Author). The exposure to high-energy waves can change a lot during the year. For example, in the
winter, the coast gets alot of energy from stronger south-westerly swells, which are affected by storms
in these latitudes [1], [18]. Perth nearshore morphology picks up signals from both persistent swell
regimes and short-lived storm surges. The latter are more often caused by |ow-pressure systems than by
tropica cyclones. The continental shelf off southwestern Australia is relatively narrow, which also
affects the larger physical setting. A narrow shelf width makes it easier for offshore wave energy to
move toward the shore without losing too much of it. This geomorphological feature amplifies extreme
events, storm surge elevations on top of aready strong swell episodes can be more dangerous where
there is little frictional damping. Perth's beaches get more direct deepwater-to-shore energy transfers
than broader-shelf coastal systems, which often reduce incoming wave heights through long shoaling
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zones. Local bathymetry can still cause strongly refracted wave fields to form, but unprotected stretches
are gtill very exposed. Seasonal weather drivers make things even more unpredictable. The wind field
along much of western Australia's coast is controlled by the interaction of subtropical ridging and short-
lived frontal activity. Under current climate norms, modelling studies have discussed climate change
could lead to more tropical cyclones affecting the areain the next few decades[1], [5], [19], [2], [20].
The potential arises from elevated sea surface temperatures migrating poleward, potentialy
prolonging the lifespan of cyclonic systems prior to dissipation. When both tidal phase and
meteorological forcing reach their highest points at the same time, the co-occurrence factor can cause
water levelsto rise far above what is normally expected. For instance, a surge cresting during spring tide
could result in disproportionately largeinundation footprintsin contrast to surgetiming near neaps. These
dynamicsillustrate the rational efor incorporating joint probability analysisin hazard assessments instead
of isolating individua forcings. Wave climate variability is closely linked to extensive atmospheric
teleconnections that impact Australian waters. El Nifio-Southern Oscillation (ENSO) [2],
[21] and other oscillations change the paths of cyclonesin northern basins and the amount of storminess
around southern margins, especially on interannual scales. There is still debate about how ENSO shall
change as the world warms, but scenarios that include changesin ENSO behaviour suggest that extreme
wave events shall happen more. This could indirectly affect Perth by changing the path of stormsin the
region or creating strange wind patterns over the Indian Ocean. The physical makeup of the coastlineis
aso important. Much of Perth's coastal areais sandy beaches with dune systems and rocky headlands.
Thedirection of waves and the direction of currents are the main forces that move sediment. Depending
on the angle at which waves hit, episodic reversals can move sand along the shore or out to sea[1], [5],
[19], [2], [20].

Waters et al. [22] Spatial heterogeneity and changing over time are the two main expressions of
cyclones that reside on Australias coastlines, which are important for understanding the exposure of
Perth. Historically, the western seaboard south of the tropics has experienced fewer direct tropical
cyclone (TC) landfalls compared to northern regions, largely dueto the sharp thermal gradient and cooler
sea surface temperatures limiting cyclone persistence at these latitudes. Still, significant remnants of
systems do sometimes move into subtropical and even temperate areas, where they can still cause
damage with intense winds and rough seas. This rarity does not lessen their threat; infrequent but high-
magnitude events can have effects that are out of proportion. According to studies [23]-[27] on hazard
classification, coastal areas are more likely to have extreme winds than inland areas because they are
more exposed to storm systems that form over open water. Simulation scenarios for Perth have shown
that non-cyclonic wind hazards, which are more common in southern coastal cities, could become more
stronger due to climate change [1], [5], [13], [20], [28]-[31]. Mori et a. [32] define that the increase in
modeled non-cyclonic risk coincides with recent studies suggesting that specific climate change
scenarios may lead to poleward shiftsin tropical cyclone tracks, resulting in more frequent interactions
between dissipating cyclones and southern coastlines.

Research into storm surge processes associated with tropical cyclone events demonstrates
significant complexity in attributing impacts to historical occurrences [5], [32], [33], [33]-[36]. Surge
vulnerability isinfluenced not only by storm intensity but also by track geometry, approach speed, and
tidal phase alignment at landfal or the nearest passage. This means that ex-tropical systems can till
cause dangerous surge conditions even if they do not have full cyclone structural system. It iscrucia to
acknowledge that climate model ensembles employed for evaluating historical baselines in relation to
future projections possess intrinsic limitations in simulating cyclone inner-core dynamics due to
resolution constraints [22]. Wind and offshore wave hindcasts tend to record multi-decadal records[5],

[37]-[41].

MARLOG 15 4



Arab Academy for Science, Technology, and Maritime Transport

=) 3 The International Maritime and Logistics Conference “MARLOG 15™
N “Smart & Resilient Logistics Corridors
N ‘ . » ar
o Future Gateway to the Green Trade
@M ~ |'\\} :

8 - 10 Februarv 2026

4. METHODOLOGY AND NUMERICAL MODELLING

4.1 Bathymetry and Digital Elevation Model

Current bathymetric and Digital Elevation Models (DEM) exhibit potential yet constrained
applicability for coastal management and climate change impact evaluation in Western Australia [42]—
[47]. The Digital Earth Australia Coastlines datasets offer a uniform view of coastal changes across the
country. Since 1988, 22% of Australia's non-rocky coastline has undergone major changes [48], [49].

Table 1 and Figure 3 summarize used Bathymetry, DEM, and shoreline data which is used to generate
the model mesh dataset.

Table1. Model's Bathymetry, DEM, and Shoreline Dataset

Data Dataset

Offshore Bathymetry Data GEBCO Dataset [42]

Global Bathymetry and Topography SRTM [43]
NASA SRTM Global 1 arc [44]

Nearshore Bathymetry

Data Multibeam Dataset of Australia - 50-meter Grid [46], [45]
Digital Elevation Model (DEM) - 5-meter Grid [47]

Shoreline

Digital Earth Australia Coastlines[50], [51]
Global Shoreline Dataset [52]
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Figure 3: Bathymetry and Digital Elevation Data for Perth, WA, visualized by DHI Mike Mesh

4.2 Offshore Wave Hindcast Data of Wind-Wave Characteristics
Offshore wave hindcast datasets of wind-wave characteristics used for the model cover 45 yearsvia

two wave datasets, as defined in Table 2 [53]-[55]. In addition, Figure 4 represents the offshore dataset
location.
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Table 2. Offshore Wave Dataset Characteristics for Perth, WA

Data Dataset Note SartData  End Data
Wave Datasst CMEMSDataset  Globally validated - offshore 1% January 30" April
(@) (1) [53], [54] Significant wave height Root 1980 2023
mean square (RMS) equalsto
22 cm [56]
WaveDatasst CMEMSDataset  Globally validated - offshore 1% May 2023 1st April
2 (2) [55] Significant wave height Root 2025
mean square (RMS) equalsto

2 cm [56]

Figure 4 represents the offshore dataset location. Meanwhile, Figure 5 and Figure 6 represent the
offshore significant wave height (Hs) of wind-wave characteristics used for the model cover 45 years
viatwo wave datasets, in accordance with Table 2 [53]-[55].

Google Earth

Figur e 4:; Offshore Dataset Point Location (Lat -32.00, Long 115.20 WGS 84) in front of Perth, WA
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Figure5: Wave Dataset (1) Spectral Hs, from 1980 till 2023, for the Offshore Wave of Perth, WA
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Figure 6: Wave Dataset (2) Spectral Hs, from 2023 till 2025, for the Offshore Wave of Perth, WA

The hindcast data suggests a primarily bi-directional wave climate with over 95% of the significant wave heights
blowing from the southwest (225°) and the west (270°) directions. This bi-directional precedence has crucial
effects on coastal structure design, harbour orientation, and beach erosion assessments since it represents the
highly energetic sea states that have an impact on the area. For coverage over 99% of the significant wave
heights, the direction 180°, 225° and 270° shall be used for EVA, as presented in Figure 7 and Table 3.

Figure 7: Coverage Percentage for Different Directions, from 2023 till 2025, for Wave Dataset of Perth, WA

Table 3. Dataset Coverage Percentage for Different Directions

Direction (Degree) Percentage (%)

0° 0.06

45° 0.03

90° 0.04
135° 0.22
180° 3.92
225° 86.19
270° 9.11
315° 0.43
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To invedtigate EVA for Perth and the climate change impact of the significant Hs, the EVA is
estimated for two scenarios. Thefirst scenario covers EV A for direction 180°, 225° and 270°, from 1980
till 2025. Meanwhile, the second scenario covers the same directions for Perth, from 1980 till 2001, as
defined in Table 4. As illustrated by Lucio et a. [57], the comparison between both scenarios with

different return periods can illustrate the impact of the climate change to the estimated storm significate
Hs.

Table4. EVA Scenarios for Perth, WA

Scenarios Coverage Length Source
Scenario (1) from 1980 till 2025 = 45 years [53], [55]
Scenario (2) from 1980 till 2001 =21 years [53], [55]

4.3 Extreme Value Analysis of Wind-Wave Characteristics

Eextreme value Analysis (EVA) methodology in coastal field is an adequate statistical distance for
measuring extreme situations and events based on the obtained meteorological data for the low-
probability occurrence of extreme coastal events would be [15], [58]. The ateration of extreme wave
height events around Perth and other regions off the open sea over the past years is ascribed to the fact
that they are affected mainly by natural cycles and human-induced changes in the atmosphere and
oceans. Seasonal climatology has been the principal influence on wave patterns, with winter months
frequently displaying fast increments in wave heights and peak values occurring in December and
January [59]. For instance, ENSO phases can reverse the routes of storms or the direction of the winds
over the Indian Ocean. Thiswould, in turn, modify how the waves would be advancing to the coasts of
Perth. Technical forecasting based on the datasets of both hindcast and reanaysis indicate that a
maximum nearshore level can be physically limited by the depth restriction of the area[2]-[4].

For this study, a proposed approach of Weibull/Method of Moments is used for EVA, as the
estimated best fit curve method [60]. In accordance with Scenario (1), Table 5 summarizesthe estimated
EVA curve parameters of Weibull Distribution using Method of Moments of the offshore Hs blowing
from direction 180°, 225° and 270°.

Table 5. EVA Parameters of Weibull Distribution using Method of Moments of the Offshore Hs blowing from
Direction 180°, 225° and 270°, from 1980 till 2025, for Perth, WA

Direction (Degree) 180° 225° 270°
Weibull/Method of Moments PPCC 0.995 0.998 1.000
Location Parameter 0.957 1.144 0.708

Scale Parameter 0.849 1.284 2.658

Shape Parameter 1.746 1.424 2.008

Table 6 summarizesthe estimated EV A values of the offshore Hs blowing from Direction 180°, 225°
and 270°, from 1980 till 2025, for Perth, WA.. In addition, Figure 8, Figure 9 and Figure 10 illustrate the
offshore scenario (1) Hs for different return periods (R. P) blowing from Direction 180°, 225° and 270°,
respectively.
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Table 6. EVA of the offshore Hs blowing from Direction 180°, 225° and 270°, from 1980 till 2025, for Perth,
WA

Direction Hs Tp Hs Tp Hs Tp Hs Tp Hs Tp
(Degree) 1-year R 1-year 5-year R. 5-year 20-year 20-year 50-year 50-year 100-year 100-year

P RP P RP RP RP RP RP RP RP
(m) © (m) © (m) © (m) © (m) ©

180 ° 3.02 13.81 342 14.03 3.65 14.15 3.85 14.25 4.02 14.33
225° 6.52 15.26 7.40 15.51 8.00 15.67 8.40 15.77 8.70 15.84
270° 7.00 15.40 7.75 15.61 8.45 15.78 8.85 15.88 9.20 15.96
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Figure 8: EV A of the Offshore Hs blowing from Direction 180 °, from 1980 till 2025.
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Figure9: EV A of the Offshore Hs blowing from Direction 225 °, from 1980 till 2025.
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Figure 10: EV A of the Offshore Hs blowing from Direction 270 °, from 1980 till 2025.
Figure 11, Figure 12 and Figure 13 illustrate the offshore scenario (2) Hs blowing from Direction
180°, 225° and 270°, respectively.
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Figure 11: Extreme Vaue Analysis of the Offshore Hs blowing from Direction 180 °, from 1980 till 2001.
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Figure 12: Extreme Vaue Analysis of the Offshore Hs blowing from Direction 225 °, from 1980 till 2001.
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Figure 13: Extreme Vaue Analysis of the Offshore Hs blowing from Direction 270 °, from 1980 till 2001.

4.4 SeaLevel Rise

Sealevel rise (SLR) is one of the most important things that happen in the world because of climate
change. SLR istheresult of the sea water becoming warmer, the glaciers and the ice sheets melting, the
changesin terrestrial water storage. These things are risking the integrity of infrastructure, the wellbeing
of the ecosystem, and the safety of residentsin more coastal cities where flooding, erosion, and seawater
intrusion are the main problems. Perth is a place of extreme importance since it has exceptional
oceanographic conditions and a vigorous sea breeze system, as well as a complicated coastal line
geomorphology, all of which directly affect the local sealevel rise consequences. Making sure that the
sealevel rise forecasts for Perth are correct is extremely important for the regional adaptation planning,
infrastructure resilience, and risk management, especially because the temperature projections that go
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asfar ahead as 2130 introduce substantial uncertainties in the climate forcing, ice sheet dynamics, and
local land movement [12], [61]-[63]

In Perth, the sea level riseis predicted by 2130 to range from over a meter to above 4 meters along
the course of high emissions rising to multi-meters in the extreme case with possible instability in the
Antarctic ice sheet. Vertical land motion and coastal geomorphology are hypothesis to have a bad
influence on this situation; yet this process remains hindered in large by theice sheet dynamicsand local
land subsidence or uplift effects [12], [26], [34], [64]-[68]. Representative Concentration Pathways
(RCPs) / Shared Socioeconomic Pathways (SSPs) show how the amount of greenhouse gasesin the air
changes over time. There are different levels of radiative forcing for each one, from RCP2.6/ SSP1-2.6,
which means a significant amount of mitigation, to RCP8.5/ SSP5-8.5, which means a significant
quantity of emissions[6], [69]-[71].

For this study, 5 main RCPS/SSPs have been used to numericaly investigate the impact of the
climate change and SLR of coastal flood for Perth. Intergovernmental Panel on Climate Change's Sixth
Assessment Report IPCC ARG is used to estimate the SLR Projections for the different scenarios of
RCPs/SSPs in the study, as defined in Table 7 and Figure 14 [7]-[9]. The numerical study shall be
limited to the IPCC ARG SLR values that covers the statistical quantile of 95%.

Table 7. IPCC RCPYSSPs Scenarios and Relevant SLR used for the Study.

Scenario(s)  Statistical 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130
(719 QU(an;ile m @ M W M M M M M m
%

SSF;%’Z%% c 50 009 014 020 025 031 037 043 050 058 064 069
SSF;%Z%% c % 019 02 035 04 054 065 076 091 105 117 128
P45/ 50 009 014 021 027 035 043 050 059 068 076 084
Ss'igifl\z c 9% 018 026 03 046 059 073 08 104 120 135 150
SSF;(;TG%C 50 010 015 022 029 0338 047 058 070 079 090 101
ssF;g?.?dlejlc 9% 018 025 037 049 062 079 098 122 140 161 182
SSRP(;Z?S-E’,\;I c 50 010 016 024 031 041 052 064 079 089 102 114
SSRP(;Z?S'E’,\;I c 9% 018 029 040 053 069 088 108 135 150 18 205
ssigif:ﬁ c 50 010 017 025 033 044 057 072 092 109 130 153
ssF;g-F;féSL/ c % 02 039 058 082 112 148 190 241 297 350 422
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Figure 14: IPCC RCPs/ SSPs Scenarios and Relevant SLR, till 2150

4.5 Mesh Generation and Model Calibration

Mesh. Bathymetric modelling is crucia step for numerical investigation in coastal engineering,
marine science, and environmental management [72], [73]. DHI MIKE 21 is a well-known set of
programs for modelling coastal and marine environments [14], [16], [17]. The most effective methods
to generate meshes for making accurate bathymetric models in DHI MIKE 21 are automated
unstructured mesh generation with integrated shoreline approximation and adaptive mesh refining.
Optimizing mesh gradation can gresatly improve accuracy while lowering processing needs [14], [16],
[17], [74].

For this Study, 384,022 elements with 193,593 nodes have been used for mesh generation with
global map projection of WGS 84 / UTM Zone 50. Figure 15 illustrates the generated numerical mesh,
including the bathymetry and DEM datasets defined in Table 1, for Perth, WA. Meanwhile, Figure 16
illustrates the zoomed generated numerical mesh, for Fremantle and Swan River, Perth.
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Figure 15: Generated Numerical Mesh, including the Bathymetry and DEM datasets, for Perth, WA
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Figure 16: Mesh for Fremantle and Swan River, Perth, WA
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The model is calibrated using comparison of simulated significant wave height for the basin from
3:00 AM June 1%, 2025, till 19:00 AM June 2, 2025. Integrated Marine Observing System (IMOS)
Hillarys buoy [75], located at Lat - 31.852°, Long 115.647° WGS 84, is used for the calibration. The
average difference and maximum difference between the simulated Hsand the recorded Hs by Hillarys
buoy are 2 cm and 23 cm, respectively. Figure 17 shows the difference between the simulated Hsand the
recorded Hs by Hillarys buoy.
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Figure 17: Simulated Hs and the recorded Hs by Hillarys buoy, located at Lat - 31.852°, Long 115.647° WGS 84
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4.5 Scenariosfor the Numerical Approach
For this study, 75 Scenarios are simulated to numerically investigate interaction of the main
directions of extreme events, different return period and IPCC RCP/ SSPs SLR, asillustrated in Figure

18 and Appendix (1).
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Figure 18: Main Parameters for the Simulated Scenarios

5. RESULTSAND DISCUSSION

The long coastline of Western Australiaiis a platform for the effects of awide range of oceanic and
atmospheric drivers, thereby forming its wave climate, especially in the course of storm events. The
knowledge of the change in climate of how the wave heights will increase during stormsis vital for the
coastal risk management, for the infrastructure planning, and for the ecosystemto be resilient. The study
combines literature searches, IPCC RCP / SSP model projections, and numerical simulations. It is the
beginning of a merging of the research initiatives of the theoretical and the practical, describing briefly
the existing gaps and suggesting pathways into the future.

Atmospheric circulation patterns that are responsible for storm tracks and potential changesin storm
intensities will be affected by the climate changes, which in turn leads to the change in wave-generating
mechanisms. It is worth mentioning that these ocean waves are also modified due to their interaction
with local bathymetric features which are mainly responsible for the enhancement or modulation.

In Western Australia, Hs for sea waves presents a remarkabl e seasonal variation whereby the value
is at the peak during the winter storms which are associated with mid-latitude depressions, and itisat a
minimum during the summer sea breezes. Cyclone-induced significant wave heights (Hs >3 m) reach
the annua average of about 30 cases, with the highest occurrence of those averaging in July. Perth
offshore wave finding shows that during severe winter storms, significant wave height can get to return
period estimations of 7.0 meters (1-year) and 9.20 meters (100-year). It is worth noting Hs, which are
resulting from the intersection of waves blowing from direction 270° and RCP / SSP 8.5 LC, are the
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maximum generated wave heights for different return periods. Table 8 summarize the comparison
between both scenarios illustrates the increment percentage due to the impact of climate change to the
estimated storm significate Hs, in accordance with Table 4. There is an estimated average increment
percentage of 10%, 5% and 6% for the directions of 180°, 225° and 270°, respectively.

Table 8. EVA of the offshore Hs blowing from Direction 180°, 225° and 270°, for 2 scenarios, for Perth, WA

Scenario (1), from1980till  Scenario (2), from 1980 till Increment Percentage
2025 2001

Direction Hs Hs Hs Hs Hs Hs Hs Hs Hs Hs lyear S5years 20 50 100
(Degree) 1- 5 200 50- 100- 1- 5 20 50- 1000 RP RP years years years

year year year year year Yyear Yyear year year year RP RP RP
RP RP RP RPRP RP RPRPRPRP

m M M M M m m m Mm m
180° 302 342 365 385 402 275 3.1 334 35 3.629.82% 10.32% 9.28% 10.00% 11.05%
225° 652 74 8 84 87 632 695761 8 84 316% 6.47% 5.12% 5.00% 3.57%
270° 700 7.75 845 885 92 651 7.32804 84 87 7.53% 5.87% 5.10% 5.36% 5.75%

=

Figure 19 shows the Wave Height at the entrance of Fremantle Harbour, Perth, for different SLR,
Directions and R. P scenarios as defined in accordance with Figure 18 and Appendix (1). Meanwhile,
Figure 20 illustrates the Hs values for different return periods.

Moreover, Perth is the one of the most affected cities in the Western Australia due to the changes
caused by climate and the affected population. The major factors causing these aterations are SLR and
the increment in both the number of storms and their strength, as defined in table 8. Urban areas close
to the coast of Perth are supposed to be faced with significant problems that arise as a result of the
climate impact on coastal inundations. Proactive action strategies such as the infrastructure
modernization, and proper governance, and coastal risk investigation using numerical modelling
approaches may help the community to have a stable and strong coastal communities. It is expected that
the coastal flooded area shall exceed ninety-seven km? due to the extreme wave events for RCP/ SSP
8.5 LC. Figure 21 and Figure 22 illustrate the predicted flooded footprint due to extreme wave events
blowing from direction 270° with SLR RCP/ SSP8.5 L C for Fremantle and Mullaloo zone, respectively.

Figure 19: Wave Height at the entrance of Fremantle Harbour, Perth (Location: Latitude -32.056, Longitude
115.725. WGS 84)
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Figure 20: Highest Wave Amplitude of direction 270° with SLR RCP/ SSP 8.5 LC for Perth (&) Hsfor 1-year
R.P, (b) Hs for 5-year R.P, (c) Hs for 20-year R.P, (d) Hs for 50-year R.P, (€) Hs for 100-year R.P.
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Figure 21: Flooded Footprint due to extreme Wave Events blowing from direction "270° with SLR RCP/ SSP
8.5 LC for Fremantle, Perth (a) Hsfor 1-year R.P, (b) Hsfor 5-year R.P, (c) Hsfor 20-year R.P, (d) Hs for 50-year
R.P, () Hs for 100-year R.P
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Figure 22: Flooded Footprint due to extreme Wave Events blowing from direction 270° with SLR RCP/ SSP 8.5
LC for Mullaloo, Perth (a) Hs for 1-year R.P, (b) Hs for 5-year R.P, (¢) Hs for 20-year R.P, (d) Hs for 50-year
R.P, (e) Hs for 100-year R.P
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6. Conclusions

The research utilized an elaborate numerical model system to assess the repercussions of awarming
planet on offshore wave dynamics and coastal flooding of Perth, Australia. Simulation of 75 possible
future situations was performed by integrating 45-year hindcast wave data, IPCC ARG sea-level rise
scenarios, and high-resolution coastal topography using DHI MIKE 21 Spectral Wave (SW) and
Hydrodynamic (HD) models. The findings indicate that significant wave heights in three major swell
directions (180°, 225°, and 270°) have grown, with even more than 9.2 m extreme values under high-
emissions (RCP/ SSP 8.5 L C) and long-term sea-level rise conditions. The storm surge extent and inland
penetration for the two selected urban beaches-Fremantle and Mullaloo, flooded, to a greater extent and
farther inland respectively, under deluge from climate change drivers, particularly during 100-year
return period events. It is expected that the coastal flooded area shall exceed ninety-seven km? due to
the extreme wave events for RCP/ SSP8.5LC.

In line with this, the research reinforces the utility of scenario-based numerical models in assessing
coastal hazards providing practical resources to replicate complex oceanographic reactions to human
induced climate change. This evidence fits in with and develops the larger academic talk on climate
adaptation and marine hazard preparedness. The output of this work is the generation of very specific
and local risk assessments that are necessary for coastal planning and resilience at the level of
infrastructures, even in the case of oceanic fluctuations that were initialy outlined by earlier works.

The study indicates that without taking measures to adapt to climate change, the future coastal
inundation events can greatly influence the living conditions of the coastal communities in Perth. The
demonstrated numerical modelling framework is a transferable tool that can be easily utilized for other
coastal areas that are at risk, thus letting local governments and policymakers foresee and react to
changing marine hazards and climate change.

7. Appendix

Appendix (1): Characteristics of Hs and SLR, and Static Water Level (SWL) for different scenarios of return
periods.

Table 1. Characteristics of Hsand SLR, and Static Water Level (SWL) for 1-year R. P Scenarios

Scenario(s) Hs(m) Tp (9 SR(M SM (m)
Scenario 1 Direction 180° SLR RCP/ SSP2.6 MC 1-year R. P 3.02 13.81 0.011 1191
Scenario 2 Direction 225° SLR RCP/ SSP 2.6 MC 1-year R. P 6.52 15.26 0.011 1.191
Scenario 3 Direction 270° SLR RCP/ SSP 2.6 MC 1-year R. P 7.00 15.40 0.011 1.191
Scenario 4 Direction 180° SLR RCP/ SSP 4.5 MC 1-year R. P 3.02 13.81 0.015 1.195
Scenario 5 Direction 225° SLR RCP/ SSP 4.5 MC 1-year R. P 6.52 15.26 0.015 1.195
Scenario 6 Direction 270° SLR RCP/ SSP4.5MC 1-year R. P 7.00 15.40 0.015 1.195
Scenario 7 Direction 180° SLR RCP/ SSP 7.0 MC 1-year R. P 3.02 1381 0.021 1.201
Scenario 8 Direction 225° SLR RCP/ SSP 7.0 MC 1-year R. P 6.52 15.26 0.021 1.201
Scenario 9 Direction 270° SLR RCP/ SSP 7.0 MC 1-year R. P 7.00 15.40 0.021 1.201
Scenario 10 Direction 180° SLR RCP/ SSP8.5MC 1-year R. P 3.02 13.81 0.023 1.203
Scenario 11 Direction 225° SLR RCP/ SSP8.5MC 1-year R. P 6.52 15.26 0.023 1.203
Scenario 12 Direction 270° SLR RCP/ SSP8.5MC 1-year R. P 7.00 15.40 0.023 1.203
Scenario 13 Direction 180° SLR RCP/ SSP8.5LC 1-year R. P 3.02 1381 0.063 1.243
Scenario 14 Direction 225° SLR RCP/ SSP8.5LC 1-year R. P 6.52 15.26 0.063 1.243
Scenario 15 Direction 270° SLR RCP/ SSP8.5LC 1-year R. P 7.00 15.40 0.063 1.243
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Table 2. Characteristics of Hsand SLR, and Static Water Level (SWL) for 5-year R. P Scenarios

Scenario(s) Hs(m) Tp (9 SSR(mM) SWL (M)
Scenario 16 Direction 180° SLR RCP/ SSP2.6 MC 5 yearsR. P 342 14.03 0.055 1.235
Scenario 17 Direction 225° SLR RCP/ SSP2.6 MC 5 yearsR. P 7.40 1551 0.055 1.235
Scenario 18 Direction 270° SLR RCP/ SSP2.6 MC 5 yearsR. P 7.75 15.61 0.055 1.235
Scenario 19 Direction 180° SLR RCP/ SSP4.5MC5yearsR. P 342 14.03 0.075 1.255
Scenario 20 Direction 225° SLR RCP/ SSP4.5MC5yearsR. P 7.40 1551 0.075 1.255
Scenario 21 Direction 270° SLR RCP/ SSP4.5MC5yearsR. P 7.75 15.61 0.075 1.255
Scenario 22 Direction 180° SLR RCP/ SSP7.0 MC 5 yearsR. P 342 14.03 0.105 1.285
Scenario 23 Direction 225° SLR RCP/ SSP7.0 MC 5 yearsR. P 7.40 1551 0.105 1.285
Scenario 24 Direction 270° SLR RCP/ SSP 7.0 MC 5 yearsR. P 7.75 15.61 0.105 1.285
Scenario 25 Direction 180° SLR RCP/ SSP8.5MC5yearsR. P 342 14.03 0.115 1.295
Scenario 26 Direction 225° SLR RCP/ SSP8.5MC5yearsR. P 7.40 1551 0.115 1.295
Scenario 27 Direction 270° SLR RCP/ SSP8.5MC 5 yearsR. P 7.75 15.61 0.115 1.295
Scenario 28 Direction 180° SLR RCP/ SSP85LC5yearsR. P 342 14.03 0.315 1.495
Scenario 29 Direction 225° SLR RCP/ SSP85LC5yearsR. P 7.40 1551 0.315 1.495
Scenario 30 Direction 270° SLR RCP/ SSP85LC5yearsR. P 7.75 15.61 0.315 1.495

Table 3. Characteristics of Hs and SLR, and Static Water Level (SWL) for 20-year R. P Scenarios

Scenario(s) Hs Tp SR SAML
(m) © (m) (m)

Scenario 31 Direction 180° SLR RCP/ SSP 2.6 MC 20 yearsR. P 3.65 14.15 0.16 134
Scenario 32 Direction 225° SLR RCP/ SSP 2.6 MC 20 yearsR. P 8.00 15.67 0.16 134
Scenario 33 Direction 270° SLR RCP/ SSP 2.6 MC 20 yearsR. P 845 15.78 0.16 134
Scenario 34 Direction 180° SLR RCP/ SSP4.5MC 20 yearsR. P 3.65 14.15 0.18 1.36
Scenario 35 Direction 225° SLR RCP/ SSP4.5MC 20 yearsR. P 8.00 15.67 0.18 1.36
Scenario 36 Direction 270° SLR RCP/ SSP4.5MC 20 yearsR. P 8.45 15.78 0.18 1.36
Scenario 37 Direction 180° SLR RCP/ SSP 7.0 MC 20 yearsR. P 3.65 14.15 0.19 137
Scenario 38 Direction 225° SLR RCP/ SSP 7.0 MC 20 yearsR. P 8.00 15.67 0.19 137
Scenario 39 Direction 270° SLR RCP/ SSP 7.0 MC 20 yearsR. P 845 15.78 0.19 1.37
Scenario 40 Direction 180° SLR RCP/ SSP8.5MC 20 yearsR. P 3.65 14.15 0.22 14
Scenario 41 Direction 225° SLR RCP/ SSP8.5MC 20 yearsR. P 8.00 15.67 0.22 14
Scenario 42 Direction 270° SLR RCP/ SSP8.5MC 20 yearsR. P 8.45 15.78 0.22 14
Scenario 43 Direction 180° SLR RCP/ SSP85LC 20 yearsR. P 3.65 14.15 0.36 154
Scenario 44 Direction 225° SLR RCP/ SSP85LC 20 yearsR. P 8.00 15.67 0.36 154
Scenario 45 Direction 270° SLR RCP/ SSP85LC 20 yearsR. P 8.45 15.78 0.36 154
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Table4. Characteristics of Hs and SLR, and Static Water Level (SWL) for 50-year R. P Scenarios

Scenario(s) Hs Tp 9R SAL

(m) ©® (m) (m)

Scenario 46 Direction 180° SLR RCP/ SSP 2.6 MC 50 years R. P 385 14.25 0.46 164
Scenario 47 Direction 225° SLR RCP/ SSP 2.6 MC 50 years R. P 8.40 15.77 0.46 164
Scenario 48 Direction 270° SLR RCP/ SSP 2.6 MC 50 years R. P 8.85 15.88 0.46 164
Scenario 49 Direction 180° SLR RCP/ SSP 4.5 MC 50 yearsR. P 3.85 14.25 0.55 173
Scenario 50 Direction 225° SLR RCP/ SSP 4.5 MC 50 yearsR. P 8.40 15.77 0.55 173
Scenario 51 Direction 270° SLR RCP/ SSP4.5MC 50 yearsR. P 8.85 15.88 0.55 173
Scenario 52 Direction 180° SLR RCP/ SSP 7.0 MC 50 years R. P 3.85 14.25 0.61 1.79
Scenario 53 Direction 225° SLR RCP/ SSP 7.0 MC 50 years R. P 8.40 15.77 0.61 1.79
Scenario 54 Direction 270° SLR RCP/ SSP 7.0 MC 50 years R. P 8.85 15.88 0.61 1.79
Scenario 55 Direction 180° SLR RCP/ SSP 8.5 MC 50 yearsR. P 385 14.25 0.7 1.88
Scenario 56 Direction 225° SLR RCP/ SSP8.5MC 50 yearsR. P 8.40 15.77 0.7 1.88
Scenario 57 Direction 270° SLR RCP/ SSP8.5MC 50 yearsR. P 8.85 15.88 0.7 1.88
Scenario 58 Direction 180° SLR RCP/ SSP85LC50yearsR. P 385 14.25 1.26 244
Scenario 59 Direction 225° SLR RCP/ SSP8.5LC 50 yearsR. P 8.40 15.77 1.26 244
Scenario 60 Direction 270° SLR RCP/ SSP 8.5 LC 50 yearsR. P 8.85 15.88 1.26 244

Table5. Characteristics of Hs and SLR, and Static Water Level (SWL) for 100-year R. P Scenarios

Scenario(s) Hs Tp 9R SAL
(m) © (m) (m)

Scenario 61 Direction 180° SLR RCP/ SSP 2.6 MC 100 yearsR. P 4,02 14.33 1.09 2.27
Scenario 62 Direction 225° SLR RCP/ SSP 2.6 MC 100 yearsR. P 8.70 15.84 1.09 2.27
Scenario 63 Direction 270° SLR RCP/ SSP 2.6 MC 100 yearsR. P 9.20 15.96 1.09 2.27
Scenario 64 Direction 180° SLR RCP/ SSP4.5 MC 100 yearsR. P 4,02 14.33 132 25
Scenario 65 Direction 225° SLR RCP/ SSP4.5 MC 100 yearsR. P 8.70 15.84 132 25
Scenario 66 Direction 270° SLR RCP/ SSP4.5 MC 100 yearsR. P 9.20 15.96 132 25
Scenario 67 Direction 180° SLR RCP/ SSP 7.0 MC 100 yearsR. P 4,02 14.33 164 2.82
Scenario 68 Direction 225° SLR RCP/ SSP 7.0 MC 100 yearsR. P 8.70 15.84 164 2.82
Scenario 69 Direction 270° SLR RCP/ SSP 7.0 MC 100 yearsR. P 9.20 15.96 164 2.82
Scenario 70 Direction 180° SLR RCP/ SSP8.5 MC 100 yearsR. P 4,02 14.33 1.87 3.05
Scenario 71 Direction 225° SLR RCP/ SSP8.5 MC 100 yearsR. P 8.70 15.84 187 3.05
Scenario 72 Direction 270° SLR RCP/ SSP8.5 MC 100 yearsR. P 9.20 15.96 187 3.05
Scenario 73 Direction 180° SLR RCP/ SSP8.5LC 100 yearsR. P 4,02 14.33 4 5.18
Scenario 74 Direction 225° SLR RCP/ SSP8.5LC 100 yearsR. P 8.70 15.84 4 5.18
Scenario 75 Direction 270° SLR RCP/ SSP8.5LC 100 yearsR. P 9.20 15.96 4 5.18
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