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Abstract

Coral reef environments are biodiversity hotspots that provide many services to coastal communities. They
are currently facing an increasing anthropogenic pressure that jeopardises their survival. Numerical ocean
models are an important tool to understand the functioning of coral ecosystems and the mechanisms ensuring
their resilience. However, simulating the water circulation through reef systems is challenging because of
their naturally complex topography and bathymetry. Many ocean models used for such applications have
a spatial resolution coarser than the scale of individual reefs, which puts into question their suitability for
the task. Here, we assess the sensitivity of a coastal ocean model’s outputs to its spatial resolution when
simulating the water circulation in the entire Great Barrier Reef (Australia), the largest coral reef system
in the world. We consider the same model with five different resolutions near reefs, ranging from 250 m to
4 km, and compare the model outputs at different locations around reefs and in the open ocean. We also
simulate the transport of passive particles released from those different locations. Our results show that the
simulated tidal signal is similar for all five resolutions. However, strong discrepancies (> 10 cm/s) in the
current velocity are observed near the reefs and along the rugged coastline. When using a coarse-resolution
model, the amplitude of the currents is overestimated over reefs, and underestimated between them. We
find that validating the model at deep water mooring sites is not sufficient to ensure it performs well close
to reefs. Discrepancies in currents lead to more directional and uniform tracer dispersal patterns on coarse-
resolution meshes that contrast with the more dispersive patterns observed on fine-resolution meshes. Those
differences at the reef level have a large cumulative effect when simulating transport processes over several
weeks. Our results suggest that ocean circulation and transport simulations in coral reef environments
should be based on model resolutions finer than the reef scale, which generally means a maximum resolution
of about 250-500 m.
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1. Introduction

One billion people currently occupy land less than 10 m above high tide lines, of which 230 million
people are below 1 m (Kulp and Strauss, 2019)). These populations are directly threatened by natural
hazards resulting from storms, coastal flooding and sea level rise. While huge investments are made to
build coastal protection structures such as seawalls and breakwaters, they can only protect a tiny portion of
the shoreline. A large part of the world’s coastline therefore has to rely on natural flood defences, such as
mangroves, wetlands, coral, and oyster reefs (Arkema et al. 2013). Among those, coral reefs protect about
one sixth of the world’s coastline, with a much larger fraction in low-income countries of the tropics. Coral
reefs cover only 0.5% of the seafloor (Spalding and Grenfell, [1997)) but support more than 30% of all marine
species (Fisher et all 2015). They are however degrading rapidly in response to several anthropogenic
drivers, such as global warming, ocean acidification, overfishing, pollution, diseases and coastal development
(Hughes et all |2017). Between 2009 and 2018, there was a progressive loss amounting to 14% of the coral
from the world’s coral reefs.

Coral reefs’ resilience to external disturbances strongly depends on larval exchanges between them (Un-
derwood et al., 2009). This process, also called connectivity, can help repopulate degraded reefs by providing
larvae from non-degraded reefs that can be located more than a hundred kilometres away (Bernhardt and
Lesliel 2013; |Green et al., 2015; Hock et al.| 2017)). Most coral species sexually reproduce once a year
during a synchronized mass spawning event. Unlike genetic connectivity, demographic connectivity (i.e.,
the amount of larvae exchanged between reefs) cannot be assessed empirically and can only be estimated
with biophysical models that simulate the transport of virtual coral larvae under the influence of the ocean
currents. Connectivity is now a key element to inform reef conservation and restoration.

Simulating the ocean circulation in coral reef environments is particularly challenging as the bathymetry
and bottom roughness can change very rapidly. These changes will drive sub-mesoscale processes at the scale
at which the bathymetry and topography vary (Fringer et all [2019). The reef geometry can for instance
produce recirculation eddies, lateral flow acceleration and separation that all have a scale generally larger
than the depth and of the order of the reef scale. Such processes are highly site-specific and therefore
difficult to parametrize. The most reliable way to resolve flow in these areas is to explicitly increase the
model resolution until it is fine enough to represent individual reefs. However, running a model with such a
spatial resolution is computationally demanding, which explains why most models currently used for such
applications run at a resolution coarser than the reef scale. This is for instance the case of [Hock et al.
(2017), [Hock et al.| (2019)), Cheung et al.| (2021) or Mumby et al.| (2021) who studied connectivity to assess
reef resilience in the Great Barrier Reef (GBR) with the model eReefs that achieves a resolution of only
4 km over coral reefs.

The impact of the hydrodynamic model resolution on the simulated circulation patterns has seldom been
assessed. A few studies examined the effect of model resolution with the help of observational data, either
satellite-derived data or drifter trajectories (Putman and He| 2013} Ringler et al.l 2013 |Colberg et al.|
2020). Overall, it appears from those studies that improving the resolution reduces the model errors as
compared to observations. However, this conclusion is restricted to certain specific variables or locations
depending on the study. Other studies approached the issue of model resolution based on tracer dispersal
to highlight possible discrepancies in hydrodynamic features (Haza et al.l [2012; |[Zhong and Braccol [2013;
Bracco et al.| 2016}, [2018; [Hoch et al., 2020; Pringle et al., [2021). Most of those studies highlight an improved
representation of sub-mesoscales eddies at higher resolution, but only when the highest resolution tested was
fine enough (< 1 km). Yet, impacts on horizontal velocities were not systematically observed, with differences
sometimes only appearing on the vertical dispersion, or on the representation of the tidal dynamics. Finally,
some studies examined the effect of model resolution on the resulting simulated connectivity for biological
applications (Huret et al., |2007; Kvile et al., |2018; [Dauhajre et al., [2019). While they all underline the
influence of spatial resolution on simulated connectivity, those studies disagree on its effect: with some
models, an increased spatial resolution led to higher local retention values, whereas a weaker and more
retentive connectivity structure was observed with a coarser resolution in other cases.

Based on previous studies, no unequivocal conclusion can yet be drawn regarding the effect of model
resolution on the simulated oceanographic currents. In this work, we specifically focus on hydrodynamic
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simulations in coral reef environments and assess how the spatial resolution influences model outputs in such
topographically-challenging systems. Instead of considering a model comparison in a geographically-limited
and idealized area, we decided to run our experiments in a large-scale and realistic setting. As such, we
chose to focus on the most iconic and largest corals reef ecosystem in the world, namely the GBR. The GBR
presents an interesting topographical context made of thousands of shallow reefs on a very large continental
shelf. Modelling the water circulation with a high resolution model in such environment is hence particularly
challenging.

In this study, we use the 2D depth-integrated version of the multiscale coastal ocean model SLIME
It relies on unstructured meshes and is therefore particularly well suited to coral reef environments. The
resolution can be increased in intricate reef systems while remaining coarser in less complex regions. To
evaluate the sensitivity of the model outputs to the spatial resolution, we tested SLIM with five different
mesh resolutions. For those fives meshes, we modelled the water circulation and the transport of passive
tracers throughout the domain over a period of 3 months. Using the same mathematical model formulation
allowed us to keep the physics unchanged and to focus only on the numerical model resolution.

2. Material and methods

2.1. Study area

The GBR extends along the northeastern coast of Australia over 2000 km in length and up to 200 km
in width. It is the largest coral reefs assemblage in the world, composed of more than 3000 individual reefs.
Those reefs, all located on the continental shelf, are found in very different shapes and sizes, ranging from
0.01 km? to 100 km?. In some regions, especially in the North, the reef matrix is very dense, occupying up
to 90 % of the along-shelf length. Other regions exhibit a more scattered structure, representing no more
than 10 % of the along-shelf length (Wolanski et al., |2003). Most of the reefs lie a few meters below the
sea surface. The bathymetry of the sea bed surrounding the reefs remains relatively shallow on the whole
continental shelf, with about 50-100 m depth (Fig. .

The ocean circulation in the GBR is driven by wind, tides and the large-scale circulation from the Pacific
Ocean (Pickard et al., [1977; |Wolanski, [1983; |Wolanski and Pickard, [1985; |Brinkman et al., |2002; [Wolanski
et al., 2003; [Lambrechts et al.| |2008]). The resulting ocean currents are strongly impacted by the complex
topography of the GBR with reefs acting as barriers to the water flow. Tidal currents have a major effect
on the water circulation, and particularly dominate cross-shelf processes (Andrews and Bode, [1988). Those
tidal currents usually dictate the flow over timescales of hours, with tidal spectra dominated by diurnal
and semi-diurnal constituents (Wolanski, |1983). On the other hand, the wind-driven circulation and the
large-scale exchanges with the Coral Sea prevail over longer timescales.

The large-scale circulation in the region is governed by the South-Equatorial Current (SEC) coming from
the Southwest Pacific Ocean and flowing Westward towards the Australian coast. When entering the Coral
Sea, the SEC hits the islands of Vanuatu and New Caledonia, and splits into three distinct jets (Fig. : the
North Vanuatu Jet (NVJ), the North Caledonia Jet (NCJ), and the South Caledonia Jet (SCJ) (Brinkman
et al., 2002; Kessler and Cravatte, [2013; |(Ganachaud et all [2014; |Colberg et al., [2020). Those three jets
drive the main intrusion of water form the Coral Sea in the GBR. More specifically, the NVJ and the NCJ
play the major role as they both reach the GBR in its central part, where the reef matrix is more scarce
and therefore more permeable to external water inflow (Thomas, [2015)).

In the North, the NVJ is a shallow current limited to the upper ocean. When approaching the Australian
coast, the NVJ splits in two: the largest part turns North and form the North Queensland current (NQC)
which inducts in turn the Papua Gyre (PG) and the Gulf of Papua Current (GPC), whereas a smaller part
turns South to initiate the East Australian Current (EAC). The point of bifurcation of the NVJ is known
to vary seasonally and inter-annually (Wolanski et all [2003) and to oscillate between latitudes 14°S-20°S
(Brinkman et al.| [2002)). Further South, the deeper NCJ (extending at least to 1500 m depth), approaches

ISecond-generation Louvain-la-Neuve Ice-Ocean Model. See https://www.slim-ocean.be for more details about the model.
This model is open-source and publicly available here: http://git.immc.ucl.ac.be/slim/slim.
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Figure 1: Model’s area of interest (dashed line), bathymetry and main large-scale ocean currents (white arrows). The close-up
view highlights the complex bathymetry within the reef system. It also shows deeper narrow passages between the reefs. The
mooring stations are indicated with black stars. The red square indicates the extent of the area shown in Fig. 3]



the Coral Sea at a latitude of 18°S. It splits into two branches around the Queensland Plateau before merging
again to flow mostly Northward underneath the EAC, and eventually joining the NQC. Finally, the SCJ
reaches the shore at the extreme South of the GBR where it turns southward to merge into the EAC.

2.2. Hydrodynamics

With its succession of shallow reefs and deeper regions between them, the topography of the GBR is
particularly intricate, causing the water circulation to be in turn very complex. It is therefore important
to use an ocean model able to represent both small- and large-scale flow features. In this study, we use
the 2D barotropic unstructured-mesh ocean model SLIM (Lambrechts et al.,|2008)). SLIM has already been
applied multiple times to the GBR for connectivity, sediment transport and plastic pollution studies (e.g.,
Lambrechts et al., [2010; [Thomas et al.| [2014, [2015; |Critchell et al., [2015; [Grech et all 2016} [Schlaefer et al.|
2022} Saint-Amand et al.| 2022]).

SLIM simulates the sea surface elevation 1 and the depth-averaged current velocity w by solving the
non-linear shallow water equations:

In
(H = 1
SV (Hu) = 0, (1)
ou T
S tu-Vutfe.xu = —gV77+pr+D7 (2)

where H = h+n is the water column height, h is the bathymetry (in order to ensure that the entire domain is
under water during the whole simulation, the minimum depth is set to h = 5m), f is the Coriolis parameter,
e, is a unit vector pointing vertically upwards, g is the gravitational acceleration. The penultimate term in
Eq. [2] accounts for the effect of wind on water motion and follows the parametrization described in |[Smith
and Banke| (1975)). In this term, T represents the surface wind stress and p is the water density. The wind
velocity is computed by the model ACCESSE| and made available through eReefs datasetsﬂ Finally, D
includes the momentum dissipation terms, and is expressed as follows:

1 Cyllul|u
D=V [Hv(Vu)] - dT (3)

The first term is the momentum diffusion with a [Smagorinsky| (1963) non-linear viscosity v. The second
term accounts for the bottom friction. The bulk drag coefficient Cy was set to 2.5 x 1073 and multiplied by
20 over reefs to account for the increased roughness of the reef surface (Monismith, [2007)).

On the open boundaries, the exchanges with the Coral Sea are included in the model by forcing it with
the sea surface elevation and velocity fields from the global ocean circulation model NEMqﬂ (Madec et al.|
2019). Daily outputs are available through CMEMSH on a regular grid with a horizontal resolution of 1/12°
and 50 vertical layers. A tidal signal, constructed from TPX09.v3 (Egbert and Erofeeval [2002), was also
imposed on the open boundaries. Eqs. [1] and [2] were solved from December 1, 2020 to March 1, 2021, with
a spin-up period of 2 days. The time integration scheme is 2nd-order implicit, and the time step is set to
15 min.

2.8. Mesh generation

We built five different meshes where we varied the maximum spatial resolution. Those unstructured
meshes were generated by following the method outlined in [Legrand et al.| (2006) and were computed thanks
to the Seamsh python libraryﬁ wrapping the open-source mesh generator GMSH (Geuzaine and Remacle,
2009). The mesh resolution depends on the bathymetry (such that the resolution is proportional to gravity

2Model developed by the Bureau of Meteorology (http://www.bom.gov.au/nwp/doc/access/NWPData.shtml)
3For more details on eReefs, see https://research.csiro.au/ereefs/

4Nucleus for European Modelling of the Ocean, http://www.nemo-ocean.eu

5Copernicus Marine Service, https://marine.copernicus.eu

6See repository here: https://git.immc.ucl.ac.be/jlambrechts/seamsh
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waves speed) and on the distance to the coastlines, to the reefs and to the 200 m isobath. The target element
size is then defined as:

M(Tmax - Tmin)u (4)

hmax

(@) = rmin + ¢(d(z))

where d(x) is the minimum between the distance to the nearest reef, to the nearest coast, and to the shelf
break at position @, ryi, and ryax are respectively the minimum and maximum prescribed element size (the
latter being set to 25 km for all the meshes used in this study), and Apax is the upper threshold on depth,
set here to 500 m (0 < h(x) < hpax). This means that the mesh size is unaffected by bathymetry changes
over this limit. The bathymetry used for the mesh generation is coming from |Beaman| (2010). This dataset
has a spatial resolution of 100 m. The coastlines and the reef map are both provided by the Great Barrier
Reef Marine Park Authority (Lawrey and Stewart) |2016]).

The function ¢(d) is a blending function that ensures a smooth transition between fine and coarse
resolution regions. In this work, we used a basic linear function ensuring a smooth transition between both
regions:

0 0<d<dy
d—dy
o(d) = do <d<d (5)
di — do
1 di <d

where dj is the length of the plateau along reefs and islands where resolution is the finest. We chose to
match this value to the minimum element size (so that dy = 7min). In other words, the length of the plateau
is always equal to exactly one element. On the other side, d; denotes the length of the transition zone
(plateau included) between regions with minimal and maximal resolution. The value of that parameter was
kept to a constant value d; = 100 km for all meshes.

The finest resolution of the meshes generated for this work was doubled between each mesh. We hence
consider 5 different meshes with minimal resolutions 7y, of 250 m, 500 m, 1 km, 2 km and 4 km respectively.

2.4. Model evaluation

The quality of each model setup and the differences between them are first assessed by comparing the
simulated velocity and sea surface elevation with measurements from the IMOS| (2018) mooring stations
(Fig. [1). This network historically contained ten stations, but some are now fully decommissioned, and
some others did not operate during the period considered in this study. We therefore had to restrict our
analysis to the six stations that were operational during our simulation period. Three of those stations are
located in the Central GBR, while the three others are in the extreme South of the GBR (see black stars in
Fig.[1). For each mooring station, velocities are given at several depth levels, and were thus depth-averaged
in order to make them comparable with our 2D model outputs. For every station, we also subtracted the
three-months mean value from every sea surface elevation entry to derive the sea surface anomalies over the
simulation period.

In order to assess the impact of mesh resolution on the model accuracy in coral reef environments, we
randomly selected 300 points throughout the GBR as follows: 1/3 over the reefs, 1/3 within a 1 km buffer
zones around the reefs, and 1/3 further than 5 km away from the closest reef and coastline (Fig. [2]). None
of those points were taken in areas deeper than 200 m to focus on the shallow GBR environment and not
on the deeper ocean. At each point, we extracted the time-series of modelled sea surface elevations, current
amplitudes and current directions for the five model setups. The 500 m, 1 km, 2 km and 4 km model results
were compared to the 250 m model taken as a reference. The sea surface elevation, current direction, and
current amplitude were assessed by computing the mean absolute errors (MAE) and the bias. The differences
of sea surface elevation were computed on hourly data to take the tidal signal into account. Conversely, we
compared currents amplitude and direction on daily averaged data to focus on the residual currents.

We also conducted a tidal analysis with the python reimplementation of the Utide package (Codigal
2011)). We extracted the main tidal constituents from the velocity time series at the 300 random points
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Figure 2: Randomly selected locations where models with different mesh resolutions are compared. The yellow circles are
located over the reefs (within the orange dotted areas), red squares are located between 0 and 1 km from reefs (within the pink

hatched areas) and green triangles are located at more than 5 km away from reefs (within the light green hatched areas). No
points are located in zones deeper than 200 m. The extent of the model domain is shown with a dashed line.



described before. Each constituent is described by its amplitude, phase lag, and percent energy (PE). This
last metric represents the relative importance of each constituent based on the kinetic energy they encompass
(Codigal 2011)). We compared the different model setups by computing the mean of absolute differences in
PE constituent-wise between the reference 250 m setup and the four other setups. For the clarity of the
analysis, we only consider the five dominant (semi-)diurnal constituents, namely M2, S2, K1, N2, O1.

We finally assessed the cumulative impact of mesh resolution on the hydrodynamics by simulating the
transport of 2000 passive particles released from each of the 300 points mentioned before (Fig. . The
stability of the results has been tested by conducting the same analysis with twice as many particles (i.e., 4000
particles released at each point). We started the transport simulations on October, 1 2018, and then tracked
the particles for three months with a time step of 200 s. We considered different metrics characterizing the
particles dispersal patterns to assess the differences between the five model setups according to the particles
release locations. Those metrics are calculated for the 3 main release areas (i.e., over reefs, within 1 km of
a reef or more than 5 km away) that contain each 100 release points. They all rely on the centroids of the
cloud of particles released from location i (i = 1,...,100), given by:

Mg (t)

> xiy(t) = @i(t), 7:(1)) (6)

j=1

1

X;(t) =

where x; ; is the position of particle j released from location ¢ at time ¢ (j = 1,...,n;(t)), and n;(t) is the
number of particles released from location ¢ floating in the domain at time ¢.

The mean dispersal distance, the spread, and the offset between clouds of particles have been computed
thanks to the following three metrics:

e The mean distance DR(t) from the release location is computed by averaging the Euclidean distance
between the release location and the centroid of the cloud of particles released from that location:

100

Zl |I%:(2) — cil|
DRt) =" —— 7
0 " (7)
where c; represents the coordinates of the release location i. This metric describes how far particles
travel from their release location.

e Given the geometry of the domain, an anisotropic dispersion is expected. The dispersion of particles
is hence computed in both the major and perpendicular directions (denoted ¢ and 7, respectively)
following the approach developed in |Rypina et al.|(2012) and |Petton et al.|(2020). Those dispersions
are obtained from the components of the single-particle dispersion tensor:

n;(t)
Doilt) = g5 . [os() = (0 ©
1 j:1
1 n;(t) ,
Dyyi(t) = @ > i i () = 7i(1)] (9)
i i=1
1 n;(t)
Doyslt) = s D [y (8) = (0 by ~Til0) (10)

The dispersions in the major and perpendicular direction hence read:



100

De(t) = ﬁ _ (Dm,i(t) cosz(el-(t)) + Dy, i(t) sinQ(Gi(t)) + Dy (%) sin(QGi(t))) (11)
o
Dy (t) = 700 - (Daa,i(t) sin®(0;(t)) + Dy (t) cos?(0;(t)) — Dyy.i(t) sin(26;())) (12)

where 6 is the rotation angle between the zonal direction and the direction of the fastest spread (Rypina
et al., 2012). This angle is estimated by maximizing D¢ (t):

Dy.%i(t) - Dx:c7i(t) + \/(DUU,Z(t) - Daca:,i(t))Z + 4Dwy,i(t)

tan(0;(t)) = 2D,,i(t)

(13)

e The offset between clouds of particles transported by currents computed on different meshes is repre-
sented by the average distance DC(t) between the centroids on the 250 m mesh and the corresponding

centroids on any other mesh:
100

|[%i, 1 (t) — Xi 250 (1) ]|

100

where T, 1 (t) represents the position of the centroid of particles released from point ¢ on mesh k, and
T; 250(t) the position of the centroid of particles released from point 7 on the 250 m mesh, taken as the
reference.

DCk(t) = =t

(14)

3. Results

The number of elements included in the mesh roughly triples each time we increase the highest resolution
by a factor of two (Tab. . The number of elements composing the finest mesh (~ 3.3 x 10°) is therefore
approximately 100 times larger than for the coarsest. In all meshes, the coarsest elements have almost the
same size of about 28 km, which is slightly larger than the target maximum size of 25 km. Conversely, as
one can expect, differences between meshes appear strongly in terms of mean and minimum element size.
The average edge lengths are indeed not much greater than the intended highest resolution, and minimum
edge lengths are even below those threshold values. Topographical constraints can sometimes force the mesh
generator to use elements smaller than the target element size in order to preserve smooth changes in the
mesh resolution. When sorting all the elements composing meshes by size from the smallest to the largest,
the smallest 50% mesh elements covers nearly 30% of the entire domain in the coarsest mesh. This fraction
drops to less than 15% on the finest mesh, showing that the increased level of details is focused on targeted
regions. On the finest mesh the smallest 99% mesh elements cover only a bit more than 50% of then entire
domain surface area, while for the coarsest mesh this fraction reaches ~85%.

The hydrodynamics being strongly forced by the topography and bathymetry, it is important to represent
them as accurately as possible. This is achieved in a cost-effective manner by locally increasing the mesh
resolution along the coastline and over coral reefs. Here, the mesh that locally reaches the highest resolution
of 250 m is composed of 3.3 x 106 elements. A uniform mesh with the same resolution over all the domain
would have about five times more elements. Fig. [3|shows snapshots of all meshes with a focus on the exact
same region of the Whitsunday Islands (corresponding to the red square in Fig. [1). When moving from a
250 m to a 4 km mesh, there is a clear loss of topographical details. More importantly, when using the
coarsest 4 km mesh, all the islands of the Whitsundays are merged together and connected to the mainland,
hence totally blocking the circulation. On the other hand, we can distinguish nearly all the small islands
composing the Whitsundays when using the 250 m mesh. When comparing the currents simulated on a
4 km and on a 250 m mesh, it clearly appears that mesh resolution can strongly impact the circulation
patterns (Fig. . In addition to providing more fine-scale details of the circulation, such as flow meandering
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Table 1: Specifications of the five meshes, from the coarsest to the finest. The size section of the table depict the minimum,
mean, and maximum of the average element size, in km.

Finest resolution 4 km 2 km 1 km 0.5 km 0.25 km
Nb. of elements 3.97 x 10*  1.28 x 10° 3.97 x 10> 1.17 x 10  3.28 x 106
° Minimum 1.99 0.87 0.41 0.19 0.10
-(TN) Mean 4.60 2.43 1.29 0.69 0.38
Maximum 27.99 27.07 29.04 28.68 26.96

and recirculation eddies, local mesh refinements can also impact the larger scale circulation patterns along
coastlines. In this illustration over the Whitsundays, the use of a 4 km mesh totally prevents the circulation
between the mainland and the islands, which leads to a reversal of the flow direction in all the western part of
this area. This obviously has important consequences for transport processes in that area such as coral larvae
dispersal. Further offshore, east and north of the islands, the circulation patterns are generally comparable
in both cases, except for weak currents at tidal reversal (like on Fig. . The large scale circulation hence
does not seem to be affected by local changes in mesh resolution.

When comparing the sea surface elevation and the currents at the 3 x 100 random points, two main
trends appear. Firstly, for the three different environments, the average differences for all variables linearly
increase as the mesh becomes finer (Fig. . Moreover, the currents velocity is more impacted by the mesh
resolution over and near coral reefs. Indeed, the differences in current amplitude and direction appear to be
around three times larger for points over or near the reefs than for those further away (Fig. . For those
last points, it is worth noting that some differences are still observed between meshes, probably related
to a better reproduction of the topography and bathymetry on finer meshes. The order of magnitude of
differences regarding sea surface elevation seems to be comparable whatever the distance to reefs, even if
slightly larger for on and near reef points (Fig. . Just as with the validation data from mooring stations, we
can again observe that the effect of mesh resolution on the sea surface elevation signal, while non-negligible,
is quite limited (MAE of 6 cm between the finest and coarsest mesh compared to a tidal range of ~3 m).
Besides, the effect of mesh resolution on this variable is roughly homogeneous throughout the domain.

Compared to the MAE, the biases between the model outputs on the 250 m mesh and any other mesh
are very limited for both sea surface elevation and current direction. No trend between meshes emerges
for those two variables. On the other hand, the bias for the current amplitude displays contrasting trends
between sampling locations: the bias is negligible for currents far from the reefs, it is always positive over
the reefs, and always negative in the vicinity of reefs. The magnitude of this bias increases as the mesh
becomes coarser. This diverging trend can be explained by the discretization of coral reefs and their larger
friction on the different meshes. On coarser meshes, the resolution is often larger than the reef size and
mesh elements usually overstep the reefs. Since the bottom drag is computed on the element nodes and
then linearly interpolated between them, large mesh elements over coral reefs will generally have a bottom
drag that is lower that the drag of coral reefs and larger than the drag of a sandy seabed. As a result, the
current velocity will be over-estimated over the reefs and under-estimated in the vicinity of reefs. In other
words, with a coarse-resolution mesh, the friction associated with coral reefs is spread over an area larger
than the reef itself.

The main tidal constituents contain on average the same fraction of the total tidal energy for the three
types of environment (on reef, near reef and open-sea points, Fig. @ As already seen with the MAE
computed on the currents (Fig. , differences increase as the resolution becomes coarser. However, the
average differences between the results from the finest mesh and from the coarser meshes is not comparable
between the three types of environment. Constituent-wise, differences at random points located over or
in the direct vicinity of coral reefs appear to be roughly twice as large as in the open sea. It is also
interesting to note that, even if they represent a tiny fraction of the percent energy in the full tidal signal,
diurnal constituents (K1 and O1) display proportionally greater relative differences between meshes than
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The large-scale circulation patterns are similar, but the inset highlights strong differences regarding small-scale features caused
by reefs and islands.

semi-diurnal constituents (M2, S2 and N2).

We also estimate the cumulative effect of the mesh resolution on the simulated ocean currents by studying
the dispersal of clouds of passive particles released from the three different environments (Fig.|7). The mean
distance separating particle clouds from their release location exhibits a similar trend on all meshes whatever
the release location. In all cases, it increases in an almost linear fashion, and reaches slightly higher values
for particles released far from the reefs.

Differences between the five meshes appear more clearly when looking at the spread of the particle
clouds around their centroids as measured by the dispersions in the major and perpendicular axes. Clouds
of particles released over or close to the reefs tend to spread more in both directions, and hence cover a
larger surface area, when currents are simulated on a fine mesh. The spread of the clouds can be as much
as twice larger on the finest mesh than on the coarsest one. Conversely, clouds of particles released in the
open sea display dispersions that are much more similar for all five meshes. From the comparison between
average dispersions in the major and perpendicular directions, we highlight a significant anisotropy in the
spread of particles: whatever the mesh and the release environment, the dispersion in the major direction
is twice to five times higher than the dispersion in the perpendicular direction. The average angle of major
dispersion is nearly constant during the whole simulation and is oriented parallel to the coast whatever the
mesh and release location.

Comparing the positions of particle cloud centroids between the 250 m mesh and the other coarser
meshes reveals that the average distance between the cloud centroids can reach about 50 km for the coarsest
mesh. The distance almost reaches ~20 km for a 500 m mesh resolution, hence highlighting the important
cumulative effect of the hydrodynamic model resolution on the transport processes. Results for particles
released on and near reefs display very similar distances, while clouds of particles released far from the
reefs show slightly smaller differences. The differences between particle cloud spread curves tend to stabilize
after about a month. This suggests that most of the differences are induced by the first days of simulation
when particles are the closest to the reefs, i.e., where velocity fields simulated on the five meshes are most
different. Particles tend to stay a longer close to their release point on finer meshes due to reduced water
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velocity and small-scale recirculation eddies. On coarser meshes, they are be more rapidly flushed away by
the faster currents over the reefs. This suggests that achieving high mesh resolution is particularly critical
to accurately simulate the local retention of coral or fish larvae at their natal reef.

Finally, the comparison of simulation outputs against field data does not provide insights about model
setups’ relative quality. Indeed, by computing the MAE between the simulated and observed sea surface
elevation, current amplitude and direction at the mooring stations (Fig. , it appears that differences
between the five mesh setups is much smaller than the difference with the observations. It is noteworthy
that none of those stations are located close to the reefs, with distances to the nearest reef varying between
3 km for PPS to 42 km for CCH. The resolution of the five meshes at the mooring stations are hence quite
similar, and we therefore cannot expect large differences in simulated currents. In any case, comparing
simulated currents with measured ones should be done cautiously: mooring station velocities are given
at several depth levels, and were averaged to compare with the barotropic model outputs. As the model
bathymetry at the mooring station was linearly interpolated on a rather coarse resolution mesh, there might
be non-negligible differences with the real bathymetry, which might explain discrepancies in the current
velocity. A detailed validation of the fine-resolution model with observations is included in

4. Discussion and conclusions

Hydrodynamic model simulations are sensitive to the model spatial resolution. This sensitivity is however
not spatially uniform and sometimes remains unnoticed. The model resolution has the largest effect where
the domain topography or bathymetry are particularly irregular. In coral reef environments, this is typically
the case along the coastline, over the reefs and on the shelf break. The sensitivity to the model resolution
is much weaker in the open ocean. When validating model outputs with respect to observations, it is
important to consider where these observations were collected. If they are collected in the open ocean where
the circulation patterns are quite smooth, they will probably yield similar validation results for all model
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resolutions. This can give the misleading impression that a coarse resolution model is appropriate in the
entire region, while it is actually only appropriate far away from the coastline and from the reefs. Finally,
the impact of the hydrodynamic model resolution is particularly critical when studying transport processes.
In that case, discrepancies in the simulated velocity fields have a cumulative effect that can yield large
differences over the duration of the transport simulation and hence lead to wrong conclusions.

The first impact of the model spatial resolution is the accuracy with which it will represent the geometry
of the area of interest. The coastline topography and seafloor bathymetry are often very irregular and
show variations over a broad range of scales. Their small-scales variations will impact the ocean circulation
by producing shear, generating recirculation eddies and unevenly dissipating energy. When using a coarse
resolution model, the geometry is artificially smoothed and some important geometrical features can be
strongly modified. This is for instance the case for separate coral reefs that could be merged together or
islands that could vanish or be merged with the mainland (Fig. [3)). Here we have shown how a 4 km
resolution, which is standard for coastal applications, completely smooths the bathymetry within the GBR
dense reef system. It is no longer possible to distinguish individual reefs with such a resolution as their scale
is often smaller than the model resolution.

Smoothing the domain geometry in coarse resolution models directly impacts the simulated hydrody-
namics. It will be most apparent in topographically complex environments such as near coral reefs and
along a rugged coastline. The velocity field is generally more affected than the sea surface elevation. While
velocity differences for a fine (250 m) and coarse (4 km) resolution models appear throughout the GBR,
they are most apparent near the reefs where they are two to three times larger. This is due to the model
representation of the reef’s increased rugosity. When the model resolution is coarser than the reef scale, this
increased rugosity is spread over an area larger than the reef. Hence, it tends to be too small over the reef
and too large in the vicinity of the reef. This leads to an overestimation of the current speed over reefs and
an underestimation around them. In other words, the flow tends to be much more uniform within a reef
system in a coarse resolution model. When the resolution is fine enough, the flow is then clearly deflected by
the reefs. Currents are more intense in the narrow channels between reefs and weaker over the reef canopy.
As already discussed by [Haza et al.| (2012), |Zhong and Bracco (2013)), and Bracco et al| (2016), a better
representation of the topography hence translates into the development of sub-mesoscale features like tidal
jets and small-scale eddies, particularly in the wake of reefs.

For many applications, coastal models provide a velocity field that is in turn used to simulate the trans-
port of tracers such as sediments, pollutants, plastics or biological material. In that case, the hydrodynamic
model resolution plays an even larger role as the accuracy of the velocity field will have a cumulative effect
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on the accuracy of the transport model (Huret et al.l|2007; |Putman and He, 2013; |Dauhajre et al.l [2019). In
the open ocean, a coarse resolution model will probably provide a satisfactory velocity field for large-scale
transport studies (Hoch et al., [2020). However, when the tracer is released near the coast (e.g., sediments
from dredging activities) or over the reefs (e.g., coral larvae), the hydrodynamic model resolution will impact
the initial tracer dispersal pathways and hence the large-scale plume dynamics. Within a reef system, a
fine resolution model will be able to explicitly represent the interactions of the tracer plume with the dif-
ferent reefs. The plume will tend to disperse more (as the flow is more heterogeneous with a fine resolution
model) and hence spread over a larger area. Conversely, the more intense eddy dynamics achieved with a
fine resolution model will also tend to temporally retain some tracer particles near their release location,
and therefore better represent the so-called "sticky waters" effect (Wolanski and Spagnol, |2000; |Andutta
et al.l [2012)), as well as the local retention of larvae at their natal reef. This results in a plume that also
spreads more "in time", i.e., some tracer particles will take longer to leave the reef matrix than others. All
this leads to more dispersive transport patterns when using fine resolution models as opposed to a more
advective dynamics when the resolution is coarser. The apparent increase in diffusivity is obviously due
to the explicit representation of small-scale processes. Those processes have to be parametrized in coarser
resolution models with subgrid-scale models such as the one of Okubo (Okubol [1971)). They will however
never be able to fully reproduce the effect of geometrical intricacies on the tracer dynamics. As we have
shown, the dispersion within the coral reef system is highly anisotropic. This is probably not specific to the
GBR. With coarse models, sub-scale dispersion processes can not be explicitly captured and must therefore
be parametrized. We hence underline the importance of assessing the presence and direction of anisotropic
transport: if necessary, an anisotropic diffusion tensor should be implemented accordingly.

One important message of our study is that validation is necessary to ensure that the model is behaving
correctly, but it is not sufficient to ensure that the model is accurate in all the area of interest. Oceanographic
data are often collected in rather deep areas, away from the coast or from reefs. This obviously makes
good sense to assess the large-scale circulation patterns. However, to assess smaller-scale topography-
driven circulation patterns, one needs to measure flow variables near the coastline or close to reefs. Those
environments can present a challenge to deploy and maintain the moorings, and will present more specific
flow conditions. In our study, all five model resolutions produced very similar validation results (Fig. .
Likewise, the performance of (Colberg et al.| (2020))’s models in terms of current speed, based on the same
mooring data, were also similar at resolutions of 500 m and 4 km. This could suggest that a coarse resolution
model is sufficient to simulate the hydrodynamics in the GBR. This is however misleading as it only suggests
that a coarse resolution model is as effective as a finer one in areas similar to those where the moorings are
deployed (i.e., deep open waters). A coarse resolution model that has only been validated in open waters
will remain, by design, unsuitable to simulate transport processes in reef environments.

While our study sheds new light on the sensitivity of hydrodynamic models to spatial resolution in
complex environments, there are two limitations that will have to be addressed in future works. First, the
lack of flow observations in topographically-challenging areas prevents us from validating our models in areas
where resolution should matter the most. We have shown that differences between models are the largest
near the reefs, but it does not imply that the finest resolution model will be the closest to observations
near reefs. However, used at a (very-)high resolution, SLIM has already been shown to accurately simulate
small-scale currents in the wake of islands (Delandmeter et al. [2017). Parametrizing the bottom drag of
coral reefs remains very challenging (Monismith| 2007; [Hoeke et all 2013; |[Lentz et al.| [2018) as it depends
on the reef depth and 3D geometry. In the absence of direct field measurements, we can thus only speculate
that a 250 m resolution model is better than one with a 4 km resolution. Our study however suggests that
the difference between them is significant.

Another aspect that we did not investigate is the sensitivity to the model physics. Here we only considered
a 2D barotropic physics and hence neglected 3D baroclinic effects. While the GBR is generally quite shallow
and well-mixed (especially near the coast and near coral reefs), baroclinic processes can still play a role
in deeper areas and near river mouths. Overall, we expect the impact of the 3D baroclinic physics to be
more limited than the impact of the model resolution since the flow in the GBR is mostly driven by wind
and tides (Black et al.l (1991} [Luick et al., 2007). Testing the model sensitivity to the underlying physics
would however allow us to find out whether, for a given computational cost, it would be better to run a
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fine-resolution 2D barotropic model or a coarser-resolution 3D baroclinic model.

There is probably no definite answer to the question "how fine is fine enough?". A model resolution
should intrinsically depend on the scale of processes of interest. If one is interested in the hydrodynamics of
coral reef environments, the model resolution should depend on the scale of the reefs and passages between
them. Those are generally of the order of a km or less. We therefore suggest that studies interested
in transport processes in coral reef environment (e.g., connectivity studies or sediment pollution impact
assessment) should use models with a resolution finer than the reef scale, hence reaching a resolution of at
least 250-500 m over the reefs. That range of scales also typically corresponds to the scales at which reef
management actions, such as reef restoration and monitoring, or culling of crown-of-thorn starfishes, can
be implemented. This is however not the case as coarse resolution models continue to be used to produce
reef management recommendations at scales finer than their spatial resolutions. It is therefore important to
keep in mind that all models are based on physical and numerical assumptions, and that they can only be
used within the scope of validity of those assumptions.
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Appendix A. Hydrodynamic model validation

SLIM outputs are compared to field measurements from the six IMOS mooring stations for which data
was available for the simulated period. The location of those moorings stations are highlighted on Fig.
The observed sea surface elevation signal is correctly represented at all 6 mooring stations, particularly at
stations HIS and OTE in the southern GBR, and at PPS in the central part of the GBR (Fig. and
IA.2). Those stations display a mean absolute error (MAE) of less than 9 cm on all meshes for the hourly
sea surface elevation. Generally speaking, distributions of simulated daily current direction and amplitude
seem to also match the measurements (Fig. and , with MAE of less than 5 cm/s for the current
velocities and around 20° for the current direction. Two notable exceptions appear however: on the one
hand, at MYR mooring, SLIM underestimates the current velocity whatever the mesh resolution. Likewise,
the comparisons between observed and simulated current direction at PPS display MAEs of 50°. This is
probably due to the location of those mooring stations close to the shelf break, thus in areas difficult to
capture with a 2D model.

When comparing field measurements with our five simulations, the validations appear to be very similar
on all meshes. As those mooring stations are all located at least a few km from any reef, discrepancies
between mesh resolutions are not expected.
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Figure A.1: Comparison sea surface anomalies as observed at the mooring stations and as simulated by SLIM on the 250 m
resolution mesh. Left: Subsets of the observed and simulated sea surface anomalies [m] time series between December 15, 2020
and January 1, 2021. Right: Density plots of hourly observed and simulated sea surface anomalies [m]| for the entire simulated
period.
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Figure A.2: Comparison sea surface anomalies as observed at the mooring stations and as simulated by SLIM on the 4000 m
resolution mesh. Left: Subsets of the observed and simulated sea surface anomalies [m] time series between December 15, 2020
and January 1, 2021. Right: Density plots of hourly observed and simulated sea surface anomalies [m]| for the entire simulated
period.
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Figure A.3: Comparison of the current direction and velocity as observed at the mooring stations and as simulated by SLIM on
the 250 m resolution mesh. Left: histograms of the daily current direction. Center: distribution of the daily current amplitude
[m/s]. Right: density plots of the daily observed and simulated current amplitude [m/s].
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Figure A.4: Comparison of the current direction and velocity as observed at the mooring stations and as simulated by SLIM on
the 4000 m resolution mesh. Left: histograms of the daily current direction. Center: distribution of the daily current amplitude
[m/s]. Right: density plots of the daily observed and simulated current amplitude [m/s].
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