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Abstract Coral reefs protect coastlines from inundation and flooding and serve 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 in wave energy dissipation and transmission at the reef crest. Using
XBeach on LiDAR‐derived bathymetry from One Tree Island in the southern Great Barrier Reef, we reproduced
dissipation rates comparable to SaG field studies. We examined how wave energy dissipation differs between
realistic bathymetry and those with SaG features removed, demonstrating an up to 40% decrease in dissipation
when SaG features are absent. We then investigated changes to wave energy dissipation and wave transmission
at the reef crest based on IPCC AR5 emission scenarios (RCP2.6 and RCP8.5) and a total disaster scenario (TD)
for the year 2100. 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 wave transmission at
the reef crest by 1.8 and 2.7 m for the RCP8.5‐ and TD based models, respectively, when compared to the
RCP2.6‐based model. The results from our novel modeling approach of using long‐shore varying accurate
bathymetry on forereefs show increased wave energy dissipation rates with implications for reducing coastal
flooding and island inundation on reef‐lined coasts.

Plain Language Summary Coral reefs protect coastlines from floods and waves, benefiting over 200
million people globally. We studied how waves change over coral reefs, focusing on the forereef zone where
wave transformation is most significant during high‐energy conditions. The shape of the forereef, specifically
the long comb‐like grooves that cut through coral reefs, known as spur and grooves (SaG), modify wave energy
transformation. Utilizing digital representation of waves over accurate reef shapes (known at bathymetry), we
simulated wave dissipation rates comparable to real‐world SaG studies. By comparing high resolution, accurate
bathymetry to smoothed bathymetry with SaG removed, we demonstrate a 40% decrease in wave energy
dissipation. Next, we investigated how wave energy dissipation changes in different forereef environments. We
considered low and high emission scenarios (RCP2.6 and RCP8.5) from the IPCC AR5 report and a total
disaster scenario (TD) for the year 2100, considering changes to wave power, and water‐level. We found that
models based on high‐emission scenarios (RCP 8.5) had decreased dissipation rates, resulting in more water
passing the reef crest. Our study highlights the benefits of using accurate reef shapes in simulating wave energy
dissipation on coral reefs. Accurate bathymetry can incorporate features such as SaG of different shapes, which
increase wave dissipation.

1. Introduction
Coral reefs provide many ecosystem services including coastal hazard protection from ocean waves, with over
200 million people worldwide depending on the stability of this service (Ferrario et al., 2014). Coral reefs are
topographically complex structures which contribute to the frictional dissipation of waves, however this has been
studied in greater details on the reef crest and reef flat (Ferrario et al., 2014; Monismith et al., 2015; Péquignet
et al., 2014; Yao et al., 2020) than on the high‐energy environments of the forereef slope (Acevedo‐Ramirez
et al., 2021; Duce et al., 2014, 2016, 2022; Monismith et al., 2013; Sheppard, 1981). Yet, wave breaking on the
forereef slope is the dominant form of wave energy dissipation in high‐energy conditions (Osorio‐Cano
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et al., 2018) suggesting that it is a critical region for coastal protection by limiting wave transmission at the reef
crest (Quataert et al., 2015). High dissipation rates on the forereef are controlled by forereef morphology such as
spurs and grooves (SaG) (Monismith et al., 2013; Osorio‐Cano et al., 2018).

SaG are shore‐normal elongate ridges (spur) and troughs (groove) on the forereef slopes of many coral reefs
(Duce et al., 2016). Their size, spacing and orientation are typically aligned with incident waves and
consequently the morphometric classification of SaG (Duce et al., 2016) reflects the influence of waves in
their formation (Table 1). High energy forereefs feature a more defined SaG than low‐energy ones (Duce
et al., 2016; Rogers et al., 2013). Recent research shows that high‐relief (up to 10 m) spurs in the Mexican
Caribbean have a large influence on wave transformation, with dissipation in the SaG zone contributing 35%
of the wave energy flux. Wave energy flux on the forereef occurs mostly in the sea‐swell frequency band
(>0.04 Hz), which is the focus of the research presented here. While infragravity waves (0.004–0.04 Hz) are
important for wave transformation over reef flats and in lagoons (Cheriton et al., 2016), field measurements of
waves over SaG have shown negligible energy in the infragravity bands (Duce et al., 2022). Further field
investigations are required but have been limited by the difficulty of accessing highly exposed and turbulent
forereef slopes (Sheppard, 1981; Sous et al., 2022).

SaG morphologies are overlooked in 1D models of forereefs. SaG are also overlooked in both physical (e.g.,
Buckley et al., 2016) and numerical 2Dmodels (e.g., Baldock et al., 2020; Monismith et al., 2013; Osorio‐Cano
et al., 2018) that do not include sufficient spatial resolution to include features at the spatial scale of SaG.
Furthermore, numerical models that include SaG morphologies typically use idealized bathymetry (e.g., da Silva
et al., 2020; Rogers et al., 2013) with simplified morphologies that overlook the irregularity and diversity of SaG.
Consequently, the impact of SaG morphologies (Table 1) on wave attenuation is poorly understood (Duce
et al., 2022; Monismith et al., 2013; da Silva et al., 2020).

Studies have shown that forereef morphologies including SaG will be impacted by climate change (Castillo
et al., 2012; De’Ath et al., 2012; K. Hughes et al., 2018; T. P. Hughes et al., 2018), likely resulting in reduced
coastal protection (Baldock et al., 2014; Ferrario et al., 2014; Quataert et al., 2015; Sheppard et al., 2005) and
increased wave overtopping (Amores et al., 2022; Beetham & Kench, 2018). Most notably, a loss of structural
complexity (roughness) in forereefs will reduce bed friction impacting wave attenuation (Baldock et al., 2014;
Harris, Power, et al., 2018; Harris, Revere, et al., 2018; Monismith et al., 2015; Rogers et al., 2016). These
impacts are exacerbated by relative sea‐level rise (SLR), changes in regional wave power (Meucci et al., 2020;
Reguero et al., 2019) and modification and intensification of storm climates (Knutson et al., 2015), which all
modify wave transformation processes on forereefs.

The overall aim of this paper is to provide an understanding of wave attenuation by SaG in contrasting coral reef
environments. To achieve this, we first identify the benefits of high‐resolution LiDAR‐derived bathymetry in
numerical wave models. Then, we employ these models to determine how SaG of different morphological classes
affects the dissipation of wave energy. Finally, we investigate the effects of climate change on wave energy
dissipation over SaG.

Table 1
Morphological Categorization of Spurs and Grooves (Duce et al., 2016)

Deep and disconnected (DaD) Grooves are disconnected from the reef crest and appear in
deeper water (>5.5 m).

Exposed to wave energy (EWE) Grooves are oriented toward dominant wave direction

Long and protected (LaP) Grooves are longer (>50 m) and not orientated toward
dominant wave direction

Short and protected (SaP) Groove lengths <50 m and not orientated toward dominant
wave direction

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007424

PERRIS ET AL. 2 of 17

 21699011, 2024, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JF007424 by Jam

es C
ook U

niversity, W
iley O

nline L
ibrary on [02/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2. Methods
2.1. Study Site

One Tree Reef (OTR) (23°30′S, 152°06′E) is located 84 km offshore of the NE Australian mainland in the
Capricorn Bunker Group, in the southern Great Barrier Reef (GBR) (Figure 1a). OTR is a lagoonal platform reef
with semi‐diurnal tides with a mean spring tidal range of 3 m. The entire forereef of OTR features SaG (Duce
et al., 2016). The mean significant offshore wave height, Hs,mean of 1.7 m (Smith et al., 2023) is typically
generated from persistent SE trade winds that dominate the Coral Sea for over 70% of the year (Jell &
Webb, 2012). Consequently, the south‐eastern forereef is the most exposed to ocean swells (Figure 1b). We
considered two study sites featuring SaGs of varying morphological class (Table 1) on the eastern and southern
sides of OTR (henceforth labeled OE and OS, respectively) (Figure 1b, Table 1).

2.2. SaG Morphometric Analysis

We determined morphometric parameters for SAG in the two study sites, including length, depth, width, and
others (Table 2), from analysis of LiDAR derived bathymetry and used them to classify the SAG following the
categorical framework of Duce et al. (2016) (Table 1).

2.3. Wave Transformation Modeling (XBeach)

We used XBeach (Roelvink et al., 2009) in Surf Beat mode because of its computational efficiency in solving
short‐wave amplitude variations. XBeach was selected as it has been extensively validated on complex coral reef
bathymetry (da Silva et al., 2020; Harris, Power, et al., 2018; Harris, Revere, et al., 2018; Lashley et al., 2018;
Quataert et al., 2015, 2020). XBeach has the capacity to include cross‐shore currents and bed morphological

Figure 1. (a) One Tree Reef (OTR) in the Southern Great Barrier Reef, and (b) Study site locations for OTR East (OE) and
OTR South (OS) and relative wave exposure (Pepper & Puotinen, 2009).

Table 2
Morphometric Parameters of Spurs and Grooves Adapted From Duce et al. (2016)

Morphometric parameter Method

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

Depth (hG) The vertical distance between the lowest point in the groove and the highest point on the
neighboring spur is calculated at four depths below sea level (− 2, − 4, − 6, and − 8 m).

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 (x) to path length (L) such that: S = x/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 m below mean sea level.
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changes, although those were not used in the present study. The lateral boundaries of all models were Neumann
style boundaries which set the longshore gradients to zero, a recommended setting for Surf Beat modes to reduce
the overestimation of longshore currents. For further details on the XBeach model parameters used, see
Perris (2024).

2.3.1. Bathymetric Grids

We integrated data obtained from an Airborne LiDAR survey (Harris et al., 2023) with a spatial resolution of
0.5 × 0.5 m, to a depth of 14 m, and a bathymetry survey (Beaman, 2017) with a resolution of 30 × 30 m, covering
depths up to a maximum of 20 m (Figure 2). The mosaic was constructed by transforming both datasets to the
Geocentric Datum of Australia 1994, zone 56. This allowed prioritization of high‐resolution datasets without
averaging. The LiDAR‐derived bathymetry was modeled in XBeach at the same spatial resolution of 0.5 × 0.5 m,
representing an “accurate” bathymetry. The maximum depth at the offshore boundary, hmax, was selected to
capture all depth‐limited wave breaking within the model and was based on historical wave heights for the OTR
considering:

hmax = Hrms/γ (1)

where, γ is the breaker index and Hrms is the root mean square of the wave height. The breaker index was held
constant across the reef at γ = 0.55, reflecting the conservative estimation (γ = 0.55) of (Duce et al., 2022) and
within the ranges determined by Harris, Power, et al. (2018) and Harris, Revere, et al. (2018). We created smooth
bathymetric grids without the SaG morphologies (Figure 2c) by resampling the grids using bilinear interpolation
with cell size greater than γsag (Table 2). Smooth bathymetric grids were resampled to 0.5 m resolution to match
the original grids.

The outer boundaries of the bathymetric grids were oriented to align mean groove headings with incident waves
(Figures 2b and 2c), following field observations (Duce et al., 2014; Munk & Sargent, 1948; Shinn, 1963) and
other wave transformation models constructed over SaG (Rogers et al., 2013; da Silva et al., 2020) (Figure 2b).
Offshore boundaries were set beyond the maximum breaker depth for modeled wave heights (20 m: Equation 1)

Figure 2. (a) The bathymetric grids extracted from LiDAR derived bathymetry of OTR (Harris et al., 2023) used in wave
models from two study sites on the eastern (OE) and southern (OS) exposed forereefs of on One Tree Island. And (b) the
forereef bathymetry extracted for site OE showing realistic and smoothed bathymetry and (c) for site OS.
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and the onshore boundaries at the present‐day 0 mMSL contour (Figures 2b and 2c). Consequently, grids for each
site are of different lengths and widths (Figure 2b).

We created smooth bathymetric grids without the SaG morphologies by resampling the grids using bilinear
interpolation with cell size greater than γsag (Figure 2c). Smooth bathymetric grids were resampled to 1 m res-
olution to match the original grids. These smoothed grids were then run in XBeach under the four defined
scenarios to quantify the influence of SaG presence on wave dissipation. The bed friction factor ( fw) was not
changed between smoothed and realistic bathymetry models.

2.3.2. Contrasting Forereef Environmental Models

We considered four conceptual differences in forereef environments, based on forecasted scenarios for the year
2100. We include critical climate impacts to wave energy dissipation on coral reefs: sea‐level change, reef health
and wave energy conditions. The climate change scenarios are based on IPCC AR5 and include (a) the present‐
day scenario considering no change to current environmental factors, (b) the low (RCP 2.6), and (c) high (RCP8.5)
emission scenarios from the AR5 IPCC report (Shukla et al., 2019), and (d) a total disaster (TD) scenario included
to represent an extrapolation from IPCC scenarios to demonstrate model sensitivity and to simulate non‐climate
drivers of reef degradation (Shukla et al., 2019) (Table 3).

2.3.2.1. Changes to Sea Level

We used IPCC AR5 sea‐level rise (SLR) rate of 3 mm/yr (Shukla et al., 2019). Under the low and high emission
scenarios (RCP2.6 and RCP8.5), SLR is expected to reach up to 10–20 mm/yr. Subsequently, we have included
SLR of 0.43 m (RCP2.6) and 0.84 m (RCP8.5) for the year 2100 (Shukla et al., 2019). Human stressors (e.g.,
infrastructure development and human‐induced habitat degradation) are also likely to contribute to increases in
local SLR (Shukla et al., 2019). An additional 1 m of eustatic SLR was included for our TD scenario to reflect
significant changes in climate conditions and non‐climatic anthropogenic stressors (Shukla et al., 2019) (Table 3).
The total sea‐level increase in each of the models (Table 3) was determined by the sum of eustatic and local sea‐
level changes, and the vertical accretion and erosion of the reefs.

Table 3
Model Input Parameters Are Presented for Three Study Sites, Two Wave Conditions and Four Forecasted Climate Outcomes for the Year 2100

Site
Climate
scenario

Wave
condition

Hoffshore
(m)

Exposure
factor

H
Model (m)

Tmodel
(s)

Friction
factor

SLR
(m)

Vertical
accretion (m)

Reef
erosion (m)

Total change in
MSL (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 Storm 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 0.9042 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 Storm 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

Note. A total of 16 unique models were run.
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2.3.2.2. Reef Morphological Changes

Reef morphological changes have been simplified into three key characteristics: reef vertical accretion, erosion,
and structural complexity. A forecasted vertical accretion rate of 2 mm/yr was used based on field measurements
from coral reef cores from across the GBR (Dechnik et al., 2015; Sanborn et al., 2020), Western Australia (Perry
et al., 2018), Tahiti (Buddemeier & Smith, 1988), the Maldives (Kench et al., 2022), Indo‐Pacific averages
compiled by Montaggioni (2005) and the Solomon Islands (Saunders et al., 2016). Alternatively, erosion of
forereefs can occur due to the physical removal of coral and framework by storms and high wave energy (Madin
& Connolly, 2006). This is most evident on degraded coral reefs where erosion at the reef crest has been observed
at 6 mm/yr (Eakin, 1996; Sheppard et al., 2005). We used a conservative estimate of 2.6 mm/yr (0.2 m by 2100) 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 scenario, modeled
as a uniform decrease in elevation over the simulated domain, representing a simplified model of reef
morphological transformation as SaG may respond to future reef transformation differently; however, this has not
been investigated. The resulting sea level was determined by combining the projected rates of SLR with erosion
and accretion values for each scenario (Table 3).

To simulate a loss in forereef structural complexity, we altered the dimensionless wave friction factor ( fw) to
replicate changes in coral structural complexity. To represent the healthy and rough forereef of OTR (Harris
et al., 2023; Roelfsema et al., 2021), fw were linearly interpolated between fw = 0.9 (healthy reef) to fw = 0.1
(degraded or smoothed reef). For the TD scenario, which represents a degraded reef and a shift to a carbonate sand
substrate we used fw = 0.01 (Smyth & Hay, 2002) (Table 3).

2.3.3. Wave Input Parameters

Mean offshore wave conditions were determined by satellite altimeter observations over 30 years (1985–2015)
using RADWave (Smith et al., 2020) (Table 3). A small region (0.6° × 0.4°) representing dense altimeter data
tracks was identified on the eastern, exposed side of the OTR (Figure S1). We determined site‐specific model
input wave heights (Hmodel) by combining offshore wave conditions with a relative wave exposure model,
GREMO (GIS‐based generic model for estimating relative wave exposure; see Figure 1b), following Pepper and
Puotinen (2009),

Hmodel = Kr Hof f shore (2)

where, Hoffshore is the offshore wave height obtained from RADWave (Figure 1b and Figure S1) and Kr is the
relative exposure coefficient, normalized between 1 (most exposed) and 0 (least exposed). Finally, altimeter wave
heights derived for offshore swell (Hs,mean = 1.3 m, Table 3) were compared to measured waves at the eastern
forereef at OTR (Hs,mean = 0.62 m at the outer forereef) (Duce et al., 2022).

2.3.4. Changes to Wave Climate

We increased offshore model wave heights (Hoffshore) to simulate contrasting forereef environments based on
future climate change scenarios (Table 3) with wave periods (Tmodel) determined for a fully developed sea‐state
from the Joint North SeaWave Project spectrum (Young, 1992). Storm waves were calculated from the maximum
wave height observed in the RADWave altimeter data. The final model wave heights were dependent on forereef
location and relative exposure to wave energy determined by Equation 2.

2.3.5. XBeach Model Outputs

Each model was run for a total of 300 s to allow sufficient spin up time for wave propagation across the modeled
domain. We analyzed the outputs of XBeach for water surface elevation (zs), total dissipation rate (D), and
dissipation rate due to bed friction (Df) to obtain wave energy dissipation rates and wave transmission over the
reef crest. Total dissipation was used to compare XBeach results with field measurements and to determine
dissipation by breaking (Db) such that Db = D − Df. As models are two‐dimensional (x, y spatial domains) and
evolve through time (t), we calculated mean and peak total dissipation rates across t and x domains for the entire
bathymetric grid. Mean total dissipation rates were also taken between two points where hydrodynamic data
sampled by Duce et al. (2022). Wave transmission over the reef crest was calculated as the difference between the
initial water level at the reef crest and the maximum water level at the reef crest during each model run.
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3. Results
3.1. SaG Morphometric Analysis

SaG morphometrics were quantified for 123 grooves across the two study sites (Table 3). Grooves at the southern
site (OS) were on average 3 times longer, 1.4 times deeper and 1.3 times wider than those at the eastern site (OE)
(Table 3). Using the morphometric classification of Duce et al. (2016), the exposed to wave energy (EWE)
grooves were the most common across three of the four sites (100 of 123 SaG) (Table 3). Deep and disconnected
(DaD) grooves were present on the lower forereef platform of site OE.

3.2. Wave Transformation Over Accurate Bathymetry

The peak dissipation rates under present day conditions, taken as the maximum dissipation across all axes (x, y, t),
were 463.9 and 946.3 W/m2 at sites OE and OS, respectively (Figure 3). Wave energy dissipation due to bed
friction was dominant in present day scenarios over dissipation due to wave breaking (Figures 4b and 4d). Be-
tween the two locations of field measurements conducted by Duce et al. (2022) (Figure 2c) the mean dissipation

Figure 3. Spatially‐averaged wave energy (depicted in green) and corresponding maximum wave energy dissipation across
the x‐domain. Exemplary bathymetry profiles (illustrated by black lines) originate from the center of the model (y/2) at Site
OS (a) and site OE (c). Panels (b) and (d) represent the maximum dissipation and maximum dissipation attributed to bed
friction (depicted in blue) for site OS and site OE, respectively. It is important to observe that distinct scale bars are applied
for each respective sites.

Figure 4. Maximum dissipation measured at site OS (a) and OE (b) for actual bathymetry and smoothed bathymetry.
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rate was 10.6 W/m2, the maximum dissipation rate of 463.9 W/m2 occurred during this zone. Wave energy
dissipation by bed friction contributed 78% of energy at the site OE before waves reached the reef crest and 67% at
the site OS in the upper forereef slope. The maximum wave energy dissipation due to wave breaking constituted
22%, and 32% of total dissipation at site OE and OS, respectively (Figures 4b and 4d).

3.3. Comparison of Realistic and Smoothed Bathymetries

Realistic bathymetry were compared with modified bathymetry with SaG removed. In all cases, removing SaG
resulted in a decrease in both peak and mean wave energy dissipation across the entire simulated domain. With
SaG removed, peak dissipation at site OSwas 92.56W/m2 and mean dissipation was 2.61W/m2. This represents a
90.2% reduction in peak wave energy dissipation, and a 40.06% reduction in mean wave energy dissipation across
the entire profile. At site OE, removing SaG features from the bathymetry resulted in peak wave energy dissi-
pation of 463.85 W/m2 and a mean dissipation rate of 2.2 W/m2. This represents a 16.6% decrease in peak wave
energy dissipation and a 12.67% decrease in mean wave energy dissipation.

The percentage of breaking versus frictional dissipation is also modified by the presence of SaG. Mean dissipation
due to bed friction was 2.62 W/m2 at site OS and 2.18 W/m2 at site OE, representing 99.95% and 99.41% of total
dissipation, respectively (Figure 5). This contrasts to real bathymetry models (Figures 3b and 3d) where dissi-
pation by bed friction represented 78% and 67% at site OS and OE, respectively. The bed friction factor ( fw) was
not changed between smoothed and realistic bathymetry models.

3.4. Wave Transformation Over Contrasting Forereef Environments

Wave transformation was found to vary greatly among models depending on SaG morphology, wave exposure,
mean water levels and reef structural complexity. These parameters are likely to change with climate change
(Amores et al., 2022; Castillo et al., 2012; Harris, Rovere, et al., 2018; K. Hughes et al., 2018; T. P. Hughes
et al., 2018). Total wave energy dissipation and dissipation due to bed friction changed at both sites for all
modeled forereef environments (Table 3).

Mean and peak total dissipation rates were computed for each site across all three climate scenarios (Table 3,
Figure 4). When comparing dissipation rates from present day to RCP2.6 for the year 2100, mean total dissipation
increased by 187% at site OS (4.4–12.5 W/m2) and maximum total dissipation increased by 59.7% (946.3–
1,511.4 W/m2) (Figures 6a and 6b). At site OE, the mean total dissipation rate increased by 208.6% (2.5–7.8 W/
m2) and maximum total dissipation increased by 217.7% (463.9–1,473.4 W/m2) (Figures 6d and 6e).

When comparing RCP2.6 to RCP8.5, we found a decrease in mean total dissipation across site OS of 18.1%
(12.5–10.6 W/m2) and an increase in the maximum total dissipation rate of 23.2% (1,511.4–1,966.9 W/m2). Site
OE retained a high mean total dissipation rate from RCP2.6 to RCP8.5, increasing a further 11.7% (7.78–8.81 W/
m2) and an increase of 19.3% to the peak dissipation rate (1,473.42–1,824.70 W/m2).

Figure 5. Maximum dissipation and maximum dissipation attributed to bed friction (depicted in blue) over smoothed bathymetry for site OS and OE. Exemplary
bathymetry profiles (illustrated by black lines) originate from the central region of the model (y/2).
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When compared to RCP8.5 in the TD scenario, mean total dissipation rates decreased by 66.2% (10.61–3.58 W/
m2) at site OS and a decrease in peak total dissipation of 31.8% (1,966.89–1,340.93W/m2) (Figures 3b and 3c). At
site OE, mean total dissipation decreased by 86.2% (8.81–1.21W/m2) and peak total dissipation rate decreased by
75.4% (1,824.7–448.24 W/m2) (Figures 4e and 4f).

Under present‐day conditions, bed friction is dominant, contributing 98% and 99% of total wave energy dissi-
pation (Figures 5 and 6). Comparing RCP 2.6 to RCP 8.5, site OS decreased in total dissipation by 15.3% and at
site OE total dissipation increased by 13.2% (Figure 7). This can be attributed to a decrease in frictional dissi-
pation by 57% at site OS and 42% at site OE(Figures 6 and 7). In this case, dissipation by wave breaking increased
by an average of 659% for both sites. This results in a shift in the dominant form of wave energy dissipation
(Figure 7). Comparing RCP2.6 to the TD scenario, mean frictional dissipation (Df) decreases by 82.5% at site OS
and 95.8% at site OE, while wave breaking remains marginally greater by 0.1% (OS) and 1.5% (OE) in the TD
scenario. Despite this, the mean total wave energy dissipation (the sum of frictional and wave breaking dissipation
rates) decreases by 71.4% (OS) and 84.4% (OE).

Figure 6. Maximumwave energy dissipation (blue),dissipation due to bed friction (red) and all dissipation profiles (gray) across the x and time domains for site OS under
RCP 2.6, RCP 8.5 and total disaster (TD) forereef environments. For site OE under RCP 2.6, RCP 8.5 and TD forereef environments. Exemplary bathymetry profiles
(illustrated by black lines) originate from the central region of the model (y/2). Note Y axis are unique for each study site to highlight relative differences in dissipation
across contrasting forereef environments (Table 3).
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We calculated maximum water levels at the reef crest for both sites under four forereef model environments,
based on present day conditions and three climate change scenarios considering both mean and storm wave
conditions (Table 2). For mean wave conditions, maximum reef crest water levels in the present‐day model were
near zero (0 and 0.1 m at site OS and OE, respectively). The maximum reef crest water levels increase for all
simulated reef scenarios (Figure 7). We calculated a maximum excursion from mean water levels at the reef crest
of 0.4 m at site OS and 0.1 m at site OE for RCP 2.6 with larger increases to 0.4 m (OS) and 0.7 m (OE) for
RCP8.5. The high emissions scenario (TD) had the highest reef crest water levels of 2.1 m (OS) and 2.0 m (OE).

Storm wave conditions increased reef crest water levels compared with mean wave heights in all cases (Figure 6;
Table 2). Under present‐day conditions, reef crest water levels were greater for mean wave conditions at 1.25 and
0.5 m for site OS and site OE, respectively. Under forecast climate change scenarios, storm waves did not
significantly impact reef crest wave transmission under RCP2.6 compared with present day conditions despite an
increase in wave height of 3.5 m. Reef crest water levels, under RCP8.5 were 2.1 m at site OS and 1.4 m at site OE,
which increased significantly to 3.5 and 3.9 m in TD models at each site, respectively.

4. Discussion
4.1. Benefits of Accurate High‐Resolution Bathymetries in Numerical Wave Models

Our models of wave transformation over LiDAR‐derived bathymetry focus on the influence of SaG morphology
on wave energy dissipation and wave transmission over the reef crest. Under mean wave conditions, we
calculated average dissipation rates across the entire forereef profile of 3.61W/m2 at site OS and 2.52W/m2 at site
OE for offshore wave heights of 1.3 and 1.2 m, respectively. This calculation is made across the entire reef profile
representing 862 and 770 m, respectively (Figures 2b and 2c). Field measurements of wave energy dissipation
conducted at OTR were taken at the same site as OE presented in this study (Figure 2c) (Duce et al., 2022). We
determined a mean dissipation rate of 10.6 W/m2 across 60 m between the two instruments, almost entirely due to
bed friction (Figure 3d). Duce et al. (2022) recorded mean dissipation rates of 20 W/m2 with wave heights of
Hs= 0.78 m and Tp= 5 s. Differences in the recoded and modeled data at this site may be attributed to the incident
wave direction (N‐NE during the deployment period), which was not completely aligned with SaG as modeled
here. These results compare with data obtained on a fringing reef in Ipan (Guam), which also featured SaG on the
forereef (Péquignet et al., 2011). Between two sensors placed 55 m apart inside a 5 m deep groove, the dissipation
rate was 25 W/m2 for offshore wave heights of 1–2 m (Péquignet et al., 2011). Monismith et al. (2015) identified
comparable dissipation rates of 25 W/m2 on a forereef in Palmyra (Kiribati) between instruments 50 m apart for
incident wave heights of 1 m. Monismith et al. (2013) determined rates of 22 W/m2 across a forereef at Mo'orea
(French Polynesia) with instruments located 50 m apart and wave heights of 0.3–0.5 m. Dissipation rates for each
of these studies are assumed to be due to bed friction with constant dissipation between the instruments. Our

Figure 7. Mean total dissipation (D mean) for OS (a) and OE (b) study sites and mean dissipation by bed friction (Df mean) and wave breaking (Db mean) for each
forereef model (see Table 3).
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results produce dissipation rates comparable to field measurements in similar environments, demonstrating the
successful application of realistic bathymetry to numerical modeling of forereef wave energy dissipation.

Using a real bathymetry, our study demonstrates the influence of groove sinuosity on wave energy dissipation by
breaking. Our results show that shore‐normal waves interact with spur walls that do not perfectly align with
incoming swell. In our study, the mean groove heading was used to align the bathymetric grids to the oncoming
waves (Figure 2b), consistent with field observations (Duce et al., 2020; Munk & Sargent, 1948). Despite this,
variation in headings between grooves and the sinuosity of individual grooves produces steep irregularities in the
forereef slope that have a large impact on the oncoming waves, playing a significant role in both dissipation by
wave breaking and bed friction. The straight and shore normal SaG identified in this analysis (mean sinuosity of
S = 0.99, where 1 is a perfectly straight groove) (Table 4) are representative of groove sinuosity across the
southern GBR. For example, observations of 12,102 grooves in the GBR and South Pacific show a mean groove
sinuosity of S= 0.98 (Duce, 2017). Despite remarkable regional consistency in groove morphology, we observed
that even small deviations from perfect shore‐normal grooves are significant for wave transformation on the
forereef (e.g., Figure 7). These features would not be considered in 1D or idealized 2D bathymetry. The use of real
bathymetry in modeling efforts can elucidate the heterogeneity of dissipation rates on forereefs.

4.2. Effects of SaG on Wave Energy Dissipation

SaG morphology was found to increase wave energy dissipation. We compared forereefs featuring SaG to
forereefs with SaG removed, while controlling for water level, wave height and bed friction (Figure 4). At both
sites, the presence of SaG increased dissipation on the outer forereef (Figure 4). The frictional mode of dissipation
was dominant in both smoothed (SaG removed) and realistic bathymetry. Dissipation by wave breaking was
reduced in the smoothed models, despite similar model resolution and forereef geometry (Figure 5). At site OE,
dissipation by breaking occurs in a similar location along the forereef (Figures 3b, 3d, and 5), near the reef crest.
However, the magnitude of wave breaking is reduced, as the mean bathymetric gradient at the reef crest is reduced
by the removal of SaG features. This lends further support to the idea that SaG morphology can introduce steep
bathymetric inclines to forereefs that can increase wave energy dissipation by breaking. Differences in SaG
morphology similarly have an impact on wave transformation and dissipation. The most wave exposed site
(southern site, OS) has the highest average dissipation rate of 71.5% over 300 m SaG zone due to bed friction
(Figure 3a). The long (mean length of 187.12 m) and deep (mean depth of 1.95 m) EWE grooves at this exposed
site may explain how this high average dissipation rate occurred (Table 1). The length of EWE SaG creates
surfaces of high frictional drag that extend the zone of frictional dissipation and contribute to high average
dissipation rates (Figures 4a and 5). Shore normal currents occurring in the long and deep grooves have also been
observed and facilitate high rates of dissipation (Rogers et al., 2013). We demonstrate under present‐day con-
ditions that bed frictional dissipation is dominant in dissipating wave energy before breaking occurs at the reef
crest (Figures 3a and 3c). Bed frictional dissipation represents 98.0% and 98.9% of total dissipation at site OS and
OE, respectively (Figures 3a and 3c). This is consistent with field research conducted at the OTR (Duce
et al., 2022) and in other high‐energy settings (Lowe et al., 2005; Monismith et al., 2015; Rogers et al., 2017). For
example, under mean wave conditions at Palmyra (Kiribati), a high bed friction coefficient ( fw = 1.8) facilitated
greater wave energy dissipation due to bed friction than from wave breaking (Monismith et al., 2015), which is
consistent with field observations in Kaneohe Bay, Oahu, Hawaii (Lowe et al., 2005). Our results suggest that the
modes of wave energy dissipation (frictional or breaking) are not only influenced by the wave conditions but also
by the heterogenous morphology of the forereef slopes (Figures 6 and 8).

Table 4
Morphometric Parameters and Classes of Spurs and Grooves at the Two Study Sites

Mean SaG morphometric parameters
Quantity of SaG classes by

site

Site Length (m) Sinuosity Orientation (Deg) Depth (m) Width (m) DaD EWE LaP SaP

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

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007424
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SaG morphology and consequently the morphological classes of Duce et al. (2016) can provide further expla-
nations for the mode of wave energy dissipation (Table 1). Where grooves are shorter, they play a critical role in
creating steep bathymetric gradients that induce wave breaking (Figures 4 and 8). This differs from previous SaG
research (Acevedo‐Ramirez et al., 2021) that showed wave breaking being induced by the reef crest. Semi‐
exposed SaGs (represented here by site OE) are typically shorter (mean length of 71.5 m) and shallower
(mean depth of 1.38 m) than the most exposed sites (site OS) and can include both EWE and deep and
disconnected (DaD) classes (Table 1). The seaward extent of the EWE grooves at semi‐exposed forereef sites
(OE; Figure 3d) features a steep bathymetric incline that produces the maximumwave energy dissipation by wave
breaking rate observed across all present‐day models (1,824.7 W/m2, Figure 6). As such, long spurs can facilitate
frictional dissipation and short grooves can induce wave breaking by introducing steep bathymetric inclines
within the breaker zone of incident waves.

The peak in wave energy dissipation shoreward of EWE grooves highlights the complex interaction between
forereef morphological evolution and wave energy (Figure 3e). The seaward extent of EWE grooves is at a depth
of 3.5 m, coincident with the mean model wave height breaker depth for waves of 1.3–4.3 m (Figure 3, Table 2).
As wave breaking imposes forces on the structure of the reef (Massel & Gourlay, 2000; Storlazzi et al., 2005) the
results presented here suggest that incident waves could be capable of modifying the EWE grooves in this zone,
which is consistent with C14 and U‐Th ages of SaG formations on the eastern forereef of OTR (Duce et al., 2020),
suggesting an erosive origin for this grooves. Imposed climate change effects further elucidate the influence of
grooves. Deep and disconnected (DaD) grooves at site OE exist below the typical wave base and have minimal
interaction with present day wave energy. Supporting the previous findings that DaD grooves may be relict
features, formed at an early stage during the Holocene transgression (Duce et al., 2016).

4.3. The Impact of Contrasting Forereef Environments on Wave Energy Dissipation Over SaG

Forecasted environmental changes decrease mean wave energy dissipation (Figure 6), which is consistent with
other approaches (e.g., Quataert et al., 2015; Sheppard et al., 2005). In the simulations presented here, dissipation
remains high between RCP 2.6 and RCP 8.5 as reduced dissipation by bed friction is balanced by an increase in
dissipation by wave breaking (Figures 5 and 6). The difference between dissipation by bed friction and dissipation
by wave breaking is the greatest at both sites for RCP 8.5, where water depth is still sufficient for wave breaking,

Figure 8. Maximum excusion from mean water levels at the reef crest (0 m contour) at both sites under mean (OS_m and
OE_m) and storm (OS_storm and OE_storm).
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yet the degradation of the reef reduces frictional effects (see Figure 8). The reliance on wave breaking dissipation
is consistent with observations from high energy reefs of low structural complexity (Harris, Power, et al., 2018).
Finally, dissipation is lowest where SLR is greatest (TD scenario) due to waves passing over the reef without
breaking (Figure 8). Although the role of SLR is thought to be secondary in contributing to these changes (Harris,
Power, et al., 2018), our models suggest that the combined impact of SLR and loss of structural complexity will
lead to lowest dissipation rates (Figures 5 and 9) and highest waves at the reef crest(Figures 6 and 9) when climate
change parameters (Table 3) were increased between the contrasting forereef environments.

Sea‐level rise shifts the region of high energy dissipation toward the reef‐crest (Figures 6b, 6c, 6e, and 6f).
Bathymetric features that are submerged into the surf zone by rising relative sea level are likely to influence wave
breaking and frictional dissipation (Figure 6). This is evident in the shoreward shifting dissipation zones
(Figure 6) and as previous literature states (Massel & Gourlay, 2000) is a threat to corals in this zone as wave
breaking results in greater hydrodynamic forces on corals. Corals previously protected from wave energy are
likely to be species of lower mechanical strength (Storlazzi et al., 2005). Under worse case scenarios (RCP 8.5) by
the year 2100, it is likely that corals of the same species may be weaker due to lower carbonate saturation in the
water column (Eakin, 1996) or high frequency bleaching events (Hughes et al., 2017). Coral breakage is likely to
occur here, and corals that support a steep bathymetric incline with a high frictional coefficient responsible for this
peak in wave energy dissipation may have lower structural resilience by 2100 (Eakin, 1996).

High‐energy SaG formations have been attributed to wave induced erosion, albeit at vastly different timescales to
sedimentary swash‐zone features such as rip channels (Duce et al., 2020). It is possible that climate change‐driven
increase in erosive forces promotes further SaG development on forereefs, which contributes to the dissipation of
wave energy.

4.3.1. Increased Wave Transmission at the Reef Crest

Wave transmission at the reef crest increases with increased climate change parameters due to the coupled effects
of decreased bed friction and loss of dissipation due to breaking (Figure 6). Compared to mean wave conditions,
the impact of storm waves results in an increasingly greater excursion from mean water levels at the reef crest

Figure 9. Comparison between exposed and semi‐exposed bathymetric profiles (site OS and site OE) demonstrate the
influence of the length of the spurs and grooves zone.
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when climate projections are increased (Figure 6). This effect is persistent despite the increased wave energy
dissipation at the semi‐exposed forereef (site OE) under RCP 8.5 (Figure 3e). The primary control on wave height
at the reef crest is SLR, which incorporates eustatic and local sources. Future work should include tidal effects,
which would contribute an additional 1.5 m of water level at mean spring high tide at OTR (Harris et al., 2015).
The magnitude of wave height increase at the reef crest observed in the TD scenario at an exposed site (OS) of
∼4 m is sufficient to entirely flood all backreef environments at OTR, including the low‐lying coral island. An
increase in wave transmission at the reef crest of this magnitude would have significant impacts on coral reef
islands and reef‐lined shores (Fellowes et al., 2022; Storlazzi et al., 2015; Talavera et al., 2021). For example,
3.7 m of wave runup combined with sea surface elevation above a reef flat in Roi‐Namur, Marshall Islands, was
observed in flooding of the inland area of the Island (Cheriton et al., 2016). Research elsewhere demonstrated that
wave overtopping on reef islands in the year 2100 will be highly variable across due to variable reef vertical
accretion and erosion rates (Beetham & Kench, 2018; Kench et al., 2022), but also due to the vertical accretion of
coral reef islands (Kench et al., 2019, 2022; Masselink et al., 2020) which is controlled by sediment availability.

The combined influence of coral reef degradation and SLR amplifies the occurrence of wave transmission beyond
the reef crest. Thereby, communities protected by coral reefs are exposed to heightened risks of flooding (Harris,
Power, et al., 2018; Quataert et al., 2015; Storlazzi et al., 2018). Notably, a maximum overtopping of approxi-
mately 4 m was measured here when the significant wave height reached 5.1 m. An examination of altimeter data
reveals that within the 33‐year data span, wave heights have not surpassed this threshold (95th percentile wave
height= 3.1 m) (Figure S1, supplementary material). Consequently, further investigation is required to determine
the frequency of significant overtopping events at the OTR.

5. Conclusion
This study combined numerical modeling and LiDAR‐derived bathymetry to demonstrate the importance of
forereef spur and groove (SaGs) morphologies in modifying wave energy. Results indicate that high resolution
digital elevation models (<1 m) can provide morphometric data to examine wave transformation on forereefs
comparable to field studies. We show that groove sinuosity plays a role in wave transformation and should be
considered in future research on wave dissipation on SaG. This highlights the need for realistic bathymetry in
future studies of forereef wave energy dissipation, as idealized bathymetry used in previous studies, using nu-
merical or physical modeling overlook features such as SaG, which increase wave energy dissipation.

By comparing bathymetry with and without SaG, we demonstrate that SaG morphologies can increase wave
energy dissipation by inducing breaking and increasing bed friction. Additionally, SaG morphological classes
exhibit distinct dissipation characteristics, with some showcasing higher frictional dissipation and others
exhibiting greater breaking dissipation. Notably, spur length emerges as a critical factor in enhancing dissipation
by bed friction. Among the SaG morphological classes, EWE grooves have demonstrated the greatest dissipation
rates, while DaD grooves contribute less to the dissipation process, particularly when climate change parameters
like water level was increased and bed friction factor decreased between each model.

Analyzing the climate change parameters included in each successive model demonstrated that changes in the
mode of wave energy dissipation will likely occur. The most notable result was a decrease in dissipation by bed
friction from 100% of dissipation under present day conditions to 48% under RCP 8.5. This is matched by a 52%
increase in dissipation by wave breaking. Overall, we found a reduction in wave energy dissipation across
contrasting forereef environments based on future climate change parameters such as increased water level and
decreased bed friction factor. This leads to increased wave transmission at the reef crest, with the maximum
transmission occurring where dissipation was lowest. Forereef morphological adjustment to increased dissipation
by wave breaking may expose corals to erosion, a process which has been linked to the formation of SaG. The
results highlight the critical role of forereef morphology in wave energy dissipation and the need for measures to
promote coral growth to facilitate future dissipation.

Data Availability Statement
XBeach version 1.22 (revision 4567) was used in this analysis (Roelvink et al., 2009). Python codes used to
interpret bathymetry in XBeach and analyze outputs are available online (Perris, 2024).
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