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Sea Level Rise and the Great Barrier Reef: The Future
Implications on Reef Tidal Dynamics
Eleanor E. Mawson! (2), Katherine C. Leel, and Jon Hill!

'Department of Environment and Geography, University of York, York, UK

Abstract Predicted sea-level rise (SLR) is anticipated to alter tidal dynamics in the future and this will

in turn alter coastal ecosystems, flood risk, and geomorphology. Coral reefs are bathymetrically complex
environments where tides play a crucial role in larval and nutrient dispersal. This complexity makes coral
reef environments challenging to simulate numerically as a large area needs to be simulated but also with
high resolution to capture the complexity. To investigate the influence of SLR on tidal dynamics in coral reef
systems we use an unstructured mesh numerical model, with spatially varying resolution, of the Great Barrier
Reef (GBR). The present-day conditions and a total of three future SLR scenarios are considered based on the
RCP scenarios. The results focus on the major tidal constituents and tidal range. The M, constituent generally
decreases across gauge locations as sea-level rises but S, generally increases. O, and K, display small variations
or no change. The tidal range experiences +10% variation depending on the gauge location, meaning it is
spatially varying and alters SLR by up to 10%. Overall, SLR will influence tidal dynamics across the GBR
altering coastal flooding risk with a spatially varying impact. Management schemes should consider tidal
range changes in addition to increases in extreme weather conditions to provide adequate preservation of the
coastline, coastal cities and infrastructure in the future. Moreover, changes in tidal patterns and dynamics may
alter the distributions of reef spores and larvae and should be included in future plans of reef management.

Plain Language Summary Sea-level rise (SLR) alters the ebb and flow of tidal currents, as well
as altering the tidal range. As sea level is projected to rise in the future it is anticipated that coastal regions
will experience a change in tidal patterns also. In turn this will affect coastal flood risk, ecosystems and
geomorphology. Coral reefs are complex environments with rapidly changing bathymetry but tides can play a
vital role in their functioning. To determine the influence of SLR on changing tidal features in such complex
environments, we simulate tides on the Great Barrier Reef, the world's largest reef ecosystem. In order to
determine the effects of SLR, spatially-varying resolution, where model resolution varies across the simulation
area, can be used to capture the bathymetric complexity whilst simulating a large enough region. We carry out
simulations consisting of the present-day and three SLR scenarios. Results show complex spatial changes in
tidal dynamics with some areas displaying little change, but others displaying a decrease or increase in tidal
range that is around 10% of the sea level rise. Coastal management plans should take into consideration both
SLR and tidal range changes to protect coastal cities and infrastructure in the future.

1. Introduction

Throughout the 20th century, the global mean sea level (GMSL) grew rapidly with an average rate of 1.4—1.7 mm/yr
(Church & White, 2006; Kopp et al., 2016). The rate accelerated in the latter half of the 20th century and into the
21st century (Dangendorf et al., 2019) with the sea-level rise (SLR) estimated to be 3.2 mm/yr between 1993 and
2010 (Dangendorf et al., 2017), which is the fastest rise in the past 3000 years (Kopp et al., 2016). These changes
in global sea level are not spatially homogeneous, with large variations in rates across the globe (Bromirski
et al., 2011). Factors that influence spatial variability of SLR include ice sheet and glacier melt (Bessell-Browne
et al., 2017; Dangendorf et al., 2017), ocean thermal expansion (Bessell-Browne et al., 2017), inland water
storage (Church et al., 2006; Dangendorf et al., 2017) and geodynamic processes (Church et al., 2016; Idier
etal., 2019). These changes in sea level also then affect the tidal dynamics, particularly in shallow, coastal regions
(e.g., Green, 2010; Harker et al., 2019; Pelling & Green, 2014; Pickering et al., 2012, 2017).

Fundamentally, tides are governed by three main criteria: coastal and ocean basin position and morphology which
affects regional tidal flow; plate tectonic placement which governs shelf width and coastal embayment morphol-
ogy; and sea level which is linked to the previous criteria (Collins et al., 2018). Previous studies have examined
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the changes of tidal dynamics with respect to sea level change using either historical records (e.g., Gehrels
et al., 1995; Greenberg et al., 2012) or numerical models (e.g., Green, 2010; Harker et al., 2019; Pelling &
Green, 2014; Pickering et al., 2012, 2017). Previous modeling studies have focused on global tides or continental
shelves. Pickering et al. (2017) conducted a global study including observations from shelf seas. They concluded
that the four tidal constituents (K,, O,, M, and S,) increased or decreased depending on the region. Changes in the
semidiurnal constituents (M, and S,) are more likely to occur in shelf seas such as the GBR, whereas changes in
diurnal constituents (K, and O,) are limited to Asian Seas. Thirteen coastal cities including Chittagong, Ningbo,
and Rangoon display +10% mean high water (MHW) which is equal to 1 m SLR at 136 coastal cities, where some
of the worlds largest tidal ranges are found (Pickering et al., 2017). Furthermore, Green (2010) conducted a global
study with observed increases in the M, amplitude but small deviations in the K, amplitude. Both of these global
studies observed variations in the M, amplitude across the European Shelf and the Bay of Fundy, North Atlantic.
In large reef complexes, such as the GBR, there was little change in this global-scale of modeling (Green, 2010).
Historically, M, amplitude displays an increase with SLR in the Bay of Fundy (Gehrels et al., 1995; Greenberg
et al., 2012), but variations of —10% or +10% across the European Shelf which related to observed reductions in
bed friction dampening, changes in resonance properties and increased reflection of the coast (Idier et al., 2019).
Coastal defences may influence the SLR on the European Shelf because tides appear sensitive to <1 m rise in
areas with defences (Pelling et al., 2013; Pelling & Green, 2014).

Tides also play a vital role in coral reef environments, which are sensitive to SLR (Ludington, 1979; Wolanski
& Spagnol, 2000) and form part of the ecosystem services, including flood defences in those regions (Beck
et al., 2018). Since 1990, observed sea levels have increased on the Great Barrier Reef (GBR) by 1-2 mm/yr and
in accordance with mid-to-high emission scenarios, sea levels could rise between 0.3 and 0.9 m by 2100 on the
central GBR (Morrison & Hughes, 2016). The Intergovernmental Panel on Climate Change (IPCC) scenarios
predict that for RCP8.5 rates could be as high as approximately 12 mm/yr, whilst RCP 6.0 and RCP4.5 show rates
of change between 6 and 8 mm/yr and RCP 2.6 significantly lower at 4 mm/yr (Portner et al., 2019). Overall,
predicted SLR appears to be similar to global mean sea-level (GMSL) rise across most of Australia's coastline
(Al-Nasrawi et al., 2018; Church et al., 2016; MclInnes et al., 2015; Zhang et al., 2017). Reefs are sensitive to
various parameters such as water depth, light intensity, ocean temperature, ocean chemistry and extreme weather
events including storm-surges (Hoegh-Guldberg et al., 2017; Morrison & Hughes, 2016). Reefs have experienced a
50% decline throughout the tropical regions globally between the last 3050 years (Hoegh-Guldberg et al., 2017).
With changes in ocean circulation governed by SLR, they may decline further (Ludington, 1979; Wolanski &
Spagnol, 2000). Changes will cause systemic alterations such as increases in erosion from storms; waves and
currents; increases in sedimentology from human settlements; disturbances in larval spawning and settlement;
changes in geomorphology and reduction of water quality on the reef which causes a chain reaction of further
impacts (Burgess et al., 2007; Chazottes et al., 2017; Church & White, 2006). Changes in ocean circulation will
affect currents encountering islands or reefs (Vouriot et al., 2019), the re-circulation of the water allows eddies to
form in the lee. These are hundreds of kilometres in size and last for several weeks (Burgess et al., 2007). Sea-level
rise enhances these currents and larvae, and marine life can become immersed in the eddies and cannot escape
them, this reduces their dispersal and connectivity with other populations further afield (Burgess et al., 2007;
Wolanski & Spagnol, 2000).

This heterogeneous flow on coral reefs is due to reefs developing a complex bathymetry and topography making
tidal modeling difficult (Harker et al., 2019; Seifi et al., 2019) as both high resolution and a large area need to
be simulated (Burgess et al., 2007; Delandmeter et al., 2017; Storlazzi et al., 2011). To simulate tides in coral
reef environments, unstructured mesh models are the best solution as they can fulfill the need for high resolution
where needed (Lambrechts, Hanert, et al., 2008; Seifi et al., 2019; Storlazzi et al., 2011). The use of empirical
models, using information regarding the sea-level change from different techniques including satellite altimetry
and tidal gauges, is not sufficient to capture the complexity of tides across the GBR system (Seifi et al., 2019).
Previous studies of shifts in tidal dynamics due to SLR predict moderate to large variations in the tidal cycle,
due to the sensitive nature of resonant or near-resonant tidal basins regarding changes in bathymetry (Harker
et al., 2019). Therefore, tidal modeling at multiple spatial scales can provide insight into future tidal dynamics as
a function of SLR in these complex environments.

This study utilizes an unstructured mesh (spatially-varying resolution) numerical model to predict tidal dynam-
ics on the GBR. We validate the model against tidal gauges in the region and simulate three future scenarios
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with 43 cm, 84 and 110 cm of future sea level rise, representing the projected sea levels in 2100. We examine
the changes and show that detailed information on the bathymetry is required to obtain accurate assessments of
the impacts on tidal dynamics of future sea level rise. The paper first describes the model and set-up. Second, it
describes the mesh generation and model construction. Third, the model validation is described and finally, the
results and discussion are detailed followed by the conclusions and future work.

2. Methods
2.1. Model Details and Set-Up

Coastal models that represent coastal and oceanic regions can be used to predict any alterations in tidal cycles
caused by SLR (e.g., Angeloudis et al., 2018; Baker et al., 2020; Goss et al., 2019; Pickering et al., 2017). In this
instance, Thetis was employed, which is a finite element based coastal ocean model that implements both 2D and
3D equations (Kirni et al., 2018). Here, we use Thetis to solve the 2D non-conservative form of the non-linear
shallow water equations:

on

= TV (Hw =0, M

Jdu 2 1 Tp

— +u-Vu—-vWu+ fu +gVp=———+,

o S gVn oH, )
where 7 is the water elevation, H, is the total water depth, v is the kinematic viscosity of the fluid, and u is the
depth-averaged velocity vector. The Coriolis term is represented as fut, where ut the velocity vector rotated
counter-clockwise over 90° In turn, f = 2Qsin{ with Q corresponding to the angular frequency of the Earth's
rotation and { the latitude. Bed shear stress (z,) effects are represented through the Manning's n formulation as:

Tp _ 2 |ll|ll
T 3
4 Hys3
For time-stepping, a second-order Crank-Nicolson discretization was used with a constant time step of 240 s. We
used a 2D approach to ensure the simulations are tractable whilst being able to include large areas of high resolu-

tion to capture the effects of tidal inundation over the complex reef and coastal structures.

During low tide, areas of the reef will be exposed. To account for this the calculation of wetting and drying (WD)
in accordance with Kérni et al. (2011) was used. The WD a parameter was set to 10 to account for the steep
slopes in places whilst maintaining numeric stability. The models were implemented following the Galerkin finite
element discretization (DG-FEM), using the P1DG-P1DG velocity-elevation finite element pair (Angeloudis
etal., 2018; Baker et al., 2020). Discretized equations are solved using a Newton nonlinear solver algorithm using
the PETSc library (Balay et al., 2001).

2.2. Mesh Generation and Model Construction

In order to simulate the GBR at a sufficiently high resolution, over a wide enough area to capture change in tidal
dynamics, we used a two-dimensional unstructured mesh. Meshes were generated in UTM 56S projection space
using contours extracted from digital elevation model (DEM) data to generate “coastal” boundaries and a forced
boundary in the Pacific ocean, away from any shallow areas. The model spans from 144.70 W to 155.32 E,
—14.76 N to —25.50 S (Figure 1) with mesh resolution between 400 m and 5 km.

Contours extracted from bathymetric and topographic data are used as coastal boundaries. For simulations with
wetting and drying (WD) enabled, such that the rise and fall of the tide can inundate the land surface, the 5 m
contour was used to create the landward boundary. Where no-WD was used, the 0 m contour was used. Bound-
aries and mesh creation were carried out in QGIS (QGIS.org, 2020), using qmesh (Avdis et al., 2018) and gmsh
(Geuzaine & Remacle, 2009). A two-dimensional Delaunay triangulation algorithm was used, with the resolution
of the mesh controlled by a number of mesh metrics (see equations). Different unstructured meshes were used
for no-WD and WD simulations. The no-WD mesh consisted of 159,912 nodes and 319,908 elements. This mesh
was used just for present day simulations with varying drag coefficients for model validation (Section 2.3). The
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Figure 1. Overview of the modeled domain (a), with details of places named in in the manuscript (b) and the computational domain (c), showing the bathymetry/
topography used. Close up of the mesh in the Rockhampton region are shown (d), showing the variation in mesh resolution across the domain, and also indicating
where the mesh includes topography up to the 5 m contour (e).

WD mesh consisted of 266,526 nodes and 533,138 elements, reflecting the increased area simulated at high
resolution. This was used for the present-day simulation, as well as the 43 cm SLR, 84 cm SLR and 110 cm SLR.
Simulations with no-WD had a minimum depth set to 6 m to avoid model instability. All runs used a viscosity of
1.0 (Ns/m?) as well as the use of a “sponge” layer of higher drag and viscosity at the forced boundarys; this layer
decreased from a value 1,000 times higher than the model value to the model value over a distance of 5,000 m to
maintain stability of the model.

Element sizes ranged from 400 m in and around islands and coastlines, up to 5,000 m on the outermost boundary
of the mesh. Element size is governed by a number of factors. First, the minimum resolution (400 m) is set on the
“landward” boundaries, which then increases away from the shoreline after a distance of 500 m to a resolution of
5 km after 1,200 m away from the boundary (im,). Second, a similar metric is employed on the forced boundaries
with resolution increasing from 2.5 to 5 km over a distance of 100 km from the boundary using a linear increase
(m,). A depth-based metric, m,, is used whereby a sigmoidal function is used to control resolution according to
equation:
o((H, =500)/150)

mg = 25000 — @ 4
e((H,,,—SOO)/lSO) +1
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Table 1

where H  is max (h, 6) and A is the water depth. Finally, we also employed a

Modeling Scenarios Used to Validate the Present Day Model metric based on the gradient of depth, m,, according to equation:

Number Name

Drag coefficient ~ Wetting and drying m, = max(750.0, G) where (52)

1 GBR noWD025
GBR noWDO03
GBR noWDO05
GBR noWDSVD
GBR WDO0.025
GBR WDSVD

(o) N B VL N S

0.025 No

0.03 No G = IOOOOOLe
2.5¢
0.05 No
0.025-0.25 No The final mesh metric is then calculated using the minimum of the individual

,0'5( 700000[0VH,” )2 (5b)

0.025 Yes metrics:

0.025-0.25 Yes min (m,, my, mq, my) (6)

The mesh resolution was chosen to be able to capture the movement of the

tidal waves (the celerity of which is a function of water depth), but also
resolve the complex bathymetry and coastal geometries in and around reefs and islands. Although the implicit
nature of the temporal solver means the Courant—Friedrichs—Lewy condition (CFL) can be greater than 1, we
have been conservative and ensured that it is less than 1.0 for the given time-step and resolutions. The approach
used is similar to that of previous unstructured mesh models of the GBR (Lambrechts, Comblen, et al., 2008;
Lambrechts, Hanert, et al., 2008).

Data for the modeling was provided by a range of sources. The bathymetry and topography data consisted of a
100 m resolution DEM of the GBR region (Beaman, 2010). These data were loaded into the model using HRDS
(Hill, 2019), which carried out bi-linear interpolation of the DEM data to the mesh. TPXO tidal levels (Egbert
& Erofeeva, 2002) were used to force the simulation on the open boundary only. There were 11 tidal constitu-
ents used to force the models: M,, S,, N,, K,, K,, O,, P,, Q,, M,, MS, and MN,,. No astronomical tidal forcing
on the water surface was used. Tidal forcing was updated at each timestep of the model (240 s). The following
future sea-level heights were used: 43 cm, 84 and 110 cm, as these scenarios represent the low and high ends of
likely future SLR from The IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (Portner
et al., 2019). Although only two RCP scenarios were used, we took the minimum projection from RCP2.6 which
was 43 cm; and the lowest (84 cm) and highest (110 cm) of the RCP8.5 scenario projections. The RCP4.5 and
RCP6.0 projections were similar to the RCP2.6 scenario for GMSL, hence the choices made. To increase sea
level, the appropriate height was subtracted from the DEM to generate a sea-level rise. There was no attempt to
account for any potential morphological changes or changes in coral reef depths due to the short time into the
future these simulations represent, nor was the tidal forcing altered for future scenarios.

All models were run from 1st Jan 2000 for 44 days. This includes 14 days spin-up and then a further 30 days for
post-simulation analysis. Maps of tidal components were created using Uptide (Kramer et al., 2020) which were
then compared to the tidal gauge data from Australian Hydrographic Office (2020) using bespoke python scripts.
Statistical analyses of these differences was carried out via a Wilcoxon Signed Rank Test (Woolson, 2008) in R
Studio (RStudio Climate Change Initiative Coastal Sea Level Team, 2020).

2.3. Model Validation

Prior to simulating the impact of sea-level rise on future tidal dynamics, the modern day model was validated
against empirical data. Here, a number of simulations were performed with and without WD and with different
drag coefficients to determine how these parameters impacted model accuracy. The drag coefficients are based
on those used by Andutta et al. (2012) where a higher Manning's coefficient was used over reef areas than
non-reef areas (Spatially Varying Drag - SVD). Manning's coefficients were also tried between those in Andutta
et al. (2012) and that of “clean sand” to examine the effects on tidal flow. Locations of reefs were derived from
World Resources Institute (2016) and as such the higher drag value was used where reefs are mapped, with the
lower value used elsewhere in the SVD simulations. Where only a single value is given, the same value was
used across the whole domain. Model accuracy was calculated using 78 tidal gauges (Australian Hydrographic
Office, 2020) and by comparisons of the model to FES2014 tidal data (Lyard et al., 2020). A total of six scenarios
were modeled for the present day to establish optimal numerical parameters (Table 1).
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Table 2
The Pearson's Correlation (R?) and Standard Error (Std.Error) Calculated for Each Tidal Amplitude for Each of the Model
Runs Highlighted in the Previous Table 1 Based on the 78 Tidal Gauges Used in This Study

R? Std. Error

Run/ constituent M, S, K, 0, M, S, K, 0,

GBR noWD025 0.99 0.82 0.87 0.83 0.016 0.140 0.094 0.094
GBR noWDO03 0.99 0.65 0.87 0.84 0.018 0.222 0.093 0.092
GBR noWDO05 0.97 0.02 0.86 0.83 0.044 0.343 0.105 0.096
GBR noWDSVD 0.98 0.18 0.89 0.84 0.030 0.247 0.051 0.054
GBR WDO0.025 0.99 0.94 0.87 0.84 0.013 0.052 0.083 0.077
GBR WDSVD 0.98 0.41 0.89 0.85 0.024 0.139 0.049 0.059

From all six simulations, the best match to tidal gauge and FES2014 data is simulation 5 (Table 2 and Figure 2).
M, amplitude is consistent across all runs in terms of correlation coefficient, but shows decreases in standard
error for runs with WD enabled or with a drag of 0.025. In contrast, S, shows large amounts of variation in both
correlation coefficient and standard error depending on model parameters. The deviation is highest with a higher
or spatially varying drag coefficient, showing the sensitivity of the S, component do the drag coefficient. The
O, constituent shows a marginally better fit to data when wetting and drying is used, as does K, and performs
best when a spatially varying drag is used. There is little difference spatially of the reconstructions in the M, tide
between the six simulations (not shown), which is expected due to the consistency of the M, statistics shown in
Table 2. There are close similarities between the model and FES2014 data with a slightly lower than expected
M, amplitude in Herbert Creek area toward the coastline compared to the FES2014 data (Figure 2). The K, and
O, tides appear to be spatially similar across the six simulations (not shown), but FES2014 appears to be slightly
higher in comparison. We conclude that WD increases the fit to tidal gauge data and that a constant Manning's
drag coefficient of 0.025 gives the best overall model performance.

The model shows good agreement to reconstructed water elevations from AusTides (Australian Hydrographic
Office, 2020) across the whole GBR. In general, the model slightly over-predicts the maximum/minimum water
height from neap to spring, and then slightly under-predicts from spring to neap (Figure 3). Some places show
a slight shift of phase, e.g. Thomas Island (Figure 3) of less than 15 min (the output frequency of the model is
15 min), but overall even complex tidal signals, such as that at Michaelmas Cay, are reproduced well. Given the
spatial match to FES2014, the high Pearson correlation to tidal gauge amplitude data and good comparison to
water elevations, we are confident that the model is reproducing the tidal dynamics of the GBR system.

3. Results and Discussion

The future sea-level scenarios are compared to the present sea-level. The M, and S, constituents, and tidal range
variations are the primary focus. The K, and O, constituents are included to examine and account for the varia-
tions in the semidiurnal and diurnal tides across the northern and southern sector (see supplementary informa-
tion). The semidiurnal constituents display changes in amplitude from the present-day across each of the SLR
simulations by both examining the spatial changes and the tidal gauge data.

The M, amplitude displays spatial variability across the whole domain (Figure 4). The general trend is for a
reduction in M, amplitude with increasing sea-level rise. However, there is a small increase in M, amplitude
north of Herbert Creek in both the 43 and 84 cm scenarios. This disappears in the 110 cm scenario, and the small
increase is pushed further north. The largest decreases are in the central and southern sections of the reef where
the gap between the outer reef and the coastline is largest. There is little change in the phase, except a subtle shift
of the phase line north of Herbert Creek, which moves northwards in the 110 cm scenario. These decreases in
amplitude correspond to where the amplitude is highest. In contrast, the S, amplitude displays increased ampli-
tude across each of the SLR simulations with a small decrease toward the southernmost area of the simulation
around Bundaberg. There are subtle changes to the phase contours, particularly just north of Herbert Creek where
a slight decrease in S, amplitude occurs in the 84 cm scenario, but this is reversed in the 110 cm scenario.
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Figure 2. Comparison between the present-day run 5 model simulation output
(left) and FES2014 data (right) across each tidal amplitude, M,, S,, O, and K,
(top to bottom).

There are similar changes for the O, and K, components (Figure 5). K, shows
a reduction in amplitude in a similar manner to the M, components, with
larger decreases of amplitude in the Herbert Creek region. The O, compo-
nents shows very little change and only very small localized changes, both
positive and negative, in amplitude. Overall, the combined changes in
amplitude result in a clear north-south divide in shifts to the tidal amplitude
(Figure 6). There is a clear dividing line to the north of Herbert Creek. South
of this line, where present day tidal range is highest, there is a reduction in
tidal range and the magnitude of that reduction increases with sea-level rise.
Conversely, north of this line, there is an increase in tidal range, which again
has a greater magnitude as sea level rises. In the far north of the reef there is
a localized decrease in tidal range, the magnitude of which, again, increases
as sea level rises. The tidal range on the outer edge of the reef also increases
slightly as sea level rises. The model results display changes in tidal range up
to 10 cm, which is around 10% of the total sea-level rise simulated.

The modeled gauges reflect the large-scale spatial variations observed from
the model. Plotting the amplitude at each gauge shows the range of ampli-
tudes measured at each tidal gauge in the model (Figure 7). The K, and O,
components show very little change, with K, reflecting the slight decrease
shown in the spatial results, whereas as O, shows a slight increase with the
43 cm scenario, but then slight decreases with higher sea levels. As shown
in the previous spatial plots, the M, constituent shows relatively steady (and
non-significant) slight decrease at 43 and 84 cm SLR, but then a significant
decrease at 110 cm SLR. In contrast S, shows very little change at 43 and
84 cm SLR (84 cm SLR differences are, in fact not significant), but a signif-
icant increase in tidal amplitude at 110 cm SLR across the modeled gauges.
The modeled gauges therefore reflect the spatial changes and trends well, and
show the significance of the impact of SLR.

We can examine the impact of SLR at the tidal gauge location in more detail.
Some tidal gauge locations show very little difference, 0.0075 m total reduc-
tion in tidal range under the 110 cm of SLR scenario on an original tidal
range of over 2 m; a 0.3% difference (Michaelmas Cay) (Figure 8). Others
show a much larger alteration; Bundaberg shows a 0.8 m change under the
SLR110 scenario. At all sites where a difference is observed, the magni-
tude of the difference increases with increasing sea-level rise. Moreover,
the changes in tidal elevations at the tide gauge locations exhibit a range
of behaviors (Figure 8). Some show only a very small difference (order
millimeters) which varies with tidal cycle, but is largely consistent across
the neap-spring cycle at all sea level rises (e.g., Fitzroy Reef - not shown).
However, at 110 cm sea level rise almost all tide gauge sites show a shift
in the neap part of the tidal cycle; shown by the increase in the green line
in Figure 8§ after day 24. The size of this shift varies across the domain. In
some places it is still at centimetre-scale (e.g., One Tree Island), in others the
shift leads to a significant change in the timings of the low and high water
points (e.g., Thomas Island), which is shown by the differences being shifted
compared to modern day elevations (Figure 3). There is a relationship of the
behaviors from north to south, with tidal gauges in the northern section of
the GBR generally showing fewer shifts in elevations and timings. Where the

tidal range is altered significantly, there is a general trend for an increase of the neap section of the tidal cycle
being the driver for this change (i.e., a reduction in the tidal range).
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Figure 3. Comparison of modeled water elevations (blue) to reconstructed water elevations from the AusTide data (Australian Hydrographic Office, 2020) (gray) from
north to south on the GBR. The model reproduces the reconstructed water elevations across the GBR system.

3.1. The North-South Divide

Eight gauge locations were selected out of the 78 simulated that cover the shift from a positive tidal range change
in the southernmost area to the negative change in northern areas, as well as examine changes offshore compared
to coastal locations (Table 3). Offshore reef locations (East Diamond Island - point 3 and Holmes Reef - site 11)

110 cm

__ Present 43 cm
M2 Amplitude (m) L - I .

0 3
Difference (m)

-0.1 0

S2 Amplitude (m)

0 1

Difference (m)

-0.1 0

Figure 4. The effect of sea-level rise on the M, amplitude (top) and S, amplitude (below) across 43 cm, 84 and 110 cm simulations compared to the present-day.
Amplitude is measured in meters (m) and the contour indicates the phase.
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Figure 5. The effect of sea-level rise on the K, amplitude (top) and O, amplitude (below) across 43 cm, 84 and 110 cm simulations compared to the present-day.
Amplitude is measured in meters (m) and the contour indicates the phase.

show very little change, with percentage differences of 1% or less. Offshore sites on the GBR itself such as Jaguar
Reef (point 36) show slightly large percentages differences of up to 2% in S,. Point 47 (Thomas Island), a coastal
site, in a similar position in the north-south divide as Jaguar Reef shows a much larger shift in the S, constituent
of 46% for a 110 cm SLR.

Focusing on the southern region, across the three SLR simulations M, amplitude decreases at McEwen Islet (60)
by —5.26%. M, decreases are greater in the 110 cm simulation with 43 and 84 cm appearing similar (Table 3).
However, the S, component has a much larger percentage increase of nearly 50%. Sites below the Capricorn
Channel entrance in the far south of the GBR, such as One Tree Island (73) displayed the smallest variation across
each simulation, but still around a 15% increase in S, amplitude, but around 1%—2% decrease in M, amplitude.
O, shows a positive difference of 3.18% at McEwen Islet (site 60) with 43 cm SLR which decreases to —4.57%
difference from the present-day at 110 cm. K, amplitude displays large differences toward McEwen Islet (60)
with —21.3% at 110 cm SLR (Table 3), but these are small changes in absolute terms. One Tree Island (site 73)
displays a small percentage difference for the diurnal constituents. Overall, the changes in S, and M, dominate,
resulting in tidal range changes of around 2%, but reducing to 0.6% south of the Capricorn Channel (One Tree
Island - site 73).

In the northern region, the changes are generally minimal. Peart Reef (site 19) shows very low percentage changes
as does Cape Bedford (site 7). These changes are similar to those seen on reef locations in the south (e.g., Jaguar
Reef). At Peart Reef there is a change of behavior when SLR reaches 110 cm with the M, change switching from
positive to negative and S, showing the reverse behavior. Cape Bedford does not show this behavior. The diurnal
constituents in this region show similarly small changes. As a result the changes in tidal range are also small with
either small negative (Cape Bedford - site 7 and Peart Reef - site 19) on the reef itself or small positive difference
(Holmes Reef - site 11) offshore. Note that the spatial variation confirms this, with spatially varying small posi-
tive and negative differences in the northern sector (Figure 8).

Six gauge locations were selected to depict variations in the tidal ellipses of the M2 and S2 amplitudes (Figure 9).
Northern gauge locations displayed little change in tidal ellipses of the M2 amplitude (Holmes Reef - site 11
and John Brewer Reef - site 33). There was a slight change at High Island (site 17) with a shift more toward the
north and south in the 110 cm scenario. Flock Pigeon Island (site 59) changed toward north and south from 84 to
110 cm which is similar to High Island. High Peak Island displayed a change toward north-east and south-west
at 110 cm where other simulations were closed to east and west. One Tree Island (site 73) had little changes in
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Figure 6. The effect of sea-level rise on tidal range across the 43 cm, 84 and 110 cm simulations compared to the present-day. Tidal range is measured in meters (m).

the M2 ellipses which is similar to the northern gauges. The central sector (site 59 and 64) exhibited the greatest
changes in the M2 tidal ellipses.

3.2. Tidal Changes

The results display that SLR has an impact on the semidiurnal constituents toward the central and southern
GBR with a majority of gauge locations displaying an increase in S, amplitude but a decrease in M, amplitude
(Figure 4). These changes in S, and M, are result in a north-south divide of tidal range changes (Figure 6).
Spatially, each of the gauge locations respond differently which is related to regional variations due to the flow
of water across the reef (Harker et al., 2019). Changes appeared to be especially higher toward Herbert Creek
(Figure 4), where Flock Pigeon Island (59) and McEwen Islet (60) are located, and toward the southern part of
the domain from Rockhampton toward Gladstone and Bundaberg (Figure 1). The opposing changes in the S,
amplitude and M, amplitude revealed in this study could be linked to natural oscillation. As the S, increases the
natural period of oscillation is moving away from the M, amplitude, in which a decrease is observed (Pickering
et al., 2012). The phase changes for S, and M, (Figure 4), confirms this, with opposing changes of expansion
or contraction of phase contours within the Capricorn Channel. Opposites in these constituents can lead to an
increase or reduction on the effect of the spring tidal amplitude but an increase or reduction on the neap tidal
amplitudes (Pickering et al., 2012). Here, we see a general increase in the neap tidal amplitude, but both increases
and decreases in the spring tidal amplitude, depending on location (Figure 8). The increase in neap tide amplitude
seems to occur across most of the GBR, except the far south (Bundaberg) and is shown by the tidal elevation
difference increase post 24 days (Figure 8). Most sites also show an increase in amplitude or a slight tidal phase
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Figure 7. The amplitude difference (m) for the three sea-level rise scenarios (43 cm, 84 cm, and 110 cm), compared to the
present-day tidal constituents for the 78 modeled gauge locations. Significance is shown by codes in order of: *** <0.001,
** <0.01, * <0.05, and >0.05 by No Significance (NS). The box plots display the range of amplitude difference with some
points lying outside the desired range.

shift through most of the tidal cycle. However, Michaelmas Cay shows only a very small change (to 0.0075 m
over a tidal range of nearly 2m-0.3% change), but Bundaberg shows a +/- 0.8m change over a tidal range of nearly
3 m (25% increase) for SLR110. Conversely, One Tree Island shows a largely negative change over the spring
tidal cycle, but a large positive change over the neap only, but only under SLR110. At nearly all sites we see the
maximum change occurring in the SLR110 scenario. We therefore conclude that rising sea-level can potentially
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Figure 8. Modeled gauge elevation plots for selected locations as shown in Figure 3. Plots show the difference (m) between the future scenarios (SLR43, SLR8S,
SLR110) to modern day elevations for a 14 day window between day 14 and 28 to capture the full neap and spring cycle. Some locations show a substantial difference
to the present day, especially around the neap tide. See text for details.

increase the both neap and spring tidal range and potentially raise the tidal range average which can lead to
increases in risk of flooding due to storm surges or changes in sediment deposition (Pickering et al., 2012, 2017).
Here, we see a similar effect to that described by Pickering et al. (2012), where a number of sites show larger
shifts at the neap part of the tidal cycle, but the then depending on where the site is located in the north-south
direction would see a decrease in spring tidal range (south), little or no change (north of Herbert Creek) and a
decrease in spring tidal range (in the northern section of the GBR). This shift matches the flow patterns depicted
by the tidal ellipses (Figure 9). In the southern sector of the GBR the M, tidal ellipse shows a small decrease in
velocity whereas S, shows an increase (57: Gannett Cay) or a rotation in direction (59: Flock Pigeon Island and
56: Bell Cay). In the central sector, there is very little change to both M, and S, constituents (33: John Brewer's
Reef). The northern sector hows a very small decrease in S, ellipse velocities, but a very small increase in M,
(12: Michaelmas Cay).

To explain this variation we hypothesize that the raising sea-level reduces the bed friction (as friction is a function
of water depth, e.q. 3). This in turn then alters the coupling of the oceanic waters to the shelf water as shown by
Arbic and Garrett (2010) in hypothetical simulations. The presence of a complex, shallow barrier reef system
between the ocean and continental shelf may complicate this further or enhance the effect. Previous work on tidal
changes due to sea-level change put forward the idea that tidal components become correlated (tidal anomaly
correlation — TAC), which may also explain the coupled changes of S, and M, seen here (Devlin et al., 2017).
Regardless, more work is required to understand how these changes are correlated.

In contrast to the semi-diurnal constituents, the diurnal constituents show little or no change. The O, amplitude
and phase display little difference with changes in SLR, whereas the K, amplitude displays a small decrease
toward the central sector if the GBR, especially in Herbert Creek, and a slight increase toward the southern sector
near Bundaberg (Figures 1 and 5). The K, phase is only present as a significant constituent in Herbert Creek
in the present-day. This is largely due to the K, phase amphidromic point being outside the simulated domain.
Other studies that have been conducted globally or across a larger domain have shown that K, appears to show
the largest differences in Asia (Pickering et al., 2017), or it is governed by a single amphidromic point in the Gulf
of Carpentaria off the coast of the Northern Territory, Australia (Harker et al., 2019). The present study did not
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Table 3

Absolute Values and Percentage Differences of Key Tidal Constituents and Tidal Range at Selected Tidal Gauge Locations

Gauge location Present day %D: 43 cm %D: 84 cm %D: 110 cm Amp (m): 43 cm Amp (m): 84 cm Amp (m): 110 cm
East Diamond M, 0.42 0.17 0.23 -0.23 0.42 0.42 0.41
Ll S, 0.22 ~0.56 ~112 -0.02 0.22 0.22 0.22
0O, 0.14 0.03 0.02 —0.04 0.14 0.14 0.14
K, 0.28 -0.28 —0.31 0.28 0.28 0.28 0.28
TR 2.18 0.09 0.16 0.19 2.18 2.18 2.18
Cape Bedford (7) M, 0.52 -0.37 —-0.35 —0.63 0.52 0.52 0.52
S, 0.30 -3.75 -3.04 —1.51 0.30 0.30 0.30
O, 0.15 —0.55 —0.44 —0.93 0.15 0.15 0.15
K, 0.31 —0.63 —1.00 —1.50 0.31 0.31 0.31
TR 2.65 —-0.54 —-0.59 —0.61 2.64 2.64 2.64
Holmes Reef (11) M, 0.50 0.15 0.21 —0.16 0.50 0.50 0.50
S, 0.28 -0.49 —-0.80 —0.02 0.28 0.28 0.28
0, 0.15 0.08 0.08 0.01 0.15 0.15 0.15
K, 0.30 —0.24 -0.27 0.28 0.30 0.30 0.30
TR 2.56 0.03 0.05 0.06 2.56 2.56 2.56
Peart Reef (19) M, 0.57 0.17 0.28 -0.29 0.57 0.57 0.57
S, 0.32 —0.51 —0.55 1.75 0.32 0.32 0.32
0O, 0.15 0.10 0.11 —-0.10 0.15 0.15 0.15
K, 0.31 -0.37 —-0.50 -0.25 0.31 0.31 0.31
TR 2.80 —0.03 -0.14 —0.22 2.79 2.79 2.79
Jaguar Reef (36) M, 0.61 0.30 0.47 —0.85 0.61 0.61 0.61
S, 0.30 —0.66 -2.64 3.31 0.30 0.30 0.31
0O, 0.15 0.14 0.12 —0.05 0.15 0.15 0.15
K, 0.31 —-0.36 -0.42 0.10 0.31 0.31 0.31
TR 2.88 0.21 0.42 0.54 2.88 2.89 2.89
Thomas Island (47) M, 1.39 —0.55 —0.48 —4.41 1.39 1.39 1.36
S, 0.34 3.47 25 46.19 0.34 0.39 0.48
0, 0.18 0.77 0.30 -1.79 0.18 0.18 0.18
K, 0.37 —2.71 =3.77 —5.74 0.36 0.36 0.36
TR 5.29 -0.16 —-0.17 -0.24 5.29 5.29 5.28
McEwen Islet (60) M, 2.57 -1.16 -1.15 -5.26 2.55 2.55 2.50
S, 0.80 7.2 40.4 48.3 0.83 1.07 1.18
0O, 0.19 3.32 2.30 —4.77 0.19 0.19 0.19
K, 0.41 -7.87 -11.4 -22.3 0.39 0.38 0.37
TR 8.85 -0.92 —1.58 -1.96 8.81 8.78 8.77
One Tree Island M, 0.81 —1.03 -0.94 -1.97 0.81 0.81 0.81
@) S, 0.26 ~143 6.04 15.0 026 0.27 0.29
0O, 0.13 0.21 0.16 —0.30 0.15 0.15 0.15
K, 0.26 —-0.85 —-0.86 —0.64 0.26 0.26 0.26
TR 3.06 -0.70 —-0.64 —0.63 3.05 3.05 3.05
Note. TR - tidal range. %D - percent difference.
MAWSON ET AL. 13 of 18
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Figure 9. Oblique 3D view of the GBR looking north (center) with selected locations showing both M, and S, tidal ellipses. Arrows in central figure show tidal flow
during peak flood, with rapid flow over the central Capricorn Bunker and into Herbert Creek. Crosses in each plot show 0.1 m/s flow, except for site 12, Michaelmas
Cay, which show 0.025 m/s. Colors on ellipses correspond to the modeled scenario, with black lines showing the real and imaginary axes. See text for discussion on

tidal ellipses.

cover this region. The larger changes in K, are found across the reef and toward the coastline where waters are
shallow this could be related to a decrease in bottom friction as a result of SLR or resonant effect change (Kuang
et al., 2017).

The tidal range displays a spatially variant behavior across the simulated domain. Although changes appear
relatively small around +/-1% in some instances, this is equivalent to a 10% increase or decrease of maximum
SLR scenario. This is similar to observations by Pickering et al. (2017), they observed changes at coastal cities,
whereas this study witnessed a general difference in tidal range at gauges located both at coastal and reef loca-
tions. Offshore islands exhibited little difference. SLR appears to have a greater implication on coastal gauges
compared to gauges which are located away from the coast. Increases in tidal range across reefs promote increases
in shoreline energy meaning SLR could significantly increase wave energy onto coastal regions and shorelines
(Péquignet et al., 2011). SLR promotes increases in wave action and extreme weather events which lead to loss of
infrastructure and ecosystems as well as coastal recession and flooding (Green, 2010; Pickering et al., 2017).
Many of Australia's major cities are situated on the eastern coastline, which increases the likelihood of exposure
to these risks. The observed changes in tidal range may also contribute to these changes (Church & White, 2006;
Pelling & Green, 2014; Péquignet et al., 2011).

Previous studies on the impact of SLR on tidal processes around Australia have taken a regional approach,
modeling the whole continent (Harker et al., 2019). Similar to this study, Harker et al. (2019) use a 1 m SLR and
examined the tidal changes from that rise. They find the opposite results to what is shown here, in that a 1 m SLR
produces an increase in M, amplitude over the whole GBR region of up to 0.1 m. Unfortunately, that study did
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Figure 10. Comparison of bathymetric detail from ETOPO (National Centers for Environmental Information (NCEI), 2009) as used in Harker et al. (2019) (left) and
Beaman (2010) as used in this study (right). Note the wide, shallow shelf that forms the Capricorn Bunker in the ETOPO1 data, which in the high resolution data is a

network of reefs and deeper channels.

not show the S, component. For the K, tidal component, Harker et al. (2019) shows no difference, whereas here,
we show a small decrease in amplitude. We attribute this difference to the detail of the bathymetry used. Harker
et al. (2019) used the the ETOPO1 data set (National Centers for Environmental Information (NCEI) (2009)
which shows the GBR as a wide, shallow seaway due to the low resolution compared to the 100 m resolution data
(Beaman, 2010) used here (Figure 10). This shows the impact of the complex bathymetry of coral reef systems
has on the propagating tidal wave, with regions of deeper channels, missing from the the global data set, giving
rise to more complex flow patterns. This result shows the impact of using detailed bathymetric data in regions of
high bathymetric complexity.

Overall, we attribute the changes observed to alterations in the tidal signal on and around the GBR to the altera-
tions to the tidal wave as it passes over the GBR in the central and southern sections. The changes occurs due to
how the wave interacts with the complex, shallow bathymetry, which shows a large change in the tidal currents
once sea-level rise is over 1 m. Further, small-scale, interactions with bathymetry also occur in the Capricorn
Channel itself. As sea level rises, the effective drag on the tidal wave decreases, such that with 110 cm SLR,
the tidal range is small enough that there is no prolonged exposure of the reef tops and hence drag is drastically
reduced. The speed at which the tidal wave traverses the reef impacting the interaction of the diurnal constituents,
particularly S, in the central/southern region and M, in the central/northern sections. The interaction of the two
main tidal constituents produces a clear north-south divide in changes to tidal range (Figure 9). As sea-level rises,
it will therefore have an effect on the coastal flooding risk, due to changes in tidal range, as well as affecting
the flow dynamics over the reef which are an important part of the distributions of nutrients and coral spore and
larvae.
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3.3. Model Limitations

There are limitations to this study. The future SLR simulations do not account for any changes in coastal geomor-
phology and ocean basin changes that would occur as sea-level changes (Collins et al., 2018), but also we do not
change the external forcing as per Harker et al. (2019). The use of a constant drag coefficient across the GBR
will alter the estimations of tides across the GBR. A previous study found that high-resolution models coupled
with spatially varying drag largely contribute to accurate estimates of tidal constituents across this region (Seifi
et al., 2019). However, here, we found a better match to present-day gauge data with a constant drag coefficient.
This requires further investigation, which is beyond the scope of this paper, but should take into account bed
sediment type as well as reef versus non-reef environments (Rasheed et al., 2020).

The uniform sea-level applied here may have some impact on the results. There is some spatial variability in
sea-level changes around the GBR as detected by the Jason satellite mission (Climate Change Initiative Coastal Sea
Level Team, 2020) and differing rates of subsidence along the eastern Australian coast (Hammond et al., 2021).
However, this was beyond the scope of this work, but should be included in future work.

The relatively short simulations times of 30 days post-spin-up time was dictated by computational limitations.
However, to assess the impact of running a model for this length of time, the modern and 110 cm SLR scenar-
ios were run for a total of 90 days including spin-up. The results indicate the model is stable in running over a
three-month period and continues to match tide gauge data well (supplementary information). Moreover, the
comparison of the 110 cm SLR scenario continues to show differences that vary with the complex neap-spring
cycle seen on the GBR; the complexity of which is in part due to the complexity of the bathymetry (Wolanski
et al., 2003).

Finally, the tides were forced via boundary elevation changes only. The domain here was restricted to ensure that
astronomic forcing wasn't required, as shown by the model validation, however, including astronomic forcing
may improve the validation further and change the details of the results presented here, but not the overall conclu-
sions. In addition, using boundary forcing from global tidal models that have incorporated future sea-level rise
scenarios may also be included in future work to assess uncertainties in the changes in future tides in this region.

4. Conclusions

Future SLR will impact the tidal dynamics of the GBR. The GBR displays spatial variation across the system with
different processes influencing tidal changes. This paper used high-resolution data via the ocean-coastal model,
Thetis, to compare present-day sea-level against future SLR scenarios. The use of high-resolution allowed for the
examination of the effects of bathymetry on the tides as well as allowing the identification of any observations
that would not be visible at a lower resolution, as per previous studies. The semidiurnal tides (S, and M,) were
significantly affected with the diurnal tides (O, and K,) showing the least change in absolute terms. Tidal range
displayed +10% change as a proportion of SLR, but this was also spatially variant. These change also altered the
neap-spring tidal cycle, with the neap part of the tidal cycle showing a large increase in tidal range.

The changes demonstrated here are significant in places, particularly under a 110 cm SLR scenario. Management
schemes should consider both tidal elevation and extreme weather events in order to protect coastlines and infra-
structure for future SLR. Furthermore, thought should be given into the effects on coral reef ecology. Manage-
ment and mitigation must conserve the reef ecosystem; otherwise SLR could significantly reduce biodiversity on
reefs, due to both the sea level rise itself, but also the subsequent changes to the tidal dynamics.

Data Availability Statement
Allprocessedmodel output generated by this work canbe foundathttps://doi.org/10.6084/m9.figshare.15052272.v1.
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