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Abstract

Coral reef ecosystems are increasingly threatened by climate change and the unprece-
dented rise in ocean temperature. The growing frequency and intensity of marine heat-
waves have led to more severe and widespread coral bleaching events worldwide. During
the 2023-2024 global bleaching events, coral reefs around the world were exposed to
an intense marine heatwave. Among those, the reefs of the Queensland Plateau were
exposed to extreme heat stress but field surveys conducted during the warm season
have reported unexpectedly low levels of bleaching across several reefs in the region.

This thesis investigates the oceanic conditions and bleaching patterns associated
with this event using SLIM, a three-dimensional baroclinic hydrodynamic model. The
objective is to better understand the physical processes that may mitigate thermal
stress and contribute to the relative protection of certain reefs within the Queensland
Plateau region. The model is validated against in situ observations and Argo float
data, demonstrating a consistent representation of the regional thermohaline structure
and circulation. Our simulations reproduce the regional hydrodynamics and thermal
conditions during the event, and thermal stress accumulation is quantified using the
Degree Heating Weeks (DHW) metric derived the modelled temperature fields. Two
selected reefs, Lihou and Diamond, are further analyzed in detail to investigate the
processes responsible for reduced thermal stress at these locations.

The results reveal strong spatial variability in thermal stress between surface and
reef-depth conditions. In particular, some areas exhibit reduced thermal stress at reef
depth despite high surface temperature. The analysis highlight the importance of
multi-scale processes in modulating thermal stress at reef depth. The southern part
of Lihou Reef experiences reduced thermal stress, likely due to large-scale circulation
patterns that enhance the presence of cooler and deeper waters. In contrast, Diamond
Reet is periodically influenced by cooler water intrusions driven by tidal processes.

These findings emphasise the critical role of local hydrodynamics and subsurface
processes in shaping reef thermal environments, and highlight the importance of con-
sidering reef-depth conditions when assessing coral reef vulnerability to marine heat-

waves.
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1 Introduction

1.1 Coral reefs are important ecosystems

Coral reefs cover only 0.1 to 0.5% of the ocean floor [28|. However, the coral reef
ecosystems are very rich and diverse [34]. In fact, they are hotspots of biodiversity
for a multitude of organisms that use them as spawning, nursery, breeding and feeding
areas [28]. Reef building corals also help other ecosystems to thrive by protecting them
from currents, waves, storms and more generally by reducing shoreline erosion. They
further participate in the creation of favourable conditions for the growth of mangroves
and seagrass ecosystems |28|. Coral reefs are able to fix high quantities of Nitrogen in
nutrient poor environments. Fixing Nitrogen helps the reef enhance its own produc-

tivity, but also increases the productivity of adjacent pelagic communities [28|.

The Great Barrier Reef (GBR) is the most extensive coral reef and covers an area of
348000 km? [15]. It is situated at a few tens of kilometres of the Queensland’s coasts.
In average, the economic value of coral reefs ecosystems over the world was estimated
at 352.000 $/ha/year in 2011 [8]. This high economic value is explained by their storm
and erosion protection capacities and their abilities to attract tourists. Coral reef

ecosystems also contribute to local fisheries by enhancing seafood and fish catches [28|.

1.2 Coral reefs are threatened ecosystems

Corals are often associated with photo-symbiotic unicellular algae called zooxanthel-
lae. These algae live in symbiosis with the coral within its tissues. The advantage of
symbiosis comes from the exchange in nutritional resources between the algae that can
photosynthesise and the coral that can provide carbon to the algae. These fluxes allow
the corals and thus the reefs to survive in water with low concentration of Nitrogen
and Phosphorus [39]. This symbiosis enables the coral to grow its skeleton much faster

which helps it building the reef faster than external forces can erode it [29).

In 2025, the GBR has experienced its sixth mass bleaching event since 2016 [45].
The bleaching phenomenon consists of the loss of colour caused by the partial or total
diminution of zooxanthellae in the coral’s cells [11]. For the majority of corals,
as their tissues are not heavily pigmented, their flesh is transparent or translucent and
thus only their white calcium carbonate skeleton can be seen [11]. Bleaching is a nat-
ural phenomenon and displays seasonal variations. In fact, the main factors impacting
coral bleaching are changes in the water temperature [25], but bleaching can also be

caused by changes in water salinity, pollution and light exposure [17]. The increase
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Figure 1: Visual comparison between healthy and bleached coral reefs. Coral bleaching
occurs when corals lose their symbiotic algae due to environmental stress, leading to a
whitening effect and potential ecosystem degradation. Adapted from [26].

in frequency of mass bleaching event can be explained by the rise of the Sea Surface
Temperature (SST) measured around coral reefs and caused by global warming [17].
The zooxanthellae and the corals are not able to adapt fast enough to this warming
. The consequence of these mass bleaching events is an important mortality of the
corals. The higher the temperature and the longer the warm period, the higher the
mortality rate will be [17].

1.3 Coral reef refugia can help coral survive bleaching events

For all the reasons mentioned before, it is important to take actions to help these
ecosystems survive. Some studies highlight the presence of thermal refugia, which are
relatively stable and resilient habitat where the corals can live and then expand back
in the rest of the ocean when the stresses are lower. These refugia are generally experi-
encing lower bleaching footprint than the rest of the reefs during all marine heatwaves.
These refugia are often found at regions in which the sea surface temperature is signif-
icantly cooler than the surrounding water [40]. This is explained by the fact that the
temperature is the main stressor causing the bleaching of corals.

The high bleaching footprint is correlated with the high SST anomaly . The
first refugium is situated in the Southern GBR at the outer shelf edge off the Pompeys
to the Swains complexes. The second refugium is situated in the North along the outer
shelf from Torres Strait to the ribbon reefs off Cape York [40]. These refugia are gen-
erally present in areas with favourable oceanographic or meteorological processes [40].

These phenomena provide regular upwelling that brings cold water from the depth to

16



Figure 2: Spatial extent and reef-level prevalence of shallow-water (<6 m) coral bleach-
ing during six consecutive mass bleaching events on the GBR.. High bleaching prevalence
spatially coincides with elevated SST anomaly. Adapted from .

17



19862019 15°C

100 | 7100 TY TTXT X T
© 80t 80 t T T
0]
X T
Q60 r 60
©
©a0f 40 f
2
20t 20 +
ol i M oL T | N NS
I Refugia
I Exposed

Figure 3: Projected proportion of thermal refugia and exposed coral reef areas under
different global warming scenarios. The number of potential refugia decreases strongly
with increasing temperature, suggesting a reduced capacity of coral ecosystems to
persist under high-emission pathways. Adapted from .

the surface, reducing the temperature at the reefs depth. These processes are multi-
ple; complex topography interacting with tidal currents, upwelling favourable winds,

cyclonic eddies and internal waves [40].

1.4 Why studying coral reef refugia ?

The understanding of the complex oceanographic phenomena involved in the circulation
across the GBR and, more generally, in the Coral Sea is important for informing
coral reef conservation decisions. In their study, Weeks et al. argue that establishing
protected areas in regions with a high probability of coral bleaching and mass mortality
may not be the most effective strategy for sustaining coral populations. Instead, they
suggest prioritising the protection of potential refugia that could persist under future
ocean warming, thereby increasing the chances of coral species survival .
Furthermore, some studies show that these refugia might survive the global warm-
ing , but other scientists are less optimistic about the future of coral reefs.Dixon
et al have shown that a lot of reefs were considered as refugia in the 1986-2019
climate . But this number decrease depending on the global warming sce-
nario considered. For a warming above 1.5°C, very few refugia can still support living
corals. Nevertheless, these studies use relatively coarse models that do not take into
account the local phenomena on small spatial scales such as the interaction between
local currents patterns and the bathymetry of the reef. It is a major gap in the research

considering the future of coral reef refugia.
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1.5 How to identify coral reef refugia?

Because coral bleaching depends on both temperature and thermal stress duration,
only relying on the SST is not an optimal criterion. A more common criterion used to
predict coral bleaching is the Degree Heating Week (DHW). This criterion integrates
both the amplitude of the heat stress and the duration of this stress.

To define the DHW, we first need to introduce the HotSpot (HS) metric, which

measures the intensity of the instantaneous heat stress. It is defined as follows :

0 it SST < MMM
SST — MMM if SST > MMM

HS [°C] =

where Maximum Monthly Mean (MMM) is the Maximum Monthly Mean, a climatolog-
ical measure that uses at each location, the warmest of the 12 climatological monthly
mean temperatures |24].

The DHW is then defined as the running sum of all hotspots on a 12 weeks period
(84 days) above a certain threshold often taken as 1°C' [23|. It can be written as :

84

1
DHW [°C — week] = - > HS; when HS; >1°C
=1

It is then possible to use different thresholds on the DHW metrics to predict mass
bleaching and mass mortality of the corals. 4°C'—weeks is often used as a threshold for

the onset of mass bleaching while 8°C' — weeks is used for the onset of mass mortality

[12).

shows the footprint of bleaching measured by aerial surveys which represents
the fraction of the corals bleached. Going from dark green (< 1%), to red (> 60%).
shows the DHW map corresponding to the same bleaching event. As we can
see, the places with the highest bleaching footprint are the places with the highest
DHW values.

The main limitation to this metric is that it uses the ocean temperature at the sur-
face while the corals are not always close to the surface. The temperature is generally
lower at reef depth than at the surface and the DHW computed with the surface tem-
perature could hence overestimate bleaching. For example, the satellite measurements
of the SST used by the National Oceanic and Atmospheric Administration (NOAA)
represents the temperature of the first 10um of the water column [22|. It might thus
be interesting to compute the DHW metric using the temperature at the depth of the

coral reefs.
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2016

Figure 4: Comparison between observed coral bleaching extent and Degree Heating
Weeks (DHW) during major marine heatwave events (1998, 2002, 2016). (a) bleaching
footprint where the colors represents the following bleaching intensity (dark green :
< 1%, light green : 1 — 10%, yellow : 10 — 30%, orange : 30 — 60%, red : > 60%)
and (b) DHW map where (blue : 0° — weeks, red : maximum DHW for each year
(respectively 7, 10 and 16 °C' — weeks)). Higher DHW values correspond closely to
increased bleaching severity, confirming DHW as a key thermal stress indicator for

coral mortality risk. Adapted from [20].
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Figure 5: Vertical structure of the ocean water column, illustrating the mixed layer,
thermocline, and deep ocean. Strong stratification at the thermocline inhibits vertical

mixing. Adapted from .

1.6 Key processes of the GBR refugia.
1.6.1 Upwelling.

As explained before, the main factor leading to refugia, is the upwelling of deep cold
water . The ocean being generally stratified, cold dense water will lie below warmer
water at reef depth in the mixed layer. . The mixed layer corresponds to the part
of the water column where turbulent motion of the water leads to uniform temperature
and salinity. Below this mixed layer is the thermocline. It is a region with rapid
variations of the water temperature and salinity, implying a rapid increase in water
density. This thermocline is present to match the properties of the two different water
masses, the light mixed layer and the cold abyssal water. Because in the thermocline,
density is increasing rapidly over depth, it makes this part of the water column very
stable [27] and thus impede transfer of cold water to the surface. There are many
different processes that are able to bring cold water from below the thermocline despite

the resistance caused by stratification. A few of them will be presented in this section.
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Figure 6: Schematic representation of flood tide flow’s streamlines in a stratified en-
vironment. Strong tidal currents interacting with density stratification can induce
vertical circulation patterns and enhance the upward transport of deeper, colder water
masses. Adapted from [41].

1.6.2 Tidal driven upwelling

The GBR is subject to vigorous tides and tidal currents. In some particular places,
as the reef gets very dense, the tidal current is concentrated in the narrow passages
between the reefs which can create high velocity tidal flows. The water in the first
100m of depth is well mixed. But below that depth, the temperature and salinity
highly varies with depth. During the flood tide, the water comes uniformly from all
directions. But because of stratification, the water from below the thermocline resists
being pulled up. The resulting flow has a shape shown in [Fig. 6

Thompson and Golding|41] state that at any given time, there is a maximum inter-
nal wave speed. If the flow is at velocity higher than this maximum speed, its called
supercritical and no internal waves caused by stratification can exist. This implies that
there can be no vertical velocity shear caused by stratification. Hence, the flow at the
bottom must be forward and cold water from below the mixed layer down to a certain
depth will be sucked up during the flood tide.

1.6.3 Eddy drive upwelling

Eddies can be source of upwelling or downwelling. This phenomenon is called eddy
pumping. In the case of the GBR, Weeks et al. [44] have shown that the strong East
Australian Current (EAC) is flowing along the coast southward. Because of the friction
caused by the shallowing sea floor and the coast nearby, the flow near the coast is slowed
down creating a velocity shear. Because of the bathymetry of the continental shelf, a
large eddy of 150 km of diameter is created near the Capricorn channel )
Because of the Coriolis effect, the water inside the eddy is subjected to a centrifugal
fictive force resulting in a net outgoing mass flux of water on the horizontal plane, which
creates a depletion of the sea surface level ) To balance this outgoing mass

flux, deep water must be transported upward. When this water mixes with the surface
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Figure 7: Schematic of eddy-induced pumping in the Capricorn region of the Great
Barrier Reef. The interaction between the East Australian Current and bathymetry
generates eddies that induce vertical uplift of cold subsurface waters, contributing to
local cooling of surface temperatures. Adapted from .

water, it lowers the SST.
As shown in [Fig. 8| the mean SST is smaller downstream from the Capricorn eddy,

indicating an important and reliable source of cold water upwelling.

1.6.4 Wind driven upwelling

Upwelling can also be driven by winds. It has been observed that these types of up-
welling happens on a variety of time scales and frequency. High frequency and small
scale upwelling events are relatively frequent and are mostly responsible for the chem-
ical properties of the water surrounding the shelf break . On the other hand, less
frequent but larger scale, low frequency water intrusion penetrates through the reef
matrix. The time scale of these phenomena is of the order of magnitude of 1 to 4 weeks
and the spatial scale is around 50 to 100 km. These events are predominant in the
season between October and April. These events are strongly coupled with southward
reversal or extended relaxations of the south-easterly trade winds which happens more

often during the summer [2).

The physics of these intrusions events implies that it can be in a first approximation
explained by purely barotropic theory. In fact, during the trade winds reversal events,
because of the Ekman transport, the water in the upper layer (the Ekman layer) is
transported towards the East, meaning that the water goes offshore. Because of this
mass flux going offshore, water has to come from the depth to get a balance, creating
upwelling of cold water from the depth near the coast .
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Figure 8: Long-term mean sea surface temperature (SST) in the Capricorn region
showing localized cooling associated with persistent eddy-driven upwelling. Adapted

from .

now theerly wind
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Figure 9: Wind-driven upwelling induced by Ekman transport. Offshore surface water
displacement caused by wind forcing leads to compensatory upward motion of deeper,
colder water near the coast, contributing to local cooling of reef environments. Adapted

from .
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Figure 10: General overview of the Queensland plateau and its main reefs

1.7 Coral reef refugia on the Queensland Plateau

Coral climate refugia in the GBR have been the subject of a lot of studies in the recent
years. The coral reefs situated on the Queensland Plateau haven’t been studied yet
under the refugia perspective. The Queensland Plateau is situated between the GBR
and the Coral Sea and has a length of approximately 500 km. The reefs present on this
Plateau are not part of the Great Barrier Marine Park (GBRMP), but they are pro-
tected at different levels (National Park ITUCN II, habitat protection zone IUCN IV) [1].

According to the report on the health of coral reef, different reefs have been pre-
viously identified as bright spots in terms of coral cover, richness and fish biomass.
This include the Ashmore, Boot, Bougainville, Mellish and Moore reefs. Five reefs in
the centre Coral Sea Marine Park (CSMP) had a very low (< 10%) coral cover during
the during the observations (Marion Reef : 5.9%, Lihou Reef : 6.0%, Diamond Islets :
7.0%, Herald cays : 7.5% and Willis Islets : 8.9%). Low to moderate levels of bleaching
were observed during this campaign. Though, this campaign was conducted before the
marine heatwave had reached its peak in late March with large areas of the CSMP
exposed to DHW higher than 12 and up to 17 DHW [18].

But more recent surveys estimates that the important marine heatwave of 2024

has caused very low level of bleaching driven mortality on four of the reefs monitored
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(Willis, Herald, Diamond and Lihou) despite the very high heat stress (up to 16 DHW)
[19]. A limitation of this study is that the surveyed reefs had a very low coral coverage
(around 10%), thus more sensitive coral taxa where already dead because of previous

bleaching event.

1.8 Objectives of this thesis

The objective of this thesis is to simulate the ocean dynamics in the vicinity of the
Queensland Plateau during the 2024 marine heatwave to identify the local oceano-
graphic drivers that could lead to the presence of climate refugia on the Queensland
Plateau.

We will first try to replicate the thermal stress patterns observed during the 2023-
2024 marine heat wave on the Queensland Plateau in order to evaluate the impacts
of the different parameters that influence the oceanographical processes in these areas

(bathymetry, currents, winds, ...)

The main research question that will assess this master thesis is : "What are the
local oceanographic drivers protecting reefs on the Queensland Plateau during the 2023

- 2024 marine heatwave 2"

To do so, the simulations will be realised using the Second-generation Louvain-la-
Neuve Ice-ocean Model (SLIM)|36], a 3D hydrodynamic model developped at UCLou-
vain. The temporal domain of the simulation will be from September 2023 to February
2024 in order to capture the whole marine heatwave. This model will take into account
various factors such as the complex bathymetry of the coral reefs, the winds and the
currents. The data obtained from this model include the velocity vector field, the tem-
perature and other important oceanographical data that will be used to analyse the
physics of the processes leading or not to bleaching of the corals during hyperthermal
events. This model is able to compute these data on a very fine grid, enabling the

analysis of complex phenomena on very small local scale.
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Figure 11: Regional setting of the study area: (a) bathymetric map of the Queensland
Plateau and surrounding basins, showing the location of the main coral reef systems.
Adapted from ; (b) schematic representation of the major surface circulation in the
Coral Sea, including the bifurcation of the South Equatorial Current (SEC) and the
formation of the East Australian Current (EAC). Adapted from

2 Materials and methods

2.1 Area and time period of interest

The Queensland Plateau is located offshore of northeastern Australia in the Coral Sea.
It is bounded by the Queensland Trough to the west, the Townsville Trough to the
south, and the Coral Sea Basin to the north and east . The average depth
of the Queensland Plateau is approximately 1000 m , which is significantly shallower
than the surrounding Coral Sea Basin, where depth reach approximately 4500 m. These
two regions are connected by steep bathymetric slopes . The large-scale
circulation in the coral Sea is primarily driven by the South Equatorial Current (SEC),
which bifurcates into several branches upon reaching the western Coral Sea. Around
17°S, the SEC separates into an equatorward branch and a poleward branch flowing
along the GBR, contributing to the formation of the EAC . The prevailing
winds over the GBR region are the southeasterly trade winds. However, during some
years, the Australian monsoon fails to fully develop, which can lead to a reversal of the
dominant wind regime, with northwesterly winds replacing the southeasterlies . The
reef systems investigated in this study are distributed across the Queensland Plateau
and are shown in [Fig. 12|

The objective of this study is to investigate the coral bleaching patterns associated

with the austral summer marine heatwave of 2023-2024. Observations collected dur-
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Figure 12: Spatial distribution of the studied reefs across the Queensland Plateau
overlaid on regional bathymetry.

ing the CSMP Coral Reef Health Surveys of 2023 and 2024 identified reefs such as
Bougainville reef and Moore Reef as potential thermal refugia [18]. Additional reefs,
including Lihou, Diamond, Herald and Willis Reefs, exhibited an increase in coral cover
between February 2023 and July 2024 . During this marine heatwave event, ther-
mal stress peaked in late March 2024, with some regions experiencing values exceeding
16 DHW . To capture the period associated with the highest thermal stress on
coral ecosystems, the simulation period extends from June 2023 to early June 2024.
Starting the simulation several months before the peak heat stress period allows the
model spin-up phase to occur prior to the main period of interest, namely January to
April 2024.

2.2 The model : SLIM3D

To investigate the hydrodynamic processes controlling the thermal environment of the
Queensland Plateau reefs during the 2023—2024 marine heatwave, a three-dimensional
hydrodynamic model is required. In particular, the study aims to resolve the interaction
between large-scale circulation, local bathymetry, vertical stratification and reef-scale
thermal variability, all of which may influence the spatial distribution of heat stress

across the reef systems.
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Figure 13: Schematic representation of the three-dimensional hydrodynamic domain {2
and its associated boundaries used in SLIM3D. Adapted from [9].

For this purpose, the SLIM3D hydrodynamic model, developed at UCLouvain, is
employed. SLIM3D is a finite-element ocean model based on unstructured meshes,
allowing for variable spatial resolution across the computational domain. This approach
is particularly well suited for the present study, as it enables high resolution over the
reefs of interest while maintaining a reasonable computational cost over the larger Coral
Sea domain. SLIMS3D solves the three-dimensional hydrostatic equations governing
geophysical flows and includes the transport of tracers such as temperature and salinity.
The model also accounts for atmospheric forcing, turbulent mixing processes and free-
surface dynamics, making it suitable for simulating the physical processes associated
with marine heatwaves and reef-scale thermal variability. The following sections present
the governing equations of the model, the numerical discretization strategy, the mesh
structure and the physical parameterizations used in this study.

The domain 2 is characterized by three dimensions : x and y represents
the horizontal dimensions of a local planar projection of the Earth’s surface while z
is the verical coordinate [13]. The domain is bounded by three types of boundaries :
The fixed lateral boundaries (I;), the fixed bottom boundary (I',) corresponding to the
sea floor (z = —h(z,y) where h(z,y) is the bathymetry) and the moving top surface
boundary (I'y) following the sea surface elevation (z = n(x,y,t) where n(x,y,t) is the
sea surface elevation defined with respect to a reference surface layer I'; o corresponding
to a sea at rest).

The model accounts for five governing equations, namely the momentum, continuity,

and tracer equations. It computes several prognostic and diagnostic variables, including
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the horizontal velocity field u(¢,x) (in ms™!), the vertical velocity component w(t,x)
(in ms™!), and the sea surface elevation n(t,z,y) (in m). It also simulates salinity
S(t,x) (in gkg™') and temperature 7'(t,x) (in °C), as well as hydrostatic pressure
p(t,x) (in Nm~?). Finally, the model provides the density deviation from a reference
state, denoted p/(t,x), expressed in kgm ™.

Two main assumptions are made to simplify the equations of the model; The hydro-
static hypothesis and the Boussinesq approximation |13|. The hydrostatic hypothesis
states that the gravity applied on the water column is compensated by the vertical pres-
sure gradient. Mathematically, the vertical momentum conservation equation reduces
to :

9 _ _

with g being the gravitational acceleration and p(t,x) the water density. The Boussi-
nesq approximation states that the density variation is much smaller than the reference
density (p — po < p). Hence, the density variation can be neglected in all terms of the
momentum equation expect for the gravity term.

With these two assumptions, the momentum, continuity and sea surface equations

becomes :

0 0 0 0 1
_ll + Vh . (uu) + (wu) = Vh . (uhvhu) + = (V—u) — féz X u— —Vhp

ot 0z 0z \ 0z 00
ow
E = —Vh -u
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Tl -V - /_hudz

Where V;, = (a%’ a%)is the horizontal gradient operator, f is the Coriolis factor,
€. is the upward vertical unit vector, v, and v are the horizontal and vertical eddy
viscosities.

The ocean pressure gradient is influenced by the atmospheric pressure. This can

be seen by decomposing the pressure gradient as follows :

1 1 g K ;g0
—Vip = —Vipatm +gVn + =V [ pdz
Po £0 £o 2

where pg;, is the atmospheric pressure and p’ is a function of S and T and is computed
from the equation of state of sea water described in Jackett et al. (2006) [21]. Both tem-
perature and salinity are computed as tracers and modeled using advection-diffusion

equations. For a generic tracer C, the equation reads :
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Where kj;, and k are the horizontal and vertical diffusivities of the tracer C'. To
include subscale turbulent processes that are not resolved because of the grid size, a
turbulent closure model is needed. These processes are taken into account by using
the turbulent variables vy, v, k;, and k. v, follows the Smagorinsky closure scheme
[37] while kj, is parametrised following Okubo’s approach [35|. Lastly, v and k are
computed using the k — ¢ turbulent closure model [14].

The temperature and salinity is also affected by external fluxes of surface heat
and freshwater. This includes turbulent fluxes of sensible heat (Q.,s and latent heat
Q1at, radiative forcing for thermal (longwave) @y and solar (shortwave) @ sy compo-
nents, and surface evaporation (F) and precipitation (P). These fluxes are imposed as

Neumann boundary conditions the the tracer equation.

a_T _ _Qsens + Qlat + QLW + QSW B Q
v Oz pCp nudg>

oS
K’U% - _S(P - E) - Qnudga

is an additional

Where C), is the water specific heat capacity, and Quqy = Az COT_C

surface relaxation term implemented as a simple data assimilation method for a sur-

face tracer measurement Cy as a function of a surface mixed layer depth Az, and a

Qlat
pLe(T)

heat flux and the latent heat of vaporization L.(7") defined by Henderson-Sellers [16].

is a function of the latent

relaxation period 7 [13]. Surface evaporation E = —

The three-dimensional domain 2 is bounded by static lateral I'; and bottom I,
boundaries, and includes a dynamic surface boundary I's. Impermeability conditions

are imposed on I'y, and I';, asummed to be strictly vertical.

w—u-Vpb=0 x €Iy,

u-n, =0 XEFC,

0
w—a—z—u-vhn+s:O x eI,

Where n, = (ng,n,,0) is the horizontal unit normal vector and s = (P — E) is the
water surface source term due to precipitation and evaporation. Full slip conditions

are used for the tangential velocity on the closed boundaries (on coastlines) I',. and
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additional momentum flux boundary conditions are imposed on I', and I'y to account

for the bottom 7, and surface 7, stresses :

ou 7

Vy— = o x €1,
9z po
ou ,

Vy— = Ts x eIy,
9z po

Where the bottom stress is imposed with a logarithmic profile :

Th
— = Cy |upg| wpy,
Po

€= <1n<<zbf/ib> /zO>)2’

Where Cy is the bottom drag coefficient, x ~ 0.41 is the von Karman constant, z,s

the vertical bottom coordinate, u,s the bottom velocity evaluated at z,; and z is the

bottom roughness length. The surface wind stress 7 is finally defined as :

Ts = paier ‘u10| Ujio,

with pu- the air density, ujy the wind speed at 10 m above the sea level and C,, the

wind drag coefficient computed using the Smith and Banke regression [38].

2.3 Meshing

2.3.1 Slim’s mesh structure

To represent the domain, a 3D unstructured mesh is used. It is generated in two steps.
1. 2D horizontal unstructured triangular mesh generation
2. Vertical extrusion of the 2D mesh to obtain a 3D mesh of prismatic elements

The local grid size of the 2D mesh enables to refine the domain near zones of interest.
This enables to represent more accurately the complex phenomena that can happen in

these locations. The 2D mesh is then extruded vertically to create a 3D mesh.

SLIM offers three options regarding the vertical structure of the mesh (Fig. 14)).

e z-layers : These layers are horizontal and flat. This setting transforms the
bathymetry into an ensemble of step functions. This configuration is numeri-
cally stable but yields a staircase representation of the real physical bathymetry.

No smoothing of the bathymetry is required for this method
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Figure 14: Schematic representation of the vertical discretization strategies available
in SLIM3D: (a) z-layer coordinates, (b) terrain-following o-coordinates, and (c) hybrid
0-7 coordinates. [42]

e o-layers: These layers follow the local bathymetry and are linearly interpolated
between grid points. These layers better represent the bathymetry but can yield
to numerical errors in areas with sharp bathymetry gradients such as the shelf
break. Therefore usually needs to be smoothed in region with steep bathymetry

gradients, hence degrading its accuracy.

e Hybrid o—2z layers: This hybrid configuration uses o-layers in shallow regions
to improve accuracy, while employing z-layers in deep regions to enhance model

stability at the expense of reduced spatial resolution.

2.3.2 The final mesh

The two dimensional computational mesh was generated using Gmsh El and Seamsh EI
The mesh is locally refined around the reefs on the Queensland Plateau and the GBR.
The smallest mesh elements have a characteristic size of approximately 350 m, whereas
the largest elements, located outside the region of interest, reach sizes of about 35km
(Fig. 15)).

The fine horizontal resolution was selected to accurately capture the local flow vari-

ability in the vicinity of the reefs and to remain smaller than the spatial discretization

of the reef data itself (500m; see [subsection 2.5). The mesh refinement around the

GBR is less pronounced than over the Queensland Plateau, as this region is located
farther from the primary area of interest

The two-dimensional mesh was extruded in a three-dimensional mesh using exclu-
sively of vertical z-layers ) This approach was adopted because the reefs
on the Queensland Plateau are located in regions characterized by steep bathymetric

gradients. The use of o-layers would have required a significant bathymetry smoothing

Thttps://gmsh.info/
’https://jlambrechts.git-page.immc.ucl.ac.be/seamsh/index.html
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Figure 15: Unstructured two-dimensional computational mesh with local refinement
around the Great Barrier Reef and the Queensland Plateau reef systems.

to ensure numerical stability. On the Queensland Plateau, the smoothing would be
too important leading to a virtual reduction of the local bathymetry near the studied

reefs, reducing the accuracy of the model. To ensure consistency between the simula-

tion bathymetry and the eReefs dataset used for bias calculations (see [subsection 2.5)),

the depth of the z-layers were chosen to match the vertical discretization of the eReefs
model. The resulting three-dimensional mesh contains 47 vertical layers, with finer res-
olution near the surface, where layer thickness can be as small as 1 m, and progressively
thicker layers at greater depths.

During the mesh extrusion, the minimum bathymetry is limited to 5.5m in order
to prevent the drying of any region in the domain. This threshold is computed from
the maximal value of the tidal cycle during the period combined with a minimum
water depth of 3m. While this approach improves numerical stability, it may affect
the accuracy of the results in very shallow reef (< 5.5 m) areas where the actual depth
is expected to be lower. Furthermore, because of the staircase discretization of the
seabed (Fig. 16b), the simulated bathymetry can present significant differences with
the real bathymetry.

2.4 Bathymetry and forcings

The bathymetry used for the mesh generation and the simulation comes from the
AusBathyTopo30m2017 dataset. This regional-scale depth model is a compilation of
all the available source of bathymetry data in the GBR with a resolution of 30m [3].
For the simulation forcings, two different datasets were employed. Most of the at-
mospheric forcings were obtained from the high-resolution reanalysis dataset BARRAZ2,

while the surface heat fluxes were derived from ERA5. This choice was motivated by
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Figure 16: (a) The three-dimensional computational mesh used in the SLIM3D simu-
lations, based on vertically extruded z-layers. and (b) a schematic of the staircase like
discretization of the bathymetry using z-layers

the relatively high spatial resolution of BARRA2, approximately 4.4 km [5], which pro-
vides a detailed representation of atmospheric conditions over the study area. However,
due to an issue identified in the BARRAZ2 surface heat flux fields, these variables could
not be reliably used in the simulations. Consequently, the corresponding surface heat
fluxes were taken from the ERA5 dataset instead. The complete list of forcings and
their respective data sources is summarized in [Table 2]

| Forcing | source |
Wind BARRA2
Bathymetry AusBathyTopo30m2017
Tides BARRA2
Currents BARRA2
Salinity BARRA2

Temperature BARRA2
Air temperature | BARRA2
Surface heat ERA5

Precipitation BARRA2
SST BARRA2
SSS BARRA2

Table 2: External forcings and datasets used to initialize and force the hydrodynamic

simulations. @, ,

2.5 Reef depth MMM computation

The computation of cumulative heat stress first requires the estimation of the MMM
at reef depth. In this thesis, the method of M. Venegas [43] is followed. The surface
MMM climatology is obtained from the NOAA Coral Reef Watch Global 5 km Satellite
Sea Surface Temperature Monthly Mean Climatology dataset] which provides precom-

3https://coralreefwatch.noaa.gov/satellite/index.php
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puted climatological monthly mean temperatures based on a long-term observational
record. From these monthly climatological fields, the MMM is defined as the maxi-
mum of the mean monthly temperatures over the annual cycle, and thus represents the
warmest typical monthly condition at each spatial location.

To account for the thermal differences between the sea surface and the reef environ-
ment, a correction term B is introduced. This bias represents the average temperature
difference between the SST and the seabed temperature during the warmest month,

defined as the month exhibiting the highest mean SST. The bias is computed as follows

Nyear

[TSST(Warmest month, 1, X) — Tyeabea (Warmest month, y, x)]

=
x

I
-
(]

where Tsgr(warmest month, i, x) denotes the average sea surface temperature dur-
ing the warmest month for year y at position x, and Tseabed(warmest month, y, x)
denotes the corresponding average seabed temperature.

In this thesis, the bias term is computed using outputs from the GBR4 v2 model
developped by the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) [ This model has a horizontal resolution of approximately 4km, 47 verti-
cal layers and provides temperature data from January 2010 to December 2023. The
resulting climatology is therefore centered around the year 2017.

However, the NOAA definition of the MMM used in the computation of the DHW
metric is based on long-term time series spanning 1985 to 2012, but centered on the
1985-1990 and 1993 periods. The years 1991 and 1992 were excluded from the clima-
tology calculation due to the low accuracy of the data available for those years [32].
This discrepancy in climatological reference periods may introduce a bias in the DHW
estimates derived using present methodology. Throughout this thesis, we will assume
that the vertical thermal stratification of the water column has remained approximately
unchanged since the original NOAA climatological period. While this assumption may
be reasonable in deep ocean regions. It is likely to be less accurate in shallow environ-
ments, where ocean temperatures respond more rapidly to long-term climate change.
The MMM at reef depth is finally obtained by subtracting the bias term from the
surface MMM

MMMreef depth (X) - MMMsurface (X) - B(X)

“https://thredds.ereefs.aims.gov.au/thredds/resources/docs/gbr4.html
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Figure 17: Vertical distribution of coral cover over the central and northern CSMP,
illustrating the variability of coral abundance with depth. Adapted from .

Figure 18: Example of reef discretization using a regular 500 m spatial grid for local
thermal stress assessment.

2.6 DHW computation

Several coral reefs exhibit substantial vertical variation in coral cover across depth
ranges [18]). This vertical heterogeneity highlights the importance of re-
solving thermal stress over the reef’s depth gradient. In addition, local variations in
bathymetry and reef morphology may significantly influence exposure to marine heat-
waves even within the same reef structure. Therefore, to capture this spatial variability,
each reef is discretized into a grid of square cells with a resolution of 500 m (Fig. 18]).
The MMM at reef depth is then evaluated at the centroid of each grid cell and at
the corresponding discretized bathymetry depth. This spatially resolved MMM field
is subsequently used to compute DHW over each centroids, providing thermal stress
estimates at horizontal resolution of 500 m across all reef systems.

For each centroid, the depth used to compute the bias with the eReefs model is
defined as the minimum between the local discretized bathymetry of the hydrodynamic
model (SLIM) and the local bathymetry of the eReefs model. Consequently, the bias

may be evaluated at mid-water depth in the eReefs model, whereas the same depth
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in the SLIM model may correspond to a relatively shallow region. This approach
may introduce inconsistencies in the stress metric computation, as the bias does not
consistently account for shallow-water processes that may be present in one model but
not the other.

depthlocal (X> = min (depthslim (X)7 deptheReefs (X))

The bias for this square is then computed using eReefs data at the local depth
depthy,.,- This enables the computation of the reef depth MMM for this square as

follows :

1 Nyear

B(x) = N Z [TSST(Warmest month, y, x) — Tdepthlocal (warmest month, y, x)]
year

y=1

MMMreef depth (X) — MMMsurface (X) - B(X)

The instantaneous heat stress is then computed using SLIM model output as follows

0 if T<depthlocal) < MMMTer depth

HS [PC] =
T(depthlocal) - MMMreef depth if T<depthlocal> > MMMreef depth

84
1
DHW [°C — week] = - > HS; when HS; >1°C
=1

2.7 Validation

In situ observations of hydrodynamic variables over the Queensland Plateau remain
sparse. although Acoustic Doppler Current Profiler (ADCP) measurements are avail-
able along sections of the GBR coastline, these instruments are located hundreds of
kilometres away from the main region of interest and are therefore of limited use for
direct validation of the offshore dynamics. Two of them are considered sufficiently close
to the region of interest to be used for model validation (Fig. 19).

Additional observational data are provided by the global Argo Program, coordi-
nated by the Intergovernmental Oceanographic Commission and the World Meteoro-
logical Organization. This program consists of approximately 4,000 autonomous pro-
filing floats that measure temperature and salinity in the upper 2,000 meters of the
ocean. Each float follows a repeating 10-day cycle, during which it descends to a pre-

scribed depth, drifts and then resurfaces to transmit a full vertical profile via satellite
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Figure 19: Map showing the trajectories of the two Argo floats and the locations of
the two ADCP stations used for model validation. The positions of the two vertical
transects used in the analysis are also indicated.

communication . As a result, Argo observations provide quasi-regular time series
of vertical temperature and salinity profiles along lagrangian trajectories that evolve
with ocean currents.

In this thesis, six Argo floats were identified as passing in the vicinity of the Queens-
land Plateau during the simulation period. These trajectories are considered suitable
for assessing the realism of the simulated hydrographic structure, particularly in off-
shore regions. All floats pass either north or south of the plateau. For brevity, we will
focus only on two floats passing on both sides of the plateau (Fig. 19)).

For each Argo profile, the mean relative error will be computed as a function of
time for both the vertical temperature and salinity profiles, allowing a quantitative
assessment of the model’s ability to reproduce the observed hydrographic structure
over the trajectory of each float.

Finally, several visualisation tools and diagnostic plots will be used to analyse the
simulation outputs and gain insight into the physical processes occurring in the region.
In particular, vertical transects across the model domain will be examined. The two
transects selected for this study are shown in and are discussed in [section 3|
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3 Results

This section presents the results obtained with the model over the period from Jan-
uary 1 to June 1, 2024. The analysis first assesses the model performance through
a comparison with available field observations. It then provides an overview of the
hydrodynamic conditions over the Queensland Plateau. Finally, the simulated thermal
stress patterns across the studied reefs are examined in detail, with a particular fo-
cus on two reefs that exhibit strong contrasts between surface and reef-depth thermal
stress. The oceanographic conditions at these sites are further analysed to identify the

physical processes responsible for the observed differences between surface and depth.

3.1 Hydrodynamic model validation

In order to assess the model validity in vertical dimension, Argo float observations
are used. Modelled vertical profiles of temperature and salinity are compared against
in-situ measurements, and the mean relative error is computed over the full trajectory
of each float.

For the first float passing to the south of the Queensland Plateau , the
vertical structure is better reproduced near the surface than at intermediate depths
(Fig. 20al 20d). The salinity mean relative error increases significantly
during the last month of the trajectory, which coincides with the float entering the GBR
region, where the model resolution is insufficient to fully resolve the complex dynamics
of this area. In the vicinity of the Queensland Plateau, the salinity mean relative error
oscillates around 0.25%. The salinity mean relative error over the trajectory is 0.207%,
which is considered acceptable. For temperature, the mean relative error (Fig. 20d)
fluctuates around 6%, with an average value of 5.79%. This error will be considered as
an acceptable range for the present application.

North of the Queensland Plateau, the vertical structure is generally better repro-
duced. The profiles show only small errors in both SST and SSS , ). The
salinity and temperature mean relative error are lower than in the southern case, with
values of 0.188% and 4.031%, respectively . This improved performance
can be explained by the relatively simpler bathymetric configuration in the northern
Coral Sea, between the Queensland Plateau and Papua New Guinea. In contrast, the
southern region between the Queensland Plateau and the GBR is characterized by
sharp bathymetric gradients. In addition, the coarser mesh resolution near the GBR
likely contributes to reduced model accuracy in this area.

In addition, ADCP stations provide time series of seabed temperature. For the
period of interest, the MYR station (Fig. 19) provides measurements that are used to
validate bottom temperature in the region. SLIM reproduces the seabed temperature
time series at NRSYON with good accuracy, with an Root Mean Square Error (RMSE)
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of 0.47°C and a bias of —0.093°C. The seasonal cycle is also well captured, with
warming during summer and cooling during winter . A correct representation
of the seasonal cycle at seabed depth is essential for the evaluation of thermal stress
metrics at reef depth.

The two ADCP station MYR and NRSYON are used to evaluate the model
performance in reproducing near-GBR currents. At NRSYON, the current speed dis-
tribution shows good agreement between SLIM and in-situ ADCP measurements, with
an RMSE of 0.143m s~ ! and a bias of 0.0047 ms™* . However, the directional
distribution is less well reproduced. Observations indicate a bimodal current direction,
whereas the model predominantly simulates north-westward flow. This discrepancy
may result from the coarse mesh resolution near the GBR, which limits the accurate
representation of the complex local bathymetry and may affect the simulation of tidal
dynamics, particularly in shallow regions where these processes are important.

At the MYR station, slightly higher errors are obtained, with an RMSE of 0.1926 m s+
and a bias of —0.0494ms™!. The mean current velocity is also lower in the model com-
pared to ADCP observations .

Nevertheless, the model reproduces the main current direction more accurately at
this location. In particular, a dominant south-eastward flow is well captured, consistent
with the recirculation pattern of the SEC. This indicates a satisfactory representation
of the main regional circulation pathways.

The spatial structure of the circulation over the full domain further supports these
results. Streamline patterns and current magnitudes indicate that the main regional
circulation features are well captured by the model. In particular, the East Australian
Current (EAC) is clearly visible along the western boundary of the domain. The North
Caledonian Jet (NCJ) and the South Equatorial Current (SEC) are also identifiable
along the eastern boundary .

Overall, the model successfully reproduces the large-scale circulation patterns (EAC,
SEC, NCJ), realistic vertical stratification, and the correct order of magnitude for tem-
perature and salinity across the domain. Despite local discrepancies near the GBR,
the model is considered sufficiently reliable for the analysis of thermal stress at the reef

scale.

3.2 Main circulation features

The main circulation patterns over the Queensland Plateau are primarily governed by
the South Equatorial Current (SEC), which flows along the northern boundary of the
plateau. At the surface level , the mean currents are predominantly directed
southeastward. In the vicinity of the reefs, the flow is locally deflected due to the
presence of shallow bathymetric features and small islets. At deeper levels ,
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Figure 20: Validation against the southern Argo float, whose trajectory is shown in
Fig. 19, Panels (a) and (c) present the vertical salinity and temperature profiles mea-
sured by the Argo float and simulated by SLIM on 2023-12-08, respectively. Panels (b)
and (d) show the relative mean error over the water column for salinity and temper-
ature, respectively. Overall, low error levels are observed for both variables, demon-

strating the model’s ability to accurately reproduce the vertical structure of the water
column in this region.
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Figure 21: Validation against the northern Argo float, whose trajectory is shown in
Fig. 19, Panels (a) and (c) present the vertical salinity and temperature profiles mea-
sured by the Argo float and simulated by SLIM on 2023-12-08, respectively. Panels (b)
and (d) show the relative mean error over the water column for salinity and temper-
ature, respectively. Overall, low error levels are observed for both variables, demon-

strating the model’s ability to accurately reproduce the vertical structure of the water
column in this region.
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Figure 22: Comparison between modelled and observed seabed temperature time series
at the NRSYON station over the study period. The model shows good agree-
ment with the in situ observations, demonstrating its ability to accurately reproduce
the seasonal variability of bottom temperature in this region.

ADCP (p=0.240 m/s)
! SLIM (u=0.245 m/s)
3.0

25

Speed (m/s)

0-0.1 m/s
0.1-0.2 m/s
o5 0.2-0.4 m/s
Speed: RMSE=0.1429 1=0.388 bias=+0.0047 | B 0.4-0.6 m/s
%0700 o2 o4 05 08 1o 12 1s = 0.6-1.0m/s °
T speed(mis) . 1.0-2.0 m/s (Speed RMSE=0.1429 m/s r=0.388 bias=+0.0047 |
(a) (b)

Figure 23: Comparison between simulated (SLIM) and observed (ADCP) current char-
acteristics at the NRSYON station at 8 m depth. (a) Distribution of current
velocity magnitude. (b) Directional distribution of currents represented by current
roses. These results highlight some inaccuracies in the representation of current direc-
tion within the GBR region.

44



ADCP (u=0.418 m/s)
e SLIM (u=0.369 m/s)

Density

Speed (m/s)

0-0.1 m/s
0.1-0.2 m/s _
0.2-0.4 m/s
Speed: RMSE=0.1026 =0.388 bias=-0.0494 s 0.4-0.6 m/s
00 02 04 06 08 10 12 - 0.6-1.01m/s s s
’ ’ " Speed (mfs) ’ ’ . 1.0-2.0m/s (Speed RMSE=0.1926 m/s r=0.388 bias=-0.0494
(a) (b)

Figure 24: Comparison between simulated (SLIM) and observed (ADCP) current char-
acteristics at the MYR station (Fig. 19) at 54 m depth. (a) Distribution of current
velocity magnitude. (b) Directional distribution of currents represented by current

roses. These results show a better representation of the current orientation near the
shelf break.
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Figure 25: Mean surface horizontal circulation over the period from December 1, 2023,
to April 1, 2024. The main features of the circulation are well captured by the model,
namely the South Equatorial Current (SEC), the North Caledonian Jet (NCJ), and
the East Australian Current (EAC).
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Figure 26: Mean horizontal circulation over the Queensland Plateau at (a) the surface
and (b) 60 m deep during the period from January 1 to May 1, 2024. While the surface
circulation is predominantly unidirectional, the flow at depth becomes considerably
more complex due to interactions with the reef system, generating localized vorticity
and enhanced current velocities in several regions.
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the SEC remains the dominant hydrodynamic feature of the region. However, unlike at
the surface, the flow between the reefs becomes more complex and no longer exhibits
a predominantly unidirectional structure. Numerous eddies and intricate circulation
patterns develop, with some areas characterized by intensified currents resulting from
the interaction between the flow, the local bathymetry, and the reef structures. These
interactions generate localized regions of strong currents. Near Willis Reef, frictional
interactions between the Diane Bank and the SEC induce a partial deflection of the
current into the reef system. This process generates accelerated currents between Willis
Reef and Coringa Bank, as well as between Diane Bank and Willis Reef. Similarly,
near Lihou Reef, part of the North Caledonian Jet (NCJ) is diverted toward the reef
system due to the presence of Marion Reef, which acts as an obstacle to the flow.
This deflection leads to the formation of a large eddy southeast of Lihou Reef and en-
hances current velocities along the reef slopes as a consequence of the flow reorientation
imposed by the local bathymetry.

The vertical structure of the water column across the Queensland Plateau (Fig. 27])
shows a stratified structure over the Queensland Plateau. The thermocline is observed
around 500 m over the Queensland Plateau but get shallower near the GBR. The current
velocity shows a strong fast flowing current pocket between the surface and the depth of
—200m that corresponds to the recirculation of the SEC during the simulated period
and the accumulation of the currents flowing across the Queensland Plateau’s reef
system towards the GBR. In the coral Sea off the Queensland Plateau, strong surface

currents are observed corresponding to the SEC.

3.3 Simulated heat stress

This section examines the simulated heat stress metric, Degree Heating Weeks (DHW),
over the study period. We begin by analysing the general patterns across the entire
Queensland Plateau. Subsequently, two reefs displaying contrasting heat stress re-
sponses between surface and depth are investigated in greater detail. For each reef, we
explore the physical processes responsible for the observed variations in DHW at reef
depth.

3.3.1 Entire Plateau

The simulated surface DHW values are generally lower than those derived from NOAA
satellite observations. In the NOAA dataset, most regions of the Coral Sea experi-
enced cumulative thermal stress exceeding 8 DHW during 2024 (see , whereas
the model exhibits extensive areas where thermal stress remains below this thresh-
old (see [Fig. 28a)). The model successfully reproduces the general spatial tendency of

lower DHW values in coastal regions; however, it systematically underestimates the
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Figure 27: Mean vertical transects of (a) temperature and (b) current velocity during
the period from November 2023 to June 2024, along transect A. These plots highlight
the strong stratification of the water column in the Coral Sea, as well as the surface
currents flowing along both sides of the Queensland Plateau.
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absolute magnitude of thermal stress in these areas compared to satellite-derived es-
timates. Focusing on the Queensland Plateau, the model captures elevated thermal
stress levels reaching up to approximately 12 DHW, but fails to reproduce the most
extreme hotspots observed in the satellite product, where values can reach 16 DHW.
Additionally, the simulation results indicate that the higher spatial resolution in reef-
adjacent regions allows the model to explicitly resolve local-scale processes, which are
not captured by the coarser 5km resolution of satellite observations. As a result, im-
portant small-scale variability is represented in the model, leading to lower and more
spatially heterogeneous maximum DHW values near reefs. In contrast, the coarser
satellite product tends to smooth these local features, which can contribute to higher
and more spatially aggregated estimates of thermal stress at reef scale.

Looking at the differences between maximum DHW values at the surface and at
reef depth over the period of interest , distinct spatial patterns emerge across
the Diamond Reef, Holmes Reef, and Coringa Bank. In some regions, thermal stress
at reef depth is lower than at the surface, while in others the opposite is observed,
highlighting a strong spatial heterogeneity in the vertical structure of thermal stress.

These contrasting behaviours motivate a more detailed investigation of specific reef
systems. In particular, the Diamond Reef is selected for further analysis, as some of its
locations experienced comparatively lower bleaching levels during the 2023-2024 marine
heatwave, while the simulations indicate that thermal stress is locally significantly
reduced at reef depth relative to the surface. The Lihou Reef is also examined in
detail. Although thermal stress at reef depth is generally higher than at the surface,
the reef exhibits a pronounced north-south spatial pattern, with lower surface DHW
values observed in the southern region (Fig. 28al).

3.3.2 Lihou reef

The southern region of Lihou reef experience smaller heat stress throughout the period
of interest. The surface DHW patterns shows a very distinct south-north pattern where
to south majorly stays under the 4 DHW whereas the northen region is subjected to
4 to 8 DHW. It can also be noticed that the north-east region shows particularly high
levels of DHW over the mortality threshold (8DHW) ([Fig. 30k). Looking at the reef
depth DHW map ), we notice higher levels of DHW all over the reef with
values over the mortality threshold except in the south part of the reef around 152°
where low level of thermal stress (DHW < 4) is observed both in surface and at reef
depth. Finally, looking at the difference between the maximum surface and bottom
heat stress ), we observe that the majority of the Lihou reef is experiencing
higher DHW values at the reef depth compared to the surface.

Looking at the DHW plots in the south-central region of the Lihou reef ,

we observe that the temperature drop between the surface and the reef depth is unper-
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2024. Adapted from [31]. This figure highlights that, in general, the simulated thermal
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Figure 31: South-central Lihou Reef (depth: 5 m). Temporal evolution of temperature
and cumulative thermal stress (DHW) at the surface and at reef depth during the study
period. These plots show a very small temperature difference between the surface and
reef depth, leading to increased thermal stress at depth due to the lower MMM.

ceptible. As the reef depth MMM is lower than the surface MMM, the daily average
temperature exceed the bleaching threshold earlier during the warm season leading to
elevated DHW values. Nevertheless, in this region, this phenomenon only causes the
reefs to reach DHW levels below 4 DHW in this region.

The north-central region of Lihou reef experiences much higher thermal stress at reef
depth than at the surface level. This region present a visible temperature drop between
the surface and the reef depth. This temperature drop is not big enough to compensate
for the decrease in MMM between the surface and the reef depth. Important levels of
DHW are thus observed at reef depth .

A pronounced north-south contrast in maximum surface temperature can be ob-
served in these plots, with the south-central reef exhibiting peak temperatures during
the heatwave approximately 0.5°C lower than those recorded in the northern part of
the reef. At reef depth, temperatures in both regions reach similar maximum values
of approximately 29 °C. However, the south-central region is substantially shallower,
with a depth of about 6 m, compared to approximately 18 m in the north-central re-

gion. Because the MMM decreases with depth, this difference results in higher thermal

stress values in the deeper northern region (Fig. 31} [Fig. 32)).
Looking at the mean SST over the region during the period of interest (Fig. 33al),

we observe this north-south difference more clearly. The southern part of the reef

experiences lower temperatures than the surrounding region, indicating the presence

of phenomena that could protect the corals against marine heatwaves. The lagoon
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Figure 32: North-central Lihou Reef (depth: 18 m). Temporal evolution of temperature
and cumulative thermal stress (DHW) at the surface and at reef depth during the
study period. These time series show a clear temperature difference between surface
and depth; However, this gradient is not sufficient to reduce thermal stress due to the
lower MMM at reef depth, resulting in higher DHW values at depth.

present lower temperatures than the open sea to the North and is explained by the
transport of cold water from the south into the lagoon.

Looking at the mean vertical velocity , we observe that these colder regions
are correlated with areas with positive vertical velocities transporting water from the
bottom of the ocean to the surface. Looking at the horizontal circulation at 60 m deep
in this region (Fig. 34), we observe again the large eddy created at depth at the south of
the reef by the deflection of the NCJ current by the Marion Reef. This eddy generates
a relatively important current (0.0075-0.1ms™!) towards the reef slopes. This current
is then deflected towards the east and the west along the reef where it gets stronger.
At a depth of 20m and approximately 152.1° longitude, because of the reef topology,
the current detaches and the gyre loops on itself.

Looking from farther away, we notice that at the depth of 60m, this large eddy
transport cold water towards the reef and the upwelling zones ), leading to
a reduction of the temperature near the surface in this region. This low temperature
region is correlated with a large region of upwelling with a mean vertical velocity around
0.864md! ) This anti-clockwise eddy is thus pumping cold water from this
deep region (1500-2000 m deep).

Finally, looking at the vertical structure of a transect along the low exposure zone,
we observe that the isolines are tilted near the southern part of the reef ),

indicating the presence of cold water near the surface explaining the low thermal stress
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Figure 35: (a) Mean temperature and (b) mean vertical velocity at 60 m depth during
the period from January 1 to May 1, 2024. This figure highlights a cold region asso-
ciated with upwelling induced by eddy pumping linked to the large eddy generated by
the NCJ current (indicated by the arrow).

levels. Whereas in the northern part of the reef, the isolines are horizontal, indicating
the absence of water colder than the environment in this region. Looking at the mean
vertical velocity along the same transect ), we observe positive vertical veloc-
ities on both sides of the reef indicating upwelling in the two regions and emphasizing

the role of the large eddy bringing cold water in this upwelling region.

3.3.3 Diamond reef

Diamond Reef exhibits strong spatial variability in thermal stress exposure between
surface and reef-depth conditions. Surface DHW distributions reveal two main regions
(Fig. 37h). The north-eastern sector experiences severe thermal stress exceeding the
coral mortality threshold (DHW > 8), while the south-western sector is characterized
by moderate stress levels (4 < DHW < 8). In contrast, reef-depth DHW distributions
differ substantially from surface conditions (Fig. 37p). Several locations in the north-
eastern sector that experience severe surface thermal stress display significantly reduced
stress at depth (DHW < 4). Conversely, portions of the south-western reef exhibit
elevated thermal stress at reef depth. Finally, looking at the difference between the
maximum thermal stress at the surface and reef depth ), we observe the whole
north-eastern part of the reef experiences lower DHW values at reef depth compared
to the surface.

Three locations on the Diamond Reef were identified as refugia and exhibit a con-
sistent reduction of the thermal stress at reef depth (< 4 DHW) whereas the surface
DHW exceed 8, the mortality threshold ) Looking at the DHW timeseries
at the southern refugium , we notice a consistent reduction of both the tem-
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reef exhibits strong spatial variability at depth, with some areas showing high surface
thermal stress (>8 DHW) while remaining weakly affected at depth (<4 DHW).

perature and the amplitude of the seasonal warming compared to the surface. While
surface warming amplitudes reach approximately 5°C, reef-depth warming remains
limited to approximately 2.5°C. As a result, temperatures at reef depth exceed the
bleaching threshold later in the warm season, typically with a delay of one to two
months, and remain above this threshold for shorter durations. These processes sig-
nificantly reduce DHW accumulation within the refugia (Fig. 38)). In contrast, the
highly exposed north-eastern region exhibits low temperature differences between the
surface and seabed. Because the reef-depth MMM is lower in this area, temperatures
exceed the bleaching threshold earlier and persist above it for longer periods, leading
to elevated DHW accumulation (Fig. 39).

Hydrodynamic analyses provide further insight into the mechanisms controlling
these thermal patterns. The mean horizontal transect at 40m depth reveals three
localized cold-water regions that spatially coincide with the identified thermal refu-
gia (Fig. 40a). These areas are associated with relatively strong horizontal currents
reaching approximately 0.1 ms™! ) The southern refugium additionally ex-
hibits diverging streamlines indicative of vertical motion (Fig. 40c). Vertical velocity
fields confirm the presence of upward motion with velocities reaching approximately
0.0014ms™! (120md~') (Fig. 40p). The northern and eastern refugia display similar
but weaker vertical velocities, with magnitudes around 70md~!. These observations
suggest that vertical exchanges contribute to the maintenance of cooler reef-depth con-
ditions.

Time-series analyses further demonstrate the recurrent intrusion of cold water near
the seabed within the refugia . These intrusions are systematically associated
with currents flowing into the Diamond Lagoon , indicating advective trans-
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Figure 39: North-eastern exposed region of Diamond Reef (depth: 5.5m). Temporal
evolution of temperature and cumulative thermal stress (DHW) at the surface and at
reef depth during the study period. These time series show weak vertical temperature
differences, leading to early and prolonged exceedance of the bleaching threshold at
depth and high DHW accumulation.
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Figure 40: Mean (a) temperature, (b) vertical velocity, and (c) horizontal current
velocity at 40m depth near Diamond Reef during the period from January 1 to May
1, 2024. Ovals indicate regions of divergent streamlines and positive vertical velocities,
while rectangles highlight areas of fast-flowing currents. For clarity, the colormap of
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port of cooler offshore waters toward the reef. Spectral analyses (details in
reveal a clear vertical differentiation in temperature variability. Near the seabed, tem-
perature oscillations are dominated by high-frequency variability with periods close to
12 h, corresponding to the principal semi-diurnal tidal mode. In contrast, the upper
water column is characterized by much lower-frequency variability. The power spectral
density of seabed temperature further confirms the tidal influence on bottom ther-
mal variability. The northern and eastern refugia exhibit similar hydrodynamic and
thermal behaviour. Both regions experience recurrent intrusions of cold water asso-
ciated with currents entering the lagoon. In both cases, the lower water column is
dominated by tidal-frequency temperature oscillations (12 h-24h), whereas the surface
layer exhibits low-frequency variability. Similarly, spectral analyses reveal the same
two dominant peaks associated with tidal and atmospheric forcing. The timeseries for
these two refugia can be found in

In contrast, the highly exposed north-eastern sector displays markedly different dy-
namics. The shallow water column remains weakly stratified throughout the study
period , and seabed temperature variability is strongly reduced, with am-
plitudes limited to approximately 0.6°C. This contrasts sharply with the refugia,
where bottom temperature oscillations can reach 2°C. Although tidal current rever-
sals with 12h periodicity are still observed , these currents are not clearly
associated with cooling events. Temperature variability throughout the water column
is instead dominated by slow fluctuations, indicating gradual thermal evolution rather

than tidally driven cooling.
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Figure 41: Vertical profile time series of (a) temperature and (b) current direction at
the southern refugium during the period from January 1 to May 1, 2024.
These figures highlight the intrusion of cold water into the Diamond lagoon following
a 12-hour cycle linked to the tidal regime in this area.
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Figure 42: Vertical profile time series of (a) temperature and (b) current direction at
the north-eastern exposed region during the period from January 1 to May 1,
2024. These figures highlight weak vertical temperature differences in this region and
the absence of cold-water intrusion driven by tides.
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4 Discussion

4.1 Lihou and Diamond reefs exposure to marine heatwaves

The results of this study highlight that two distinct mechanisms can create favourable
thermal conditions for coral survival at Lihou and Diamond reefs, emphasizing the
multiscale nature of reef refugia.

At Lihou Reef, the reduced thermal stress observed in the southern region appears
to be primarily driven by large-scale ocean circulation processes. The deflection of
the North Caledonian Jet by surrounding reef structures promotes the formation of a
mesoscale eddy, which in turn induces persistent upwelling of cooler subsurface waters
toward the reef. This upwelling mechanism, previously identified in the Capricorn
region by Weeks [44], therefore represents a key driver of regional cooling. It suggests
that the thermal protection observed at Lihou is governed more by regional ocean
dynamics than by strictly local processes. Consequently, the resilience of this reef may
be sensitive to changes in large-scale circulation patterns, particularly under climate-
driven modifications of western boundary currents. More broadly, these results show
that mesoscale circulation can generate persistent thermal refugia capable of locally
mitigating the impacts of marine heatwaves. This challenges the assumption that reef-
scale processes solely dominate coral thermal exposure and highlights the importance
of basin-scale ocean variability.

In contrast, Diamond Reef exhibits a fundamentally different behaviour, where
thermal mitigation is primarily controlled by local-scale hydrodynamic processes. The
reef’s complex topography, characterized by multiple notches, enhances tidal current
acceleration and promotes recurrent intrusions of cooler water from the depth into
the lagoon. These tidally driven exchanges generate strong high-frequency thermal
variability at reef depth, effectively limiting the accumulation of heat stress. Unlike
Lihou Reef, this mechanism does not depend on regional circulation patterns but in-
stead arises from the interaction between tidal forcing and fine-scale bathymetry. As a
result, Diamond Reef refugia may be more resilient to large-scale circulation changes,
yet more sensitive to local morphological characteristics and variations in tidal am-
plitude. Similar processes have been previously described by Thompson and Golding
[41] in the Great Barrier Reef, and our results extend these findings by showing that
tidal exchanges not only produce transient cooling events but also significantly reduce
cumulative thermal stress (DHW), thereby reinforcing their importance for long-term
coral resilience.

Overall, these results highlight that coral reef thermal refugia on the Queensland
Plateau cannot be attributed to a single dominant process, but instead emerge from
the interaction between regional ocean circulation and local-scale bathymetry. This

distinction is critical for future projections, as these mechanisms are likely to respond
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differently to climate change. Taken together, the findings demonstrate that reef-scale
thermal refugia are shaped by distinct physical drivers operating across multiple spa-
tial scales: Lihou Reef is primarily influenced by mesoscale circulation and upwelling
associated with regional dynamics, whereas Diamond Reef is governed by fine-scale
tidal processes and local bathymetric features. This contrast underscores the need for
a multi-scale framework to predict coral refugia, integrating both large-scale oceano-

graphic variability and local reef hydrodynamics.

4.2 Limitations and perspectives

Despite the overall good performance of the model, several limitations should be high-
lighted. First, the spatial resolution of the mesh remains relatively coarse in the vicinity
of the Great Barrier Reef (GBR). This may reduce the accuracy of the simulated cir-
culation between the GBR and the Queensland Plateau, where important recirculation
processes associated with the South Equatorial Current (SEC) occur. In addition, the
use of a staircase representation of the bathymetry can introduce discrepancies in the
simulation. In particular, this approximation may affect the representation of vertical
processes such as upwelling in regions where bathymetric gradients are not adequately
resolved.

Another major limitation is the presence of a surface temperature bias in the model,
which leads to an overall underestimation of DHW compared to NOAA satellite obser-
vations. This bias likely results in a reduced estimation of thermal stress, both at the
surface and at reef depth. Because DHW is a cumulative metric, small temperature
biases can lead to significant discrepancies in thermal stress estimates. This may, in
turn, affect the identification and characterization of thermal refugia.

The estimation of the reef-depth Maximum Monthly Mean (MMM) also intro-
duces uncertainty. In this study, the MMM was derived from data centered around
2017, whereas the standard NOAA climatology is based on an earlier reference period
(1985-1990). This discrepancy implicitly assumes that the vertical thermal structure
of the ocean has remained constant over time, which may not be valid. Furthermore,
the MMM estimation relies on outputs from another numerical model (eReefs), which
introduces an additional source of uncertainty. A more accurate approach would re-
quire in situ measurements of the temperature difference between the surface and reef
depth, which are currently lacking in the study area.

The use of combined atmospheric forcings from two different datasets (BARRA2
and ERAD) may also introduce inconsistencies, particularly if differences exist in the
representation of key variables such as surface heat fluxes.

Finally, the limited availability of observational data on the Queensland Plateau

restricts the extent of model validation, especially for offshore processes.
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In terms of perspectives, several improvements can be considered. Increasing the
spatial resolution of the mesh, both near the GBR and around the reefs of the Queens-
land Plateau, would improve the representation of small-scale circulation and local
hydrodynamic processes. The use of o-layer vertical discretization, while challenging
due to the need for bathymetry smoothing, would also enhance the representation of
near-bottom processes and upwelling dynamics.

Coupling the hydrodynamic model with biological or ecological models would pro-
vide a more comprehensive understanding of the processes driving coral resilience and
bleaching. In addition, extending the study to different climate scenarios would allow
the assessment of the future evolution of thermal stress and the persistence of poten-
tial refugia under climate change conditions. Such analyses would provide valuable
insights for the development of conservation and management strategies for coral reef
ecosystems in the Queensland Plateau region.

Finally, given the key role of fine-scale bathymetric features in enhancing cold-water
intrusions through tidal processes, an interesting perspective would be to investigate
whether targeted modifications of local bathymetry could enhance such cooling mech-
anisms. The implementation of artificial underwater structures designed to promote
upward transport of colder subsurface waters could potentially increase the thermal
resilience of coral reefs. However, such approaches would require careful consideration
of ecological impacts, hydrodynamic alterations, and habitat suitability to ensure that

they do not negatively affect reef ecosystems.
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5 Conclusion

This thesis investigated the local oceanographic processes that may mitigate thermal
stress on coral reefs of the Queensland Plateau during the 2023-2024 marine heat-
wave. Using the three-dimensional baroclinic hydrodynamic model SLIM3D, the re-
gional ocean dynamics and thermal conditions were simulated over the period from
June 2023 to June 2024, and thermal stress was quantified using the Degree Heating
Weeks metric computed at reef depth rather than at the sea surface.

The model was successfully validated against Argo float profiles and in situ ADCP
observations, demonstrating a consistent representation of the regional thermohaline
structure, vertical stratification, and large-scale circulation patterns including the South
Equatorial Current, the North Caledonian Jet, and the East Australian Current. This
validation provides confidence in the ability of the model to resolve the physical pro-
cesses controlling reef-scale thermal variability.

The simulations reveal strong spatial heterogeneity in thermal stress across the
Queensland Plateau, with significant differences between surface and reef-depth condi-
tions at several reef systems. Two reefs were investigated in detail and found to benefit
from distinct protective mechanisms operating at different spatial scales.

At Lihou Reef, reduced thermal stress in the southern region is primarily driven by
mesoscale ocean circulation. The deflection of the North Caledonian Jet by Marion Reef
generates a large persistent eddy that induces upwelling of cooler subsurface waters
toward the reef, locally reducing sea surface temperatures and limiting heat stress
accumulation. This mechanism highlights the role of regional-scale dynamics in shaping
reef thermal environments, independently of local reef morphology.

At Diamond Reef, thermal mitigation is instead controlled by fine-scale local pro-
cesses. The complex reef topography promotes tidal current acceleration through nar-
row passages, driving recurrent intrusions of cooler water into the lagoon at semi-
diurnal frequency. These tidally driven exchanges generate strong thermal variability
at reef depth and effectively limit the accumulation of Degree Heating Weeks within the
identified refugia, while shallower and more exposed areas of the same reef experience
significantly higher thermal stress.

Together, these findings indicate that thermal refugia in coral reefs on the Queens-
land Plateau cannot be explained by a single dominant mechanism. Rather, they
result from the combined influence of regional ocean circulation and fine-scale bathy-
metric structures acting across multiple spatial scales. Importantly, this study demon-
strates that sea surface temperature alone is not sufficient to represent thermal stress
at reef depth, and that subsurface processes must be incorporated when evaluating
coral reef vulnerability to marine heatwaves. These results have direct implications

for the identification and protection of climate refugia and highlight the importance
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of high-resolution three-dimensional hydrodynamic modelling as a tool for coral reef

conservation in the context of ongoing climate change.
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Figure 43: Vertical profile time series of (a) temperature and (b) current direction at
the northern refugium during the period from January 1 to May 1, 2024.
These figures highlight the intrusion of cold water into the Diamond lagoon following
a 12-hour cycle linked to the tidal regime in this area.

A Diamond Reef refigua

This appendix present the results obtained for the two other identified refugia on the
Diamond Reef.
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Figure 44: Vertical profile time series of (a) temperature and (b) current direction
at the eastern refugium during the period from January 1 to May 1, 2024.
These figures highlight the intrusion of cold water into the Diamond lagoon following
a 12-hour cycle linked to the tidal regime in this area.
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B Analysis of tidal influence on seabed temperature

This appendix describes the methodology used to analyse the relationship between
seabed temperature variability and tidal forcing. Although this analysis is not the
primary focus of the thesis, it provides useful insights into the physical mechanisms

controlling thermal variability at reef depth.

B.1 Dominant frequency estimation

To characterise vertical variability in the water column, the dominant frequency of a
given variable (e.g. temperature) is computed independently at each depth level.

Given a time series z(t) at a fixed depth, the frequency spectrum is estimated
using Welch’s method. This approach consists in dividing the signal into overlapping
segments, computing the Fourier transform of each segment, and averaging the resulting
power spectral densities (PSD). This reduces variance compared to a standard Fourier
transform.

The PSD is expressed as a function of frequency f, and the dominant frequency

fmax 18 defined as:

(} max a max I SD ] 1
e >0 ( ) ( )
The corresponding dominant period 18 then given by:

1
= o @)

This procedure is repeated at all depths, producing a vertical profile of dominant

T

periods, which allows identification of differences between surface and subsurface vari-

ability regimes.

B.2 Tidal signal and seabed temperature

To investigate the interaction between tides and seabed temperature, a proxy for tidal
forcing is constructed using the free surface elevation 7(t).

Two alternative definitions are used in the model:

e the surface elevation, defined as the maximum vertical coordinate of the water

column,
e or the total water column thickness.

The time series of seabed temperature T,(t) (bottom layer) and tidal elevation 7(t)

are first detrended by removing their mean:
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T(t) =Ty(t) =T, n'() =n(t) -7 (3)

B.3 Spectral analysis

The frequency content of both seabed temperature and tidal elevation is analysed using
Welch’s method, similarly to the dominant frequency calculation.

The resulting power spectral densities are expressed as functions of period, allowing
direct identification of characteristic time scales. In particular, tidal processes are

expected to appear at periods corresponding to the main tidal constituents:
e semi-diurnal tides (~ 12.4 hours),
e diurnal tides (~ 24 hours).

Comparing the spectra of temperature and tidal elevation allows assessing the ex-

tent to which tidal forcing contributes to temperature variability.

B.4 Interpretation

This combined analysis provides complementary information:

e dominant frequency profiles highlight differences between surface and bottom

variability,

e spectral analysis identifies the contribution of tidal frequencies to temperature

variability.

Together, these tools allow a qualitative assessment of the role of tidal processes in

modulating seabed temperature and, consequently, thermal stress at reef depth.
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