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Abstract

Tropical cyclones (TCs) are major acute stressors on coral reefs and significantly
contribute to coral decline, with increasing frequency and intensity due to
climate change posing further challenges for the Great Barrier Reef (GBR). This
project models multiple TCs over the GBR to assess coral reef damage using bed
shear stress (BSS) as a proxy and evaluates future impacts of sea level rise (SLR)
through simulations based on IPCC AR6 SSP projections (SSP1-1.9 and SSP2-4.5).
Using Thetis, a flow solver for simulating coastal flows, BSS impacts were
analysed in tide-only and tide-and-wind (cyclonic) environments. Statistical
analysis showed significant trends in algae (t = 0.19, p < 0.001) and “Other” (e.g.
sponges, tunicates and abiotics) (t =-0.22, p < 0.001), with algae cover increasing
as BSS intensified, while other benthic decreased, suggesting physical damage or
dislodgement creates space for algal growth. No significant changes in hard or
soft coral cover in response to BSS were found. Simulations altering bathymetry
based on the SLR projections revealed that the response of BSS to SLR varies
across reefs, with deeper reefs experiencing stronger cyclonic BSS than
shallower ones due to differences in wave energy. Coral species also respond
differently to hydrodynamic forces, indicating the importance of species-specific
analysis. These findings highlight the difficulty of generalizing results across the
GBR due to variations in bathymetry, coral species, and environmental
conditions. A reef-specific approach is necessary to accurately predict how
individual reefs will respond to TCs and SLR in the future.
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bed shear stress and (B) the change in bed shear stress magnitude modelled at each reef
during each scenario with Loess curves added to visualise trends in the data.................... 113
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Chapter 1 | Introduction and Literature Review

1.1 | Tropical Cyclones and Coral Reefs

The Australian Bureau of Meteorology defines a tropical cyclone (TC) as a
large-scale, non-frontal, cyclonic low-pressure system originating in tropical
regions (McBride and Keenan 1982). This system is marked by 10-minute mean
winds reaching at least 17.5 m/s, categorised as gale force, with the highest wind
speeds concentrated at the cyclone’s centre (Puotinen, 2004).

The impact of an individual TC on coral reef communities is contingent upon
factors such as its strength (measured by maximum wind speed in m/s),
duration (the duration of extreme conditions near reefs in hours), spatial extent
(size, gauged as the distance from the track to where wind speed drops to gale
force at 17 m/s), and translation speed (the forward motion speed of the TC in
m/s) (Puotinen et al. 2020). The probability of significant damage is heightened
when a TC has considerable strength (maximum wind speeds >33 m/s), endures
for an extended period (sustaining gale force winds near reefs for at least 12
hours), exhibits substantial size (size >300 km), and progresses slowly
(translation speed <5 m/s) across numerous reefs (Cheal et al. 2017). Puotinen
(2007) identified that, for three recent cyclones in the Great Barrier Reef (GBR),
maximum wind speed was the most accurate predictor of total damage in one
instance, while storm duration proved to be the superior predictor in the other
two cyclones. This suggests that both intensity and duration of a TC are crucial
determinants of the extent of damage. TCs generate various kinds of damage to
coral reefs through mechanical destruction, changes in sedimentation, an
increase in turbidity and the lowering of salinity (Harmelin-Vivien 1994).

The occurrence of a TC has frequently been reported to cause immediate
mechanical destruction to reef habitats, because of extreme winds, waves and
swells (Cheal et al. 2002). The extent of physical wave damage to coral reef
communities caused by TCs varies, ranging from the breakage of colony tips and
branches to the dislodgement and removal of entire colonies, and in some
cases, the removal of portions of the reef structure itself (Puotinen et al. 2016).
In March 2003, TC Erica, classified as a category five storm, crossed New
Caledonia in the subtropical region of the South Pacific (Guillemot, Chabanet,
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and Le Pape 2010). The cyclone had average wind speeds of 59.7 m/s and gusts
reaching up to 87.5 m/s, leading to significant changes in coral reef habitat
characteristics between 2002 and 2003 (Guillemot et al. 2010). The mechanical
degradation of reef habitats following the cyclone was marked by a reduction in
dead corals present on barrier reefs located near pass (less than 3 km from the
nearest pass) and an increase in coral debris and blocks on barrier reefs located
far from pass (more than 3 km from the nearest pass) (Guillemot et al. 2010).
The direct mechanical effects of TC Erica appeared to have resulted in significant
alterations of the 3D-structure of reef habitats on barrier reefs, especially on
barrier reefs far from pass which showed significant modification of live hard
coral composition (Guillemot et al. 2010).

The displacement of ordinarily stable sediments is the net impact of
exceptionally energetic conditions, with surface sediment up to 30 cm thick
potentially being removed from some regions and accumulated in others,
burying and killing benthic creatures, including corals (Hubbard et al. 1991).
Heavy rains caused by cyclonic activity on islands and the mainland can result in
turbid waters migrating seawards to coral reefs, potentially limiting coral colony
growth since water turbidity reduces the quantity of light reaching reefs
(Harmelin-Vivien 1994). In the Coral Coast region of southwest Viti Levu Island,
Fiji, the relatively undisturbed Votua rainforest catchment was investigated as a
result of nearby watersheds undergoing logging and cultivation, posing a risk of
elevated sedimentation to nearby coral reefs (Ram and Terry 2016). The South
Pacific wet season experiences periodic tropical cyclones, with approximately
10-12 cyclones passing through Fiji waters per decade (Ram and Terry 2016).
Some of these cyclones bring heavy precipitation and lead to significant river
floods (Kostaschuk, Terry, and Raj 2001). Previous research indicates that floods
generated by cyclones can transport exceptionally high concentrations of
suspended sediment in Fiji rivers (Kostaschuk, Terry, and Raj 2003; Terry,
Garimella, and Kostaschuk 2002), thereby posing a threat of increased
sedimentation and therefore increased turbid waters to adjacent coral reefs.

Significant quantities of sediments, nutrients, and pesticides are introduced into
the ocean during river flood events, exerting considerable impacts on vulnerable
marine ecosystems, particularly inshore coral reefs (Fabricius et al. 2005).
Although much emphasis has been placed on these ‘pollutants’, low salinity, as a
result of river discharge, also provides an additional stressor to reefs (Faxneld,
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Jorgensen, and Tedengren 2010). This low salinity condition can be exacerbated
by TCs, which contribute to reduced seawater salinity through intense rainfall
and increased river flows onto nearby reefs (Lough 2008). Few studies have
examined salinity thresholds for corals; however, freshwater discharge to
inshore marine environments such as the GBR have become more variable with
more ‘very wet' and ‘very dry’ extremes occurring in recent decades (Lough
2007). These ‘very wet' extreme events result in widespread coral mortality
(Huang et al. 2014). Reduced seawater salinity plumes (as low as 28 ppt) can
persist for up to seven weeks on the GBR (Berkelmans and Oliver 1999). While
corals may endure moderate exposure and eventually recover from such events
(Jokiel et al. 1993), exposure to very low-salinity seawater leads to coral
bleaching and eventual death (Kerswell and Jones 2003). Coral bleaching has
been described as a sublethal response of corals involving loss of endosymbiotic
dinoflagellate microalgae from the coral tissues and/or loss of the pigments of
the algae (Fitt et al. 2001). The impact of these events became highly apparent
on the GBR after extensive flooding in Queensland during the extreme summer
monsoon of 2010-11, linked to a major La Nifia event (Lough, Lewis, and Cantin
2015). More than 33 m® of water flowed from the Fitzroy River between
December 2010 and March 2011, creating a substantial freshwater plume in the
southern GBR lagoon (Tan et al. 2012). During this period, significant mortality of
scleractinian (hard) corals on Great Keppel Island reef, situated less than 50 km
from the river mouth, was documented, as well as 100% mortality observed
among 60 tagged colonies of Acropora millepora (Tan et al. 2012).
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1.2 | Coral Reefs in the Great Barrier Reef

The GBR is the world’s largest coral reef ecosystem and a UNESCO World
Heritage Area, containing ~3,000 individual coral reefs within an area of 345,000
km? (De'ath et al. 2012) (Figure 1). Reefs along the GBR have been classified as
the world's least threatened as a result of strong legal protection and their
distance from human population centres, with reefs generally lying more than
30 km offshore (with the exception of the Cairns region, where fringing reefs line
much of the coast) (Burke et al. 2011). However, the GBR is not immune to the
general degradation of reef condition, particularly in the mid to southern
sections and in-shore habitats (Graham et al. 2014). This raises substantial
concern as the GBR supports an annual revenue of ~AU$5.5 billion through
tourism and fisheries, as well as providing a wide range of ecosystem goods and
services (Stoeckl et al. 2011).
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Figure 1 The location of the study area along the Australian east coast (A) and the locations of the 15 coral reefs studied in this research

along the GBR (highlighted in green) (B). The boundary of the simulation area is denoted by the black line (landward) and red line (forced).
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Coral assemblages at any particular site, at any given time, are the result of a
combination of large-scale biogeographical processes, local-scale environmental
conditions, and stochastic disturbances. Large-scale processes include habitat
availability and regional species diversity (Bellwood and Hughes 2001).
Local-scale conditions encompass wave exposure, light irradiance and turbidity
(Done 1982). Stochastic disturbances, which vary in temporal scales, consist of
TCs, disease outbreaks, predation, bleaching and anthropogenic impacts
(Roberts et al. 2015). The vulnerability of coral reefs to these stochastic
disturbances, in particular TCs, is as a result of the robustness and fragility of the
reef, which varies according to location, coral community type and successional
stage of coral development (Fabricius et al. 2008).

Outer-shelf reefs are more exposed to prevailing south-easterly waves than
inshore reefs (which are sheltered by outer reefs); however, the offshore reef
framework is substantially stronger than that of inshore reefs (Fabricius et al.
2008). This is as a result of the offshore reefs coral skeleton density being much
higher as they are consolidated by crustose coralline algae and calcium
carbonate precipitation (Lough and Barnes 2000); whereas, inshore coral
skeletons have lower skeletal density and weaker reef substrata (more loosely
assembled and poorly cemented) as a result of greater internal bioerosion and
fewer crustose coralline algae (Perry and Smithers 2006).

The community type at individual coral reefs is another predictor of a coral reefs
vulnerability to disturbances. Coral growth form responds to several factors
including light, hydrodynamic stress, sediment flux effect and subaerial
exposure as outlined in Figure 2 (Chappell 1980). The shape of reef corals is
affected by light levels and by wave stress, leading to the zonation of coral form
associations with exposure and depth (Figure 2) (Chappell 1980). It is proposed
that coral growth, like diversity, is limited by the same four stress factors, with
growth decreasing as overall stress increases, until any factor becomes limiting
(Chappell 1980). In shallow, wave-exposed outer-reef crests, solid, low
streamlined coral frameworks develop, consisting mainly of Acropora with ridged
growth forms, complemented by low and compact branching colonies of light
skeletal structure (Fabricius et al. 2008). Table corals (known for their broad and
horizontal growth) and taller branching forms, including Acropora and
Pocillopora, only become common below the reach of storm waves or in
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sheltered back-reef margins of outer reefs, and on fronts, flanks, or backs of
inner reefs (Fabricius et al. 2008).
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Figure 2 Idealised variation of coral community forms and diversity from sums of stresses
across a simple reef section and coral form responses to environmental stresses (Chappell
1980).

The successional stage of coral communities is the third predictor of reef
fragility. Significant changes in community composition occur along depth
gradients of less than 30 m, primarily as a result of changes in wave energy and
light irradiance (Done 1982), as well as the frequency and intensity of
disturbances (Madin and Connolly 2006). Reefs that suffer more frequent or
recent disturbances are likely to have early successional communities with
relatively low coral cover, whereas, reefs undisturbed for a long period of time
feature late successional communities consisting of fewer taxa, but with higher
coral cover and larger mean colony size (Done et al. 2010). Research into coral
species diversity along depth gradients has shown that species richness is
highest in intermediate depths, 15-35 m (Huston 1985). Light-dependent corals
are eventually limited by declining solar irradiance with increasing depth;
however, coral assemblages in deeper waters (> 20 m) are also less exposed to
disturbances such as severe storms and coral bleaching events and are
therefore more ecologically stable than shallower reefs (Smith et al. 2014). The
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capability of corals to inhabit deeper water is considered to be a crucial factor
mitigating extinction risk (Carpenter et al. 2008).

1.3 | Threats to Coral Reef Ecosystems in the Great Barrier Reef

Based on the world's most extensive time series data on reef condition, with
2,258 surveys undertaken on 214 reefs between 1985-2012 in the GBR, a major
decline in coral cover was found from 28.0% to 13.8% (an average of 0.53% y), a
loss of 50.7% of initial coral cover (De'ath et al. 2012). In a more recent survey
conducted between August 2022 and May 2023, the northern, central, and
southern sectors of the GBR showed declines in hard coral cover of 0.8%, 1.8%,
and 0.1%, respectively (Figure 3) (AIMS 2023). A majority of reefs underwent little
change in 2023, however, coral cover losses from the 2022 mass coral bleaching
event, TC Tiffany in January 2022, coral disease and crown-of-thorns starfish
(COTS) on some reefs offset increases on other reefs less (or not) affected by
such disturbances (AIMS 2023).
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Figure 3 Summary of the results from the AIMS GBR long-term monitoring program coral
reef condition report for the 2022-2023 period demonstrating the hard coral cover,
crowns-of-thorns starfish outbreaks and in-water bleaching prevalence status and trends for
the northern, central and southern GBR (AIMS 2023).
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Although COTS outbreaks have persisted on some southern GBR reefs in
2022-23, the number of outbreaks on the surveyed reefs have largely decreased
(AIMS 2023). However, reefs surveyed between August 2023 and June 2024 have
shown an increase in the number of detected COTS in the northern (four reefs)
and central (two reefs) GBR, with outbreaks continuing to persist on four
southern GBR reefs (Figure 3) (AIMS 2024a).

The annual summary report on coral reef condition for the 2023-24 period
shows an overall increase in hard coral cover across all three sectors of the GBR,
with the southern GBR showing the highest increase of 5.1% (Figure 4) (AIMS
2024a). However, it is important to note that these recent increases in hard coral
cover can be quickly reversed, as many coral reefs remain highly susceptible to
elevated heat stress, wave damage, COTS predation, disease and other
anthropogenic impacts (AIMS 2024a).
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Figure 4 Summary of the results from the AIMS GBR long-term monitoring program coral
reef condition report for the 2023-2024 period demonstrating the hard coral cover,
crowns-of-thorns starfish outbreaks, in-water bleaching prevalence and aerial bleaching
severity status and trends for the northern, central and southern GBR (AIMS 2024a).
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Human-induced threats originating locally account for 60% of the global damage
inflicted upon coral reefs, significantly influencing their recovery and
resilience-building processes (Do, Saunders, and Kuleshov 2022). These threats
include overfishing and destructive fishing practices, coastal development, and
pollution from both watershed and marine sources, posing risks to 55%, 25%,
25%, and 10% of reefs, respectively (Do, Saunders, and Kuleshov 2022). The
reefs of Australia are the least affected by local threats, with 15% affected by
local stressors and only 1% at high or very high threat (Burke et al. 2011).
Marine-based pollution and damage and watershed-based pollution have been
identified as the major local threats to the GBR.

The threat of marine-based pollution and damage poses a moderate risk to 10%
of the Great Barrier Reef (GBR), primarily influenced by the presence of busy
shipping lanes traversing the GBR, with these shipping routes bringing vessels
into relatively close proximity to coral reefs, especially in the northern region
(GBRMPA 2009). In 2010, a 230 m long bulk coal carrier Shen Neng 1 bound for
China ran aground on Douglas Shoal (92 km northeast of Gladstone), with an
initial assessment of 50% of the reef area within the track of the vessel revealing
damage varying from severe to moderate across the area impacted, as well as
contamination of the shoal and surrounding sediment with antifouling paint
from the bottom of the ship (GBRMPA 2010). Despite this, between 1985 and
2008 only 54 major shipping incidents were recorded and the actual spatial
impact of these incidents, including physical impacts and pollution, was quite
small as a result of shipping being strictly managed (Burke et al. 2011).

Watershed-based pollution from agriculture and forest clearance has been
widely recorded in the GBR, with 4% of the GBR threatened, including 2% at high
threat (Bainbridge et al. 2009). Whilst only constituting a small percentage, this
includes nearly all the nearshore reefs in the southern and central sectors of the
GBR (Burke et al. 2011). These nearshore ecosystems not only host distinctive
biodiversity but also hold significant importance for local communities (GBRMPA
2009). Overfishing and coastal development are individually assessed to pose a
threat to only 1% of the GBR, mainly as a result of the considerable distances of
most reefs from human habitation (Burke et al. 2011). Nonetheless, recorded
impacts of fishing on remote reefs suggest that both recreational and
commercial fishers likely travel greater distances than previously thought
(Jackson et al. 2001).
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COTS, scientifically identified as Acanthaster spp, are among the largest and most
efficient coral predators in the Indo-Pacific region (Westcott et al. 2020). The
starfish feed on corals, leading to the formation of plagues that beset reefs
(Baird et al. 2013). In the GBR, the population dynamics of COTS exhibit cyclical
booms, eventually spreading across a significant portion of the ecosystem
(Pratchett 2005). Whilst COTS typically exist at low densities (often <1 starfish per
ha') and exert minimal impact on reef coral abundance, their potential for
devastation of coral communities becomes apparent during outbreaks when
their numbers surge (Pratchett 2005). During the period between 1985-2012,
average hard coral cover across the GBR halved, which was mainly attributed to
recurrent population outbreaks of COTS (Westcott et al. 2020). A historical
example occurred in 1962 at Green Island on the northern GBR, where an
outbreak of A. planci killed 80% of scleractinian corals across the entire reef,
spanning from the shallow reef crest (<2 m depth) to a depth of 40 m (Pratchett
2005). Throughout the evolutionary history of the GBR, elevated levels of COTS
are believed to have occurred; however, the severity of COTS outbreaks is
thought to be intensified by a combination of anthropogenic influences and
climatic events (De'ath et al. 2012), although outbreaks are not necessarily more
frequent (Fabricius, Okaji, and De’ath 2010).

Coral bleaching is a stress response in which the coral expels most or all of its
endosymbiotic zooxanthellae (Brown 1997). In extreme cases, the bleaching
response can be fatal to the coral host, leading to the potential devastation of
entire reef ecosystems across expansive areas of ocean (Wooldridge 2009).
There are a diverse range of stress factors that lead to coral bleaching, including
low salinity, low temperature, high sedimentation, aerial exposure and cyanide
exposure; however, the combination of high irradiance and abnormally warm
sea surface temperatures (SSTs) is the primary triggering factor for modern
large-scale mass bleaching events (Hoegh-Guldberg 1999). There are a wide
range of biological and ecological effects of coral bleaching. The biological effects
extend to reduced coral growth, reduced reproduction and increased mortality,
whilst ecological implications include significant decreases in the cover of
susceptible species, shifts in community composition, a drop in species diversity
and associated declines in both reef growth and habitat diversity (Marshall and
Baird 2000).
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Mass coral bleaching events do not uniformly impact all reefs within a given reef
province during an episode and rarely do bleached reefs experience equal
severity of effects (Berkelmans et al. 2004). During the 1998 coral bleaching
event, an aerial survey of the GBR revealed that up to 72% of the surveyed
offshore reefs and 13% of inshore reefs remained unbleached (Berkelmans and
Oliver 1999). Furthermore, the severity of bleaching varied, ranging from
moderate (1-10% of cover) to extreme (>60% of cover), with all reefs falling into
the extreme category located inshore, specifically on fringing and patch reefs,
with none observed offshore (Berkelmans and Oliver 1999). In 2016, the GBR
faced another significant bleaching event, comparable to the 1998 incident,
where the region experienced its highest recorded temperatures to date
(Stuart-Smith et al. 2018). An estimated 91.1% of reefs along the GBR
experienced some bleaching (Hughes et al. 2017), resulting in an estimated loss
of approximately 30% of live coral cover over the following six months (Hughes
et al. 2018). The most recent mass coral bleaching episode occurred in 2024,
where above-average water temperatures (sea-surface temperature anomalies
of 1-2.5°C) occurred over the austral summer, peaking in March 2024 and
resulting in the fifth mass coral bleaching event since 2016 (AIMS 2024a). This
bleaching event resulted in a record-breaking spatial footprint of coral bleaching,
with 49% of reefs having high levels (>30% of corals bleached) and 32% of reefs
having very high to extreme levels (>60% of corals bleached) (AIMS 2024a).

Coral disease is challenging the resilience of coral reef communities and is of
particular concern because it may interact with and increase the impacts of
other threats to coral health (e.g. bleaching, overfishing, destructive fishing
practices and coastal developments) (Willis, Page, and Dinsdale 2004). The
incidence of coral disease outbreaks has experienced a significant surge in
recent years, with a notable exponential increase in the number of documented
diseases since an initial report in 1965 (Sutherland, Porter, and Torres 2004).
This increase includes the appearance of new diseases, re-emergence of more
harmful forms of known diseases, and an increase in the range of coral species
affected (Roff et al. 2011). A number of novel diseases have emerged in the
Indo-Pacific region including atramentous necrosis, white syndrome, skeletal
eroding band, brown band disease, and Porites ulcerative white spot disease
(Jones et al. 2004; Willis, Page, and Dinsdale 2004). These diseases are most
common within the Acroporidae family, the coral family that is amongst the
fastest growing and the most spatially dominant framework builder along the

22 of 124


https://paperpile.com/c/Zly3Ek/ZP3Vy
https://paperpile.com/c/Zly3Ek/v2URp
https://paperpile.com/c/Zly3Ek/v2URp
https://paperpile.com/c/Zly3Ek/v2URp
https://paperpile.com/c/Zly3Ek/s6Brg
https://paperpile.com/c/Zly3Ek/893BY
https://paperpile.com/c/Zly3Ek/adds4
https://paperpile.com/c/Zly3Ek/adds4
https://paperpile.com/c/Zly3Ek/P7iVB
https://paperpile.com/c/Zly3Ek/P7iVB
https://paperpile.com/c/Zly3Ek/1R1cX
https://paperpile.com/c/Zly3Ek/UMmar
https://paperpile.com/c/Zly3Ek/pJJ0H
https://paperpile.com/c/Zly3Ek/JDfLb+1R1cX

GBR (Page and Willis 2008). Acroporidae are also the most susceptible to
bleaching (Marshall and Baird 2000), which has been shown to increase
susceptibility to disease (Maynard et al. 2011). Coral disease surveys conducted
twice yearly between 2008 and 2011 at a turbid inshore reef in the central GBR
spanned two disturbance events, a coral bleaching event in 2009 and a severe
cyclone (cyclone ‘Yasi’) in 2011 (Haapkyla et al. 2013). The principal coral disease
observed at the site was atramentous necrosis (AtN) which displayed a seasonal
pattern of outbreaks during the wet season, and predominantly affected a
crucial inshore reef-building coral Montipora aequituberculata from the
Acroporidae family (Haapkyla et al. 2013). Mean prevalence of AtN on Montipora
spp that reached 63.8 % (+ 3.03) was three- to tenfold greater in the wet season
of 2009, which coincided with the 2009 bleaching event, than in other years and
the persistent wet season outbreaks of AtN combined with the impacts of
bleaching and cyclone events resulted in a 50-80% proportional decline in total
coral cover (Haapkyla et al. 2013).

TCs are a natural feature of the dynamics of many tropical ecosystems, including
coral reefs (Busby, Motzkin, and Boose 2008). Cyclones produce exceptionally
strong winds, alterations in sea level, and intense rainfall, all of which can impact
coral reefs. With sufficient fetch, persistent high winds generate large waves that
crash onto shallow reef areas, displacing sediments and causing physical
damage to individual coral colonies and the reef structure itself (Puotinen 2004).
Surveys conducted after Cyclone Ivor in 1990 revealed damage to the GBR,
including the breakage and displacement of coral colonies, significant sediment
and debris movement, and even the removal of entire sections of the reef
framework (Van Woesik, Ayling, and Mapstone 1991; Done 1992). Between 1985
and 2015, 44 TCs generated gale force winds within the Great Barrier Reef
Marine Park (GBRMP) (Beeden et al. 2015), with 34% of the coral mortality
recorded between 1995 and 2009 being attributed to TCs (GBRMPA 2011).
Cyclones have been predicted to increase in magnitude and possibly frequency
under an enhanced greenhouse climate, consequently increasing their impact
on coral reefs (Cheal et al. 2017).

Some coral taxa, such as acroporids, have somewhat evolved and adapted to
cyclone disturbance during their long coexistence (Wolff et al. 2016). However,
the combination of cyclone damage with additional stressors that may impede
recovery rates can result in successive cyclones causing long-term changes in
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ecosystem conditions (Hughes and Connell 1999). There are significant spatial
differences in coral reef damage following a TC; nonetheless, in rare instances
where extreme TCs don't inflict extensive harm to coral reef ecosystems, they
may weaken the substrate, rendering it susceptible to severe damage during
subsequent, less intense storms (Lirman and Fong 1997). In cases of structural
damage, recovery could span from decades to centuries, provided there is
access to a sufficient larval pool (Hughes and Tanner 2000). If such damage
recurs frequently, particularly when coupled with other disturbances and
human-induced pressures, coral coverage may decline significantly, endangering
the resilience of reefs to maintain themselves as coral-dominated ecosystems
(Beeden et al. 2015).

1.4 | Wave Dynamics and Bed Shear Stress

The intense winds generated by the spatially compact and well-formed vortex
structures of TCs generate large and potentially destructive ocean surface waves
(Young 2017). For the GBR, the most severe wave conditions occur during TCs
(Hardy, McConochie, and Mason 2003). Offshore from the GBR, under stronger
non-cyclonic conditions characterised by southeasterly trade winds of ~15 m/s,
maximum significant wave heights and peak periods are approximately 4 m and
10 seconds, respectively (Wolanski 1986). However, during TCs, significant wave
heights in deep water beyond the GBR can frequently exceed 10 m and may
reach heights as high as 20 m during exceptionally severe storms (Young and
Burchell 1996). The distant passage of an intense category 3 TC generated highly
energetic surface waves across a large region of the Australian North West Shelf
(Drost et al. 2018). At two sites on the continental shelf, significant wave heights
up to a maximum of 10 m were recorded, accompanied by near-bed wave
orbital velocities, reaching up to 0.7 m s™ at depths of 40 and 74 metres (Drost et
al. 2018). Concurrent current profiles were measured between 0.5 and 8.5m
above the seabed at these sites, therefore allowing a detailed analysis of the
wave-current interactions in the continental shelf bottom boundary layer (Drost
et al. 2018). These observations unveiled substantial alterations in current
profiles during the cyclone, including a significant increase in apparent bottom
roughness (by up to two orders of magnitude) compared to the usual
tide-dominated current conditions (Drost et al. 2018).
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Wave breaking occurs at the seaward edges of reefs, then as the waves cross the
reefs, bottom friction further reduces wave height (Young and Hardy 1993). As
waves break and weaken, the mean water surface elevation increases, driving
currents (Longuet-Higgins and Stewart 1962) and reef circulation (Angwenyi and
Rydberg 2005). These currents have implications for the transport of sediments,
pollutants, nutrients, plankton, and larvae (Lowe et al. 2005). The GBR is
composed of a ‘reef matrix’, formed by thousands of individual reefs, with
spaces between them that allow wave energy to pass through (Gallop et al.
2014). The proportion of these spaces relative to the total reef area is referred to
as the “porosity” of the reef matrix and is represented by the ‘porosity index’
(Gallop et al. 2014). The porosity index was generated based on the volume of
reef above the 40 m depth contour (Figure 5), between the forereef (100 m
depth) and the lee of the reef (Gallop et al. 2014).

{//Wind

Wind-wave generation Wave breaking

Wave breaking

Figure 5 Schematic of a typical cross section of the GBR matrix, (a) a plan view; and (b) the
profile view (Gallop et al. 2014).

A porosity index of 0 indicates that the entire volume above 40 m was reefs or
seabed (i.e., 0% porous), while 1 specifies that there were no reefs or seabed
above 40 m depth (i.e., 100% porous) (Gallop et al. 2014). There is a trend of
increasing reef matrix porosity from north to south across the GBR (Gallop et al.
2014). In the north, porosity averages approximately 0.6 (i.e., 60% porous) where
the shelf is narrower than 8 km (Gallop et al. 2014). From 15S as the shelf
widens, porosity starts to increase, and the central GBR is mostly between 0.7
and 0.95 (Gallop et al. 2014). In the south, the shelf is up to 300 km wide, and
there is an extensive lagoon that is more than 200 km wide in the far south, so
this lagoon leads to high porosities of generally more than 0.8 (Gallop et al.
2014).
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On the GBR, waves can travel through the reef matrix without entirely
dissipating, resulting in the transmission of considerable wave energy (Thomas
A. Hardy and Young 1996). This contrasts with mainland beaches and fringing
reef-lagoon systems, where waves typically lose energy or transform into
changes in water levels and currents (Lugo-Fernandez, Roberts, and Suhayda
1998). The impact of reef matrix porosity on wave attenuation has been poorly
understood in past research, with the frictional dissipation of waves being
studied in much greater detail on the reef crest and reef flat compared to the
high-energy environments of the forereef slope (Perris et al. 2024). Wave
breaking on the forereef slope is the dominant form of wave energy dissipation
in high-energy conditions (Osorio-Cano et al. 2018) with the high dissipation
rates on the forereef being controlled by forereef morphology such as spurs and
grooves (Monismith et al. 2013; Osorio-Cano et al. 2018). Spurs and grooves are
shore-normal elongate ridges (spur) and troughs (groove) on the forereef slopes
of many coral reefs (Duce et al. 2016). A recent study investigated the role of
forereef spur and groove morphology in wave energy dissipation and
transmission at the reef crest (Perris et al. 2024). Using XBeach on LiDAR-derived
bathymetry from One Tree Island in the southern GBR, dissipation rates
comparable to spur and groove field studies were reproduced (Perris et al.
2024). The study examined how wave energy dissipation differs between realistic
bathymetry and bathymetry with spur and groove features removed, finding up
to a 40% decrease in dissipation when spur and groove features were absent
(Perris et al. 2024). This shows that spur and groove morphologies can increase
wave dissipation by inducing breaking and increasing bed friction and should be
considered in future research on wave dissipation (Perris et al. 2024).

There is a reasonable understanding of wave conditions offshore of the GBR, but
data from within and in the lee of the reef matrix are limited (Hopley, Smithers,
and Parnell 2007). A few studies have conducted in situ wave measurements
within the GBR matrix, where in the lee of the reef, a bimodal sea state with low
energy at 10 seconds and more energetic, shorter-period waves was observed
(Murray and Ford 1983). Significant reductions in wave height and energy over
John Brewer Reef in the central GBR and Yonge Reef in the northern GBR was
also found, with wave periods longer than 8 seconds being completely
attenuated (Young 1989; Hardy et al. 1991). It has also been suggested that wave
height over reefs is primarily determined by the depth of reef submergence,
indicating that waves are depth-limited; however, the data showed considerable
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variability, suggesting that other factors also play a pivotal role (Young 1989;
Hardy et al. 1991). A combination of numerical models and measurements from
four in situ instruments during a tropical cyclone were used and found that
cyclone-generated waves seaward of the GBR matrix had significant wave
heights of ~10 m, which were attenuated to 6 m in the lee of the matrix (Young
and Hardy 1993). As well as this, the results also suggested that although not all
wave energy was dissipated by wave breaking at the seaward edge of the reefs,
most of the energy remaining was dissipated as a result of the bottom friction
over reefs (Young and Hardy 1993).

Modelling coastal currents influenced by tides, waves, wind, and high roughness
is complex, particularly when assessing bed shear stresses under wave-current
interactions (Lan and Huang 2024). Few studies have explored this, especially in
reef environments. The first direct assessment using a coupled wave-current
model (Delft-3D) over an algal reef in the Taoyuan coastal area on the
northwestern part of Taiwan main island, showed that the model generally
replicates depth-averaged currents and bed shear stresses when all factors are
considered (Lan and Huang 2024). Two models, with and without wind forcing,
revealed that tides primarily drive currents, even in shallow waters within a
depth of 3 m; however, wind speed and direction also significantly affect
currents during high-wind events (Lan and Huang 2024). When wind and tidal
current directions align, the current speed increases, highlighting the
importance of wind stress on coastal currents (Lan and Huang 2024).
Additionally, the study found that non-linear wave interactions significantly
enhance bed shear stresses, reducing the model error and emphasising the
importance of these complex interactions between waves and currents in
predicting shear stresses during high-wave orbital motions (Lan and Huang
2024).

1.5 | Impacts of Climate Change and Sea Level Rise

The Intergovernmental Panel on Climate Change’'s (IPCC) Special Report on
Global Warming of 1.5°C identifies tropical coral reefs as one of the most
sensitive ecosystems, with mass coral bleaching and mortality projected to
increase as a result of the combined effects of increasing ocean temperatures,
ocean acidification, sea-level rise and the potential for an increase in the
intensity and frequency of TCs (O. Hoegh-Guldberg et al. 2018). Sustained and
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ongoing increases in ocean temperatures and acidification are altering the
structure and function of reefs globally (Hoey et al. 2016) making them more
susceptible to impacts from additional stressors.

The Working Group 1 (WG1) contribution to the IPCC Sixth Assessment Report
(AR6) presented findings on the physical science basis of climate change
(Masson-Delmotte et al. 2021). The report released in 2021 shows improvements
in observationally based estimates and information from paleoclimate archives
since the release of the IPCC Fifth Assessment Report (AR5) in 2014 (Lee et al.
2021). The Shared Socio-economic Pathway (SSP) framework was developed and
used in the Coupled Model Intercomparison Project Phase 6 (CMIP6) and
focuses on five illustrative projections that cover a range of possible future
developments of anthropogenic drivers of climate change: SSP1-1.9, SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5 (Masson-Delmotte et al. 2021). In the SSP labels,
the first number refers to the assumed pathway, and the second refers to the
approximate global effective radiative forcing (ERF) in 2100 (Lee et al. 2021). As
demonstrated in Figure 6, the SSPs start in 2015 and include scenarios with high
and very high greenhouse gas (GHG) emissions (SSP3-7.0 and SSP5-8.5), where
CO, emissions roughly double by 2100 and 2050, respectively (Masson-Delmotte
et al. 2021). There are also scenarios with intermediate GHG emissions
(SSP2-4.5), where CO, emissions stay around current levels until mid-century,
and scenarios with low to very low GHG emissions, where CO, emissions decline
to net zero around or after 2050, followed by varying degrees of net negative
CO, emissions (SSP1-1.9 and SSP1-2.6) (Masson-Delmotte et al. 2021).
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Figure 6 Annual anthropogenic emissions over the 2015-2100 period showing
the emissions trajectories for carbon dioxide from all sectors (GtCO,/yr)
(Masson-Delmotte et al. 2021).

Global surface temperatures are projected to keep rising until at least the
middle of this century across all considered emissions scenarios
(Masson-Delmotte et al. 2021). Warming of 1.5°C and 2°C will be surpassed
during the 21st century unless there are significant reductions in CO, and other
greenhouse gas emissions in the coming decades (Masson-Delmotte et al. 2021).
Compared to 1850-1900, global surface temperature averaged over 2081-2100
is very likely to be higher by 1.0°C to 1.8°C (Table. 1) under the very low GHG
emissions scenario considered (SSP1-1.9), by 2.1°C to 3.5°C in the intermediate
GHG emissions scenario (SSP2-4.5) and by 3.3°C to 5.7°C under the very high
GHG emissions scenario (SSP5-8.5) (Masson-Delmotte et al. 2021).
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Table 1 Changes in global surface temperature, which are assessed based on multiple lines
of evidence, for selected 20-year time periods and the five illustrative emissions scenarios
considered. Temperature differences relative to the average global surface temperature of
the period 1850-1900 are reported in °C. This includes the revised assessment of observed
historical warming for the AR5 reference period 1986—2005, which in ARG6 is higher by 0.08
[-0.01 to +0.12] °C than in AR5 (Masson-Delmotte et al. 2021).

Near term, 2021-2040 Mid-term, 2041-2060 Long term, 2081-2100

Very likely
range (°C)

Very likely
range (°C)

Very likely

Scenario Best estimate (°C) range (°C)

Best estimate (°C) Best estimate (°C)

S5P1-1.9 1.5 1.2t01.7 1.6 1210 2.0 14 1.0t01.8

SSP1-2.6 1.5 12t01.8 1.7 131022 18 13024

S5P2-4.5 1.5 1.2t01.8 2.0 16t02.5 2.7 2.1t03.5

S5P3-7.0 1.5 12t01.8 2.1 1.7t02.6 36 28t046

SSP5-8.5 1.6 13t01.9 24 191t03.0 44 331057

Global mean sea level (GMSL) change is driven by warming or cooling of the
ocean (and the associated expansion/contraction) and changes in the amount of
ice and water stored on land (Arias et al. 2021). GMSL increased by 0.20m
(0.15-0.25m) over the period 1901 to 2018, with a rate of rise that has
accelerated since the 1960s to 3.7mm yr' (3.2-4.2mm yr") for the period
2006-2018 (Arias et al. 2021). Sea level responds more gradually than global
surface temperature in response to GHG emissions, resulting in a weaker
scenario dependence over the 21st century (Arias et al. 2021). This delayed
response causes long-term committed sea level rise (SLR) as a result of ongoing
ocean heat absorption and slow ice sheet adjustment, continuing for centuries
and millennia after emissions stop (Arias et al. 2021). By 2100, GMSL is projected
to rise by 0.28-0.55 m under SSP1-1.9 and 0.63-1.01 m under SSP5-8.5, relative
to the 1995-2014 average, with deep uncertainty regarding the higher CO,
emissions scenarios for sea-level projections beyond 2100 as a result of
unpredictable ice sheet responses (Arias et al. 2021). Figure 7 shows the global
projected sea-level change for the five SSP scenarios relative to a 1995-2014
baseline.
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Figure 7 Global projected sea level change for SSP scenarios resulting from processes in
whose projection there is medium confidence. Shaded ranges show the 17th-83rd percentile

ranges. Projections are relative to a 1995-2014 baseline (NASA 2024).

SLR is generally not considered a threat to coral reefs as long as coral growth
remains robust enough to keep up with the rising water levels; however, other
factors such as changes in sea temperature, increased sediment input, and
acidity from future climate change are likely to reduce the growth of corals
which suggests that some reef communities may struggle to maintain
themselves under even the most minimum changes in sea level
(Hoegh-Guldberg 2011). Coupled hydrodynamic and sediment-transport
modelling suggests that a 0.5-1.0 m rise in sea level will likely increase coastal
erosion, mixing and circulation, increase the amount of sediment resuspended
and increase the duration of high turbidity on exposed reef flats (Storlazzi et al.
2011). This would result in decreased light availability for photosynthesis,
increased sediment-induced stress on reef ecosystems and potentially affecting
a number of other ecosystem processes (Storlazzi et al. 2011).
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The impacts of future climate change on TC activity have been widely studied.
Most global predictions of these impacts have focussed on frequency and
intensity, with an increase in the relative frequency of the most intense TCs
posing the greatest threat to coral reef communities (Cheal et al. 2017). Previous
research generally shows an upward trend in TC intensity across various climate
models (Emanuel, Sundararajan, and Williams 2008), with global average
increases in intensity, as measured by maximum wind speeds, projected to
range between 2% and 11% by 2100 (Knutson et al. 2010). These studies have
also found that the proportion of TCs reaching category 4 and 5 intensity is
projected to increase between 0-25% globally (Christensen et al. 2013), while the
occurrence of lower-intensity storms is expected to decrease (Knutson et al.
2020). Under a medium emissions scenario (SSP2-4.5), the annual number of
days with category four and five storms is projected to rise by 35% globally by
2100, and the total number of category four and five storms is expected to
increase by 24%, indicating longer durations of intense storm conditions
(Knutson et al. 2015). However, for the Southwest Pacificc most models
contradict these projections and show a decrease in the frequency of category
four and five TCs (Knutson et al. 2020), therefore there is a lot of uncertainty
with predictions on TC intensity under a changing climate.

Despite the projected increase in TC intensity, a majority of climate model
studies predict a decrease in the frequency of TC activity, or no change
(Murakami et al. 2020), averaging at around -14% for +2 °C of warming (T.
Knutson et al. 2020). Projections for the SW Pacific basin also align with these
findings, showing a reduction in TC frequency (K. J. E. Walsh et al. 2016);
however, the high natural variability in this region suggests that the projected
reductions in at least some models are not statistically significant (K. Walsh
2015). Three separate reviews of climate projections found that the global
frequency of TCs is most likely to remain stable or decrease by up to 40% by
2100 (Knutson et al. 2010; Christensen et al. 2013; Walsh et al. 2016); however, a
separate study predicted substantial increases of 10-40% in the global mean
frequency of TCs over the 21st century (Emanuel 2013). The varying projections
across models regarding both the direction and magnitude of changes in global
TC frequency under climate change have led to the suggestion that reaching a
general consensus may be difficult for the foreseeable future (Emanuel 2013).
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The potential impacts of climate change, including sea-level rise and the
mortality of coral during warm conditions (Hoegh-Guldberg 2011) may reduce
the effectiveness of fringing and barrier reefs as protection for islands, and
directly change the hydrodynamics, nutrient supply and forces on reefs and
corals (Perry et al. 2013; Storlazzi et al. 2011; Grady et al. 2013). Coupled
hydrodynamic and sediment transport numerical modelling indicates that a
0.5-1.0 m increase in water depth on a 1-2 m deep exposed fringing reef flat
would lead to higher significant wave heights and water setup, further raising
water depths on the reef flat (Storlazzi et al. 2011). Larger waves would produce
higher near-bed shear stresses, increasing the size and amount of sediment that
can be resuspended from the seabed or eroded from nearby coastal deposits
(Storlazzi et al. 2011). As water depth increases, stronger wave- and wind-driven
currents would enhance the transport of water and sediment alongshore and
offshore, moving them from the inner reef flat to the outer reef flat and fore
reef, where coral growth is typically most abundant therefore could potentially
affect coral reef growth (Storlazzi et al. 2011).

While wave heights increase under SLR, further research has found that changes
in the wave-induced velocity are more complex, such that the changes vary reef
by reef (Baldock et al. 2014). A one-dimensional wave model was used to
investigate changes in reef top wave dynamics and wave forces under different
SLR scenarios for a large sample of idealised reef profiles (Baldock et al. 2014).
The model results predict that the impacts of SLR vary spatially and are strongly
influenced by the bathymetry of the reef and coral type, showing that for many
reef bathymetries, wave orbital velocities increase with SLR during average wave
conditions and cyclonic wave forces are reduced for certain coral species
(Baldock et al. 2014). Both of these changes suggest future SLR could be
beneficial to coral health and colony resilience as a result of the potential for
increased wave induced orbital motion under average wave conditions or less
coral breakage under cyclonic conditions (Baldock et al. 2014). However,
predicting the impact of SLR on individual reefs requires consideration of the
reef bathymetry, the reef zone and the type of coral species (Baldock et al. 2014).

A study utilising a two-dimensional numerical model, SWAN, examined swell
wave dynamics on idealised fringing reefs, exploring various bathymetries,
climate conditions, and water depths (Baldock et al. 2020). The results highlight
how reef geometry, bathymetry, coral species, and SLR influence hydrodynamic
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parameters and forces on corals, with one-dimensional models underestimating
wave action on reef flats (Baldock et al. 2020). Wide short reefs and narrow, long
reefs have similar wave heights at the centre, but as reef width increases, wave
height decreases, peaks when width equals length, and then decreases again
due to dissipation and refraction (Baldock et al. 2020). If reefs maintain their
wave-breaking and refracting functions, SLR increases wave heights and orbital
velocities on the reef flat. However, without coral growth, deeper reefs may lose
these functions, reducing near-bed velocities (Baldock et al. 2020). SLR also
affects hydrodynamic forces on corals differently by species, with intermediate
corals behaving like branching corals in long-period swell and like massive corals
in short-period swell, potentially altering reef complexity overtime based on
regional wave climates (Baldock et al. 2020). Therefore, there is a delicate
balance between how future climate change and SLR could impact coral reef
growth, and how resultant changes in wave dynamics and bed shear stress may
either support coral resilience or lead to further erosion and degradation of reef
ecosystems.

1.6 | Modelling Tropical Cyclones on Coral Reefs

Significant advancements in the numerical modelling of TCs have greatly
improved the accuracy and reliability of simulations; however, accurately
estimating intensity and phase changes in high winds remains challenging as a
result of the complexity of modelling the full range of physical processes
involved (Yan and Zhang 2022).

One approach to analysing the observations near a TC is through the use of an
analytical model of the sea level pressure and wind profiles (Holland 1980). Such
a model enables interpolation between observational data points, allowing for
objective estimation of critical parameters, including maximum wind speeds, the
spatial extent of destructive winds, and other key characteristics of the cyclone
(Holland 1980). One model extended (Schloemer 1954) negative exponential
relation model to develop a universal and analytical model for the radial profiles
of sea level pressure and winds in a TC (Holland 1980). This model was applied
to three TCs in Australia and nine in Florida, and it successfully reproduced their
profiles with two considerations: when applied to pressure observations, the
model may underestimate maximum winds as a result of unresolved strong
pressure gradients over short distances; however, this can be mitigated by
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applying the model to wind observations provided they are reliable (Holland
1980).

The cyclostrophic wind equation from (Holland 1980) wind field model was
adapted to develop HURRECON, a simple meteorological model using
information on the track, size and intensity of a TC, as well as the cover type
(land or water), to estimate the surface wind speed and direction from a TC
(Boose, Serrano, and Foster 2004). The model distinguishes between land and
water sites as a result of the greater surface friction; however, the model does
not take into account local topography which can modify wind speed and
direction particularly in hilly terrain (Boose, Foster, and Fluet 1994). The model
reconstructs large-scale surface wind conditions based on the assumption that
the surface wind field in all TCs can be represented by simple equations, with
parameters adjusted to each specific storm (Boose, Serrano, and Foster 2004).
Consequently, the model's accuracy depends on the extent to which this is true
and the significance of localised effects that the model cannot account for, such
as intense convective cells (Boose, Foster, and Fluet 1994).

A further adaptation of Holland's (1980) model is CycWind, a double vortex TC
pressure and wind field model that incorporates a synoptic scale wind field
capability (McConochie, Hardy, and Mason 2004). The pressure profile is based
on (Cardone et al. 1994), which has a primary and secondary cyclone pressure
profile specification used to determine gradient level wind speeds and directions
(McConochie, Hardy, and Mason 2004). The synoptic scale wind field is merged
into the cyclone wind field at gradient level and a boundary layer correction is
applied to give wind speeds and directions at the surface (10m above sea level)
(McConochie, Hardy, and Mason 2004). CycWind produced 64 cyclone wind
fields over 33 years (1969-2002) of cyclone activity along Queensland's East
Coast, suitable to be applied to wind, storm surge, and circulation modelling
(McConochie, Hardy, and Mason 2004). Enhancements to the wind field model
were highlighted, including adjustments to account for the effect of
super-gradient winds (Kepert 2001; Mallett 2000) and for wind field asymmetries
beyond those caused by the forward motion of the TC (McConochie, Hardy, and
Mason 2004).

Analytical models, like those above, have been used widely for estimating the
wind speed of a TC, where the storm-induced wind velocity is calculated as a
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function of the distance from the centre of the TC (Kalourazi et al. 2020). For
these models, different parameters such as maximum wind speed, a radius of
maximum wind, TC shape parameter, TC translation speed and the orientation
of the trajectory affect the shape of a TC (Kalourazi et al. 2020). Analytical wind
models are effective for simulating wind fields within a certain radius from the
centre of a TC, but beyond that range, predictions become inaccurate as the TC
may be influenced by other global weather systems (Kalourazi et al. 2020).
Further advances in modelling TCs have led to the development of 2D and 3D
numerical storm surge models which generally simulate the wind-driven and
pressure-induced surge and tide caused by a TC (Sheng, Zhang, and Paramygin
2010). However, the wave-induced surge can be simulated by including the
effects of waves on storm surge via a coupling between a storm surge model
and a wave model (Sheng, Zhang, and Paramygin 2010) such as SWAN (Booij, Ris,
and Holthuijsen 1999). Numerical storm surge models typically model the ocean
assuming the relevant physics can be suitably approximated via discretisation of
the shallow water equations (SWEs), and are coupled to meteorological models
via terms for atmospheric pressure and surface stress as a result of wind
(Warder, Horsburgh, and Piggott 2021). The SWEs govern a variety of coastal and
environmental engineering problems, such as estuarine and coastal circulation,
overland flow, surface irrigation, river or lake hydrodynamics, tidal wave runup,
TC-induced storm surge, etc (Akbar and Aliabadi 2013). Typically, the SWEs are
formulated in conservation form and solved using methods such as finite
difference, finite volume, or discontinuous Galerkin finite element approaches
(Akbar and Aliabadi 2013). These techniques generally provide accurate results
when the water velocity and wave speed are of similar magnitudes; however, if
the wave speed is significantly higher than the water velocity, the numerical
scheme can become challenging (Akbar and Aliabadi 2013). In such cases, the
governing equations are often written into non-conservation form, and two
separate sets of equations are derived and solved individually (Akbar and
Aliabadi 2013).

Various adaptations of the analytical wind field model have been used alongside
numerical wave and storm-surge models to determine the impact of tropical
cyclones on coral reef environments. A study used CycWind to evaluate the wind
field during severe TC Lua (Puotinen et al. 2020), a category three TC that formed
off the northwest Australian coast in March 2012 (BOM 2019). The modelled
wind speeds and directions were used to force the Simulating WAves Nearshore

36 of 124


https://paperpile.com/c/Zly3Ek/EN1oc
https://paperpile.com/c/Zly3Ek/EN1oc
https://paperpile.com/c/Zly3Ek/EN1oc
https://paperpile.com/c/Zly3Ek/kK98U
https://paperpile.com/c/Zly3Ek/kK98U
https://paperpile.com/c/Zly3Ek/kK98U
https://paperpile.com/c/Zly3Ek/O9QQC
https://paperpile.com/c/Zly3Ek/O9QQC
https://paperpile.com/c/Zly3Ek/RvbOH
https://paperpile.com/c/Zly3Ek/09Vqi
https://paperpile.com/c/Zly3Ek/09Vqi
https://paperpile.com/c/Zly3Ek/09Vqi
https://paperpile.com/c/Zly3Ek/09Vqi
https://paperpile.com/c/Zly3Ek/09Vqi
https://paperpile.com/c/Zly3Ek/3X7ps
https://paperpile.com/c/Zly3Ek/BY6QN

(SWAN) numerical wave model to evaluate the evolution of the surface wave
fields across north-western Australia during Lua (Puotinen et al. 2020). The
results of this model were used alongside benthic field surveys conducted
before and after TC Lua tracked through Australia’'s northwest shelf region to
determine the exposure of Australia’'s north-west shelf to damaging waves from
TC Lua and the global implications for coral reefs (Puotinen et al. 2020).

A range of other numerical models have also been used to model TC-induced
wave climates across coral reefs. The numerical model Delft3D-FLOW (Lesser et
al. 2004) was used in combination with SWAN (Booij, Ris, and Holthuijsen 1999)
to simulate the hydrodynamic conditions at Ningaloo Reef during TC Olwyn
along Australia’s Northwest Shelf in March 2015 (Cuttler et al. 2018).
Delft3D-FLOW uses a structured grid to solve the unsteady shallow-water
equations in two- or three-dimensions using a system of equations that consist
of the horizontal momentum equations, the continuity equation, the transport
equation, and a turbulence closure model (Lesser et al. 2004). The model has
been used successfully in coral reef environments under both non-storm and
storm conditions (Grady et al. 2013; Hoeke, Mclnnes, and O'Grady 2015; Cuttler
et al. 2018). There are many other numerical models that have been used in
studies modelling TCs and their impacts, including WAMGBR (Hardy,
McConochie, and Mason 2003), Delft3D FM (Leijnse et al. 2022) and XBeach
(Harter and Figlus 2017), all of which were considered prior to this research.

1.7 | Aims and Objectives

This project aims to numerically model multiple TCs over the GBR over a period
of no more than 3 months. Bed shear stress data generated from the models
will be used as a proxy for coral reef damage, with coral cover data before and
after the TC impact used to determine the extent of coral reef damage. This
project also aims to run multiple models with varied bathymetry based on the
IPCC AR6 SSP projections for SLR to determine the possible impacts that SLR
could have on bed shear stress in the future.

This research is important as understanding the physical impacts of TCs on coral
reef systems is critical for predicting reef resilience under current and future
climate conditions. This study addresses this need by numerically modelling
multiple TCs over the GBR to estimate bed shear stress—a key driver of
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mechanical coral damage. By linking modelled stress with observed changes in
coral cover, the research provides a method for assessing cyclone-induced reef
degradation. Additionally, by incorporating projected SLR scenarios from the
IPCC AR6 SSPs, the study explores how future changes in bathymetry could alter
hydrodynamic forces on reef systems. These insights are essential for improving
risk assessments and informing reef management under climate change, for
both the GBR and other Pacific coral reef environments.
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Chapter 2 | Numerically Modelling Tropical
Cyclones

2.1 | Introduction

The increasing frequency and intensity of tropical cyclones (TCs) due to climate
change pose significant challenges for forecasting and mitigating their impacts
(Tissaoui 2024). The occurrence of a TC has frequently been reported to cause
immediate mechanical destruction to reef habitats, because of extreme winds,
waves and swells (Cheal et al. 2002). This study aims to numerically model TCs in
the Great Barrier Reef (GBR) to investigate the effects of TCs on coral reef cover.
Therefore, a numerical modelling method had to be chosen, along with several
TCs spanning the entire GBR region over a maximum period of three months.
There are many different numerical models that have been used in previous
studies modelling tropical cyclones and their impacts, including Delft3D FM
(Leijnse et al. 2022) and XBeach (Harter and Figlus 2017), both of which were
considered for use in this study. The chosen modelling approach for this
research needed to capture bed shear stress throughout the simulation,
enabling the research to focus on how TCs influence bed shear stress compared
to a tide-only environment and how this will impact coral reefs. The
unstructured coastal-ocean model Thetis was selected for use in this study as it
has been used successfully in previous studies to model tidal dynamics (Lee et
al. 2022), storm surges (Warder, Horsburgh, and Piggott 2021) and the impacts
of future sea level rise on tidal dynamics (Mawson, Lee, and Hill 2022).

In this chapter, | will detail the methods selected to simulate TCs over the GBR.
This includes a description of the TCs chosen for the study, the configuration
and validation of the numerical model Thetis, and an assessment of the model's
suitability for this purpose.
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2.2 | Methodology

2.2.1 | Site Description

The modelling domain covers the northern, central and southern sections of the
GBR region along the Australian east coast. To evaluate model performance,
eight tide gauge stations were used for validation in this chapter: Pelican Island,
Cooktown, Cairns, Cardwell, Townsville, Cape Ferguson, Bowen and Breaksea
Spit. These stations span a broad latitudinal range and represent a variety of
coastal and shelf environments within the GBR. Their locations are shown in
Figure 8, along with the model boundary and the regional bathymetry.
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Figure 8 Locations of the eight tide gauges depicted by the small white circles studied in this
chapter for model validation. The model mesh domain is depicted by the black and red lines,
with the black line representing the landward boundary and the red line indicating the forced
boundary.
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2.2.2 | Tropical Cyclones

Four TCs were selected for this study using data sourced from the Australian
Bureau of Meteorology (BOM 2024). The database contains historical tropical
cyclone tracks spanning from 1907 to 2024. The chosen TCs, illustrated in Figure
9, were selected as a result of their diverse intensities ranging from category 1 to
category 5 and different track locations across the GBR, covering a timeframe of
no more than 3 months. Table 2 provides an overview of the key information for
each of these TCs.

In order to simulate TCs over the GBR, atmospheric data was required. Hourly
data from the ERAS reanalysis database was downloaded from the Copernicus
website (Copernicus 2024). Three parameters were required for the storm
model: the 10 m u-component of wind (m/s), the 10 m v-component of wind
(m/s), and surface pressure (Pa). A NetCDF file containing data spanning the
model domain was obtained from the website. The data within this file covers
the period from 1st January 2014, to 30th April 2014. Figures 10-13 present ERA5
reanalysis maps of the 10 m u-component of wind, 10 m v-component of wind,
and surface pressure for each tropical cyclone studied in this research: Dylan,
Edna, Hadi, and Ita.
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Table 2 The key information of each TC in this research, including the name, start and end dates, the maximum category (based on the
Saffir-Simpson scale), the maximum wind speed and wind gust and the lowest central pressure (BOM 2024).

Name Start Date End Date Maximum Maximum Wind  Maximum Wind  Lowest Central
Category Speed (m/s) Gust (m/s) Pressure (hPa)

Sied 24.01.2014 31.01.2014 2 30.9 43.7 974

Edna 31.01.2014 05.02.2014 2 25.7 36 985

Hadi 28.02.2014 17.03.2014 1 20.6 28.3 992

1 02.04.2014 15.04.2014 5 61.7 87.5 922
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Figure 9 Tracks of the four TCs studied in this project - A: TC Dylan, B: TC Edna, C: TC Hadi, and D: TC Ita - across the GBR.
The model mesh domain is depicted by the black and red lines, with the black line representing the landward boundary and the

red line indicating the forced boundary. Small white triangles denote tide gauge locations across the GBR.
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Figure 10 Images of the ERA5 reanalysis data during TC Dylan on the 29/01/2014 at 00:00 (A, C and E) and the 30/01/2014 at 12:00 (B, D, F).

A and B show the U10 Component of Wind (m/s), C and D show the V10 component of wind (m/s) and E and F show the Surface Pressure (Pa).
The model domain is outlined in black.
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Figure 11 Images of the ERA5 reanalysis data during TC Edna on the 03/02/2014 at 06:00 (A, C and E) and the 05/02/2014 at 18:00 (B, D, F).

A and B show the U10 Component of Wind (m/s), C and D show the V10 component of wind (m/s) and E and F show the Surface Pressure (Pa).
The model domain is outli
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Figure 12 Images of the ERAS reanalysis data during TC Hadi on the 08/03/2014 at 06:00 (A, C and E) and the 12/03/2014 at 00:00 (B, D, F).
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The model domain is outlined in black.
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Figure 13 Images of the ERAS reanalysis data during TC Ita on the 10/04/2014 at 12:00 (A, C and E) and the 13/04/2014 at 18:00 (B, D, F).
A and B show the U10 Component of Wind (m/s), C and D show the V10 component of wind (m/s) and E and F show the Surface Pressure (Pa).

The model domain is outlined in black.
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2.2.3 | Model Framework and Set-up

Numerical models capable of simulating coastal ocean regions are instrumental
in forecasting the changes in hydrodynamics as a result of tropical cyclones.
Thetis (Karna et al. 2018), a flow solver proficient in both 2D and 3D simulations
of coastal flows, was implemented within the Firedrake finite element partial
differential equation solver framework (Ham et al. 2023) to simulate the effects
of TCs on the GBR. This study implements Thetis to run tidal simulations with no
atmospheric forcings and tidal simulations with added atmospheric parameters
to simulate the TCs.

For the simulations incorporating atmospheric forcing, Thetis is applied in its 2D
configuration (Warder et al. 2020), addressing nonlinear shallow water equations
in their non-conservative form as described below:

N 9 () =0

— 4+ V- u)=20, 1

ot W
au P Ts— Th
— 4 UVUHFH gUN+ V= == 4 V. (vp(Vu+ Vu)),
ot P oH

where n is the free surface elevation, H = n + his the total water depth, h is the
bathymetry (measured positive downwards), u is the two-dimensional
depth-averaged velocity, F, is the Coriolis force, g is the acceleration due to

gravity, p_is the atmospheric pressure at the surface, p is the water density, T is
the wind stress which acts on the free surface, 1, is the bottom stress due to
friction between the ocean and sea bed, and v, is the kinematic viscosity (S.
Warder et al. 2020). The effects of bed shear stress (rb) are accounted for

through the Manning's n formulation, expressed as:

Tp , lulu

1
3 3
H; (3)
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where n is the Manning coefficient (units s m ).

Surface stress induced by wind is characterised through the bulk formulae
parameterisation (Large and Yeager 2009), where T s estimated through a

series of equations:

Ts = Cp PairlU10|U10, ()
Cp = 3—;+a2+a3UN+a8U6,UN <33 m/s
= 0.00234,Upn > 33 m/s )

where a= 0.00270 m/s, a, = 0.000142 m/s, a= 0.0000764 m/s and a, =

-3.14807x10™" (m/s)® , U, is the wind speed at 10 m height and Uy is the
magnitude of U,, (Large and Yeager 2009).

2.2.4 | Generating a Mesh and Constructing the Model

In order to simulate the effects of TCs on the GBR using Thetis, a
two-dimensional unstructured mesh was developed. The mesh was generated in
a projection space of UTM 56S using contours extracted from digital elevation
model (DEM) data to generate a coastal boundary and a forced boundary in the
Pacific Ocean. The model encompasses a geographical range from 143.49 W to
157.37 Eand -12.59 N to -25.96 S, with a resolution of between 1 km and 10 km.

The boundaries along the coast were delineated using contours derived from
bathymetric and topographic data in QGIS (QGIS 2024). The mesh was created
using Qmesh (Avdis et al. 2018) and Gmsh (Geuzaine and Remacle 2009). Two
meshes were created, one had a coastal contour of 0 m, while the other
incorporated a 10 m coastal contour. The coastal contour was utilised to define
the inland boundary, with the 10 m contour facilitating wetting and drying
processes, enabling the rise and fall of tides to inundate the land surface. 40-day
simulations were conducted to determine which mesh is more accurate at
simulating the GBR tides, each with an identical model configuration, with the
exception of the mesh used. The results of both of these model simulations
(Figure 14) show the 10 m coastal contour to be more accurate when simulating
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the tides of the GBR as the model output is closer to the expected value from
tide gauge data. Therefore, a 10 m contour mesh was used for this project's
simulations.
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Figure 14 Tidal model validation for 0 m coastal contour model (A) and 10 m coastal contour model (B) showing four tidal constituents (semi-diurnal M2 and S2
and diurnal K1 and O1) with the black line representing the expected tides and the blue points representing the model output values.
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The 10 m contour mesh (Figure 15) consisted of 190,924 nodes and 381,988
elements. This mesh was used for five tide-only simulations and four tide and
wind simulations as described in Table 3. All model runs used a viscosity of 1.0
Ns/m* and a Manning's drag of 0.025. Element sizes varied from 1 km in the
vicinity of islands and along the coastline to 10 km at the outermost boundary of
the mesh.

The minimum resolution (1 km) is set on the coastline, which then increases
away from the shoreline after a distance of 5 km to a resolution of 10 km after
20 km away from the boundary, this is the coastline metric, m. A depth-based

metric, m, is also used, where a sigmoidal function is used to control the
resolution using the following equation:

((H = 250)/115)

m = 10000 —=— 6)
d e((H 250)/115)_I_1

where H is the water depth. The final mesh metric is calculated using the
minimum of both the coastline metric and the depth-based metric:

min (mc, m d) (7)

Data for the models were provided from a range of sources. The bathymetry
data consisted of a 400 m resolution DEM of the GBR region (Beaman 2010). The
model incorporated the data utilising HRDS (Hill 2019), which employed bi-linear
interpolation to integrate DEM data into the mesh. TPXO tidal levels (Egbert and
Erofeeva 2002) were utilised to drive simulations at the open boundary. Nine
tidal constituents (M,, S,, N,, K,, K;, O,, P,, Q,, M,) were employed to drive the
models, with no astronomical tidal forcing applied to the water surface.
Although the models were driven by all nine constituents, approximately 182
days would be needed to separate all tidal constituents (according to the
Rayleigh Criterion). Therefore, only four constituents were used during the tidal
analysis (M,, S,, K;, O,) as only 14.77 days of simulation are required to separate
the four constituents. Tidal forcing underwent updates at each timestep of the
model (90 s).
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Table 3 The models used in this project, including the model ID, the configuration of the model (simulating tides only or tides and wind),

the tropical cyclone they were simulating, total model runtime, the spin-up duration, and the start/end dates for each model.

Model ID Model Tropical Cyclone Model Run Spin-up (days) Start Date End Date
Configuration Length (days)

el Tides Only N/A 40 01.01.2014 09.02.2014

T1_D '

- Tides Only Dylan 1 22.01.2014 01.02.2014
T2_E '

- Tides Only Edna 9 29.01.2014 06.02.2014
T3_H ' .

- Tides Only Hadi 10 04.03.2014 13.03.2014
T4 1 '

- Tides Only Ita 7 08.04.2014 14.04.2014
e Tides + Wind Dylan 11 22.01.2014 01.02.2014
WS Tides + Wind Edna 9 29.01.2014 06.02.2014
4L Tides + Wind Hadi 10 04.03.2014 13.03.2014
w4_| , :

- Tides + Wind Ita 7 08.04.2014 14.04.2014
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Figure 15 The 10-m contour mesh with the contour depicted by the blue and red lines, with the blue line representing the landward contour and the

red line indicating the forced boundary. A: the entire mesh domain; B: a section of the mesh showing the coastline; C: a section of the mesh showing
the forced boundary within the Pacific Ocean.
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2.2.4 | Model Analysis

Following completion of the models, the difference between the modelled
maximum water elevation and observed values from a BOM publication was
computed using the expression in Eq.8. The results of this are shown in section
2.3.2.

Diff (%) _ | Observed — Modelled | % 100 .

Observed

2.3 | Results

2.3.1 | Tide-Only Model Validation

The simulation T_Val was used to validate the tide-only models. In order to
validate the Thetis simulation, a comparison with amplitude and phase data was
carried out against data acquired from AusTides (Australian Hydrographic Office
2020). AusTides contains a list of the main 22 harmonic tidal constituents for
over 80 primary and 600 secondary ports in Australia, Papua New Guinea, the
Solomon Islands, Antarctica and Timor-Leste (Australian Hydrographic Office
2020). The model accuracy was calculated using 130 tidal gauges across the GBR,
with four tidal constituents (M2, S2, K1 and O1) being compared to the AusTides
tidal constituent data (Table 4).

Table 4 Tidal constituent validation statistics for the T_Val Thetis simulation for four major
tidal constituents (M2, S2, K1 and O1).

Constituent r-value p-value Standard Error (m)
M2 0.993 <0.01 0.009
S2 0.957 <0.01 0.019
K1 0.847 <0.01 0.067
o1 0.858 <0.01 0.067

The tidal constituents with the best fit predicted by Thetis were M2 and S2
(standard error of 0.9 cm and 1.9 cm, respectively). K1 and O1 were also
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acceptable with a standard error of 6.7 cm for both constituents. M2 and S2 are
the most influential tidal constituents across the GBR, with K1 and O1 being less
influential making their higher standard error values acceptable for this
validation. All of the tidal constituent measurements were statistically significant
with all p-values < 0.01.

A tidal gauge comparison of four selected tide gauges across the GBR are shown
in Figure 16.
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Figure 16 T_Val model validation: (A) a map showing the location of four tidal gauges across different sections of the GBR

coastline; (B, C, D, E) tidal gauge data comparison between AusTides data and modelled water elevation from Thetis at Pelican
Island, Cairns, Bowen and Breaksea Split, respectively.
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2.3.2 | Tide and Wind Model Validation

The W4 | simulation was used to validate the tide and wind model. To validate
the Thetis simulation, the modelled data was de-tided to isolate the surge
component, which was then compared to data from a publication by the
Australian Government's Bureau of Meteorology (Greenslade et al 2018).
Observed de-tided station data during TC Ita was compared against the W4_|
simulation de-tided data, with the observed tide gauge data reporting relative
sea level at a set of point locations (Greenslade et al. 2018) (Table 5).

Table 5 Comparison of the W4_| modelled maximum water elevation from the Thetis tide
and wind model simulation and the observed maximum water elevation from the BOM
publication (Greenslade et al. 2018) at six locations. The difference and percentage
difference (Eq. 11) between the modelled and observed maximum water elevation has also
been calculated.

Tide Gauge W4_| Modelled Observed Diff (m) Diff (%)
Location Maximum (m) Maximum (m)

Bowen 0.18 0.56 -0.38 67.9
Cairns 0.51 0.57 -0.06 10.5
Cape Ferguson 0.31 0.62 -0.31 50.0
Cardwell 0.50 0.52 -0.02 3.8
Cooktown 0.52 1.09 -0.57 52.3
Townsville 0.35 0.51 -0.16 31.4

The W4_| Thetis model underpredicted the surge maximum at all locations when
compared to the observed data. The percentage error varied considerably
across the six locations, with low percentage errors observed at Cardwell (3.8%)
and Cairns (10.5%) and high percentage errors occurring at Bowen (67.9%),
Cooktown (52.3%) and Cape Ferguson (50.0%).

Alongside a comparison with the observed tide gauge data, the W4 | simulation
was also compared to surge-only data modelled using the Regional Ocean
Modelling System (ROMS) (Greenslade et al. 2018) (Table 6). This model grids and
uses parametric TC vortices derived from the BOM's official forecast track, which
are used to force the hydrodynamic model ROMS (Greenslade et al. 2018). Wave
set-up is derived from AUSWAVE-R and astronomical tides are linearly combined
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with the ROMS storm surge to provide forecasts of coastal sea level at a spatial
resolution of approximately 2.5 km (Greenslade et al. 2018).

Table 6 Comparison of the W4_| modelled maximum water elevation from the Thetis tide
and wind model simulation and the ROMS modelled maximum water elevation from the
BOM publication (Greenslade et al. 2018) at six locations. The difference and percentage
difference (Eq. 11) between the modelled and observed maximum water elevation has also
been calculated.

Tide Gauge W4_| Modelled ROMS Modelled Diff (m) Diff (%)
Location Maximum (m) Maximum (m)

Bowen 0.18 0.34 -0.16 47.1
Cairns 0.51 0.50 0.01 2.0
Cape Ferguson 0.31 0.57 -0.26 45.6
Cardwell 0.50 0.61 -0.11 18.0
Cooktown 0.52 1.56 -1.04 66.7
Townsville 0.35 0.42 -0.07 16.7

The W4 | Thetis model also underpredicted surge maximums at most locations
when compared to the ROMS modelled data, with the exception of Cairns where
Thetis predicted a 0.01 m higher maximum. Similarly to Table 5, the percentage
error varied considerably across the six locations, with low percentage errors
observed at Cairns (2.0%) and high percentage errors occurring at Cooktown
(66.7%), Cairns (47.1%) and Cape Ferguson (45.6%).

The data in both Table 5 and Table 6 are illustrated in Figure 17.

As shown in Figure 17, a storm surge is evident at each location in the observed
data, Thetis W4_| model data, and ROMS model data. However, each dataset
displays differences in both the magnitude (Table 5 and Table 6) and timing of
the surge (Table 7).
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Figure 17 A comparison of the water elevation modelled by Thetis for the W4 _I simulation (red), the water elevation

modelled by ROMS (blue) (Greenslade et al. 2018) and the observed de-tided tide gauge data (black) (Greenslade et al. 2018)
between the 10th April 2014 and the 14th April 2014 at six locations across the GBR.
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Table 7 Comparison of W4 _| modelled peak water elevation times from the Thetis tide and wind model simulation, observed peak times, and
ROMS modelled peak times (Greenslade et al. 2018) at six locations. Differences between Thetis modelled and observed peak times, Thetis
modelled and ROMS modelled peak times and ROMS modelled and observed peak times, have also been calculated.

Tide Gauge W4 _| Modelled Observed Peak ROMS Modelled Thetis vs Obs Thetis vs ROMS ROMS vs Obs
Location Peak Time Time Peak Time Difference (mins) Difference (mins) Difference (mins)
SO 13 April 13:45 13 April 04:15 13 April 04:10 + 570 +575 +5

Cairns 12 April 12:00 12 April 05:15 12 April 06:00 + 405 + 360 +45

Cape Ferguson 13 April 07:45 12 April 22:55 12 April 23:20 + 530 + 505 +25
cereil 13 April 02:30 12 April 14:05 12 April 09:50 + 745 +990 - 255
Caslimih 11 April 21:15 11 April 15:25 12 April 13:00 + 350 - 495 +1295
lenEile 13 April 07:45 12 April 21:25 12 April 22:20 + 560 + 505 + 55
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The data indicates that Thetis consistently models peak times later than the
observed values across all locations. Specifically, the differences range from
+350 minutes at Cooktown to +990 minutes at Cardwell. Additionally, Thetis
models peak times later than those predicted by the ROMS model for most
locations, with the exception of Cooktown, where Thetis's predicted peak time is
closer to the observed value. This demonstrates that while Thetis generally lags
behind both the observed and ROMS values, Cooktown stands out as an
anomaly where Thetis predictions align more closely with observations.

2.4 | Discussion

2.4.1 | Observed Tide Gauge Data

The observational data used to assess the Thetis modelled results has several
limitations that could impact its accuracy. Tide gauges are placed at a limited
number of locations, usually in sheltered harbours and structures such as jetties
(Greenslade et al. 2018). Therefore, they are not ideally situated to capture the
full range of storm surge events, as these events can be significantly influenced
by wind, waves and coastal geography, which may not be fully represented at
these sheltered sites (Greenslade et al. 2018). The measured sea level data also
contains variability attributable to different phenomena across a broad range of
temporal and spatial scales, including astronomical tides, storm surges,
tsunamis, infra-gravity waves, seiching and seasonal variability which can have
an effect on the measurements made (Greenslade et al. 2018). Despite this,
although these locations are not ideal for sampling the extremes of storm
surges, they currently provide the most fit-for-purpose objective data set
available for this kind of study (Greenslade et al. 2018).

2.4.2 | Thetis vs ROMS

While comparing the modelled Thetis data to the modelled ROMS data can
provide insights into the accuracy of the model used in this project, the
differences in the model set-ups for both methods can also lead to variations in
results and should be carefully considered (Table 8).
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Table 8 Comparison of the model set-ups for both Thetis and ROMS (Greenslade et al.

2018).

Model Set-Up

Thetis

ROMS

Grid
Numerical method

Drag
parameterisation

Drag
parameterisation

Time Stepping

Wetting and Drying
Settings

Domain boundary
Conditions

Spatial Resolution

Unstructured
Finite Element Method

Spatially uniform Manning’s
Drag derived from the Quadratic
Bottom Equation

Manning’s drag of 2.5 x 107

90 seconds

On

The external domain boundary
conditions use symmetric
velocity conditions

1 kmto 10 km

Structured
Finite Difference Method

Spatially uniform quadratic
bottom drag

Drag coefficient of 1 x 107

6 seconds

On with critical depth of 0.1 m

The normal component of the
depth-average velocity is
subject to the Flather boundary
condition (Flather, 1976)

1.9 km to 4 km with a mean

Starting at 1 km near the resolution of 2.5 km
coastline and increasing

towards the outer boundary

There are some key differences between both Thetis and ROMS which may have
an impact on the results produced from each model. Thetis uses an
unstructured grid for the mesh generation, whereas ROMS uses a structured
grid. The potential advantages of using an unstructured mesh are significant, for
example, there are issues relating to boundary conditions when bathymetry and
coastlines are represented by a ‘staircase’ regular structured mesh (Pain et al.
2005). The result of this can be an unintentional application of no-slip boundary
conditions, and consequently problems with the transport of fluids along slopes
(Pain et al. 2005). This process needs to be adjusted for staircase ‘structured’
grids, for example, by increasing diffusion in the cells near the ocean floor (Pain
et al., 2005). Aligning the mesh with the bathymetry, such as for unstructured
grids, helps avoid many of these issues (Adcroft and Marshall 1998) and enables
fluid to move smoothly over the ocean floor (Pain et al. 2005).
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The type of atmospheric forcing data used is also different for Thetis and ROMS.
Thetis uses ERA5 data, a fifth generation ECMWF (European Centre for
Medium-Range Weather Forecasts) reanalysis for the global climate and weather
for the last eight decades (Copernicus 2024). ROMS focuses on storm surge
hindcasts using ‘Best Track’ forcing (Greenslade et al. 2018). The ‘Best Track’ for
any TC is a time series of TC parameters, produced by forecasters, or other
analysts, after the end of the TC season, and taking into account all available
observations (Greenslade et al. 2018). The wind stress and pressure forcing
fields were generated from the ‘Best Track’ data using a series of equations,
presented in its operational configuration as a 0.5° resolution grid and
interpolated into the hydrodynamic model grid using a cubic interpolation
method (Greenslade et al. 2018). Variations in the atmospheric forcing data used
may contribute to the differences in the modelled peak water elevation and
modelled peak times for Thetis and ROMS described in Section 2.3.2.

2.4.3 | Thetis Tide and Wind Model Limitations

The results of the tide and wind Thetis model validation underpredicted the
storm surge maximum height when compared to both the observed tide gauge
data and the ROMS modelled data. Thetis also modelled the peak time later than
both the observed and ROMS modelled data. Despite this, Thetis successfully
modelled a storm surge; however, a few considerations are needed for future
work using Thetis to model TCs.

Thetis successfully modelled the tides of the GBR region during the 40-day T_Val
simulation with near-perfect tide gauges (Figure 16) and statistically significant
and relatively low standard error measurements (Table 4). The tide and wind
model set-up is identical to the tide-only model set-up, with the addition of an
atmospheric forcing parameter and atmospheric forcing data (ERA5 reanalysis
data).
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ERAS reanalysis data combines model data with observations from across the
world into a globally complete and consistent dataset using the laws of physics
(Copernicus 2024). This principle, called data assimilation, is based on the
method used by numerical weather prediction centres, where every 12 hours (at
ECMWEF) a previous forecast is combined with newly available observations in an
optimal way to produce a new best estimate of the state of the atmosphere
(Copernicus 2024). Reanalysis works in the same way, but at reduced resolution
to allow for the provision of a dataset spanning back several decades
(Copernicus 2024). Despite the dataset being fairly robust, the results of the
Thetis simulation when compared to the observed tide gauge data suggest that
the ERAS data did not represent the atmospheric conditions effectively for the
simulations. A study by (Warder et al. 2020) successfully applied the Thetis tide
and wind model to simulate a North Sea storm surge event that occurred
between the 5th and 6th December 2013. The Thetis model set-up for the North
Sea storm surge simulation was identical to the one used in this study, with a
few key differences: (Warder et al. 2020) incorporated the Charnock
parameterisation for surface wind stress and utilised Hindcast meteorological
data provided by the National Oceanography Centre. The results of the Thetis
North Sea model surge residuals were compared with those observed at tide
gauges, as well as with equivalent model outputs from the CS3X hindcast
(Warder et al. 2020) (Figure 18).

Residual / m

Immingham Whithy North Shields

' ! e

N — Tide Gauge
“““ Thetis
""""" CS3X hindeast —-15

06/12 07/12  05/12 06,12 07/12
Date Date

Figure 18 Comparison of surge residual between Thetis model results, CS3X hindcast
results, and British Oceanographic Data Centre tide gauges, for 5th-7th December 2013
(Warder et al. 2020).
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The Thetis surge residual results are comparable with those from CS3X and both
capture the surge residual with reasonable accuracy for all three selected tide
gauges (Warder et al. 2020). For all three gauges, the main features of the
observed surge residual time series are captured well, although in most cases
the models underestimate the peak surge residual as found in the W4/
simulation in this study (Warder et al. 2020). Therefore, it is reasonable to
suggest that the ERAS5 reanalysis data is not suitable for use in Thetis when
modelling a TC storm surge and for future research it would be suggested to use
other hindcast data similar to that used in (Warder et al. 2020) or follow
methodologies using Best Track found in the (Greenslade et al. 2018)
publication.

Additional variations of the W4 | model were tested, each with varying Manning's
drag, viscosity and forcing (Table 9) (Hill 2024). Figure 19 reveals minimal
differences between the models, indicating that these parameters have little
impact on model performance. This suggests that the current model
configuration is optimised to a high standard, suggesting that these parameters
are not likely responsible for the differences between Thetis and the observed
tide gauge data. However, utilising the Charnock parameterisation for surface
wind stress instead of the bulk formulae parameterisation may yield more
accurate results in future studies (as demonstrated in (Warder et al. 2020)).

Table 9 Values of the Manning’s drag and viscosity used for the test simulations as well as
the forcing used for each model (L&Y - Large and Yeager, 2009; Pond - Large and Pond,
1981; Smith - Smith and Banke, 1975). (Hill 2024)

Model Manning’s Drag Viscosity Forcing
1 0.025 1 L&Y
2 0.03 1 L&Y
5 0.025 1 Pond
6 0.025 1 Smith
8 0.025 0.1 L&Y
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Figure 19 Results of the test simulations described in Table 9. Note: Model 5 (green) storm surge model
stopped after 14th April 2014 and only shows a tidal signal towards the end of the model. (Hill 2024).
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2.5 | Conclusions

In conclusion, this analysis highlights several critical considerations regarding
the use of observational data and model configurations when modelling storm
surge events. The comparative evaluation of the Thetis and ROMS models
reveals significant differences in their configurations, including grid structures,
atmospheric forcing data, and parameterizations. These discrepancies can lead
to variations in model outputs and underscore the importance of carefully
considering model design when interpreting results. Despite these challenges,
Thetis demonstrated a strong capability for modelling tidal dynamics in the GBR
region, achieving near-perfect agreement with tide gauge measurements during
the T _Val simulation.

However, the validation results indicate that Thetis underpredicted storm surge
maximum heights and peak times compared to both the observed data and
ROMS model output. This suggests that future studies should explore alternative
atmospheric forcing, such as the use of the Charnock parameterization for
surface wind stress (Warder et al. 2020) and different hindcast meteorological
data (Greenslade et al. 2018; Warder et al. 2020), to improve model accuracy
further. The findings also indicate that variations in parameters like Manning's
drag and viscosity had minimal impact on model performance, suggesting that
the current configuration is optimised to a high standard.

Overall, while Thetis has demonstrated an adequate ability to model storm
surge events, continued refinement of the model setup and selection of
appropriate atmospheric data are crucial for enhancing its reliability in future
simulations. However, the performance is sufficient to use in prediction of storm
impacts with sea-level rise, but care must be taken in the interpretation of
output.
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Chapter 3 | Impacts of Tropical Cyclones on Coral
Reefs

3.1 | Introduction

TCs are one of the major acute stressors on coral reefs and have structured
coral reef assemblages over ecological to geological time frames
(Castro-Sanguino et al. 2022). TCs are a significant contributor to coral decline on
the GBR and coral recovery from these events is threatened by widespread coral
loss as a result of consecutive mass bleaching events (Castro-Sanguino et al.
2022). The use of numerical models helps understand how TCs interact with and
threaten coral reef environments and is therefore important for identifying
priority areas for conservation and management efforts (M. Puotinen et al.
2020).

In this chapter, | will outline the methods used to assess the impact of TCs on a
selected group of 15 coral reefs across the GBR. This includes a detailed
description of the data utilised, the statistical tests applied, the resulting
findings, the broader implications of these results and suggestions for future
research.

3.2 | Methodology

3.2.1 | Coral Reef Data

This study uses all coral reefs within the model domain that have data available
for before and after the TCs occur (Chapter 2). The data is from the Marine
Monitoring Program (MMP) acquired from the Australian Institute of Marine
Science (AIMS) website (AIMS 2024b). The objective of the MMP is to document
the trends in the benthic reef communities on selected nearshore reefs (AIMS
2024b). These changes may be as a result of acute disturbances such as cyclonic
winds, bleaching and crowns-of-thorns starfish, as well as those related to land
runoff (e.g. floods), which disrupt processes of recovery such as recruitment and
growth (AIMS 2024b). Coral community attributes are monitored at both 2 m
and 5 m depths below the lowest astronomical tide at each of two sites on each
reef (AIMS 2024b). Within site and depth combinations are five 20 m transects
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marked with steel pickets at the beginning and steel rod at the middle and each
end (markers are maintained through time and compass directions are
maintained for the entire site) (AIMS 2024b). Benthic cover is estimated from
digital photos taken at 50 cm intervals along the upslope side of the marked
transects (AIMS 2024b).

The MMP data was collected for 2013 and 2014 from the AIMS website. The
dataset includes the reef name, the site number, latitude, longitude, reef depth,
the sample date, the benthic group and the percentage of cover for each reef.
The benthic groups are categorised as followed: Algae (combination of all algal
forms including filamentous turf algae, fleshy macroalgae, and calcareous algae,
Hard Coral (Order Scleractinia), Soft Coral (Order Alcyonacea and Helioporacea),
Other - includes other benthic categories (e.g. sponge, tunicates, anthozoans,
etc), and abiotics (e.g. rock, rubble, sand, silt, etc) (AIMS 2014). The absolute
change (Eq. 9) and relative change (Eq. 10) were calculated for the change in coral
cover between 2013 and 2014 for each benthic group. Figure 20 shows the
location of coral reefs used in this study within the extent of the model domain.

Absolute change = Cover in 2014 — Cover in 2013 (9

Cover in 2014 — Cover in 2013
Coverin 2013

Relative Change (%) = X 100 (o
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Figure 20 The white points indicate the coral reefs within the model boundary that are used within this research. The model
mesh domain is delineated by the black and red lines, signifying the landward boundary and forced boundary, respectively.

71 of 124



3.2.2 | Numerical Model Data

The eight numerical models were post-processed to extract data on elevation,
velocity, and bed shear stress. For each model, this data was extracted at each
coral reef throughout the simulation period. Graphs were then created to
display the water elevation, water velocity, and bed shear stress at each reef
during each TC, comparing both tide-only models and combined tide and wind
models.

From the tide and wind models (W1_D, W2_E, W3_H, and W4_]), the maximum bed
shear stress and its occurrence time were also extracted. Using this occurrence
time, bed shear stress was then extracted from the corresponding tide-only
models (T71_D, T2_E, T3_H, and T4 l). The change in magnitude between the
tide-only models and the combined tide-and-wind models was then calculated.
Both the maximum bed shear stress and the change in bed shear stress
magnitude were then used in the statistical analysis.

3.2.3 | Statistical Testing

A Shapiro-Wilk normality test was performed to assess whether the absolute
change and relative change in total benthic cover for the four benthic categories
of the MMP coral cover data followed a normal distribution. This test was
necessary to determine the appropriate statistical methods for further analysis.
Subsequently, Kendall's Tau test was conducted to determine the strength and
direction of the association between the absolute and relative changes in coral
cover for each benthic group and two variables: the maximum bed shear stress
and the change in bed shear stress magnitude between the tide-only models
and the tide-plus-wind models modelled at each reef during each simulation.

3.3 | Results

3.3.1 | Results of Simulations

Figures 22-25 present graphs illustrating the modelled bed shear stress, water
elevation, and water velocity for both the tide-only and tide-plus-wind scenarios
of the four tropical cyclones at a selected reef (Figure 21).
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Tide and Wind Model of Dunk North Reef during Tropical Cyclone Dylan
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Figure 22 Graphs showing the bed shear stress, water elevation and water velocity modelled for the T1_D simulation period (A), and the W1_D simulation period

(B) for each location across Dunk North reef.
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Figure 23 Graphs showing the bed shear stress, water elevation and water velocity modelled for the T2_E simulation period (A), and the W2_E simulation period
(B) for each location across Pine reef.
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Figure 24 Graphs showing the bed shear stress, water elevation and water velocity modelled for the T3_H simulation period (A), and the W3_H simulation period

(B) for each location across Daydream reef.
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Figure 25 Graphs showing the bed shear stress, water elevation and water velocity modelled for the T4 _| simulation period (A), and the W4_| simulation period

(B) for each location across Palms West reef.
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The graphs reveal a noticeable difference in magnitude between the tide-only
and tide-plus-wind models for bed shear stress, water elevation, and water
velocity. At Dunk North Reef (Figure 22), bed shear stress shows a significant
increase, with a maximum of 0.18 Pa in the tide-only (T7_D) model compared to
11.9 Pa in the tide-plus-wind (W7_D) model. Water elevation and velocity also
show notable increases at Dunk North Reef. The maximum water elevation rises
from 1.68 m in the T7_D model to 2.05 m in the W7_D model, while the maximum
velocity increases from 0.34 m/s to 0.44 m/s.

At Pine Reef (Figure 23), the bed shear stress increases slightly between the
tide-only (T2_E) and tide-plus-wind (W2_E) models, with maximum values of 5.88
Pa and 6.89 Pa, respectively. Similarly, the maximum water elevation increases
from 2.5 m in the 72_E model to 2.72 m in the W2_E model, while the maximum
velocity rises from 1.82 m/s to 1.98 m/s.

Daydream Reef (Figure 24) shows smaller changes between the tide-only (T3_H)
and tide-plus-wind (W3_H) models. The maximum bed shear stress increases
marginally from 0.83 Pa in the T3_H model to 0.92 Pa in the W3_H model. The
maximum water elevation increases from 1.6 m to 1.78 m, while the maximum
velocity rises slightly from 0.71 m/s to 0.75 m/s.

At Palms West Reef (Figure 25), the changes between the tide-only (74_/) and
tide-plus-wind (W4_/) models are minimal. The maximum bed shear stress is
slightly lower in the W4 | model (2.73 Pa) compared to the T4 | model (2.79 Pa).
However, the maximum water elevation increases from 1.15 m to 1.38 m, while
the maximum velocity remains nearly unchanged, with values of 1.03 m/s in the
T4 | model and 1.02 m/s in the W4 | model. These results demonstrate that the
inclusion of wind in the models leads to varying degrees of impact across
different reefs and TC scenarios.
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3.3.2 | Shapiro-Wilk Normality Test

The results of the Shapiro-Wilk Normality test are summarised in Table 10 with
associated Q-Q plots presented in Figure 26. The results demonstrate that both
absolute and relative changes in benthic cover, across all benthic categories,
significantly deviate from normality (p < 0.007). This suggests that
non-parametric statistical methods are more appropriate for further analysis of
the data.

Table 10 Results of the Shapiro-Wilk Normality test for absolute change and relative change
in benthic cover for algae, hard coral, soft coral and other (NS — not significant (p > 0.05); * -
significant to p < 0.05; ** - significant to p < 0.01; *** - significant to p < 0.001).

Change in Cover Algae Hard Coral Soft Coral Other
Absolute 0.93™ 0.84™ 0.72" 0.85™
Relative 0.94™ 0.59™ 0.42" 0.97"
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Figure 26 Q-Q plots showing the results of the Shapiro-Wilk normality test for the four benthic categories for absolute and relative benthic change. Each plot
represents the distribution of the variable comparing the observed (sample) data against a theoretical normal distribution. Deviations from the red line

indicate variations from normality. Corresponding W-values and significance levels for the normality tests are presented in Table 10, respectively, with Algae - A and
E, Hard Coral - B and F, Soft Coral - C and G, Other - D and H and Absolute change in coral cover - A-D and Relative change in coral cover - E-H.
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3.3.3 | Absolute Change in Benthic Cover

The results of the Kendall Tau’s analysis examining the relationship between the
absolute change in benthic cover (for algae, hard coral, soft coral and other) and
both the maximum bed shear stress and change in bed shear stress magnitude
modelled at each reef during each simulation is presented in Table 11, with
corresponding graphs presented in Figure 27.

Table 11 Results of the Kendall Tau’s statistical analysis between the absolute change in
benthic cover (for algae, hard coral, soft coral and other), and both the maximum bed shear
stress modelled at each reef during each simulation (W1_D, W2_E, W3_H, W4 _I) and the
change in bed shear stress magnitude modelled at each reef during each simulation. (NS —
not significant (p > 0.05); * - significant to p < 0.05; ** - significant to p < 0.01; *** -
significant to p < 0.001).

Measurement of BSS Algae Hard Coral Soft Coral Other

Maximum 0.19™ _0.07Ns 0.01Ns -0.22™

Change in Magnitude 0.11" _0.06MS 0.04Ns -0.15™

The results reveal a significant positive relationship between the absolute
change in algae cover and both the maximum bed shear stress (t = 0.19, p <
0.001) and the change in bed shear stress magnitude (t = 0.11, p < 0.01). A
significant negative relationship is also found between the absolute change in
other benthic cover and both the maximum bed shear stress (t = -0.22, p <
0.001) and the change in bed shear stress magnitude (t = -0.15, p < 0.001).
However, no significant relationships were found between the absolute change
in hard coral or soft coral cover and both maximum bed shear stress (t = -0.07,
NS; T = 0.01, NS, respectively) and the change in bed shear stress magnitude (t =
-0.06, NS; T = 0.04, NS, respectively).
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Figure 27 Graphs showing the relationship between the absolute change in benthic cover (for algae, hard coral, soft coral and other benthic) and both the
maximum bed shear stress and change in bed shear stress magnitude with Loess curves added to visualise trends in the data. Each plot corresponds to the
statistical analysis results presented in Table 11, respectively, with Algae - A and E, Hard Coral - B and F, Soft Coral - C and G, Other - D and H, and Maximum

Bed Shear Stress - A-D and Change in Bed Shear Stress Magnitude - E-H.
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3.3.4 | Relative Change in Coral Cover

The results of the Kendall Tau’s analysis examining the relationship between the
relative change in benthic cover (for algae, hard coral, soft coral and other) and
both the maximum bed shear stress and change in bed shear stress magnitude
modelled at each reef during each simulation is presented in Table 12, with
corresponding graphs presented in Figure 28.

Table 12 Results of the Kendall Tau’s statistical analysis between the relative change in
benthic cover (for algae, hard coral, soft coral and other), and both the maximum bed shear
stress modelled at each reef during each simulation (W1_D, W2_E, W3_H, W4 _I) and the
change in bed shear stress magnitude modelled at each reef during each simulation. (NS —
not significant (p > 0.05); * - significant to p < 0.05; ** - significant to p < 0.01; *** -
significant to p < 0.001).

Measurement of BSS Algae Hard Coral Soft Coral Other

Maximum 0.19™ -0.02\s OROTES -0.147

Change in Magnitude 0.11" _0.07Ns 0.03Ns -0.18™

The results reveal a significant positive relationship between the relative change
in algae cover and both the maximum bed shear stress (t = 0.19, p <0.001) and
the change in bed shear stress magnitude (t = 0.11, p < 0.01). A significant
negative relationship is also found between the absolute change in other
benthic cover and both the maximum bed shear stress (t = -0.14, p < 0.01) and
the change in bed shear stress magnitude (t = -0.18, p < 0.001). However, no
significant relationships were found between the absolute change in hard coral
or soft coral cover and both maximum bed shear stress (t = -0.02, NS; t = 0.01,
NS, respectively) and the change in bed shear stress magnitude (t =-0.07, NS; Tt =
0.03, NS, respectively).
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Figure 28 Graphs showing the relationship between the relative change in benthic cover (for algae, hard coral, soft coral and other benthic) and both the
maximum bed shear stress and change in bed shear stress magnitude with Loess curves added to visualise trends in the data. Each plot corresponds to
the statistical analysis results presented in Table 12, respectively, with Algae - A and E, Hard Coral - B and F, Soft Coral - C and G, Other - D and H, and

Maximum Bed Shear Stress - A-D and Change in Bed Shear Stress Magnitude - E-H.
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3.4 | Discussion

3.4.1 | Interpretation of Results

The analysis revealed significant trends in the response of algae and “other” to
bed shear stress. Specifically, algae cover was found to significantly increase as
bed shear stress intensified, while “other” (like sponges, tunicates and abiotics)
showed a significant decrease in response to higher bed shear stress. These
findings suggest a shift in reef composition, where the mechanical forces from
TC-induced bed shear stress may reduce the abundance of sponges, sand, silt
and rock, possibly as a result of dislodgement or physical damage and facilitate
algal growth within the space created.

Despite limited research into the impacts of TCs on other benthic groups such as
sponges and abiotics (e.g., sand, silt, rubble), some general insights can be
drawn. Sponges, particularly erect and branching species, are highly vulnerable
to TC-induced disturbances, experiencing damage that ranges from partial to
complete mortality (Harmelin-Vivien 1994). This damage is often caused by
abrasion, burial under sediment, or mechanical tearing of tissues and skeletons
as a result of strong wave action and sediment movement (Harmelin-Vivien
1994). A decrease in sponge abundance and species richness was observed in
Jamaica following Hurricane Allen, highlighting the potential for significant
ecological impacts (Woodley 1980). However, research into these effects,
especially across the GBR, remains minimal, highlighting a key knowledge gap.

In terms of abiotic impacts, higher bed shear stress during TCs has the ability to
mobilise loose sediment such as sand, rock, and rubble within coral reef
systems. This sediment is often transported and redeposited, depending on the
cyclone's direction and intensity, with this redistribution of sediment possibly
creating the space needed for the algal growth observed in this study.

Field surveys completed over a period of seven years recorded the development
of a coral-macroalgal phase shift (> 7 years) observed on the GBR (Cheal et al.
2010). This shift followed extensive coral mortality at Havannah Island caused by
coral bleaching in 1998 and subsequent cyclone damage (Cheal et al. 2010).
Following the disturbances at Havannah Island, prolific macroalgae growth was
consistently observed across the seven-year study period, where cover of brown
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macroalgae, (namely Lobophora variegata that contributed up to 73% of
macroalgal cover), exceeded coral cover by 2001, reaching >40% by 2002 and
remained high over the following five years (Cheal et al. 2010). Increases in algae
cover were also found during impact assessment surveys following severe TC
Yasi on the GBR in 2011, where extensive algal growth was observed on many of
the damaged reefs, with green filamentous algae growing over remnant coral
fragments and injured colonies, and blanketing large areas of damaged reef
substrate (Beeden et al. 2015). These findings are consistent with the results of
this study, highlighting a significant increase in algae cover on GBR coral reefs
after disturbance events, particularly tropical cyclones. Algae seems to rapidly
surge in areas cleared of coral and other benthic substrates, exploiting the
available space and reduced competition (Beeden et al. 2015).

This study found no significant changes in hard or soft coral cover after the
passage of the four TCs. However, numerous previous studies have reported
significant changes in hard coral cover following the occurrence of a TC. TCs
Hamish and Yasi drove 68% declines in the average cover of hard corals to ~9%
cover between 2007 and 2011 over >1000 km of the outer central-southern GBR
(Cheal et al. 2017). However, over the same 2007-2011 period, average coral
cover remained stable in the unaffected northern region with no declines at
individual survey reefs (Cheal et al. 2017). In the northern region between 2011
and 2015, TC Yasi and Ita were largely responsible for 13% declines in average
hard coral cover on reefs spanning ~200 km, with the level of destruction being
lower than that in the central-southern region and the remaining average coral
cover was still almost three times higher (~26%) (Cheal et al. 2017). A different
study researching the impacts of TC Yasi on the GBR found just over 15% of the
total reef area was estimated to have sustained some level of coral damage, with
~4% sustaining a degree of structural damage (Beeden et al. 2015). Both studies
identified significant impacts of TCs on coral cover; however, they used different
methods to quantify the damage. The former study estimated the net effect of
TCs on transect-scale hard coral cover in the impact region by developing a
Bayesian hierarchical model that explicitly recognized the structure of the
response (Cheal et al. 2017). The latter study used reef health and impact
surveys to document the geographical extent, severity and patchiness of
damage to reefs exposed to extreme winds (and consequently rough seas)
during TC Yasi, followed by using a damage impact matrix to integrate the extent
and severity scores for each survey into one of five levels of damage (Beeden et
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al. 2015). These differing approaches highlight how variations in methodology
can influence the assessment of TC impacts on coral reefs. Unlike these studies,
this research employed a different methodology and found no significant
results, suggesting that the choice of approach may contribute to variations in
findings.

Soft corals are not as extensively researched as hard corals; however, several
studies have highlighted key findings regarding the impacts of TCs on soft corals.
For example, a study reported a 29% decrease in soft coral cover at Low Isles
along the GBR, following TC Rona in 1999 (Cheal et al. 2002). TC Rona’s path
exposed Low Isles, an inshore reef, to the full force of southeast winds, yet soft
corals demonstrated greater survival rates compared to hard corals (A. Cheal et
al. 2002). Similarly, soft corals were relatively unaffected by a previous cyclone at
Low Isles in 1950 (Stephenson, Endean, and Bennett 1958), likely as a result of
their elastic skeletons, which are more resilient to the destructive forces
generated during TCs (Cheal et al. 2002). A different study found that at sites
with severe coral damage following TC Yasi in 2011, the majority of large soft
corals had either suffered substantial tissue loss or had been completely
removed, as evident by layers of spicules formed where the coral had been
attached to the substrate (GBRMPA 2011). These findings suggest that while soft
corals may show greater resilience to some TC impacts, they are still vulnerable
to significant damage, particularly in extreme TC occurrences. In contrast to
these studies, this research found no significant changes in soft coral cover,
indicating that different methodologies or environmental factors may also lead
to varying outcomes in assessing TC impacts on soft corals.

3.4.2 | Methodological Insights

TC impacts are highly spatially variable as a result of complex hydrodynamic
processes, and the coral-specific sensitivity to wind-induced impacts
(Castro-Sanguino et al. 2022). This study used bed shear stress as a proxy for
coral reef damage, an aspect that has not been extensively studied. While this
research used a coastal flow model primarily driven by tidal dynamics, with the
addition of an atmospheric forcing parameter to simulate TCs, most studies
examining TC impacts on coral reefs across the GBR have used numerical wave
models. For example, a recent study used the third-generation wave model
SWAN to estimate the wave environment of surveyed reefs during TC Ita
(Castro-Sanguino et al. 2022). A generalised additive model was then used to
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explore the influence of multiple predictors on observed changes in coral cover
following the cyclone impact (Castro-Sanguino et al. 2022). The set of predictors
used in the study were: cyclone-generated (lta-Ub) and non-cyclonic (nc-Ub)
near-bed horizontal wave velocity amplitude, cyclone-generated cumulative
wave energy flux (W), minimum distance to track and the time of the survey
post-Ita (Castro-Sanguino et al. 2022). The response of coral assemblages to TC
Ita were evaluated by the relative change in Acroporids cover (‘total' and as per
‘coral category’) for four categories: Acropora, Porites, Other branching and MSE
(Massive, submissive, encrusting) (Castro-Sanguino et al. 2022). Among the
tested predictors, the relative abundance of Acroporids and Ita-Ub were the
most important predictors of the relative change of total coral cover, with losses
in total coral cover strongly correlated with increasing Ita-Ub levels
(Castro-Sanguino et al. 2022). While bed shear stress and near-bed horizontal
wave velocity are linked to fluid motion near the bed, they describe different
aspects of that motion, therefore the use of a different proxy for damage will
generate different results. This study found no significant relationship between
either the maximum or the change in magnitude of bed shear stress and both
the absolute and relative changes in hard coral cover, therefore alternative
predictors of damage should be explored in future research.

At the coral colony scale, damage is always patchy because the size and spatial
arrangement of colonies determine the extent to which physical damage from a
potentially damaging wave actually occurs (Madin and Connolly 2006). As well as
this, coral community composition (the abundance and traits of specific coral
morphologies) is also an important predictor of reef damage (Castro-Sanguino et
al. 2022). This research used broad categories for the coral reef data (Algae,
Hard Coral, Soft Coral and Other), whereas many previous studies have looked
at coral cover change post-TC at a species-level, rather than a broad benthic
category to account for the differences in species resilience and susceptibility to
cyclone impacts, providing a more detailed understanding of how specific coral
taxa respond to extreme weather events. For example, research found that the
composition of hard coral assemblages on the northeast flank of Low Isles in the
GBR had changed by March 1999 following TC Rona in 1998 (Cheal et al. 2002).
They found that the magnitude of decreases varied among life-forms:
sub-massive (4.5+0.3 to 0.6+0.2% cover, mainly Porites rus, P. annae), branching
(3.6+0.8 to 0.8+0.4% cover, Porites cylindrica), massive (3.8+1.5 to 1.8+0.9% cover,
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Porites spp.), and foleaceous (5.4+1.1 to 2.7+0.6% cover, Echinopora spp.,
Pachyseris rugosa, and Pavona cactus) (Figure 29) (A. Cheal et al. 2002).
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Figure 29 Percentage cover of hard coral life-forms on four reefs

from before TC Rona (Jan-99) to 1-2 months after the TC (Mar-99)
to 11-12 months after Cyclone Rona (Jan-00) (Cheal et al. 2002).

The results presented in Figure 29 reveal differences not only between coral
reefs but also among individual coral species, suggesting that the broad
categories used in this study may oversimplify the complexity of coral ecosystem
dynamics and species-specific responses to TC-induced impacts.

Therefore, a species-level breakdown of the MMP data used in this research was
analyzed further to investigate whether examining the composition of each reef
would yield different results. Tables 13-15 summarise the results of Kendall Tau
tests conducted for each benthic species observed across all reefs in this study,
analyzing their relationships with both the maximum bed shear stress and the
change in bed shear stress magnitude for all modelled TCs (only algae, hard
coral and soft coral are presented as the data on the AIMS website did not
include a breakdown of the category Other (AIMS 2024a)).
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Table 13 Results of the Kendall Tau’s statistical analysis between the absolute change in
benthic cover for all species of algae found across all reefs, and both the maximum bed
shear stress modelled at each reef during each simulation (W1_D, W2_E, W3_H, W4_1) and
the change in bed shear stress magnitude modelled at each reef during each simulation.
(NS — not significant (p > 0.05); * - significant to p 0.05; ** - significant to p 0.01; *** -
significant to p 0.001).

Benthic Species Maximum Bed Shear Change in Bed Shear
Stress Stress Magnitude

Brown Macroalgae -0.019"s -0.003"¢
Coralline Algae 0.228™ 0.062Ns
Green Macroalgae 0.15 0.121°

Other Macroalgae 0.144 -0.037Ns
Red Macroalgae 0.248™ 0.186™
Turf Algae 0.179™ 0.141"

Significant correlations were observed for specific algae types, such as red
macroalgae (highly significant for both maximum bed shear stress and changes
in bed shear stress magnitude) and turf algae. Brown macroalgae, coralline
algae and other macroalgae showed no significant relationship with changes in
bed shear stress magnitude, and brown macroalgae also showed no significant
relationship with maximum bed shear stress. All results, except for three,
indicate a positive relationship, reflecting an increase in algae cover. In contrast,
brown macroalgae and other macroalgae (only for change in bed shear stress
magnitude) show a negative relationship, suggesting a decline in cover for these
species.
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Table 14 Results of the Kendall Tau’s statistical analysis between the absolute change in
benthic cover for all species of hard coral found across all reefs, and both the maximum bed
shear stress modelled at each reef during each simulation (W1_D, W2_E, W3_H, W4_1) and
the change in bed shear stress magnitude modelled at each reef during each simulation.
(NS — not significant (p > 0.05); * - significant to p 0.05; ** - significant to p 0.01; *** -
significant to p 0.001).

Benthic Species Maximum Bed Shear Change in Bed Shear
Stress Stress Magnitude
Acropora -0.086Ns -0.158™
Dendrophylliidae -0.162" -0.242
Euphylliidae -0.1N8 -0.182™
Fungiidae 0.183™ 0.153"
Goniopora Alveopora 0.237™ -0.011Ns
Isopora 0.002Ns 0.083N\s
Leptastrea -0.002Ns -0.083Ns
Lobophylliidae 0.127 -0.004Ns
Merulinidae 0.035NS 0.055"N
Montipora 0.047NS -0.061Ns
Other -0.09"s -0.18™
Pachyseris -0.354™ -0.21™
Pocilloporidae 0.001Ns -0.099"s
Porites -0.039Ns 0.047Ns
Psammocora -0.139° -0.115

Responses among hard corals varied widely. For example, Pachyseris and
Dendrophylliidae exhibited strong negative correlations with maximum and
change in bed shear stress, indicating vulnerability to hydrodynamic changes. In
contrast, species such as Fungiidae and Goniopora Alveopora showed positive
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significant correlations, suggesting resilience or adaptive benefits under certain
conditions. However, many hard corals, including Montipora and Isopora,
showed no significant relationships, emphasizing species-specific responses.

Table 15 Results of the Kendall Tau’s statistical analysis between the absolute change in
benthic cover for all species of soft coral found across all reefs, and both the maximum bed
shear stress modelled at each reef during each simulation (W1_D, W2_E, W3 _H, W4 _|) and
the change in bed shear stress magnitude modelled at each reef during each simulation.
(NS — not significant (p > 0.05); * - significant to p 0.05; ** - significant to p 0.01; *** -
significant to p 0.001).

Benthic Species Maximum Bed Shear Change in Bed Shear
Stress Stress Magnitude
Alcyoniidae 0.004Ns 0.1517
Cladiellidae -0.02s -0.044Ns
Gorgonian-like -0.003Ns -0.021N8
Heliopora 0.119° -0.049Ns
Lobophytum -0.189™ -0.119
Other -0.026Ns -0.122
Other encrusting soft 0.041NS -0.005\s
coral
Sarcophyton -0.074Ns 0.171™
Sclerophytum 0.092Ns 0.087N
Xeniidae 0.002Ns 0.083Ns

Soft coral responses were similarly diverse. Lobophytum exhibited strong
negative correlations with both variables, indicating sensitivity to bed shear
stress, whereas Sarcophyton and Alcyoniidae had positive correlations, suggesting
potential resilience. Several species, such as Cladiellidae and Gorgonian-like
corals, showed no significant relationships, reflecting varied tolerances for soft
corals.
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The observed variability in these results demonstrates that grouping benthic
species into broad categories may obscure critical variations in species-specific
responses to TC-induced bed shear stress. The vulnerability of coral reefs to TC
damage is likely related to the robustness and fragility of reefs, which varies
according to (1) location, (2) coral community type, and (3) successional stage of
coral development (Fabricius et al. 2008). By analyzing individual reefs rather
than multiple, more precise insights could be obtained regarding local resilience
and vulnerability, ultimately informing tailored conservation and management
strategies for specific reef systems. As well as this, TC features (e.g. wind speed,
translation speed, size) will also impact how a coral reef is affected, with many
studies agreeing that there is a significant level of variability in the type and
intensity of TC impacts, and several studies have aimed at identifying the best
predictors for storm damage (Done 1992; Gardner et al. 2005; Puotinen 2007;
Fabricius et al. 2008). The ecological effects of TCs on coral reefs can have
impacts accumulated over years to centuries (Connell 1997), so it is important to
further improve our understanding of the factors that determine differences in
TC effects between reef locations and among coral community types (Fabricius
et al. 2008).

3.4.3 | Other Ecological Disturbances and Implications

As highlighted in Chapter 1 (Section 1.3), coral reefs in the GBR are affected by
numerous ecological disturbances every year. The MMP data available on the
AIMS Reef Reporting Dashboard (AIMS 2024a) identifies significant ecological
disturbances that occur at each reef throughout the entire monitoring period.
Using this dashboard, disturbances from 2011 to 2014 were identified, prior to
the passage of the TCs modelled in this study. Among the 15 reefs analysed in
this study, five experienced coral disease at least once, two were affected by
Crowns-of-Thorns starfish (COTS) predation at least once, three were impacted
by severe TC Yasi in 2011, one was impacted by TC Oswald in 2013 and one
experienced the effects of flood waters (AIMS 2024a). All of these disturbances
could have also influenced benthic cover across each reef, with each disturbance
potentially leading to varying levels of impact and requiring different recovery
times, depending on the severity of the event and the resilience of the reef’s
ecosystem.

Coral disease is a major threat to coral reefs and is one the most recent of
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threats that is challenging the resilience of reef communities (Willis, Page, and
Dinsdale 2004). The first record of coral disease on the GBR was made in 1994
(Miller 1996), but it has become increasingly clear that coral diseases play an
important role in the ecology of the GBR (Haapkyla et al. 2013). Coral disease
surveys were carried out twice a year from 2008 to 2011 at Magnetic Island, a
turbid inshore reef located in the central GBR, which is also included in the
current study (Haapkyla et al. 2013). The dominant coral disease at the study site
was atramentous necrosis (AtN), primarily affecting the reef-building coral
Montipora aequituberculata, with other diseases including growth anomalies,
white syndrome, and brown band syndrome, impacting eight coral genera in
total (Haapkyla et al. 2013). AtN outbreaks occurred only during wet seasons,
showing a clear seasonal pattern, with repeated wet season outbreaks,
combined with bleaching and TC impacts, leading to a 50-80% decline in total
coral cover (Haapkyla et al. 2013). These findings highlight the significant impact
of coral diseases on the health and resilience of reef ecosystems, especially
when combined with other stressors.

COTS predation is another major threat impacting the coral reefs across the
GBR. The first COTS outbreak identified within the GBR was recorded on reefs
offshore from Cairns in 1962 (Endean 1969). This was followed by three
subsequent outbreaks over the following decades, each persisting for 10-15
years and resulting in significant coral losses across much of the GBR (Matthews
et al. 2024). COTS outbreaks accounted for approximately 40% of the coral loss
recorded on the GBR between 1985 and 2012, corresponding to a decline in
coral cover of approximately -1.42% per year (Matthews et al. 2024; De'ath et al.
2012). The same analysis indicated that even in the presence of coral bleaching
and TC damage, prevention of COTS predation would have yielded a net
increase in GBR-wide coral cover over the same period (Matthews et al. 2024;
De'ath et al. 2012). These findings highlight the critical need for effective
management of COTS outbreaks, as mitigating this could substantially improve
coral cover and enhance the overall resilience of the GBR, even in the presence
of other stressors like bleaching and TCs.

Floodwaters caused by cyclonic rain events are a major factor shaping the
nature, location and extent of inshore coral reefs along the GBR (Jones and
Berkelmans 2014). In December 2010, the highest recorded Queensland rainfall
associated with TC Tasha caused flooding of the Fitzroy River in Queensland,
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Australia (Jones and Berkelmans 2014). A large flood plume inundated coral
reefs lying 12 km offshore of the Central Queensland coast near Yeppoon and
caused 40-100% mortality to coral fringing many of the islands of Keppel Bay
down to a depth of ~8 m (Jones and Berkelmans 2014). A significant part of the
damage to inshore coral communities from TCs is caused by the inundation of
reefs near major catchments by floodwaters (Bostock et al. 2006). This results in
low salinity exposure, which is largely influenced by the movement of the flood
plume, driven by wind-induced currents and tides (Bostock et al. 2006). This
highlights the significant impact of TC-induced floodwaters on inshore coral
reefs, emphasising the vulnerability of coral reef ecosystems to extreme weather
events and the critical need for strategies to mitigate their impacts.

This study focused on coral reefs located between 16°S and 23°S latitude,
encompassing a broad geographic range and a diverse array of reef and
measurement sites. Disturbances such as coral disease and COTS predation
tend to be relatively localised, as evidenced by their variable occurrence across
different reefs. These spatial differences suggest that the observed patterns in
this research are most likely as a result of TCs clearing unconsolidated
sediments and creating space for algal colonisation rather than other stressors.
To better understand the impacts of TCs on coral reefs, particularly in the
context of interacting stressors, this study could be repeated across different
years. Doing so would help determine whether similar patterns emerge during
periods when other major stressors, such as coral bleaching or COTS outbreaks,
are absent.

3.4.4 | Coral Reef Recovery Patterns and Future Management Implications

During the 20th century (1950-1999), the mean annual arrival rate of TCs across
the GBR was 2.25 TCs per year, with rates varying from a low of 1.22 to a high of
3.75 TCs per year (Callaghan, Mumby, and Mason 2020). The impact of multiple
TCs, alongside other disturbances, can affect the recovery of coral reefs across
the GBR. Variation among coral reef communities in vulnerability to, and
recovery from, disturbances has received increasing attention as a result of
concerns that anthropogenic activities are altering disturbance regimes for coral
reefs (Johns, Osborne, and Logan 2014). For example, human-induced climate
change is predicted to increase both the frequency and severity of bleaching
events, as well as the occurrence of high-intensity TCs (Hoegh-Guldberg et al.
2007). Consequently, coral reef communities will experience more frequent
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disturbances, and the intervals between disturbances will likely shorten,
reducing recovery periods (Nystrém, Folke, and Moberg 2000).

Changes in the relative abundances of coral species during recovery from
disturbance may lead to shifts in essential ecological processes on coral reefs
(Johns, Osborne, and Logan 2014). Coral cover can return to pre-disturbance
levels without the assemblage returning to its previous composition; however,
this process is not well understood as a result of the lack of long-term studies
(Johns, Osborne, and Logan 2014). A study of six coral communities that suffered
substantial coral loss and subsequently regained at least 50% of their
pre-disturbance coral cover found recovery periods of 11 years or less, either
because of recurring disturbances or the time frame of the study (Johns,
Osborne, and Logan 2014). Four of the six communities reassembled to their
pre-disturbance composition in 8-13 years, while the trajectories of two
communities suggested that they were unlikely to reassemble, and the
remaining community did not regain pre-disturbance coral cover (Johns,
Osborne, and Logan 2014). The communities that regained coral cover and
reassembled had a high relative abundance of tabulate Acropora spp., whereas
communities that failed to regain coral cover or reassemble were located in
near-shore areas and had a high relative abundance of Porites spp. and soft
corals (Johns, Osborne, and Logan 2014). In conclusion, while coral reefs may
show signs of recovery in terms of coral cover, the ability to reassemble into
their original ecological composition is influenced by factors such as species
abundance, reef location, and disturbance frequency, highlighting the
complexity of coral reef recovery processes.

Ocean warming under climate change threatens coral reefs directly, through
fatal heat stress to corals and indirectly, by increasing the energy of TCs (Cheal
et al. 2017). Most global predictions of changes in TC activity under climate
change have focussed on TC frequency and intensity; an increase in the relative
frequency of the most intense TCs would pose the biggest threat to coral reef
communities (Cheal et al. 2017); however, it is likely that the frequency of TCs
will remain stable or decrease by up to 40% by 2100 under enhanced
greenhouse conditions (Knutson et al. 2010; Christensen et al. 2013; Walsh et al.
2016). Despite TCs are one of the major causes of coral decline around the world
(De'ath et al. 2012), only heat-induced mass coral bleaching and ocean
acidification were specifically listed as key risks to coral reef biodiversity and
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fisheries abundance in the 2022 IPCC report (Boudreau, Robinson, and Farooqi
2022). While TCs were noted as one of the drivers of change on coral reefs under
climate change, the consequences of altered TC activity are not yet adequately
resolved to allow clear risk attribution (Cheal et al. 2017). This knowledge gap in
understanding the impact of future climate change on TC frequency and
intensity makes it difficult to plan and manage the GBR for future disturbances
by TCs. However, understanding patterns in impact severity and recovery
enables managers to target local-scale actions to support reef resilience and
recovery and conserve the ecological, social, cultural and economic values
provided by coral reefs (Beeden et al. 2015). Examples of such actions include:
crown-of-thorns starfish eradication, active reef restoration and the
establishment of special management areas or temporary fishing closures
(Beeden et al. 2015).

3.5 | Conclusions

In conclusion, in order to completely understand the impacts of TCs on coral
reefs, it is essential to consider all aspects of disturbance, as well as the unique
characteristics of individual reefs and species, highlighting the need of a holistic
approach. Studying individual reefs is crucial, as generalisations across all reefs
may overlook important variations, and when combined with other stressors,
such as disease outbreaks, COTS infestations, and the secondary effects of TCs
(e.g. floodwaters), the impacts on coral reefs are further exacerbated. This
highlights the urgent need for integrated conservation and management
strategies that address these multiple, compounding threats to coral reef
ecosystems (Uthicke et al. 2016). As well as this, anthropogenic-induced climate
change is predicted to increase the frequency and severity of coral bleaching
events, and the frequency of high-intensity TCs (Hoegh-Guldberg et al. 2007).
Consequently, coral reef communities will suffer more frequent disturbances
and the intervals for recovery will be reduced (Nystrom, Folke, and Moberg
2000). Therefore, research into the potential future impacts of TCs on coral reefs
across a range of predicted climate scenarios is essential to better understand
the long-term consequences, and guide conservation efforts in the face of a
changing climate.
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Chapter 4 | Uncertainty for the Future: Sea Level
Rise

4.1 | Introduction

The IPCC Special Report on Global Warming of 1.5°C highlights coral reefs as
among the most sensitive ecosystems, with projections indicating increased
mass coral bleaching and mortality as a result of the combined effects of rising
ocean temperatures, ocean acidification, sea-level rise (SLR), and potentially
more intense and frequent tropical cyclones (TCs) (Hoegh-Guldberg et al. 2018).
Global mean sea level increased by 0.20 [0.15 to 0.25] m between 1901 and 2018
(IPCC 2023). The average rate of sea level rise was 1.3 [0.6 to 2.1] mm yr’
between 1901 and 1971, increasing to 1.9 [0.8 to 2.91 mm yr between 1971 and
2006, and further increasing to 3.7 [3.2 to 4.2] mm yr" between 2006 and 2018
(high confidence) (IPCC 2023).

The AR5 report concluded that while some coral reefs may be able to keep up
with the maximum rate of projected SLR rate of 15.1 mm yr™" by the end of the
century (medium confidence), factors such as lower net accretion rates
(compared to the Holocene) (Perry et al. 2013) and increased turbidity (Storlazzi
et al. 2011) will weaken this capability (very high confidence) (Wong et al. 2014).
So, while SLR alone is not typically seen as a threat to coral reefs, provided coral
growth can keep pace with rising waters, other climate-related factors—such as
warming sea temperatures, higher sediment input, and increased ocean
acidity—are expected to inhibit coral growth (Hoegh-Guldberg 2011). These
challenges suggest that some reef communities may struggle to sustain
themselves even under minimal sea-level changes (Hoegh-Guldberg 2011).

In this chapter, | will explore the impacts of various SLR scenarios on the depth

of coral reefs across the GBR and the impacts on TC-induced bed shear stress
and how this could impact coral reefs in the future.
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4.2 | Methodology

4.2.1 | Shared Socio-Economic Pathways

The integrated assessment community quantified anthropogenic emissions for
the shared socioeconomic pathway (SSP) scenarios, each of which represents a
different future socio-economic projection and political environment
(Meinshausen et al. 2020). For this research, two SSP scenarios were chosen to
determine the potential future impacts of rising sea level on bed shear stress on
coral reefs. The two scenarios chosen were SSP1-1.9 and SSP2-4.5.

The SSP1-1.9 holds warming to approximately 1.5°C above 1850-1900 levels in
2100 after a slight overshoot (median) and implies net zero CO, emissions
around the middle of the century (NASA 2024). The SSP2-4.5 scenario deviates
mildly from a ‘no-additional- climate-policy’ reference scenario, resulting in a
best-estimate warming around 2.7°C by the end of the 21st century relative to
1850-1900 levels (NASA 2024). For sea level projections, likely ranges are
assessed based upon the combination of uncertainty in the temperature change
associated with the SSP scenarios and uncertainty in the relationships between
temperature and drivers of projected sea level change, such as thermal
expansion, ocean dynamics, and glacier and ice sheet mass loss (NASA 2024).
Figure 30 shows the predicted sea level change between 2020 and 2100 for both
SSP1-1.9 and SSP2-4.5 at Bowen on the east coast of Australia (NASA, 2024). By
2100, it is predicted that under an SSP1-1.9 scenario sea level will rise by 0.42 m,
and for SSP2-4.5 it will rise by 0.59 m (NASA 2024).
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Figure 30 Projected sea level change for Bowen for scenario SSP1-1.9 and SSP2-4.5
Shaded ranges show the 17th-83rd percentile ranges. Projections are relative to a
1995-2014 baseline (NASA 2024).

4.2.2 | Bathymetry

IPCC AR6 sea-level change projection files (Fox-Kemper et al., n.d.; Kopp et al.
2023; Garner et al. 2021) were used to alter the current-day bathymetry data
(described in Chapter 2, Section 2.2.3) for the two SSP scenarios. The files, in
NetCDF format, provide time-series probability distributions for global sea level
changes, including both levels and rates. An R script (Appendix H) was used to
process the NetCDF file. The file was converted into a shapefile, allowing
selection of the projection year (2100) and the quantiles of the sea-level change
probability distribution (0.950). The shapefile was loaded into QGIS and
converted into raster format using the Rasterize tool (Figure 37). The resulting
raster was then clipped to match the extent of the current-day bathymetry data.
Using the Raster Calculator, the sea level change raster was applied to modify
the current-day bathymetry (Eq. 15), creating a new raster file representing the
future sea level rise scenario. This was completed for both SSP1-1.9 and
SSP2-4.5 projection files.

SSP scenario bathymetry = Current day bathymetry — Sea Level Change Raster (15)
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Figure 31 Raster file from QGIS showing the variable level of sea-level change since the
ARG reference period for the SSP1-1.9 scenario.

4.2.3 | Model Set-Up
Following the same model set-up as described in Chapter 2 Section 2.2, four

models were run (Table 16), using the varied bathymetry for both SSP1-1.9 and
SSP2-4.5.
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Table 16 The models used for the future sea level rise scenarios, including the model ID, the configuration of the model (simulating tides only
or tides and wind), the tropical cyclone they were simulating, total model runtime, the spin-up duration, and the start/end dates for each model.
For the model ID, 119 denotes the SSP1-1.9 scenario and 245 denotes the SSP2-4.5 scenario.

Model ID Model Tropical Cyclone Model Run Spin-up (days) Start Date End Date
Configuration Length (days)
w4 | , :
— Tides and Wind Ita 7 2 08.04.2014 14.04.2014
T4 | .

- Tides Only Ita 7 2 08.04.2014 14.04.2014
AL Tides and Wind Ita 7 2 08.04.2014 14.04.2014
UL Tides Only Ita 7 2 08.04.2014 14.04.2014
WL Tides and Wind Ita 7 2 08.04.2014 14.04.2014
Yol 2 Tides Only Ita 7 2 08.04.2014 14.04.2014

102 of 124



4.2.4 | Numerical Model Data

The four numerical models were post-processed to extract data on elevation,
velocity, and bed shear stress. For each model, this data was extracted at each
coral reef throughout the simulation period. Graphics were then created to
show the depth of each reef for models W4_I, W4/_119 and W4/_245.

From the tide and wind models (W4l 119 and W4/|_245), the maximum bed shear
stress and its occurrence time were also extracted. Using this occurrence time,
bed shear stress was then extracted from the corresponding tide-only models
(T41_119 and T4I_245). The change in magnitude between the tide-only models
and the combined tide-and-wind models was then calculated. Heatmaps of both
the maximum bed shear stress and the change in bed shear stress magnitude
were then created to compare the differences between W4/ W4/ 119 and
W4l 245 models.

4.2.5 | Statistical Analysis

A Shapiro-Wilk normality test was performed to assess whether the maximum
bed shear stress and change in bed shear stress magnitude data followed a
normal distribution. Subsequently, a Kendall's Tau test was conducted to assess
the strength and direction of the association between reef depth and the two
measures of bed shear stress modelled for each of the three scenarios.

4.3 | Results

4.3.1 | Depth

Depths at a specific point on each reef were mapped in QGIS across all three
scenarios (W4_I, W41_119, and W4I_245) (Figure 32). Across all reefs, depth values
become increasingly negative between W4 | and W4/_119, indicating a consistent
increase in submersion under the projected scenario (SSP1-1.9) (Table 17). The
magnitude of change varies among reefs, with Snapper North showing the
smallest change in depth (-0.75 m) and Barren the largest (-0.78 m). Shallower
reefs such as North Keppel (-0.78 m) and Pelican (-0.78 m) experience relatively
larger depth increases compared to deeper reefs such as Franklands West (-0.76
m).
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Table 17 The depth of a point at each coral reef across 2 scenarios: current-day bathymetry
(W4_1) and varied bathymetry using SSP1-1.9 sea level projections (W4l _119), with the
change in depth calculated between each scenario.

Reef W4 _| Depth (m) W4l1_119 Depth Change in Depth
(m) (m)

Magnetic -9.2048 -9.97503 -0.77023
Palms West -24.48586 -25.25337 -0.76751
Pandora -18.27938 -19.04531 -0.76593
Barren -14.60075 -15.38445 -0.7837
Keppels South -9.86956 -10.65167 -0.78211
North Keppel -2.65995 -3.44304 -0.78309
Pelican -3.10255 -3.88363 -0.78108
Daydream -24.05673 -24.83671 -0.77998
Double Cone -18.63245 -19.41332 -0.78087
Pine -17.36485 -18.14412 -0.77927
Snapper North -7.73197 -8.48323 -0.75126
Fitzroy West -15.67331 -16.43331 -0.75999
Franklands West -21.82501 -22.58639 -0.76138
High West -9.08523 -9.84524 -0.76001
Dunk North -1.02922 -1.79197 -0.76275

Similar to SSP1-1.9, all reefs exhibit increased submersion under the SSP2-4.5
scenario, with depth values becoming increasingly negative between W4 | and
W41_245 (Table 18). The magnitude of change varies among reefs, with Snapper
North showing the smallest change in depth (-1.02 m) and Barren the largest
(-1.04 m). This pattern is consistent with the findings for SSP1-1.9, indicating that
the magnitude of depth changes are consistent across reefs for different future
sea level scenarios. These results highlight spatial variations in reef submersion,
driven by bathymetric changes associated with sea-level rise under SSP1-1.9 and
SSP2-4.5 projections.
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Table 18 The depth of a point at each coral reef across 2 scenarios: current-day bathymetry
(W4_1) and varied bathymetry using SSP2-4.5 sea level projections (W4l_245), with the
change in depth calculated between each scenario.

Reef W4 _| Depth (m) W4l_245 Depth Change in Depth
(m) (m)

Magnetic -9.2048 -10.23527 -1.03047
Palms West -24.48586 -25.51237 -1.02651
Pandora -18.27938 -19.30425 -1.02487
Barren -14.60075 -15.64294 -1.04219
Keppels South -9.86956 -10.90955 -1.03999
North Keppel -2.65995 -3.70138 -1.04143
Pelican -3.10255 -4.14111 -1.03856
Daydream -24.05673 -25.09612 -1.03939
Double Cone -18.63245 -19.67359 -1.04114
Pine -17.36485 -18.40297 -1.03812
Snapper North -7.73197 -8.74986 -1.01789
Fitzroy West -15.67331 -16.69905 -1.02574
Franklands West -21.82501 -22.85139 -1.02638
High West -9.08523 -10.11028 -1.02505
Dunk North -1.02922 -2.05403 -1.02481
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Figure 32 Maps showing the depth measured at each coral reef used within this study under different bathymetric scenarios - (A)
Current bathymetry; (B) varied bathymetry for SSP1-1.9 sea level projection; and (C) varied bathymetry for SSP2-4.5 sea level

projection.
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4.3.2 | Maximum Bed Shear Stress

The average maximum bed shear stress for each scenario provides insight into
the potential impact of SLR on bed shear stress across the GBR in the future. For
the W4_I model, the average maximum bed shear stress across all reefs is 0.666
Pa. This increases to 0.976 Pa under the W4l_119 model (SSP1-1.9) and further to
0.985 Pa for the W4I_245 model (SSP2-4.5), indicating that rising sea levels are
likely to result in higher maximum shear stress experienced at coral reefs.

For most reefs, the W4/ 1719 (SSP1-1.9) scenario results in an increase in
maximum bed shear stress from the current day scenario (W4_I) (Figure 33). For
example, Magnetic Reef 1 sees an increase from 0.17 Pa (W4.) to 1.7 Pa
(W41_119), while Palms West 1 increases from 2.7 Pa to 3.9 Pa. These increases
suggest that under the modest sea-level rise of SSP1-1.9, reefs may experience
heightened hydrodynamic stress due to altered flow dynamics caused by
bathymetric changes. However, some reefs show minor changes in maximum
bed shear stress. For example, Barren 1 only slightly increases from 0.61 Pa to
0.77 Pa, and North Keppel 1 rises from 0.44 Pa to 1.3 Pa. These results indicate
that localized factors (e.g., reef-specific topography and hydrodynamic
conditions) may influence the magnitude of change.

The differences between W4 | and W4/ 245 (SSP2-4.5) also show an increase in
maximum bed shear stress for most reefs (Figure 33). For example, Magnetic
Reef 1 increases from 0.17 Pa (W4 /) to 0.26 Pa (W4l 245), while Pine Reef 1
experiences a greater increase from 4.5 Pa to 5.8 Pa. Similarly, Palms West 1
increases from 2.7 Pa to 2.8 Pa, and Fitzroy West 1 increases from 0.17 Pa to
0.31 Pa. Despite the trend of increasing maximum bed shear stress, a few reefs
show only modest changes. For example, Pelican 1 increases from 0.28 Pa to 0.3
Pa, while Barren 1 grows from 0.61 Pa to 0.78 Pa. These findings underscore the
varying impacts of sea-level rise on different reefs, with some experiencing
reduced bed shear stress while others may face heightened exposure to
extreme hydrodynamic forces.
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Figure 33 Both the left and right figures are heatmaps showing the maximum bed shear stress (colour and value) extracted from each model (x axis)
during the simulation period.
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4.3.3 | Tidal vs Cyclonic Bed Shear Stress Change in Magnitude

The average change in bed shear stress magnitude (from a tide-only
environment to a tide and wind environment) for each scenario provides insight
into the potential impact of SLR on bed shear stress across the GBR in the future
(Figure 34). For the WA4_l model, the average change in bed shear stress
magnitude across all reefs is 0.173 Pa. This increases to 0.314 Pa under the
W4I_119 scenario (SSP1-1.9); however, this decreases to 0.293 Pa for the
W4I_245 scenario (SSP2-4.5). These results suggest that while sea level rise can
increase changes in bed shear stress, the magnitude of this change may vary
depending on the specific climate scenario.

For most reefs, the change in bed shear stress magnitude between the tide-only
(T4_l and T4I_119) and the tide and wind (W4_l and W4/_119) models is highly
varied for the W41_119 model when compared to the W4_l model. For example,
at Palms West 1, the change in bed shear stress magnitude is 0.062 Pa in
W41_119, compared to 0.53 Pa in W4 /, indicating a significant reduction in the
change in magnitude between the tide-only and the tide and wind model under
the SSP1-1.9 sea level rise scenario. Conversely, reefs such as North Keppel 1
show an increase in the change in bed shear stress magnitude, with 0.23 Pa in
W4_| compared to 0.62 Pa in W4I_119, suggesting that bathymetric changes
under SSP1-1.9 can alter the interaction of wind and tidal forces differently
across reefs.

This is also found for most reefs when comparing the change in bed shear stress
magnitude between the tide-only (T4_l and T4I_245) and the tide and wind (W4_|
and W4/_245) models. For example, at Pine 3, the change in bed shear stress
magnitude is 0.69 Pa in W4/ 245, compared to 1.1 Pa in W4/, indicating an
increase in the change in magnitude between the tide-only and the tide and
wind model under the SSP2-4.5 sea level rise scenario. However, reefs such as
Keppels South 1 show a decrease in the change in bed shear stress magnitude,
with 0.12 Pa in W4_| compared to 0.093 Pa in W4I_245. These results
demonstrate that whilst some reefs experience reduced bed shear stress
magnitude as a result of the altered bathymetry, others show an increase,
highlighting the localized impacts of future bathymetric changes on bed shear
stress dynamics during TC events
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Figure 34 Heatmap showing the change in bed shear stress magnitude calculated between the extracted maximum bed shear stress from the tide-only models
(T4_1, T4l _119 and T4l_245) and the corresponding tide and wind models (W4 _I, W4l_119 and W4l_245) for each scenario.
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4.3.4 | Relationship between depth and bed shear stress

The results of the Shapiro-Wilk Normality test are summarised in Table 19. The
results demonstrate that both maximum bed shear stress and the change in bed
shear stress magnitude significantly deviate from normality (p < 0.001). This
suggests that non-parametric statistical methods are more appropriate for
further analysis of the data.

Table 19 Results of the Shapiro-Wilk Normality test for maximum bed shear stress and
change in bed shear stress magnitude (NS — not significant (p > 0.05); * - significant to p <
0.05; ** - significant to p < 0.01; *** - significant to p < 0.001).

Measurement of BSS Shapiro-Wilk Result
Maximum 0.59™
Change in Magnitude 0.60™

The results of the Kendall Tau’s analysis examining the relationship between the
reef depth and the maximum bed shear stress and change in bed shear stress
magnitude modelled at each reef during each scenario is presented in Table 20,
with corresponding graphs presented in Figure 35.

Table 20 Results of the Kendall Tau’s statistical analysis between the reef depth and the
modelled maximum bed shear stress and change in bed shear stress magnitude at each
reef for each scenario (current-day bathymetry; varied bathymetry for SSP1-1.9 sea level
projection; and varied bathymetry for SSP2-4.5 sea level projection) (NS — not significant (p
> 0.05); * - significant to p < 0.05; ** - significant to p < 0.01; *** - significant to p < 0.001).

Measurement of BSS Kendall Tau Result
Maximum _0.095NS
Change in Magnitude -0.105°
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The results reveal a weak insignificant negative relationship between the
measured depth at each reef and the maximum bed shear stress modelled at
each reef for each scenario of sea-level (t = -0.095, p > 0.05). However, a
significant negative relationship is found between the measured depth at each
reef and the change in bed shear stress magnitude modelled at each reef for
each scenario of sea-level (t =-0.105, p < 0.05).
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Figure 35 Graphs showing the relationship between the reef depth and (A) the maximum bed shear stress and (B) the change in bed shear stress magnitude

modelled at each reef during each scenario with Loess curves added to visualise trends in the data.
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4.4 | Discussion

4.4.1 | Implications of Sea-Level Rise on Coral Reefs

The model results show the change in depth, maximum bed shear stress and
change in bed shear stress magnitude to vary at each reef for both scenarios.
Some studies have explored the impacts of future sea-level rise on coral reefs;
however, few have investigated the effects of tropical cyclones under future SLR
scenarios.

A one-dimensional wave model was used to investigate the changes in reef top
wave dynamics and wave forces for different scenarios of sea-level rise under
non-cyclonic and cyclonic conditions (T. E. Baldock et al. 2014). The model results
predicted that the impacts of SLR vary spatially and are strongly influenced by
the bathymetry of the reef and coral type . The study found that while wave
heights increased under SLR, changes in the wave-induced velocity were more
complex as the changes varied reef by reef . For many reef bathymetries, wave
orbital velocities increased with SLR during average wave conditions and cyclonic
wave forces were reduced for certain coral species . Therefore, SLR was
generally found to be beneficial as cyclonic wave forces decreased at all
locations implying a reduced risk of cyclone damage in the future (T. E. Baldock
et al. 2014). Across multiple reefs examined in this study, the cyclonic-induced
maximum bed shear stress was increased for both SLR scenarios (W41_119 and
W41_245 - 0.976 Pa and 0.985 Pa, respectively) when compared to the modern
simulation suggesting that SLR may provide a form of natural protection to reef
structures by mitigating cyclonic wave-induced stresses. However, predicting the
impact of SLR on individual reefs requires consideration of the reef bathymetry,
the reef zone and the type of coral species. | also neglect to account for coral
growth during the time taken for sea-level rise. Although small, this could impact
peak bed shear stress.

The analysis for this research revealed a significant negative relationship
between the response of the change in bed shear stress magnitude from a
tide-only to a tide and wind environment and the measured depth at each reef
across each scenario of sea-level. This result indicates that as reef depth
increases, the change in bed shear stress magnitude also increases.
Consequently, this implies that deeper reefs are more affected by cyclonic forces
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as a result of their exposure to reduced tidal forces, which may put fragile,
deeper corals at greater risk in the future. In contrast, for shallow reefs, the
impact of cyclonic forces is comparable to that of tidal forces, as the changes in
bed shear stress magnitude are smaller. This suggests that shallower reefs
might be less affected by cyclonic forces in future sea-level rise scenarios.

4.5 | Conclusions

In conclusion, this study presents valuable insights into the impacts of SLR on
reef depth and TC-induced bed shear stress with the results showing that the
response of bed shear stress to SLR varies across different reefs. In future
research, it is essential to consider reef bathymetry and coral species when
assessing the impacts of SLR and TCs on coral reef ecosystems. Reef bathymetry
is important for how wave energy and bed shear stress affect the seabed, with
deeper reefs experiencing stronger cyclonic bed shear stress than shallower
ones. The type of coral species is also important, as different species respond
differently to hydrodynamic forces and TCs. Some coral species are more
resilient to stress, while others may increase or decrease the impact of bed
shear stress on the reef. It is important to note that generalising results across
all reefs is difficult because each reef has different bathymetry, coral species,
and environmental conditions, meaning the effects of SLR and TCs will vary from
reef to reef and therefore studying individual reefs will provide a more accurate
understanding of how they will respond to future SLR.
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Chapter 5 | Conclusions

This project successfully modelled multiple TCs over the GBR, with Thetis
demonstrating an adequate ability to model storm surge events. Bed shear
stress data was generated successfully from the models and was used as a
proxy for coral reef damage, alongside coral cover data before and after the TC
impact to determine the extent of coral reef damage. The statistical analysis
revealed significant trends in the response of algae and “other” to bed shear
stress. Particularly, algae cover was found to significantly increase as bed shear
stress intensified (t = 0.19, p < 0.001), while “other” showed a significant
decrease in response to higher bed shear stress (t = -0.22, p < 0.001). These
findings suggest a shift in reef composition, where the mechanical forces from
TC-induced bed shear stress may reduce the abundance of sponges, sand, silt
and rock, possibly as a result of dislodgement or physical damage and facilitate
algal growth within the space created. This study found no significant changes in
hard or soft coral cover after the passage of the four TCs; however, previous
studies have reported significant changes in hard coral cover following the
occurrence of a TC suggesting that variations in methodology can influence the
assessment of TC impacts on coral reefs.

This project also successfully simulated TCs over the GBR using varied
bathymetry based on the IPCC AR6 SSP projections for SLR (SSP1-1.9 and
SSP2-4.5) to determine the possible impacts that SLR could have on bed shear
stress in the future. The analysis for this research revealed a significant negative
relationship between the response of the change in bed shear stress magnitude
from a tide-only to a tide and wind environment and the measured depth at
each reef across each scenario of sea-level. The results indicate that as reef
depth increases, the change in bed shear stress magnitude also increases. This
implies that deeper reefs are more affected by cyclonic forces as a result of their
exposure to reduced tidal forces, which may put fragile, deeper corals at greater
risk in the future. However, for shallow reefs, the impact of cyclonic forces is
comparable to that of tidal forces, as the changes in bed shear stress magnitude
were smaller. This suggests that shallower reefs might be less affected by
cyclonic forces in future sea-level rise scenarios.

In conclusion, understanding the impacts of TCs on coral reefs requires
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considering all aspects of disturbance, along with the unique characteristics of
individual reefs and coral species, emphasizing the importance of a holistic
approach. Coral reefs across the GBR are affected by numerous ecological
disturbances every year, including TCs, COTS infestations, coral disease, coral
bleaching and anthropogenic-induced disturbances. Different disturbances do
not impact all reefs, and during a disturbance event each reef rarely experiences
equal severity of effects (Berkelmans et al. 2004). Studying reefs individually is
vital for future research, as broad generalisations can overlook critical variations.
When combined with other stressors the threats to coral reefs are further
amplified therefore this underscores the urgent need for integrated
conservation and management strategies to address these multiple,
compounding threats to coral reef ecosystems (Uthicke et al., 2016). Additionally,
climate change driven by anthropogenic activities is expected to increase the
frequency and severity of coral bleaching events, as well as the occurrence of
high-intensity TCs (Hoegh-Guldberg et al.,, 2007). As a result, coral reef
communities will face more frequent disturbances with shorter recovery
intervals (Nystrom et al., 2000). This highlights the critical importance of
researching the potential future impacts of TCs on coral reefs under various
predicted climate scenarios to better understand the long-term consequences
and inform conservation strategies in a changing climate.
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Appendices

Appendix A
Tide-only model template used for models T1_D, T2 E, T3 H, T4 |, T4/_119 and
T41_245.

Appendix B
Tide and Wind model template used for models W1_D, W2_E, W3_H, W4 I, W4/[_119
and W4/ _245.

Appendix C
All the data used within this research.

Appendix D
All graphs created when analysing the Marine Monitoring Programme Data
including:

e Absolute change in coral cover across Algae, Hard Coral, Soft Coral and
Other Benthic vs the Maximum Bed Shear Stress, Change in Bed shear
stress magnitude and the Log10 of change in bed shear stress magnitude

e Relative change in coral cover across Algae, Hard Coral, Soft Coral and
Other Benthic vs the Maximum Bed Shear Stress, Change in Bed shear
stress magnitude and the Log10 of change in bed shear stress magnitude

e Absolute and Relative change in coral cover across Algae, Hard Coral, Soft
Coral and Other Benthic vs the Maximum Bed Shear Stress, Change in Bed
shear stress magnitude and the Log10 of change in bed shear stress
magnitude with added Loess Curves

Appendix E
Analysis was also conducted using the Long-Term Monitoring Programme
(LTMP) data (AIMS 2021) from AIMS.

All graphs created when analysing the LTMP Data including:
e Absolute change in coral cover across Algae, Hard Coral, Soft Coral and
Other Benthic vs the Maximum Bed Shear Stress, Change in Bed shear
stress magnitude and the Log10 of change in bed shear stress magnitude
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Relative change in coral cover across Algae, Hard Coral, Soft Coral and
Other Benthic vs the Maximum Bed Shear Stress, Change in Bed shear
stress magnitude and the Log10 of change in bed shear stress magnitude
Absolute and Relative change in coral cover across Algae, Hard Coral, Soft
Coral and Other Benthic vs the Maximum Bed Shear Stress, Change in Bed
shear stress magnitude and the Log10 of change in bed shear stress
magnitude with added Loess Curves

Statistical Analysis of the data including the Shapiro-Wilk Normality Test
and the Kendall Tau'’s test

Appendix F
Analysis was also conducted combining the MMP and LTMP data.

All graphs created when analysing combined MMP and LTMP data including:

Absolute change in coral cover across Algae, Hard Coral, Soft Coral and
Other Benthic vs the Maximum Bed Shear Stress, Change in Bed shear
stress magnitude and the Log10 of change in bed shear stress magnitude
Relative change in coral cover across Algae, Hard Coral, Soft Coral and
Other Benthic vs the Maximum Bed Shear Stress, Change in Bed shear
stress magnitude and the Log10 of change in bed shear stress magnitude

e Absolute and Relative change in coral cover across Algae, Hard Coral, Soft

Coral and Other Benthic vs the Maximum Bed Shear Stress, Change in Bed
shear stress magnitude and the Log10 of change in bed shear stress
magnitude with added Loess Curves

Statistical Analysis of the data including the Shapiro-Wilk Normality Test
and the Kendall Tau's test

Appendix G

A Random Forest analysis was trialled when analysing the results of the models
including:

Random forest analysis of the MMP data

Random forest analysis of the LTMP data

Random forest analysis of the combined MMP and LTMP data
Random forest analysis of the MMP data with only 1 location factor
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Appendix H

R-script used to extract the data needed for altering the bathymetry from the
IPCC ARG Sea Level Projection files (SSP1-1.9 and SSP2-4.5).

Appendix |

All graphs showing the elevation, velocity and bed shear stress experienced
throughout the model simulation at each MMP coral reef for each tropical
cyclone for both the tide-only simulations (T1_D, T2_E, T3_H, T4_l) and the tide
and wind simulations (W1_D, W2_E, W3_H, W4 _1).
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	Figure 30 Projected sea level change for Bowen for scenario SSP1-1.9 and SSP2-4.5 Shaded ranges show the 17th-83rd percentile ranges. Projections are relative to a 1995-2014 baseline (NASA 2024). 
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