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Abstract

Coral reefs protect coastlines from inundation and flooding, servicing over 200 million people globally. Wave transformation

has previously been studied on coral reef flats with limited focus on forereef zones where wave transformation is greatest

during high-energy conditions. This study investigates the role of forereef spur and groove (SaG) morphology on wave energy

dissipation and overtopping on coral reefs. Using XBeach on LiDAR-derived bathymetry, we reproduced dissipation rates

comparable to SaG field studies. Our results emphasize accurate bathymetries’ role in forereef wave energy dissipation models

by including morphological features (e.g., groove sinuosity, irregular forereef slopes) that control the mode of wave energy

dissipation (frictional and breaking). We then investigated changes to wave energy dissipation and wave overtopping based

on IPCC AR5 low and high emission scenarios (RCP2.6 and RCP8.5) and a total disaster scenario (TD) for the year 2100

considering changes to SaG morphology, wave power and relative sea-level rise. For RCP2.6, an increase in wave heights of 0.8 m

and an increase in water level of 0.3 m resulted in a two-fold increase in dissipation rates. For RCP8.5 and TD, with no increase

in incident wave height, dissipation rates were 29% and 395% lower than RCP2.6. This resulted in increased overtopping at the

reef crest by 1.8 m and 2.7 m for RCP8.5 and TD scenarios, respectively, when compared to RCP2.6. Decreased dissipation

rates and increased wave overtopping in forecasted climate conditions suggest the need for strategies to promote coral growth

to facilitate high dissipation rates in the future.
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Key Points: 12 

• Accurate bathymetries (<1 m) in forereef wave energy dissipation models highlight 13 

previously overlooked features of the forereef, including spurs and grooves (SaG). 14 

• SaG influence forereef wave energy dissipation and this influence can be related to the 15 

SaG morphology. 16 

• Future climate change projections modify dissipation rates by shifting the dominant 17 

mode of dissipation (from bed friction to wave breaking) leading to an increase wave 18 

overtopping on forereefs. 19 

 20 

Abstract 21 

Coral reefs protect coastlines from inundation and flooding, servicing over 200 million people 22 

globally. Wave transformation has previously been studied on coral reef flats with limited focus on 23 

forereef zones where wave transformation is greatest during high-energy conditions. This study 24 

investigates the role of forereef spur and groove (SaG) morphology on wave energy dissipation and 25 

overtopping on coral reefs. Using XBeach on LiDAR-derived bathymetry, we reproduced dissipation 26 

rates comparable to SaG field studies under present-day conditions. Our results highlight the 27 

benefits of accurate bathymetries in forereef wave energy dissipation models, as they incorporate 28 

critical morphological features (e.g., groove sinuosity, irregular forereef slopes) that exert control 29 

over mode of wave energy dissipation (frictional and breaking). We then investigated changes to 30 

wave energy dissipation and wave overtopping based on IPCC AR5 low and high emission scenarios 31 

mailto:lachlan.perris@sydney.edu.au
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(RCP2.6 and RCP8.5) and a total disaster scenario (TD) for the year 2100 considering changes to SaG 32 

morphology, wave power and relative sea-level rise. For RCP2.6, an increase in wave heights of 0.8 33 

m and an increase in water level of 0.3 m resulted in a two-fold increase in dissipation rates. For 34 

RCP8.5 and TD, with no increase in incident wave height, dissipation rates were 29% and 395% lower 35 

than RCP2.6. This resulted in increased overtopping at the reef crest by 1.8 m and 2.7 m for RCP8.5 36 

and TD scenarios, respectively, when compared to RCP2.6. Decreased dissipation rates and 37 

increased wave overtopping in forecasted climate conditions suggest the need for strategies to 38 

promote coral growth to facilitate high dissipation rates in the future. The results from our novel 39 

modelling approach have implications for the future habitability of exposed reef-lined coasts due to 40 

increased exposure to coastal flooding and island inundation. 41 

Plain language summary 42 

Coral reefs are essential for protecting coastlines from floods and waves, benefiting over 200 million 43 

people worldwide. We studied how waves change as they approach coral reefs, focusing on the 44 

forereef zone where wave transformation is most significant during high-energy conditions. The 45 

shape of the forereef, specifically the spur and groove (SaG) morphology, plays a crucial role in how 46 

much wave energy is dissipated and how much water spills over the reef. 47 

Using a digital representation of waves over accurate reef shapes (known at bathymetry), we 48 

simulated wave dissipation rates comparable to real-world SaG studies. Our findings emphasize the 49 

importance of accurate representations of forereef shapes in models to predict wave energy 50 

dissipation, as they consider critical features such as SaG which affect how waves transform and lose 51 

energy. 52 

Next, we investigated how wave energy dissipation and overtopping might change under different 53 

future climate scenarios. We considered low and high emission scenarios (RCP2.6 and RCP8.5) from 54 

the IPCC AR5 report and a total disaster scenario (TD) for the year 2100, factoring in changes to 55 

forereef elevation, wave power, and sea-level rise. 56 
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Under the low emission scenario (RCP2.6), with a slight increase in wave heights and water levels, 57 

we observed a doubling of wave energy dissipation rates. However, under the high emission 58 

scenario (RCP8.5) and the total disaster scenario (TD), dissipation rates decreased significantly 59 

compared to RCP2.6, resulting in more water moving over the reef crest during storms. This suggests 60 

that future climate conditions may lead to increased flooding and inundation on reef-lined coasts, 61 

putting communities at risk.  62 

In summary, our study highlights the benefits of using accurate reef shapes in simulating wave 63 

energy dissipation on coral reefs. Accurate bathymetries can incorporate features such as spurs and 64 

grooves of different shapes, which modify wave dissipation. Wave energy dissipation changes when 65 

climate change projections are incorporated into the simulations leading to an increase in energy 66 

passing over the forereef.  67 

1. Introduction 68 

Coral reefs provide many ecosystem services including coastal hazard protection from ocean waves, 69 

with over 200 million people worldwide depending on the stability of this service (Ferrario et al., 70 

2014). Coral reefs are topographically complex structures which contribute to the frictional 71 

dissipation of waves, however this has been studied in greater details on the reef crest and reef flat 72 

(Ferrario et al., 2014; Monismith et al., 2015; Péquignet et al., 2014; Yao et al., 2020) than on the 73 

high-energy environments of the forereef slope (Acevedo-Ramirez et al., 2021; Duce et al., 2014, 74 

2016, 2022; Monismith et al., 2013; Sheppard, 1981). Yet, wave breaking on the forereef slope is the 75 

dominant form of wave energy dissipation under high-energy conditions (Osorio-Cano et al. 2018) 76 

suggesting that it is a critical region for coastal protection (Quataert et al. 2015a). High dissipation 77 

rates on the forereef are controlled by forereef morphology such as spurs and grooves (SaG) 78 

(Monismith et al., 2013; Osorio-Cano et al. 2018). 79 
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SaG are shore-normal elongate ridges (spur) and troughs (groove) on the forereef slopes of many 80 

coral reefs (Duce et al., 2016). Their size, spacing and orientation are typically aligned with incident 81 

waves and consequently the morphometric classification of SaG (Duce et al., 2016) reflects the 82 

influence of waves in their formation (Table 1). High energy forereefs feature more defined SaG than 83 

low-energy ones (Duce et al., 2016; Rogers et al., 2013). Recent research shows high-relief (up to 10 84 

m) spurs in the Mexican Caribbean have a large influence over wave transformation, with dissipation 85 

in the SaG zone contributing a 35% in wave energy flux. Wave energy flux on the forereef occurs 86 

mostly in the sea-swell frequency band (> 0.04 Hz). While infragravity waves (0.004-0.04 Hz) are 87 

important to wave transformation over reef flats and in lagoons (Cheriton et al. 2016), field 88 

measurements of waves over SaG have shown negligible energy in the infragravity bands (Duce et al. 89 

2022). A recent investigation into SaG morphology demonstrates that SaG are not optimised to 90 

maximise wave energy dissipation, with their morphology dissipating energy while allowing energy 91 

propagation (and water, nutrients, and oxygen) to facilitate coral growth in the lagoon (Johannsen et 92 

al., in review). Further field investigations are required but have been limited by the difficulty of 93 

accessing highly exposed and turbulent forereef slopes (Sheppard 1981; Sous et al. 2022).  94 

SaG morphologies have been overlooked in both physical (e.g., Buckley et al., 2016) and numerical  95 

models (e.g. Baldock et al., 2020; Monismith et al., 2013; Osorio-Cano et al., 2018) of forereef wave 96 

attenuation. For instance, numerical models that include SaG morphologies typically use idealised 97 

bathymetries (e.g. da Silva et al., 2020; Rogers et al., 2013) with simplified morphologies that 98 

overlook the irregularity and diversity of SaG. Consequently, the impact of SaG morphologies (Table 99 

1) on wave attenuation is poorly understood (Duce et al., 2022; Monismith et al., 2013; da Silva et 100 

al., 2020). 101 

Table 1: Morphological categorisation of SaG (Duce et al., 2016).  102 
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Deep and Disconnected (DaD) Grooves are disconnected from the reef crest and appear 

in deeper water (>5.5m) with limited hydrodynamic 

energy 

Exposed to wave energy (EWE) This morphology is heavily governed by the wave climate. 

Grooves are oriented perpendicular to incoming wave 

crests. 

Log and protected (LaP) Grooves are longer (>50m) and wider than more exposed 

grooves 

Short and protected (SaP) These grooves are narrower and shorter than Class 3.  

 103 

Studies have shown that forereef morphologies including SaG will be impacted by climate change 104 

(Castillo et al., 2012; De’Ath et al., 2012; Hughes et al., 2018) likely resulting in reduced coastal 105 

protection (Baldock et al., 2014; Ferrario et al., 2014; Quataert et al., 2015; Sheppard et al., 2005) 106 

and increased wave overtopping (Amores et al. 2022; Beetham and Kench 2018). Most notably, a 107 

loss of structural complexity (roughness) in forereefs will reduce bed friction impacting wave 108 

attenuation (Baldock et al., 2014; Harris et al., 2018; Monismith et al., 2015; Rogers et al., 2016). 109 

These impacts are exacerbated by relative sea-level rise, changes in regional wave power (Meucci et 110 

al., 2020; Reguero et al., 2019) and modification and intensification of storm climates (Knutson et al., 111 

2015) which all modify wave transformation processes on forereefs.  112 

The overall aim of this paper is to provide understanding of present day and forecasted wave 113 

attenuation by SaG on coral reefs. Both of which are critical for coral reef management plans and 114 

climate change adaptation strategies. To achieve this, we first identify the benefits of high-resolution 115 

LiDAR-derived bathymetries in numerical wave models. Then we employ these models to determine 116 

how SaG of different morphological class affect the dissipation of wave energy. Finally, we 117 

investigate the effects of climate change on wave energy dissipation over SaG.  118 
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2. Methods 119 

2.1 Study Site  120 

One Tree Reef (OTR) (23°30’S, 152°06’E) is located 84 km offshore of the NE Australian mainland in 121 

the Capricorn Bunker Group, in the southern Great Barrier Reef (GBR) (Figure 1a). OTR is a lagoonal 122 

platform reef with semi-diurnal tides with a mean spring tidal range of 3 m. The entire forereef of 123 

OTR features SaG (Duce et al., 2016). The mean significant offshore wave height, Hs,mean of 1.7 m 124 

(Smith et al., 2022) is typically generated from persistent SE trade winds that dominate the Coral Sea 125 

for over 70% of the year (Jell and Webb, 2012). Consequently, the south-eastern forereef is the most 126 

exposed to ocean swells (Figure 1b). We considered two study sites featuring SaGs of varying 127 

morphological class (Table 1) on the eastern and southern side of OTR (henceforth labelled OE and 128 

OS respectively) (Figure 1b, Table 1).  129 

 130 

Figure 1: a) One Tree Reef (OTR) in the Southern Great Barrier Reef, and b) Study site locations for 131 

OTR East (OE) and OTR South (OS) and relative wave exposure (Pepper and Puotinen 2009). 132 

2.2 SaG morphometric analysis 133 

We determined morphometric parameters for SAG in the two study sites including length, depth, 134 

width, and others (Table 2) from analysis of LiDAR derived bathymetry and used them to classify the 135 

SAG following the categorical framework of Duce et al. (2016) (Table 1).  136 

OE 

OS 

a) b) 

b) 
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Eq. 1 

Table 2: Morphometric parameters of SaG adapted from Duce et al. (2016). 137 

Morphometric 

parameter 

Method 

Length (𝐿) Path distance along the groove (m) 

Depth (𝐷) The vertical distance between the lowest point in the groove and the highest 

point on the neighbouring spur is calculated at four depths below sea level (-2, -

4, -6, and -8 meters). 

Width (𝑊) Groove width is measured as the horizontal distance between its walls at half 

the depth, along isobaths of -2, -4, -6 and -8 m.  

Orientation (θ) Azimuth of straight line between maximum onshore and offshore extents of 

groove 

Sinuosity (𝑆) Ratio of straight-line distance (𝐷) to path length (𝐿) such that: 𝑆 = 𝐷/𝐿 

Wavelength (𝛾𝑠𝑎𝑔) The horizontal distance between the highest points of adjacent ridges, parallel 

to isobaths, measured at depths of -2, -4, -6, and -8 meters below mean sea 

level. 

 138 

2.3. Wave transformation modelling (XBeach) 139 

We used XBeach (Roelvink et al., 2015) in Surf Beat mode to understand hydrodynamics and wave 140 

attenuation over SaG because it has been extensively validated on complex coral reef bathymetries 141 

(Harris et al., 2018; Lashley et al., 2018; Quataert et al., 2015, 2020; da Silva et al., 2020).  142 

2.3.1 Bathymetric Grids 143 

We merged data from a 0.5 m resolution Airborne LiDAR survey (Harris et al., 2023) to a depth of 14 144 

m, and a 30 m resolution bathymetry survey (Beaman, 2017) to a maximum depth of 20 m (Figure 145 

2). This maximum depth was selected to capture all depth-limited wave breaking within the model 146 

and was based on historical wave heights for OTR considering, 147 
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𝐻𝑚𝑎𝑥 =  𝛾 ∙ (ℎ +  𝛿𝐻𝑟𝑚𝑠) 148 

where, 𝛾 is the breaker index, 𝛿𝐻𝑟𝑚𝑠 is some fraction 𝛿 of the root mean square of the wave height. 149 

The breaker index was held constant across the reef at 𝛾 = 0.55, reflecting the conservative 150 

estimation (𝛾 = 0.55) of (Duce et al., 2022) and within the ranges determined by Harris et al. (2018).  151 

 152 

Figure 2: a) The bathymetric grids used in wave models from two study sites on the eastern (OE) and 153 

southern (OS) exposed forereefs of on One Tree Island. Grooves are shown in purple with the 154 

directional mean of SaG shown in red. 155 

The outer boundaries of the bathymetric grids were oriented to align mean groove headings with 156 

incident waves (Figure 2b and c), following field observations (Duce et al., 2014; Munk and Sargent, 157 

Site OS Site OE 
b) c) 
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1948; Shinn, 1963) and other wave transformation models constructed over SaG (Rogers et al., 2013; 158 

da Silva et al., 2020) (Figure 2b). Offshore boundaries were set beyond the maximum breaker depth 159 

for modelled wave heights (20 m: Eq. 1) and the onshore boundaries at present-day 0 m MSL 160 

contour (Figure 2b, c). Consequently, grids for each site are of different length and width (Figure 2b). 161 

2.3.2 Climate change projections 162 

We considered four climate change scenarios projected for the year 2100 including critical climate 163 

impacts to wave energy dissipation on coral reefs: sea-level change, reef health and wave energy 164 

conditions. The climate change scenarios are based on IPCC AR5 and include (1) the present-day 165 

scenario considering no change to current environmental factors, (2) the low (RCP 2.6) and (3) high 166 

(RCP8.5) emission scenarios from the AR5 IPCC report (Shukla et al., 2019), and (4) a total disaster 167 

(TD) scenario included to represent a high carbon future.  168 

2.3.2.1 Changes to Sea Level 169 

We used IPCC AR5 sea-level rise (SLR) rate of 3 mm/yr (Shukla et al., 2019). Under the low and high 170 

emission scenarios (RCP2.6 and RCP8.5) SLR is expected to reach up to 10-20 mm/yr. Subsequently, 171 

we have included SLR of 0.43 m (RCP2.6) and 0.84 m (RCP8.5) for the year 2100 (Shukla et al., 2019). 172 

Human stressors (e.g., infrastructure development and human-induced habitat degradation) are also 173 

likely to contribute to increases in local SLR (Shukla et al., 2019). An additional 1 m of eustatic SLR 174 

was included for our total disaster (TD) scenario to reflect significant changes to climate conditions 175 

and non-climatic anthropogenic stressors (Shukla et al., 2019) (Table 3). The total sea-level increase 176 

in each of the models (Table 3) was determined by the sum of eustatic and local sea-level changes, 177 

and the vertical accretion and erosion of the reefs.  178 

2.3.2.2 Reef Morphological Changes 179 

Reef morphological changes have been simplified into three key characteristics, reef vertical 180 

accretion, erosion, and structural complexity. A forecasted vertical accretion rate of 2 mm/yr was 181 

used based on field measurements from coral reef cores from across the GBR (Dechnik et al., 2015; 182 

Sanborn et al., 2020), Western Australia (Perry et al., 2018), Tahiti (Buddemeier and Smith, 1988), 183 
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the Maldives (Kench et al., 2022), Indo-Pacific averages compiled by Montaggioni (2005) and the 184 

Solomon Islands (Saunders et al., 2016). Alternatively, erosion of forereefs can occur due to the 185 

physical removal of coral and framework by storms and high wave energy (Madin and Connolly, 186 

2006). This is most evident on degraded coral reefs where erosion has been observed at 6 mm/yr 187 

(Eakin, 1996; Sheppard et al., 2005). We used a conservative estimate of 2.6 mm/yr (0.2 m by 2100) 188 

of reef erosion for RCP 8.5 and a maximum of 6.4 mm/yr (0.5 m by 2100) of erosion under a TD 189 

scenario, modelled as a uniform decrease in elevation over the simulated domain. The resulting sea 190 

level was determined by combining projected rates of SLR with erosion and accretion values for each 191 

scenario (Table 3).  192 

To simulate a loss in forereef structural complexity, we altered the dimensionless wave friction 193 

factor (𝑓𝑤) to replicate changes to coral structural complexity. In our study, 𝑓𝑤 were linearly 194 

interpolated between 𝑓𝑤 = 0.9 (healthy reef) to 𝑓𝑤 = 0.1 (degraded or smoothed reef). For the total 195 

disaster (TD) scenario, which represents a degraded reef and a shift to a carbonate sand substrate 196 

we used 𝑓𝑤 = 0.01 (Smyth and Hay, 2002) (Table 3). 197 

2.3.3 Wave Input Parameters 198 

Mean offshore wave conditions were determined by satellite altimeter observations over 30 years 199 

(1985–2015) using RADWave (Smith et al., 2020) (Table 3). A small region (0.6° x 0.4°) representing 200 

dense altimeter data tracks was identified on the eastern, exposed side of OTR (Figure S1). We 201 

determined site-specific model input wave heights (𝐻𝑚𝑜𝑑𝑒𝑙) by combining offshore wave conditions 202 

with a relative wave exposure model, GREMO (GIS-based generic model for estimating relative wave 203 

exposure; see Figure 1b) following Pepper and Puotinen (2009),  204 

𝐻𝑚𝑜𝑑𝑒𝑙 = 𝐾𝑟  𝐻𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒  (1) 205 

where,  𝐻𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 is the offshore wave height obtained from RADWave (Figure 1b and Figure S1) and 206 

𝐾𝑟 is the relative exposure coefficient, normalised between 1 (most exposed) and 0 (least exposed). 207 
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Finally, altimeter wave heights were compared to measured waves at the northern forereef at OTR 208 

(Duce et al., 2022).  209 

2.3.4 Changes to wave climate 210 

We increased offshore model wave heights (Hoffshore) for future climate change scenarios (Table 3) 211 

with wave periods (Tmodel) determined for a fully developed sea-state from the Joint North Sea Wave 212 

Project (JONSWAP) spectrum (Young, 1992). Storm waves were calculated from the maximum wave 213 

height observed in RADWave altimeter data. The final model wave heights were dependent on 214 

forereef location and relative exposure to wave energy determined by Eq. 1. 215 

Table 3: Model input parameters are presented for three study sites, two wave conditions and four 216 

forecasted climate outcomes for the year 2100. A total of 16 unique models were run.  217 
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(m
) 

To
tal ch
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ge 
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 M

SL (m
) 

OS 

Present 
day 

Mean 

1.34 

0.985 

1.3 5.74 0.9 0 0 0 0 

RCP 2.6 2.14 

2.1 7.26 

0.54 0.43 0.16 0 0.3 

RCP 8.5 2.14 0.1 0.84 0.1 0.2 0.99 

TD 2.14 0.01 1.84 0 0.5 2.34 

Present 
day 

Stor
m 

4.8 4.7 10.87 0.9 0 0 0 0 

RCP 2.6 

5.6 5.5 11.74 

0.54 0.43 0.16 0 0.3 

RCP 8.5 0.1 0.84 0.1 0.2 0.99 

TD 0.01 1.84 0 0.5 2.34 

OE 

Present 
day 

Mean 

1.34 

0.904
2 

1.2 5.5 0.9 0 0 0 0 

RCP 2.6 2.14 

1.9 6.96 

0.54 0.43 0.16 0 0.3 

RCP 8.5 2.14 0.1 0.85 0.1 0.2 0.99 

TD 2.14 0.01 1.84 0 0.5 2.34 

Present 
day 

Stor
m 

4.8 4.3 10.42 0.9 0 0 0 0 

RCP 2.6 5.6 

5.1 11.25 

0.54 0.43 0.16 0 0.3 

RCP 8.5 5.6 0.1 0.84 0.1 0.2 0.99 

TD 5.6 0.01 1.84 0 0.5 2.34 

 218 
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2.3.5 XBeach model outputs 219 

Each model was run for a total of 300 seconds, and we analysed the outputs of Xbeach for water 220 

surface elevation (zs), total dissipation rate (𝐷), and dissipation rate due to bed friction (𝐷𝑓) to 221 

obtain wave energy dissipation rates and wave overtopping. Total dissipation was used to compare 222 

Xbeach results with field measurements and to determine dissipation by breaking (𝐷𝑏) such that 223 

𝐷𝑏 = 𝐷 − 𝐷𝑓 . As models are two-dimensional (x, y spatial domains) and evolve through time (t), we 224 

calculated mean and peak dissipation rates across t and x domains for the entire bathymetric grid. 225 

Mean dissipation rates were also taken between two points where hydrodynamic data sampled by 226 

Duce et al. (2022). Wave overtopping was calculated as the difference between the initial water level 227 

at the reef crest and the maximum water level at the reef crest during each model run. 228 

3. Results 229 

3.1 SaG morphometric analysis 230 

SaG morphometrics were quantified for 123 grooves across the two study sites (Table 3). Grooves at 231 

the southern site (OS) were on average 3 times longer, 1.4 times deeper and 1.3 times wider than 232 

those at the eastern site (OE) (Table 3). Using the morphometric classification of Duce et al. (2016), 233 

the exposed to wave energy (EWE) grooves were the most common across three of the four sites 234 

(100 of 123 SaG) (Table 3). Deep and disconnected (DaD) grooves were present on the lower 235 

forereef platform of site OE.  236 

Table 4: Morphometric parameters and classes of SaG at two study sites.  237 

 

Mean SaG Morphometric Parameters 
Quantity of SaG 

Classes by Site 

Site 
Length 

(m) 
Sinuosity  

Orientation 

(Deg) 

Depth 

(m) 

Width 

(m) 
DaD EWE LaP SaP 
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OS 

(south) 
187.12 0.99 116.73 1.95 4.02 0 40 0 0 

OE 

(east) 
63.18 0.99 71.5 1.38 3.12 23 60 0 0 

 238 

3.2 Wave transformation over LiDAR derived bathymetry 239 

The peak dissipation rates under present day conditions, taken as the maximum dissipation across 240 

all axes (x, y, t), were 463.9 and 946.3 W/m2 at sites OE and OS respectively (Figure 4). Wave energy 241 

dissipation due to bed friction was dominant in present day scenarios over dissipation due to wave 242 

breaking (Figure 4b and d). Between the two locations of field measurements conducted by Duce et 243 

al., (2022) (Figure 2c) the mean dissipation rate was 10.6 W/m2, the maximum dissipation rate of 244 

463.9 W/m2 occurred during this zone. Wave energy dissipation by bed friction contributed 78% of 245 

energy at the site OE before waves reached the reef crest, 67% at site OS in the upper forereef 246 

slope. The maximum wave energy dissipation due to wave breaking constituted 22%, and 32% of 247 

total dissipation at site OE and OS respectively (Figure 4b, d).  248 

 249 
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Figure 4: Wave energy (green) and maximum wave energy dissipation at site OS (a) and site OE (c). 250 

Maximum dissipation and maximum dissipation by bed friction (blue) for site OS (b) and site OE (d). 251 

Note different scale bars are used for each site.  252 

3.3 Wave transformation under future climate change projections 253 

Wave transformation was found to vary greatly among models depending on climate change 254 

scenario, SaG morphometrics, and wave exposure. The largest influence on wave energy dissipation 255 

across the two sites was the reduction of the bed friction factor (𝑓𝑤), increased water depth, and 256 

increased wave height. Total wave energy dissipation and dissipation due to bed friction changed at 257 

both sites for all future climate scenarios (Table 3).  258 

Mean and peak dissipation rates were computed for each site across all three climate scenarios 259 

(Table 3, Figure 5). When comparing dissipation rates from present day to RCP2.6 for the year 2100, 260 

mean dissipation increased by 187% at site OS (4.4 to 12.5 W/m2) and maximum dissipation 261 

increased by 59.7% (946.3 to 1511.4 W/m2) (Figure 5a and b). At site OE, mean dissipation rate 262 

increased by 208.6% (2.5 to 7.8 W/m2) and maximum dissipation increased by 217.7% (463.9 to 263 

1473.4 W/m2) (Figure 5d and e). 264 

When comparing RCP2.6 to RCP8.5 we found a decrease in mean dissipation across site OS of 18.1% 265 

(12.5 to 10.6 W/m2) and an increased in the max dissipation rate of 23.2% (1511.4 to 1966.9 W/m2). 266 

Site OE retained at high mean dissipation rate from RCP2.6 to RCP8.5, increasing a further 11.7% 267 

(7.78 to 8.81 W/m2) and an increase of 19.3% to peak dissipation rate (1473.42 to 1824.70 W/m2).  268 

When comparing to RCP8.5, the TD scenario, mean dissipation rates decreased by 66.2% (10.61 to 269 

3.58 W/m2) at site OS and a decrease in peak dissipation of 31.8% (1966.89 to 1340.93 W/m2) 270 

(Figure 4b and c). At site OE, mean dissipation decreased by 86.2% (8.81 to 1.21 W/m2) and peak 271 

dissipation rate decreased by 75.4% (1824.7 to 448.24 W/m2) (Figure 5e and f).  272 
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 273 

Figure 5: Maximum wave energy dissipation (blue) and dissipation due to bed friction (red) for across the x and time domains, for Site OS under a) RCP 2.6, b) 274 

RCP 8.5 and c) TD climate change outcomes. for site OE under d) RCP 2.6, e) RCP 8.5 and f) TD climate change outcomes. Mean wave energy dissipations are 275 

provided numerically for each plot. Note Y axis are unique for each study site to highlight relative differences in dissipation under variable climate change 276 

outcomes. 277 
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Under present-day conditions, bed friction is dominant, contributing 98% and 99% of total wave 278 

energy dissipation (Figures 5 and 6). Comparing RCP 2.6 to RCP 8.5, the OS site decreased frictional 279 

dissipation by 57% and at site OE this was 42% (Figure 5 and Figure 6). In this case, dissipation by 280 

wave breaking increased by an average of 659% for both sites. This results in a shift in the dominant 281 

form of wave energy dissipation (Figure 6). Comparing RCP2.6 to the TD scenario, mean frictional 282 

dissipation (Df) decreases by 82.5% at site OS and 95.8% at site OE while wave breaking remains 283 

marginally greater by 0.1% (OS) and 1.5% (OE) in the TD scenario. Despite this, mean total wave 284 

energy dissipation (the sum of frictional and wave breaking dissipation rates) decreases by 71.4% 285 

(OS) and 84.4% (OE).286 

 287 

a) 

b) 



Lachlan Perris   2023 

17 
 

Figure 6: Mean total dissipation (D mean) for OS (a) and OE (b) study sites and mean dissipation by 288 

bed friction (Df mean) and wave breaking (Db mean) for each climate change scenario (see Table 3). 289 

We calculated wave overtopping for both sites under present day conditions and three climate 290 

change scenarios considering both mean and storm wave conditions (Table 2). For mean wave 291 

conditions, wave overtopping in the present-day model was near zero (0 and 0.1 m at site OS and 292 

OE, respectively). Wave overtopping increase for all forecast climate change scenarios (Figure 6). We 293 

calculated overtopping of 0.4 m at site OS and 0.1 m at site OE for RCP 2.6 with larger increases to 294 

0.4 m (OS) and 0.7 m (OE) for RCP8.5. The high emissions scenario (TD) had the highest overtopping 295 

of 2.1 m (OS) and 2.0 m (OE).  296 

Storm wave conditions increased overtopping compared to mean wave heights in all cases (Figure 7; 297 

Table 2). Under present-day conditions, wave overtopping was greater than for mean wave 298 

conditions at 1.25 and 0.5 m for site OS and site OE respectively. Under forecast climate change 299 

scenarios, storm waves did not significantly impact overtopping under RCP2.6 compared to present 300 

day conditions despite an increase in wave height of 3.5 m. Overtopping under RCP8.5 was 2.1 m at 301 

site OS and 1.4 m at site OE which increased significantly to 3.5 m and 3.9 m in pessimistic TD 302 

models at each site respectively.  303 
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304 

Figure 7: Wave overtopping at both sites under mean (OS_m and OE_m) and storm (OS_storm and 305 

OE_storm).  306 

4. Discussion 307 

4.1 Benefits of high-resolution LiDAR-derived bathymetries in numerical wave models 308 

Our models of wave transformation over LiDAR-derived bathymetries focus on the influence of SaG 309 

morphology on wave energy dissipation and overtopping. Under mean wave conditions we 310 

calculated average dissipation rates across the entire forereef profile of 3.61 W/m2 at site OS and 311 

2.52 W/m2 at site OE for offshore wave heights of 1.3 m and 1.2 m respectively. This calculation is 312 

made across the entire reef profile representing 862 m and 770 m respectively (Figure 2b, c). Field 313 

measurements of wave energy dissipation conducted at OTR were taken at the same site as OE 314 

presented in this study (Figure 2c) (Duce et al. 2022). We determined a mean dissipation rate of 10.6 315 

W/m2 across 60 m between the two instruments, almost entirely due to bed friction (Figure 4 d). 316 
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Duce et al. (2022) recorded mean dissipation rates of 20 W/m2 with wave heights of Hs = 0.78 m and 317 

Tp = 5 seconds. Differences in the recoded and modelled data at this site may be attributed to the 318 

incident wave direction (N-NE during the deployment period) which was not completely aligned with 319 

SaG as modelled here. These results compare with data obtained on a fringing reef in Ipan (Guam) 320 

which also featured SaG on the forereef (Péquignet et al., 2011). Between two sensors placed 55 m 321 

apart inside a 5 m deep groove, the dissipation rate was 25 W/m2 for offshore wave heights of 1-2 m 322 

(Péquignet et al., 2011). Monismith et al. (2015) identified comparable dissipation rates of 25 W/m2 323 

on a forereef in Palmyra (Kiribati) between instruments 50 m apart for incident wave heights of 1 m. 324 

Monismith et al. (2013) determined rates of 22 W/m2 across a forereef at Mo'orea (French 325 

Polynesia) with instruments located 50 m apart and wave heights of 0.3 to 0.5 m. Dissipation rates 326 

for each of these studies are assumed to be due to bed friction with constant dissipation between 327 

the instruments. Our results indicate that the dissipation rate across the forereef is heterogenous 328 

and controlled by the bed morphology (e.g. Figure 5 a). The use of real bathymetries in modelling 329 

efforts can elucidate the heterogeneity of dissipation rates on forereefs.  330 

Using a real bathymetry, our study demonstrates the influence of groove sinuosity on wave energy 331 

dissipation by breaking. Our results show that shore-normal waves interact with spur walls that do 332 

not perfectly align with incoming swells. Indeed in our study, the mean groove heading was used to 333 

align the bathymetric grids to the oncoming waves (Figure 2b), consistent with field observations 334 

(Duce et al., 2020; Munk and Sargent, 1948). Despite this, variation in headings between grooves 335 

and the sinuosity of individual grooves produces steep irregularities in the forereef slope that have a 336 

large impact on the oncoming waves, playing a significant role on both dissipation by wave breaking 337 

and bed friction. The straight and shore normal SaG identified in this analysis (mean sinuosity of 338 

S=0.99, where 1 is a perfectly straight groove) (Table 4) are representative of groove sinuosity across 339 

the southern Great Barrier Reef. For example, observations of 12,102 grooves in the GBR and South 340 

Pacific show a mean groove sinuosity of S = 0.98 (Duce, 2017). Despite remarkable regional 341 

consistency in groove morphology, we observed that even small deviations from perfect shore-342 
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normal grooves are significant to wave transformation on the forereef. A more sensitive measure for 343 

groove sinuosity may allow for a better understanding of forereef hydrodynamics. Further 344 

investigation into SaG sinuosity effects should consider the natural sinuosity of SaG derived from 345 

high resolution digital elevation models to account for these effects. 346 

4.2 Effects of SaG from different morphological classes on wave energy dissipation 347 

The most wave exposed site (southern site, OS) has the highest average dissipation rates of 71.5% 348 

over 300 m SaG zone due to bed friction (Figure 4a). The long (mean length of 187.12 m) and deep 349 

(mean depth of 1.95 m) exposed to wave energy (EWE) grooves at this exposed site may explain how 350 

this high average dissipation rate occurred (Table 1). The length of EWE SaG creates surfaces of high 351 

frictional drag that extend the zone of frictional dissipation and contribute to high average 352 

dissipation rates (Figures 4a and 5). Shore normal currents occurring in the long and deep grooves 353 

have also been observed and facilitate high rates of dissipation (Rogers et al., 2013). We 354 

demonstrate under present-day conditions that bed frictional dissipation is dominant in dissipating 355 

wave energy before breaking occurs at the reef crest (Figure 4a and c). Bed frictional dissipation 356 

represents 98.0% and 98.9% of total dissipation at site OS and OE respectively (Figure 4a and c). This 357 

is consistent with field research conducted at OTR (Duce et al., 2022) and in other high-energy 358 

settings (Lowe et al., 2005; Monismith et al., 2015; Rogers et al., 2017). For example, under mean 359 

wave conditions at Palmyra (Kiribati), a high bed friction coefficient (fw =1.8) facilitated greater wave 360 

energy dissipation due to bed friction than from wave breaking (Monismith et al., 2015), which is 361 

consistent with field observations in Kaneohe Bay, Oahu, Hawaii (Lowe et al., 2005). Our results 362 

suggest that the modes of wave energy dissipation (frictional or breaking) are not only influenced by 363 

the wave conditions but also by the heterogenous morphology of the forereef slopes.  364 

SaG morphology and consequently the morphological classes of Duce et al., (2016) can provide 365 

further explanations to the mode of wave energy dissipation (Table 1). Where grooves are shorter, 366 

they play a critical role in creating steep bathymetric gradients that induce wave breaking (Figures 4 367 

and 8). This differs from previous SaG research (Acevedo-Ramirez et al., 2021) that showed wave 368 
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breaking being induced by the reef crest. Semi-exposed SaGs (represented here by site OE) are 369 

typically shorter (mean length of 71.5 m) and shallower (mean depth of 1.38 m) than the most 370 

exposed sites (site OS) and can include both exposed to wave energy (EWE) and deep and 371 

disconnected (DaD) classes (Table 1). The seaward extent of the EWE grooves at semi-exposed 372 

forereef sites (OE; Figure 4d) feature a steep bathymetric incline that produces the maximum wave 373 

energy dissipation by wave breaking rate observed across all present-day models (1824.7 W/m2, 374 

Figure 5). As such, long spurs can facilitate frictional dissipation and short grooves can induce wave 375 

breaking by introducing steep bathymetric inclines within the breaker zone of incident waves. 376 

 377 

Figure 8: A comparison between exposed and semi-exposed bathymetric profiles (site OS and site OE) 378 

demonstrate the influence of the length of the SaG zone.  379 

The peak in wave energy dissipation at the shoreward of exposed to wave energy (EWE) grooves 380 

highlights the complex interaction between forereef morphological evolution and wave energy 381 

(Figure 4e). The seaward extent of EWE grooves is at a depth of 3.5 m, coincident with the mean 382 

model wave height breaker depth for waves of 1.3 – 4.3 m (Figure 4, Table 2). As wave breaking 383 

Site OS 

Site OE 
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imposes forces on the structure of the reef (Massel & Gourlay, 2000; Storlazzi et al., 2005) the 384 

results presented here suggest that incident waves could be capable of modifying the EWE grooves 385 

in this zone, which is consistent with C14 and U-Th ages of SaG formations on the eastern forereef of 386 

OTR (Duce et al., 2020), suggesting an erosive origin for this grooves. Imposed climate change effects 387 

further elucidate the influence of grooves. Deep and disconnected (DaD) grooves at site OE exist 388 

below the typical wave base and have minimal interaction with present day wave energy. Supporting 389 

the previous findings that DaD grooves may be relict features, formed at an early stage during the 390 

Holocene transgression (Duce et al., 2016). 391 

4.3 The impact of climate change on wave energy dissipation over SaG 392 

Forecasted environmental changes decrease mean wave energy dissipation (Figure 5) which is 393 

consistent with other approaches (e.g., Quataert et al., 2015; Sheppard et al., 2005). In the 394 

simulations presented here, dissipation remains high between RCP 2.6 and RCP 8.5 as reduced 395 

dissipation by bed friction is balanced by an increase in dissipation by wave breaking (Figures 5 and 396 

6). The difference between dissipation by bed friction and dissipation by wave breaking is the 397 

greatest at both sites for RCP 8.5, where water depth is still sufficient for wave breaking, yet the 398 

degradation of the reef reduces frictional effects (see Figure 9). A reliance on wave breaking 399 

dissipation is consistent with observations from high energy reefs of low structural complexity 400 

(Harris et al., 2018). Finally, dissipation is lowest where SLR is greatest (TD scenario) due to wave 401 

passing over the reef without breaking (Figure 9). Although the role of SLR is thought to be 402 

secondary in contributing to these changes (Harris et al., 2018), our models suggest that the 403 

combined impact of SLR and loss of structural complexity will lead to lowest dissipation rates 404 

(Figures 5 and 9) and highest wave overtopping (Figures 6 and 9) under future climate change 405 

scenarios.  406 

Sea-level rise (SLR) shifts the region of high energy dissipation toward the reef-crest (Figure 5b, c and 407 

e, f). Bathymetric features that are submerged into the surf zone by rising relative sea level are likely 408 
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to influence wave breaking and frictional dissipation (Figure 5). This is evident in the shoreward 409 

shifting dissipation zones (Figure 5) and as previous literature states (Massel and Gourlay, 2000) is a 410 

threat to corals in this zone as wave breaking results in greater hydrodynamic forces on corals. 411 

Corals previously protected from wave energy are likely to be species of lower mechanical strength 412 

(Storlazzi et al., 2005). Under worse case scenarios (RCP 8.5) by the year 2100 it is likely that corals 413 

of the same species may be weaker due to lower carbonate saturation in the water column (Eakin, 414 

1996) or high frequency bleaching events (Hughes et al., 2017). Coral breakage is likely to occur here 415 

and the corals that support a steep bathymetric incline with a high frictional coefficient responsible 416 

for this peak in wave energy dissipation may have lower structural resilience by 2100 (Eakin, 1996).  417 

High-energy SaG formations have been attributed to wave induced erosion, albeit at vastly different 418 

timescales to sedimentary swash-zone features such as rip channels (Duce et al., 2020). It is possible 419 

that climate change-driven increase in erosive forces promote further SaG development on 420 

forereefs, which contributes to the dissipation of wave energy.  421 

 422 
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 Figure 9: A conceptual diagram of changes to wave transformation on forereefs under increasing 423 

climate change impacts. Climate driven inputs including loss of reef structural complexity and relative 424 

sea-level rise are shown (blue). Dissipation rates (red) due to bed friction decreases, in response, 425 

dissipation due to wave breaking increases until water depth exceeds breaker depths. Wave 426 

overtopping (green) increases exponentially due to the combined effects of relative sea-level rise and 427 

loss of reef structural complexity.  428 

4.3.2 Potential for wave overtopping with climate change 429 

Wave overtopping exponentially increases with climate change due to the coupled effects of 430 

decreased bed friction and loss of dissipation due to breaking (Figure 7). Compared to mean wave 431 

conditions, the impact of storm waves results in increasingly greater overtopping when climate 432 

projections are increased. (Figure 7). This effect is persistent despite the increased wave energy 433 

dissipation at the semi-exposed forereef (site OE) under RCP 8.5 (Figure 4e). The primary control on 434 

wave overtopping is sea-level rise, which incorporates eustatic and local sources. Future work should 435 

include tidal effects, which would contribute an additional 1.5 m of water level at mean spring high 436 

tide at OTR (Harris et al., 2015). The magnitude of wave overtopping observed in the TD scenario at 437 

the exposed site (OS) of ~4 m is sufficient to entirely flood all backreef environments at OTR, 438 

including the low-lying coral island. This magnitude of wave overtopping would have significant 439 

impacts on coral reef islands and reef-lined shores(Fellowes et al. 2022; Storlazzi et al. 2015; 440 

Talavera et al. 2021). For example, 3.7 m of wave run up combined with sea surface elevation above 441 

a reef flat in Roi-Namur, Marshall Islands, was observed in flooding of inland area of the Island 442 

(Cheriton et al., 2016). Research elsewhere demonstrated that  wave overtopping on reef islands in 443 

the year 2100 will be highly variable across due to variable reef vertical accretion and erosion rates 444 

(Beetham and Kench, 2018; Kench et al., 2022), but also due to the vertical accretion of coral reef 445 

islands (Kench et al., 2019, 2022; Masselink et al., 2020) which is controlled by sediment availability.  446 
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The combined influence of coral reef degradation and sea-level rise amplifies the occurrence of 447 

wave overtopping, thereby exposing communities located in the downwind direction of coral reefs 448 

to heightened risks of flooding (Harris et al., 2018; Quataert et al., 2015; Storlazzi et al., 2018). 449 

Notably, a maximum overtopping of approximately 4 m was measured here when the significant 450 

wave height reached 5.1 m. An examination of altimeter data reveals that within the 33-year data 451 

span, wave heights have not surpassed this threshold (95th percentile wave height = 3.1 m) (Figure 452 

S1, supplementary material). Consequently, further investigation is required to determine the 453 

frequency of significant overtopping events at OTR.  454 

5. Conclusion 455 

This study combined numerical modelling and LiDAR-derived bathymetry to demonstrate the 456 

importance of forereef spur and groove (SaGs) morphologies in modifying wave energy. Results 457 

indicate that high resolution digital elevation models (< 1 m) can provide morphometric data to 458 

examine wave transformation on forereefs comparable to field studies. We show that groove 459 

sinuosity plays a role in wave transformation and should be considered in future research on wave 460 

dissipation on forereefs. This highlights the need for accurate bathymetries in future studies of 461 

forereef wave energy dissipation, as idealized bathymetries used in previous studies, using 462 

numerical or physical modelling, cannot provide results comparable to field studies. 463 

We demonstrate that SaG morphological classes exhibit distinct dissipation characteristics, with 464 

some showcasing higher frictional dissipation and others exhibiting greater breaking dissipation. 465 

Notably, spur length emerges as a critical factor in enhancing dissipation by bed friction. Among the 466 

SaG morphological classes, exposed to wave energy (EWE) grooves have demonstrated the most 467 

substantial dissipation rates, while deep and disconnected (DaD) grooves contribute less to the 468 

dissipation process, particularly evident under future climate change scenarios. 469 



Lachlan Perris   2023 

26 
 

Projected climate change conditions may lead to a decrease in wave energy dissipation on forereefs. 470 

Indeed, the climate change scenarios analysed demonstrated that changes in the mode of wave 471 

energy dissipation will likely occur. The most notable result was a decrease in dissipation by bed 472 

friction from 100% of dissipation under present day conditions to 48% under RCP 8.5. This is 473 

matched by a 52% increase in dissipation by wave breaking. Overall, we found a loss in wave energy 474 

dissipation under future climate change scenarios leading to increased wave overtopping, with the 475 

maximum overtopping occurring where dissipation was lowest. Forereef morphological adjustment 476 

to increased dissipation by wave breaking may expose corals to erosion, a process which has been 477 

linked to the formation of SaG. The results highlight the critical role of forereef morphology in wave 478 

energy dissipation and the need for measures to promote coral growth to facilitate future 479 

dissipation. The findings have implications for the modelling wave transformation over forereefs to 480 

provide insight into the future habitability of exposed reef-lined coasts. 481 
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Data Availability 491 

 492 

XBeach version 1.22 (revision 4567) is used in this analysis and can be accessed through a Docker 493 

image available at https://hub.docker.com/r/tristansalles/docker2xbeach. Python codes used to 494 

interpret LiDAR derived bathymetry in XBeach can be found at https://github.com/Lachie-495 

Perris/XBeach_coral. Satellite altimeter derived wave heights for the southern GBR are provided in 496 

csv format with python notebooks at https://github.com/Lachie-Perris/RADWAVE_OTI.  497 
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Key Points: 12 

• Accurate bathymetries (<1 m) in forereef wave energy dissipation models highlight 13 

previously overlooked features of the forereef, including spurs and grooves (SaG). 14 

• SaG influence forereef wave energy dissipation and this influence can be related to the 15 

SaG morphology. 16 

• Future climate change projections modify dissipation rates by shifting the dominant 17 

mode of dissipation (from bed friction to wave breaking) leading to an increase wave 18 

overtopping on forereefs. 19 

 20 

Abstract 21 

Coral reefs protect coastlines from inundation and flooding, servicing over 200 million people 22 

globally. Wave transformation has previously been studied on coral reef flats with limited focus on 23 

forereef zones where wave transformation is greatest during high-energy conditions. This study 24 

investigates the role of forereef spur and groove (SaG) morphology on wave energy dissipation and 25 

overtopping on coral reefs. Using XBeach on LiDAR-derived bathymetry, we reproduced dissipation 26 

rates comparable to SaG field studies under present-day conditions. Our results highlight the 27 

benefits of accurate bathymetries in forereef wave energy dissipation models, as they incorporate 28 

critical morphological features (e.g., groove sinuosity, irregular forereef slopes) that exert control 29 

over mode of wave energy dissipation (frictional and breaking). We then investigated changes to 30 

wave energy dissipation and wave overtopping based on IPCC AR5 low and high emission scenarios 31 
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(RCP2.6 and RCP8.5) and a total disaster scenario (TD) for the year 2100 considering changes to SaG 32 

morphology, wave power and relative sea-level rise. For RCP2.6, an increase in wave heights of 0.8 33 

m and an increase in water level of 0.3 m resulted in a two-fold increase in dissipation rates. For 34 

RCP8.5 and TD, with no increase in incident wave height, dissipation rates were 29% and 395% lower 35 

than RCP2.6. This resulted in increased overtopping at the reef crest by 1.8 m and 2.7 m for RCP8.5 36 

and TD scenarios, respectively, when compared to RCP2.6. Decreased dissipation rates and 37 

increased wave overtopping in forecasted climate conditions suggest the need for strategies to 38 

promote coral growth to facilitate high dissipation rates in the future. The results from our novel 39 

modelling approach have implications for the future habitability of exposed reef-lined coasts due to 40 

increased exposure to coastal flooding and island inundation. 41 

Plain language summary 42 

Coral reefs are essential for protecting coastlines from floods and waves, benefiting over 200 million 43 

people worldwide. We studied how waves change as they approach coral reefs, focusing on the 44 

forereef zone where wave transformation is most significant during high-energy conditions. The 45 

shape of the forereef, specifically the spur and groove (SaG) morphology, plays a crucial role in how 46 

much wave energy is dissipated and how much water spills over the reef. 47 

Using a digital representation of waves over accurate reef shapes (known at bathymetry), we 48 

simulated wave dissipation rates comparable to real-world SaG studies. Our findings emphasize the 49 

importance of accurate representations of forereef shapes in models to predict wave energy 50 

dissipation, as they consider critical features such as SaG which affect how waves transform and lose 51 

energy. 52 

Next, we investigated how wave energy dissipation and overtopping might change under different 53 

future climate scenarios. We considered low and high emission scenarios (RCP2.6 and RCP8.5) from 54 

the IPCC AR5 report and a total disaster scenario (TD) for the year 2100, factoring in changes to 55 

forereef elevation, wave power, and sea-level rise. 56 
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Under the low emission scenario (RCP2.6), with a slight increase in wave heights and water levels, 57 

we observed a doubling of wave energy dissipation rates. However, under the high emission 58 

scenario (RCP8.5) and the total disaster scenario (TD), dissipation rates decreased significantly 59 

compared to RCP2.6, resulting in more water moving over the reef crest during storms. This suggests 60 

that future climate conditions may lead to increased flooding and inundation on reef-lined coasts, 61 

putting communities at risk.  62 

In summary, our study highlights the benefits of using accurate reef shapes in simulating wave 63 

energy dissipation on coral reefs. Accurate bathymetries can incorporate features such as spurs and 64 

grooves of different shapes, which modify wave dissipation. Wave energy dissipation changes when 65 

climate change projections are incorporated into the simulations leading to an increase in energy 66 

passing over the forereef.  67 

1. Introduction 68 

Coral reefs provide many ecosystem services including coastal hazard protection from ocean waves, 69 

with over 200 million people worldwide depending on the stability of this service (Ferrario et al., 70 

2014). Coral reefs are topographically complex structures which contribute to the frictional 71 

dissipation of waves, however this has been studied in greater details on the reef crest and reef flat 72 

(Ferrario et al., 2014; Monismith et al., 2015; Péquignet et al., 2014; Yao et al., 2020) than on the 73 

high-energy environments of the forereef slope (Acevedo-Ramirez et al., 2021; Duce et al., 2014, 74 

2016, 2022; Monismith et al., 2013; Sheppard, 1981). Yet, wave breaking on the forereef slope is the 75 

dominant form of wave energy dissipation under high-energy conditions (Osorio-Cano et al. 2018) 76 

suggesting that it is a critical region for coastal protection (Quataert et al. 2015a). High dissipation 77 

rates on the forereef are controlled by forereef morphology such as spurs and grooves (SaG) 78 

(Monismith et al., 2013; Osorio-Cano et al. 2018). 79 
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SaG are shore-normal elongate ridges (spur) and troughs (groove) on the forereef slopes of many 80 

coral reefs (Duce et al., 2016). Their size, spacing and orientation are typically aligned with incident 81 

waves and consequently the morphometric classification of SaG (Duce et al., 2016) reflects the 82 

influence of waves in their formation (Table 1). High energy forereefs feature more defined SaG than 83 

low-energy ones (Duce et al., 2016; Rogers et al., 2013). Recent research shows high-relief (up to 10 84 

m) spurs in the Mexican Caribbean have a large influence over wave transformation, with dissipation 85 

in the SaG zone contributing a 35% in wave energy flux. Wave energy flux on the forereef occurs 86 

mostly in the sea-swell frequency band (> 0.04 Hz). While infragravity waves (0.004-0.04 Hz) are 87 

important to wave transformation over reef flats and in lagoons (Cheriton et al. 2016), field 88 

measurements of waves over SaG have shown negligible energy in the infragravity bands (Duce et al. 89 

2022). A recent investigation into SaG morphology demonstrates that SaG are not optimised to 90 

maximise wave energy dissipation, with their morphology dissipating energy while allowing energy 91 

propagation (and water, nutrients, and oxygen) to facilitate coral growth in the lagoon (Johannsen et 92 

al., in review). Further field investigations are required but have been limited by the difficulty of 93 

accessing highly exposed and turbulent forereef slopes (Sheppard 1981; Sous et al. 2022).  94 

SaG morphologies have been overlooked in both physical (e.g., Buckley et al., 2016) and numerical  95 

models (e.g. Baldock et al., 2020; Monismith et al., 2013; Osorio-Cano et al., 2018) of forereef wave 96 

attenuation. For instance, numerical models that include SaG morphologies typically use idealised 97 

bathymetries (e.g. da Silva et al., 2020; Rogers et al., 2013) with simplified morphologies that 98 

overlook the irregularity and diversity of SaG. Consequently, the impact of SaG morphologies (Table 99 

1) on wave attenuation is poorly understood (Duce et al., 2022; Monismith et al., 2013; da Silva et 100 

al., 2020). 101 

Table 1: Morphological categorisation of SaG (Duce et al., 2016).  102 
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Deep and Disconnected (DaD) Grooves are disconnected from the reef crest and appear 

in deeper water (>5.5m) with limited hydrodynamic 

energy 

Exposed to wave energy (EWE) This morphology is heavily governed by the wave climate. 

Grooves are oriented perpendicular to incoming wave 

crests. 

Log and protected (LaP) Grooves are longer (>50m) and wider than more exposed 

grooves 

Short and protected (SaP) These grooves are narrower and shorter than Class 3.  

 103 

Studies have shown that forereef morphologies including SaG will be impacted by climate change 104 

(Castillo et al., 2012; De’Ath et al., 2012; Hughes et al., 2018) likely resulting in reduced coastal 105 

protection (Baldock et al., 2014; Ferrario et al., 2014; Quataert et al., 2015; Sheppard et al., 2005) 106 

and increased wave overtopping (Amores et al. 2022; Beetham and Kench 2018). Most notably, a 107 

loss of structural complexity (roughness) in forereefs will reduce bed friction impacting wave 108 

attenuation (Baldock et al., 2014; Harris et al., 2018; Monismith et al., 2015; Rogers et al., 2016). 109 

These impacts are exacerbated by relative sea-level rise, changes in regional wave power (Meucci et 110 

al., 2020; Reguero et al., 2019) and modification and intensification of storm climates (Knutson et al., 111 

2015) which all modify wave transformation processes on forereefs.  112 

The overall aim of this paper is to provide understanding of present day and forecasted wave 113 

attenuation by SaG on coral reefs. Both of which are critical for coral reef management plans and 114 

climate change adaptation strategies. To achieve this, we first identify the benefits of high-resolution 115 

LiDAR-derived bathymetries in numerical wave models. Then we employ these models to determine 116 

how SaG of different morphological class affect the dissipation of wave energy. Finally, we 117 

investigate the effects of climate change on wave energy dissipation over SaG.  118 
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2. Methods 119 

2.1 Study Site  120 

One Tree Reef (OTR) (23°30’S, 152°06’E) is located 84 km offshore of the NE Australian mainland in 121 

the Capricorn Bunker Group, in the southern Great Barrier Reef (GBR) (Figure 1a). OTR is a lagoonal 122 

platform reef with semi-diurnal tides with a mean spring tidal range of 3 m. The entire forereef of 123 

OTR features SaG (Duce et al., 2016). The mean significant offshore wave height, Hs,mean of 1.7 m 124 

(Smith et al., 2022) is typically generated from persistent SE trade winds that dominate the Coral Sea 125 

for over 70% of the year (Jell and Webb, 2012). Consequently, the south-eastern forereef is the most 126 

exposed to ocean swells (Figure 1b). We considered two study sites featuring SaGs of varying 127 

morphological class (Table 1) on the eastern and southern side of OTR (henceforth labelled OE and 128 

OS respectively) (Figure 1b, Table 1).  129 

 130 

Figure 1: a) One Tree Reef (OTR) in the Southern Great Barrier Reef, and b) Study site locations for 131 

OTR East (OE) and OTR South (OS) and relative wave exposure (Pepper and Puotinen 2009). 132 

2.2 SaG morphometric analysis 133 

We determined morphometric parameters for SAG in the two study sites including length, depth, 134 

width, and others (Table 2) from analysis of LiDAR derived bathymetry and used them to classify the 135 

SAG following the categorical framework of Duce et al. (2016) (Table 1).  136 

OE 

OS 

a) b) 

b) 



Lachlan Perris   2023 

7 
 

Eq. 1 

Table 2: Morphometric parameters of SaG adapted from Duce et al. (2016). 137 

Morphometric 

parameter 

Method 

Length (𝐿) Path distance along the groove (m) 

Depth (𝐷) The vertical distance between the lowest point in the groove and the highest 

point on the neighbouring spur is calculated at four depths below sea level (-2, -

4, -6, and -8 meters). 

Width (𝑊) Groove width is measured as the horizontal distance between its walls at half 

the depth, along isobaths of -2, -4, -6 and -8 m.  

Orientation (θ) Azimuth of straight line between maximum onshore and offshore extents of 

groove 

Sinuosity (𝑆) Ratio of straight-line distance (𝐷) to path length (𝐿) such that: 𝑆 = 𝐷/𝐿 

Wavelength (𝛾𝑠𝑎𝑔) The horizontal distance between the highest points of adjacent ridges, parallel 

to isobaths, measured at depths of -2, -4, -6, and -8 meters below mean sea 

level. 

 138 

2.3. Wave transformation modelling (XBeach) 139 

We used XBeach (Roelvink et al., 2015) in Surf Beat mode to understand hydrodynamics and wave 140 

attenuation over SaG because it has been extensively validated on complex coral reef bathymetries 141 

(Harris et al., 2018; Lashley et al., 2018; Quataert et al., 2015, 2020; da Silva et al., 2020).  142 

2.3.1 Bathymetric Grids 143 

We merged data from a 0.5 m resolution Airborne LiDAR survey (Harris et al., 2023) to a depth of 14 144 

m, and a 30 m resolution bathymetry survey (Beaman, 2017) to a maximum depth of 20 m (Figure 145 

2). This maximum depth was selected to capture all depth-limited wave breaking within the model 146 

and was based on historical wave heights for OTR considering, 147 
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𝐻𝑚𝑎𝑥 =  𝛾 ∙ (ℎ +  𝛿𝐻𝑟𝑚𝑠) 148 

where, 𝛾 is the breaker index, 𝛿𝐻𝑟𝑚𝑠 is some fraction 𝛿 of the root mean square of the wave height. 149 

The breaker index was held constant across the reef at 𝛾 = 0.55, reflecting the conservative 150 

estimation (𝛾 = 0.55) of (Duce et al., 2022) and within the ranges determined by Harris et al. (2018).  151 

 152 

Figure 2: a) The bathymetric grids used in wave models from two study sites on the eastern (OE) and 153 

southern (OS) exposed forereefs of on One Tree Island. Grooves are shown in purple with the 154 

directional mean of SaG shown in red. 155 

The outer boundaries of the bathymetric grids were oriented to align mean groove headings with 156 

incident waves (Figure 2b and c), following field observations (Duce et al., 2014; Munk and Sargent, 157 

Site OS Site OE 
b) c) 
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1948; Shinn, 1963) and other wave transformation models constructed over SaG (Rogers et al., 2013; 158 

da Silva et al., 2020) (Figure 2b). Offshore boundaries were set beyond the maximum breaker depth 159 

for modelled wave heights (20 m: Eq. 1) and the onshore boundaries at present-day 0 m MSL 160 

contour (Figure 2b, c). Consequently, grids for each site are of different length and width (Figure 2b). 161 

2.3.2 Climate change projections 162 

We considered four climate change scenarios projected for the year 2100 including critical climate 163 

impacts to wave energy dissipation on coral reefs: sea-level change, reef health and wave energy 164 

conditions. The climate change scenarios are based on IPCC AR5 and include (1) the present-day 165 

scenario considering no change to current environmental factors, (2) the low (RCP 2.6) and (3) high 166 

(RCP8.5) emission scenarios from the AR5 IPCC report (Shukla et al., 2019), and (4) a total disaster 167 

(TD) scenario included to represent a high carbon future.  168 

2.3.2.1 Changes to Sea Level 169 

We used IPCC AR5 sea-level rise (SLR) rate of 3 mm/yr (Shukla et al., 2019). Under the low and high 170 

emission scenarios (RCP2.6 and RCP8.5) SLR is expected to reach up to 10-20 mm/yr. Subsequently, 171 

we have included SLR of 0.43 m (RCP2.6) and 0.84 m (RCP8.5) for the year 2100 (Shukla et al., 2019). 172 

Human stressors (e.g., infrastructure development and human-induced habitat degradation) are also 173 

likely to contribute to increases in local SLR (Shukla et al., 2019). An additional 1 m of eustatic SLR 174 

was included for our total disaster (TD) scenario to reflect significant changes to climate conditions 175 

and non-climatic anthropogenic stressors (Shukla et al., 2019) (Table 3). The total sea-level increase 176 

in each of the models (Table 3) was determined by the sum of eustatic and local sea-level changes, 177 

and the vertical accretion and erosion of the reefs.  178 

2.3.2.2 Reef Morphological Changes 179 

Reef morphological changes have been simplified into three key characteristics, reef vertical 180 

accretion, erosion, and structural complexity. A forecasted vertical accretion rate of 2 mm/yr was 181 

used based on field measurements from coral reef cores from across the GBR (Dechnik et al., 2015; 182 

Sanborn et al., 2020), Western Australia (Perry et al., 2018), Tahiti (Buddemeier and Smith, 1988), 183 
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the Maldives (Kench et al., 2022), Indo-Pacific averages compiled by Montaggioni (2005) and the 184 

Solomon Islands (Saunders et al., 2016). Alternatively, erosion of forereefs can occur due to the 185 

physical removal of coral and framework by storms and high wave energy (Madin and Connolly, 186 

2006). This is most evident on degraded coral reefs where erosion has been observed at 6 mm/yr 187 

(Eakin, 1996; Sheppard et al., 2005). We used a conservative estimate of 2.6 mm/yr (0.2 m by 2100) 188 

of reef erosion for RCP 8.5 and a maximum of 6.4 mm/yr (0.5 m by 2100) of erosion under a TD 189 

scenario, modelled as a uniform decrease in elevation over the simulated domain. The resulting sea 190 

level was determined by combining projected rates of SLR with erosion and accretion values for each 191 

scenario (Table 3).  192 

To simulate a loss in forereef structural complexity, we altered the dimensionless wave friction 193 

factor (𝑓𝑤) to replicate changes to coral structural complexity. In our study, 𝑓𝑤 were linearly 194 

interpolated between 𝑓𝑤 = 0.9 (healthy reef) to 𝑓𝑤 = 0.1 (degraded or smoothed reef). For the total 195 

disaster (TD) scenario, which represents a degraded reef and a shift to a carbonate sand substrate 196 

we used 𝑓𝑤 = 0.01 (Smyth and Hay, 2002) (Table 3). 197 

2.3.3 Wave Input Parameters 198 

Mean offshore wave conditions were determined by satellite altimeter observations over 30 years 199 

(1985–2015) using RADWave (Smith et al., 2020) (Table 3). A small region (0.6° x 0.4°) representing 200 

dense altimeter data tracks was identified on the eastern, exposed side of OTR (Figure S1). We 201 

determined site-specific model input wave heights (𝐻𝑚𝑜𝑑𝑒𝑙) by combining offshore wave conditions 202 

with a relative wave exposure model, GREMO (GIS-based generic model for estimating relative wave 203 

exposure; see Figure 1b) following Pepper and Puotinen (2009),  204 

𝐻𝑚𝑜𝑑𝑒𝑙 = 𝐾𝑟  𝐻𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒  (1) 205 

where,  𝐻𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒 is the offshore wave height obtained from RADWave (Figure 1b and Figure S1) and 206 

𝐾𝑟 is the relative exposure coefficient, normalised between 1 (most exposed) and 0 (least exposed). 207 
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Finally, altimeter wave heights were compared to measured waves at the northern forereef at OTR 208 

(Duce et al., 2022).  209 

2.3.4 Changes to wave climate 210 

We increased offshore model wave heights (Hoffshore) for future climate change scenarios (Table 3) 211 

with wave periods (Tmodel) determined for a fully developed sea-state from the Joint North Sea Wave 212 

Project (JONSWAP) spectrum (Young, 1992). Storm waves were calculated from the maximum wave 213 

height observed in RADWave altimeter data. The final model wave heights were dependent on 214 

forereef location and relative exposure to wave energy determined by Eq. 1. 215 

Table 3: Model input parameters are presented for three study sites, two wave conditions and four 216 

forecasted climate outcomes for the year 2100. A total of 16 unique models were run.  217 
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(m
) 

To
tal ch

an
ge 

in
 M

SL (m
) 

OS 

Present 
day 

Mean 

1.34 

0.985 

1.3 5.74 0.9 0 0 0 0 

RCP 2.6 2.14 

2.1 7.26 

0.54 0.43 0.16 0 0.3 

RCP 8.5 2.14 0.1 0.84 0.1 0.2 0.99 

TD 2.14 0.01 1.84 0 0.5 2.34 

Present 
day 

Stor
m 

4.8 4.7 10.87 0.9 0 0 0 0 

RCP 2.6 

5.6 5.5 11.74 

0.54 0.43 0.16 0 0.3 

RCP 8.5 0.1 0.84 0.1 0.2 0.99 

TD 0.01 1.84 0 0.5 2.34 

OE 

Present 
day 

Mean 

1.34 

0.904
2 

1.2 5.5 0.9 0 0 0 0 

RCP 2.6 2.14 

1.9 6.96 

0.54 0.43 0.16 0 0.3 

RCP 8.5 2.14 0.1 0.85 0.1 0.2 0.99 

TD 2.14 0.01 1.84 0 0.5 2.34 

Present 
day 

Stor
m 

4.8 4.3 10.42 0.9 0 0 0 0 

RCP 2.6 5.6 

5.1 11.25 

0.54 0.43 0.16 0 0.3 

RCP 8.5 5.6 0.1 0.84 0.1 0.2 0.99 

TD 5.6 0.01 1.84 0 0.5 2.34 

 218 
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2.3.5 XBeach model outputs 219 

Each model was run for a total of 300 seconds, and we analysed the outputs of Xbeach for water 220 

surface elevation (zs), total dissipation rate (𝐷), and dissipation rate due to bed friction (𝐷𝑓) to 221 

obtain wave energy dissipation rates and wave overtopping. Total dissipation was used to compare 222 

Xbeach results with field measurements and to determine dissipation by breaking (𝐷𝑏) such that 223 

𝐷𝑏 = 𝐷 − 𝐷𝑓 . As models are two-dimensional (x, y spatial domains) and evolve through time (t), we 224 

calculated mean and peak dissipation rates across t and x domains for the entire bathymetric grid. 225 

Mean dissipation rates were also taken between two points where hydrodynamic data sampled by 226 

Duce et al. (2022). Wave overtopping was calculated as the difference between the initial water level 227 

at the reef crest and the maximum water level at the reef crest during each model run. 228 

3. Results 229 

3.1 SaG morphometric analysis 230 

SaG morphometrics were quantified for 123 grooves across the two study sites (Table 3). Grooves at 231 

the southern site (OS) were on average 3 times longer, 1.4 times deeper and 1.3 times wider than 232 

those at the eastern site (OE) (Table 3). Using the morphometric classification of Duce et al. (2016), 233 

the exposed to wave energy (EWE) grooves were the most common across three of the four sites 234 

(100 of 123 SaG) (Table 3). Deep and disconnected (DaD) grooves were present on the lower 235 

forereef platform of site OE.  236 

Table 4: Morphometric parameters and classes of SaG at two study sites.  237 

 

Mean SaG Morphometric Parameters 
Quantity of SaG 

Classes by Site 

Site 
Length 

(m) 
Sinuosity  

Orientation 

(Deg) 

Depth 

(m) 

Width 

(m) 
DaD EWE LaP SaP 



Lachlan Perris   2023 

13 
 

OS 

(south) 
187.12 0.99 116.73 1.95 4.02 0 40 0 0 

OE 

(east) 
63.18 0.99 71.5 1.38 3.12 23 60 0 0 

 238 

3.2 Wave transformation over LiDAR derived bathymetry 239 

The peak dissipation rates under present day conditions, taken as the maximum dissipation across 240 

all axes (x, y, t), were 463.9 and 946.3 W/m2 at sites OE and OS respectively (Figure 4). Wave energy 241 

dissipation due to bed friction was dominant in present day scenarios over dissipation due to wave 242 

breaking (Figure 4b and d). Between the two locations of field measurements conducted by Duce et 243 

al., (2022) (Figure 2c) the mean dissipation rate was 10.6 W/m2, the maximum dissipation rate of 244 

463.9 W/m2 occurred during this zone. Wave energy dissipation by bed friction contributed 78% of 245 

energy at the site OE before waves reached the reef crest, 67% at site OS in the upper forereef 246 

slope. The maximum wave energy dissipation due to wave breaking constituted 22%, and 32% of 247 

total dissipation at site OE and OS respectively (Figure 4b, d).  248 

 249 
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Figure 4: Wave energy (green) and maximum wave energy dissipation at site OS (a) and site OE (c). 250 

Maximum dissipation and maximum dissipation by bed friction (blue) for site OS (b) and site OE (d). 251 

Note different scale bars are used for each site.  252 

3.3 Wave transformation under future climate change projections 253 

Wave transformation was found to vary greatly among models depending on climate change 254 

scenario, SaG morphometrics, and wave exposure. The largest influence on wave energy dissipation 255 

across the two sites was the reduction of the bed friction factor (𝑓𝑤), increased water depth, and 256 

increased wave height. Total wave energy dissipation and dissipation due to bed friction changed at 257 

both sites for all future climate scenarios (Table 3).  258 

Mean and peak dissipation rates were computed for each site across all three climate scenarios 259 

(Table 3, Figure 5). When comparing dissipation rates from present day to RCP2.6 for the year 2100, 260 

mean dissipation increased by 187% at site OS (4.4 to 12.5 W/m2) and maximum dissipation 261 

increased by 59.7% (946.3 to 1511.4 W/m2) (Figure 5a and b). At site OE, mean dissipation rate 262 

increased by 208.6% (2.5 to 7.8 W/m2) and maximum dissipation increased by 217.7% (463.9 to 263 

1473.4 W/m2) (Figure 5d and e). 264 

When comparing RCP2.6 to RCP8.5 we found a decrease in mean dissipation across site OS of 18.1% 265 

(12.5 to 10.6 W/m2) and an increased in the max dissipation rate of 23.2% (1511.4 to 1966.9 W/m2). 266 

Site OE retained at high mean dissipation rate from RCP2.6 to RCP8.5, increasing a further 11.7% 267 

(7.78 to 8.81 W/m2) and an increase of 19.3% to peak dissipation rate (1473.42 to 1824.70 W/m2).  268 

When comparing to RCP8.5, the TD scenario, mean dissipation rates decreased by 66.2% (10.61 to 269 

3.58 W/m2) at site OS and a decrease in peak dissipation of 31.8% (1966.89 to 1340.93 W/m2) 270 

(Figure 4b and c). At site OE, mean dissipation decreased by 86.2% (8.81 to 1.21 W/m2) and peak 271 

dissipation rate decreased by 75.4% (1824.7 to 448.24 W/m2) (Figure 5e and f).  272 
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 273 

Figure 5: Maximum wave energy dissipation (blue) and dissipation due to bed friction (red) for across the x and time domains, for Site OS under a) RCP 2.6, b) 274 

RCP 8.5 and c) TD climate change outcomes. for site OE under d) RCP 2.6, e) RCP 8.5 and f) TD climate change outcomes. Mean wave energy dissipations are 275 

provided numerically for each plot. Note Y axis are unique for each study site to highlight relative differences in dissipation under variable climate change 276 

outcomes. 277 
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Under present-day conditions, bed friction is dominant, contributing 98% and 99% of total wave 278 

energy dissipation (Figures 5 and 6). Comparing RCP 2.6 to RCP 8.5, the OS site decreased frictional 279 

dissipation by 57% and at site OE this was 42% (Figure 5 and Figure 6). In this case, dissipation by 280 

wave breaking increased by an average of 659% for both sites. This results in a shift in the dominant 281 

form of wave energy dissipation (Figure 6). Comparing RCP2.6 to the TD scenario, mean frictional 282 

dissipation (Df) decreases by 82.5% at site OS and 95.8% at site OE while wave breaking remains 283 

marginally greater by 0.1% (OS) and 1.5% (OE) in the TD scenario. Despite this, mean total wave 284 

energy dissipation (the sum of frictional and wave breaking dissipation rates) decreases by 71.4% 285 

(OS) and 84.4% (OE).286 

 287 

a) 

b) 
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Figure 6: Mean total dissipation (D mean) for OS (a) and OE (b) study sites and mean dissipation by 288 

bed friction (Df mean) and wave breaking (Db mean) for each climate change scenario (see Table 3). 289 

We calculated wave overtopping for both sites under present day conditions and three climate 290 

change scenarios considering both mean and storm wave conditions (Table 2). For mean wave 291 

conditions, wave overtopping in the present-day model was near zero (0 and 0.1 m at site OS and 292 

OE, respectively). Wave overtopping increase for all forecast climate change scenarios (Figure 6). We 293 

calculated overtopping of 0.4 m at site OS and 0.1 m at site OE for RCP 2.6 with larger increases to 294 

0.4 m (OS) and 0.7 m (OE) for RCP8.5. The high emissions scenario (TD) had the highest overtopping 295 

of 2.1 m (OS) and 2.0 m (OE).  296 

Storm wave conditions increased overtopping compared to mean wave heights in all cases (Figure 7; 297 

Table 2). Under present-day conditions, wave overtopping was greater than for mean wave 298 

conditions at 1.25 and 0.5 m for site OS and site OE respectively. Under forecast climate change 299 

scenarios, storm waves did not significantly impact overtopping under RCP2.6 compared to present 300 

day conditions despite an increase in wave height of 3.5 m. Overtopping under RCP8.5 was 2.1 m at 301 

site OS and 1.4 m at site OE which increased significantly to 3.5 m and 3.9 m in pessimistic TD 302 

models at each site respectively.  303 
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304 

Figure 7: Wave overtopping at both sites under mean (OS_m and OE_m) and storm (OS_storm and 305 

OE_storm).  306 

4. Discussion 307 

4.1 Benefits of high-resolution LiDAR-derived bathymetries in numerical wave models 308 

Our models of wave transformation over LiDAR-derived bathymetries focus on the influence of SaG 309 

morphology on wave energy dissipation and overtopping. Under mean wave conditions we 310 

calculated average dissipation rates across the entire forereef profile of 3.61 W/m2 at site OS and 311 

2.52 W/m2 at site OE for offshore wave heights of 1.3 m and 1.2 m respectively. This calculation is 312 

made across the entire reef profile representing 862 m and 770 m respectively (Figure 2b, c). Field 313 

measurements of wave energy dissipation conducted at OTR were taken at the same site as OE 314 

presented in this study (Figure 2c) (Duce et al. 2022). We determined a mean dissipation rate of 10.6 315 

W/m2 across 60 m between the two instruments, almost entirely due to bed friction (Figure 4 d). 316 
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Duce et al. (2022) recorded mean dissipation rates of 20 W/m2 with wave heights of Hs = 0.78 m and 317 

Tp = 5 seconds. Differences in the recoded and modelled data at this site may be attributed to the 318 

incident wave direction (N-NE during the deployment period) which was not completely aligned with 319 

SaG as modelled here. These results compare with data obtained on a fringing reef in Ipan (Guam) 320 

which also featured SaG on the forereef (Péquignet et al., 2011). Between two sensors placed 55 m 321 

apart inside a 5 m deep groove, the dissipation rate was 25 W/m2 for offshore wave heights of 1-2 m 322 

(Péquignet et al., 2011). Monismith et al. (2015) identified comparable dissipation rates of 25 W/m2 323 

on a forereef in Palmyra (Kiribati) between instruments 50 m apart for incident wave heights of 1 m. 324 

Monismith et al. (2013) determined rates of 22 W/m2 across a forereef at Mo'orea (French 325 

Polynesia) with instruments located 50 m apart and wave heights of 0.3 to 0.5 m. Dissipation rates 326 

for each of these studies are assumed to be due to bed friction with constant dissipation between 327 

the instruments. Our results indicate that the dissipation rate across the forereef is heterogenous 328 

and controlled by the bed morphology (e.g. Figure 5 a). The use of real bathymetries in modelling 329 

efforts can elucidate the heterogeneity of dissipation rates on forereefs.  330 

Using a real bathymetry, our study demonstrates the influence of groove sinuosity on wave energy 331 

dissipation by breaking. Our results show that shore-normal waves interact with spur walls that do 332 

not perfectly align with incoming swells. Indeed in our study, the mean groove heading was used to 333 

align the bathymetric grids to the oncoming waves (Figure 2b), consistent with field observations 334 

(Duce et al., 2020; Munk and Sargent, 1948). Despite this, variation in headings between grooves 335 

and the sinuosity of individual grooves produces steep irregularities in the forereef slope that have a 336 

large impact on the oncoming waves, playing a significant role on both dissipation by wave breaking 337 

and bed friction. The straight and shore normal SaG identified in this analysis (mean sinuosity of 338 

S=0.99, where 1 is a perfectly straight groove) (Table 4) are representative of groove sinuosity across 339 

the southern Great Barrier Reef. For example, observations of 12,102 grooves in the GBR and South 340 

Pacific show a mean groove sinuosity of S = 0.98 (Duce, 2017). Despite remarkable regional 341 

consistency in groove morphology, we observed that even small deviations from perfect shore-342 
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normal grooves are significant to wave transformation on the forereef. A more sensitive measure for 343 

groove sinuosity may allow for a better understanding of forereef hydrodynamics. Further 344 

investigation into SaG sinuosity effects should consider the natural sinuosity of SaG derived from 345 

high resolution digital elevation models to account for these effects. 346 

4.2 Effects of SaG from different morphological classes on wave energy dissipation 347 

The most wave exposed site (southern site, OS) has the highest average dissipation rates of 71.5% 348 

over 300 m SaG zone due to bed friction (Figure 4a). The long (mean length of 187.12 m) and deep 349 

(mean depth of 1.95 m) exposed to wave energy (EWE) grooves at this exposed site may explain how 350 

this high average dissipation rate occurred (Table 1). The length of EWE SaG creates surfaces of high 351 

frictional drag that extend the zone of frictional dissipation and contribute to high average 352 

dissipation rates (Figures 4a and 5). Shore normal currents occurring in the long and deep grooves 353 

have also been observed and facilitate high rates of dissipation (Rogers et al., 2013). We 354 

demonstrate under present-day conditions that bed frictional dissipation is dominant in dissipating 355 

wave energy before breaking occurs at the reef crest (Figure 4a and c). Bed frictional dissipation 356 

represents 98.0% and 98.9% of total dissipation at site OS and OE respectively (Figure 4a and c). This 357 

is consistent with field research conducted at OTR (Duce et al., 2022) and in other high-energy 358 

settings (Lowe et al., 2005; Monismith et al., 2015; Rogers et al., 2017). For example, under mean 359 

wave conditions at Palmyra (Kiribati), a high bed friction coefficient (fw =1.8) facilitated greater wave 360 

energy dissipation due to bed friction than from wave breaking (Monismith et al., 2015), which is 361 

consistent with field observations in Kaneohe Bay, Oahu, Hawaii (Lowe et al., 2005). Our results 362 

suggest that the modes of wave energy dissipation (frictional or breaking) are not only influenced by 363 

the wave conditions but also by the heterogenous morphology of the forereef slopes.  364 

SaG morphology and consequently the morphological classes of Duce et al., (2016) can provide 365 

further explanations to the mode of wave energy dissipation (Table 1). Where grooves are shorter, 366 

they play a critical role in creating steep bathymetric gradients that induce wave breaking (Figures 4 367 

and 8). This differs from previous SaG research (Acevedo-Ramirez et al., 2021) that showed wave 368 
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breaking being induced by the reef crest. Semi-exposed SaGs (represented here by site OE) are 369 

typically shorter (mean length of 71.5 m) and shallower (mean depth of 1.38 m) than the most 370 

exposed sites (site OS) and can include both exposed to wave energy (EWE) and deep and 371 

disconnected (DaD) classes (Table 1). The seaward extent of the EWE grooves at semi-exposed 372 

forereef sites (OE; Figure 4d) feature a steep bathymetric incline that produces the maximum wave 373 

energy dissipation by wave breaking rate observed across all present-day models (1824.7 W/m2, 374 

Figure 5). As such, long spurs can facilitate frictional dissipation and short grooves can induce wave 375 

breaking by introducing steep bathymetric inclines within the breaker zone of incident waves. 376 

 377 

Figure 8: A comparison between exposed and semi-exposed bathymetric profiles (site OS and site OE) 378 

demonstrate the influence of the length of the SaG zone.  379 

The peak in wave energy dissipation at the shoreward of exposed to wave energy (EWE) grooves 380 

highlights the complex interaction between forereef morphological evolution and wave energy 381 

(Figure 4e). The seaward extent of EWE grooves is at a depth of 3.5 m, coincident with the mean 382 

model wave height breaker depth for waves of 1.3 – 4.3 m (Figure 4, Table 2). As wave breaking 383 

Site OS 

Site OE 
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imposes forces on the structure of the reef (Massel & Gourlay, 2000; Storlazzi et al., 2005) the 384 

results presented here suggest that incident waves could be capable of modifying the EWE grooves 385 

in this zone, which is consistent with C14 and U-Th ages of SaG formations on the eastern forereef of 386 

OTR (Duce et al., 2020), suggesting an erosive origin for this grooves. Imposed climate change effects 387 

further elucidate the influence of grooves. Deep and disconnected (DaD) grooves at site OE exist 388 

below the typical wave base and have minimal interaction with present day wave energy. Supporting 389 

the previous findings that DaD grooves may be relict features, formed at an early stage during the 390 

Holocene transgression (Duce et al., 2016). 391 

4.3 The impact of climate change on wave energy dissipation over SaG 392 

Forecasted environmental changes decrease mean wave energy dissipation (Figure 5) which is 393 

consistent with other approaches (e.g., Quataert et al., 2015; Sheppard et al., 2005). In the 394 

simulations presented here, dissipation remains high between RCP 2.6 and RCP 8.5 as reduced 395 

dissipation by bed friction is balanced by an increase in dissipation by wave breaking (Figures 5 and 396 

6). The difference between dissipation by bed friction and dissipation by wave breaking is the 397 

greatest at both sites for RCP 8.5, where water depth is still sufficient for wave breaking, yet the 398 

degradation of the reef reduces frictional effects (see Figure 9). A reliance on wave breaking 399 

dissipation is consistent with observations from high energy reefs of low structural complexity 400 

(Harris et al., 2018). Finally, dissipation is lowest where SLR is greatest (TD scenario) due to wave 401 

passing over the reef without breaking (Figure 9). Although the role of SLR is thought to be 402 

secondary in contributing to these changes (Harris et al., 2018), our models suggest that the 403 

combined impact of SLR and loss of structural complexity will lead to lowest dissipation rates 404 

(Figures 5 and 9) and highest wave overtopping (Figures 6 and 9) under future climate change 405 

scenarios.  406 

Sea-level rise (SLR) shifts the region of high energy dissipation toward the reef-crest (Figure 5b, c and 407 

e, f). Bathymetric features that are submerged into the surf zone by rising relative sea level are likely 408 
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to influence wave breaking and frictional dissipation (Figure 5). This is evident in the shoreward 409 

shifting dissipation zones (Figure 5) and as previous literature states (Massel and Gourlay, 2000) is a 410 

threat to corals in this zone as wave breaking results in greater hydrodynamic forces on corals. 411 

Corals previously protected from wave energy are likely to be species of lower mechanical strength 412 

(Storlazzi et al., 2005). Under worse case scenarios (RCP 8.5) by the year 2100 it is likely that corals 413 

of the same species may be weaker due to lower carbonate saturation in the water column (Eakin, 414 

1996) or high frequency bleaching events (Hughes et al., 2017). Coral breakage is likely to occur here 415 

and the corals that support a steep bathymetric incline with a high frictional coefficient responsible 416 

for this peak in wave energy dissipation may have lower structural resilience by 2100 (Eakin, 1996).  417 

High-energy SaG formations have been attributed to wave induced erosion, albeit at vastly different 418 

timescales to sedimentary swash-zone features such as rip channels (Duce et al., 2020). It is possible 419 

that climate change-driven increase in erosive forces promote further SaG development on 420 

forereefs, which contributes to the dissipation of wave energy.  421 

 422 
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 Figure 9: A conceptual diagram of changes to wave transformation on forereefs under increasing 423 

climate change impacts. Climate driven inputs including loss of reef structural complexity and relative 424 

sea-level rise are shown (blue). Dissipation rates (red) due to bed friction decreases, in response, 425 

dissipation due to wave breaking increases until water depth exceeds breaker depths. Wave 426 

overtopping (green) increases exponentially due to the combined effects of relative sea-level rise and 427 

loss of reef structural complexity.  428 

4.3.2 Potential for wave overtopping with climate change 429 

Wave overtopping exponentially increases with climate change due to the coupled effects of 430 

decreased bed friction and loss of dissipation due to breaking (Figure 7). Compared to mean wave 431 

conditions, the impact of storm waves results in increasingly greater overtopping when climate 432 

projections are increased. (Figure 7). This effect is persistent despite the increased wave energy 433 

dissipation at the semi-exposed forereef (site OE) under RCP 8.5 (Figure 4e). The primary control on 434 

wave overtopping is sea-level rise, which incorporates eustatic and local sources. Future work should 435 

include tidal effects, which would contribute an additional 1.5 m of water level at mean spring high 436 

tide at OTR (Harris et al., 2015). The magnitude of wave overtopping observed in the TD scenario at 437 

the exposed site (OS) of ~4 m is sufficient to entirely flood all backreef environments at OTR, 438 

including the low-lying coral island. This magnitude of wave overtopping would have significant 439 

impacts on coral reef islands and reef-lined shores(Fellowes et al. 2022; Storlazzi et al. 2015; 440 

Talavera et al. 2021). For example, 3.7 m of wave run up combined with sea surface elevation above 441 

a reef flat in Roi-Namur, Marshall Islands, was observed in flooding of inland area of the Island 442 

(Cheriton et al., 2016). Research elsewhere demonstrated that  wave overtopping on reef islands in 443 

the year 2100 will be highly variable across due to variable reef vertical accretion and erosion rates 444 

(Beetham and Kench, 2018; Kench et al., 2022), but also due to the vertical accretion of coral reef 445 

islands (Kench et al., 2019, 2022; Masselink et al., 2020) which is controlled by sediment availability.  446 
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The combined influence of coral reef degradation and sea-level rise amplifies the occurrence of 447 

wave overtopping, thereby exposing communities located in the downwind direction of coral reefs 448 

to heightened risks of flooding (Harris et al., 2018; Quataert et al., 2015; Storlazzi et al., 2018). 449 

Notably, a maximum overtopping of approximately 4 m was measured here when the significant 450 

wave height reached 5.1 m. An examination of altimeter data reveals that within the 33-year data 451 

span, wave heights have not surpassed this threshold (95th percentile wave height = 3.1 m) (Figure 452 

S1, supplementary material). Consequently, further investigation is required to determine the 453 

frequency of significant overtopping events at OTR.  454 

5. Conclusion 455 

This study combined numerical modelling and LiDAR-derived bathymetry to demonstrate the 456 

importance of forereef spur and groove (SaGs) morphologies in modifying wave energy. Results 457 

indicate that high resolution digital elevation models (< 1 m) can provide morphometric data to 458 

examine wave transformation on forereefs comparable to field studies. We show that groove 459 

sinuosity plays a role in wave transformation and should be considered in future research on wave 460 

dissipation on forereefs. This highlights the need for accurate bathymetries in future studies of 461 

forereef wave energy dissipation, as idealized bathymetries used in previous studies, using 462 

numerical or physical modelling, cannot provide results comparable to field studies. 463 

We demonstrate that SaG morphological classes exhibit distinct dissipation characteristics, with 464 

some showcasing higher frictional dissipation and others exhibiting greater breaking dissipation. 465 

Notably, spur length emerges as a critical factor in enhancing dissipation by bed friction. Among the 466 

SaG morphological classes, exposed to wave energy (EWE) grooves have demonstrated the most 467 

substantial dissipation rates, while deep and disconnected (DaD) grooves contribute less to the 468 

dissipation process, particularly evident under future climate change scenarios. 469 
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Projected climate change conditions may lead to a decrease in wave energy dissipation on forereefs. 470 

Indeed, the climate change scenarios analysed demonstrated that changes in the mode of wave 471 

energy dissipation will likely occur. The most notable result was a decrease in dissipation by bed 472 

friction from 100% of dissipation under present day conditions to 48% under RCP 8.5. This is 473 

matched by a 52% increase in dissipation by wave breaking. Overall, we found a loss in wave energy 474 

dissipation under future climate change scenarios leading to increased wave overtopping, with the 475 

maximum overtopping occurring where dissipation was lowest. Forereef morphological adjustment 476 

to increased dissipation by wave breaking may expose corals to erosion, a process which has been 477 

linked to the formation of SaG. The results highlight the critical role of forereef morphology in wave 478 

energy dissipation and the need for measures to promote coral growth to facilitate future 479 

dissipation. The findings have implications for the modelling wave transformation over forereefs to 480 

provide insight into the future habitability of exposed reef-lined coasts. 481 
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Figure S1 

 

Introduction 

We determined mean offshore wave conditions near One Tree Reef (OTR) in the 

southern Great Barrier Reef. Satellite altimeter observations over 30 years (1985–2015) 

were obtained with RADWave (Smith et al., 2020). A small region (0.6° x 0.4°) 

representing dense altimeter data tracks was identified on the eastern, exposed side of 

OTR (Figure S1).   
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Figure S1. Altimeter data is extracted from the eastern (open ocean) side of OTR. Mean 

significant wave height across the 33-year study period was 1.34 m with a mean wave 

period of 5.2 seconds. A maximum wave height of 4.8 m. 
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