
P
os
te
d
on

21
N
ov

20
22

—
C
C
-B

Y
4.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
63
69
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Field measurements from contrasting reefs show spurs and grooves
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Abstract

Coral reefs are widely recognized as effective dissipaters of wave energy. Spurs and grooves (SAG) are common features of fore

reefs worldwide and are thought to be particularly efficient at dissipating wave energy. However, very few studies have collected

in-situ hydrodynamic data to verify this and understand SAG interactions with hydrodynamic forces. We present in-situ wave

data from contrasting SAG sites at Moorea, French Polynesia and One Tree Reef in the southern Great Barrier Reef, Australia.

We measured extremely high rates of wave energy dissipation (up to 0.1 kW/m) than the adjacent spur (mean =0.01 kW/m2).

Correlations between measured dissipation, wave height and depth allowed us to develop a conceptual model showing that

SAGs dissipate more energy under high wave conditions at low tides, while the reef crest dissipates more energy at high tides

under small wave conditions. Further study is required to better understand and model the hydrodynamics of SAG zones and

the important role they play in reef dynamics and coastal protection.
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Field measurements from contrasting reefs show spurs and grooves can 1 

dissipate more wave energy than the reef crest 2 
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Key Points: 20 

 Field measurements show extremely high wave energy dissipation rates (up to 0.1 21 

kW/m
2
) across the SAG zone due to bottom friction alone. 22 

 23 

 SAGs were more effective at dissipating wave energy than the reef crest across 24 

differing reef morphologies and hydrodynamic regimes. 25 

 26 

 Greater dissipation at sites with high coral cover and mesotidal range suggest live 27 

coral and tidal currents contribute to dissipation. 28 

 29 

 30 

 31 

 32 
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Abstract  35 

Coral reefs are widely recognized as effective dissipaters of wave energy. Spurs and grooves 36 

(SAG) are common features of fore reefs worldwide and are thought to be particularly 37 

efficient at dissipating wave energy. However, very few studies have collected in-situ 38 

hydrodynamic data to verify this and understand SAG interactions with hydrodynamic forces. 39 

We present in-situ wave data from contrasting SAG sites at Moorea, French Polynesia and 40 

One Tree Reef in the southern Great Barrier Reef, Australia. We measured extremely high 41 

rates of wave energy dissipation (up to 0.1 kW/m
2
) across the SAG zone due to bottom 42 

friction alone. Interestingly, SAGs dissipated wave energy at higher rates than the reef crest 43 

under the modal conditions measured. Rates of dissipation were the greatest at sites with high 44 

live coral cover in mesotidal environments (i.e., One Tree Reef), suggesting the structural 45 

complexity of live corals increases bed friction and that tidal currents may contribute to 46 

dissipation. Unexpectedly, rates of dissipation were higher across the groove (mean ∈=0.04 47 

kW/m
2
) than the adjacent spur (mean ∈=0.01 kW/m

2
). Correlations between measured 48 

dissipation, wave height and depth allowed us to develop a conceptual model showing that 49 

SAGs dissipate more energy under high wave conditions at low tides, while the reef crest 50 

dissipates more energy at high tides under small wave conditions. Further study is required to 51 

better understand and model the hydrodynamics of SAG zones and the important role they 52 

play in reef dynamics and coastal protection. 53 

 54 

Plain Language Summary 55 

Coral reefs play an essential role in reducing the impact of waves on adjacent coastal areas 56 

and infrastructure. However, due to the difficulty of working in high energy wave 57 

environments, little is known about how different reef zones dissipate wave energy. To 58 

address this research gap, we used pressure sensors to measure the height and power of waves 59 

across different coral reef zones at One Tree Reef in the Great Barrier Reef, Australia, and 60 

Moorea in French Polynesia. We examined how waves dissipate their energy as they move 61 

across the reef from the fore reef, a deeper zone characterised by finger-like coral structures 62 

called spurs and grooves, to the reef crest, a shallower area where waves often break, and 63 

which is assumed to be responsible for most wave energy dissipation. Surprisingly, we found 64 

that the fore reef spur and groove zone was often more effective in dissipating wave energy 65 

than the reef crest. Tidal stage and wave height were important in determining how much the 66 



waves interact with the seafloor and loose energy due to friction. Our study also found initial 67 

evidence that the amount of live coral cover is important, with higher dissipation found in 68 

areas with higher live coral cover. Further field studies measuring wave dissipation across 69 

reef zones will help us better understand and model this system and its importance in coastal 70 

protection. 71 

 72 

1. Introduction 73 

Waves are the main hydrodynamic force acting on coral reefs and are a crucial driving 74 

factor in the formation, growth and persistence of coral reefs across all spatial and temporal 75 

scales (Harris et al., 2015; Storlazzi et al., 2005). Reef hydrodynamics control the transport 76 

and deposition of spawn, larvae and recruits, the provision of nutrients, removal of wastes 77 

and the production and transport of biogenic sediments to form the reef and associated 78 

features such as reef islands (Masselink et al., 2020). Coral reefs have long been recognized 79 

as providing effective wave energy dissipation and protecting coastlines (e.g. Munk & 80 

Sargent, 1948). The value of reefs as natural breakwater systems has become particularly 81 

important with growing threats from rising sea levels and increased storm activity (e.g. Beck 82 

et al., 2018; Ferrario et al., 2014; Foley et al., 2014; Gallop et al., 2014; Van Zanten et al., 83 

2014; Vila-Concejo et al., 2017; Woodhead et al., 2019).  84 

Numerical modelling of wave dissipation across coral reefs has become a relatively 85 

common tool to inform coastal management and predict the likely effects of sea level rise 86 

(Baldock et al., 2019; Baldock et al., 2020; Bramante et al., 2020; Harris et al., 2018). 87 

Accurate and high-resolution field data are required to calibrate and validate numerical 88 

models and optimize their utility (e.g. Horstman et al., 2014; Storlazzi et al., 2011). However, 89 

the remote location of many coral reefs makes access difficult, and it is challenging to deploy 90 

instruments particularly in the high-energy fore reef zone. Nevertheless, field observations in 91 

fore reef environments are necessary to examine dissipation under complex natural 92 

conditions and to understand sediment production and transport in biogenic coral reef 93 

systems. 94 

The majority of existing studies detailing wave dissipation by coral reefs measure 95 

dissipation across reef flats (e.g. Brander et al., 2004; Hardy & Young, 1996; Harris & Vila-96 

Concejo, 2013; Harris et al., 2015; Huang et al., 2012; Kench & Brander, 2006) and around 97 

reef islands (e.g. Beetham & Kench, 2014; Kench et al., 2009; Mandlier, 2013; Samosorn & 98 



Woodroffe, 2008). Given the logistical complexity of instrument deployments on reefs, some 99 

studies have measured wave dissipation across the reef crest based on a single instrument on 100 

the fore reef and another on the reef flat behind the reef crest (e.g. Lowe, 2005; Lugo-101 

Fernández et al., 1998a; Lugo-Fernández et al., 1998b; Pomeroy et al., 2012; Cheriton et al., 102 

2016). These studies provide robust evidence of coral reefs’ ability to dissipate wave energy 103 

but do not provide spatial resolution to differentiate wave dissipation occurring on the fore 104 

reef from that of the reef crest and reef flat. Notable exceptions are Monismith et al. (2015), 105 

Monismith et al. (2013), Péquignet et al. (2011) and Storlazzi et al. (2004), where wave 106 

measurements included at least two fore reef locations. On the fore reef of Palmyra Atoll, 107 

Monismith et al. (2015) calculated the highest friction factor (1.8) measured at any reef, with 108 

approximately 20% wave energy dissipation over 56 m (i.e., 35.7% over 100 m) and 109 

suggested that healthy coral cover facilitated efficient wave dissipation.  110 

Spurs and grooves (SAG) are a common geomorphic feature of many fore reefs 111 

worldwide and their origin and formation mechanisms have been the subject of some debate 112 

(Gischler, 2010). They are characterized by parallel ridges of carbonate material (spurs), 113 

separated by channels (grooves) which are usually aligned perpendicular to the reef front. 114 

The features show considerable variations in morphology which are thought to be 115 

predominantly driven by the prevailing hydrodynamic energy (Duce et al., 2020; Duce et al., 116 

2016; Roberts, 1974; Storlazzi et al., 2003). However, very few studies have collected in-situ 117 

hydrodynamic data to verify this, let alone attempt to understand the mechanics and spatial 118 

variability of wave energy dissipation by the SAG.   119 

To date wave hydrodynamics across SAGs have only been directly measured at three 120 

reefs worldwide; Grand Cayman Island in the Caribbean (Roberts et al., 1975), Molokai, 121 

Hawaii (Storlazzi et al., 2004) and Ipan, Guam (Péquignet et al., 2011) in the central Pacific. 122 

At Grand Cayman, Roberts et al. (1975) found that bottom friction at the fore reef SAGs 123 

modified deep water waves and currents reducing wave heights by ~20% (i.e., 0.5% per 10 124 

m) and current speeds by ~60-70% over the ~400 m between the outer instrument (21 m 125 

depth) and inner instrument (8 m depth). Storlazzi et al. (2004) measured less than 0.1% 126 

dissipation in wave power per 10 m for small waves (Hs <0.4 m) across the SAG zone at 127 

Molokai, Hawaii. Péquignet et al. (2011) measured a 17% decline in wave energy flux during 128 

a tropical cyclone over 55 m (i.e., 3.1% per 10 m) between sensors at 7.9 and 5.7 m depth on 129 

the fore reef SAGs at Ipan fringing reef in Guam and found that the majority of energy was 130 

dissipated by wave breaking in the surf zone. 131 



In this paper, we quantify the wave energy dissipation across different types of SAG in 132 

two contrasting coral reef types and determine the mechanisms by which most dissipation 133 

occurs at each site (i.e., wave breaking at the reef crest versus bottom friction across the fore 134 

reef). Further, we assess the influence of other variables including offshore wave height, 135 

water depth, spur and groove morphology, tidal currents and coral cover on energy 136 

dissipation. This paper also presents comprehensive wave datasets, including measurements 137 

at the inner and outer limits of the SAG zone at five sites located on two contrasting reefs 138 

under different tidal and wave energy regimes. These sites are Moorea in French Polynesia 139 

and One Tree Reef in the southern Great Barrier Reef (GBR).  140 

 141 

2. Study Sites 142 

We undertook 10 field experiments, five at One Tree Reef in the southern GBR, 143 

Australia and five at Moorea, French Polynesia. The field experiments included areas from 144 

each reef with different degrees of wave exposure (Figures 1 and 2) with wave measurements 145 

undertaken across the SAG zone of the fore reef. Each site is described in detail in 146 

Supplementary Text S1-S5. 147 

2.1 Moorea  148 

Moorea (17°30' S, 149°50' W) is a high volcanic island in French Polynesia, in the 149 

central tropical South Pacific Ocean (Figure 1). The island has a perimeter of 60 km and is 150 

surrounded by a barrier reef between 0.5 to 1 km from shore protecting an inshore lagoon 151 

(Leichter et al., 2012). Several passes around the reef connect the inshore lagoons with the 152 

open ocean (Figure 1b). Between 1 and 2 km offshore of the reef, water depths drop to > 500 153 

m (Leichter et al., 2013). Moorea is micro-tidal with a spring tidal range of 0.2 m (Hench et 154 

al., 2008). It is exposed to seasonal oceanic swells with significant wave heights between 1 155 

and 2 m, however significant wave heights between 5 to 8 m, associated with storms and 156 

remotely generated swell, are not uncommon (Leichter et al., 2013). The dominant swell 157 

direction is from the southwest. From approximately October to April, the northern shore of 158 

Moorea receives northerly swells driven by storms across the Northern Pacific (Hench et al., 159 

2008). Waves are the dominant driver of currents over the reef crest as tides and wind-driven 160 

flows are relatively weak (Hench et al., 2008; Monismith et al., 2013).  161 

Since quantitative scientific studies began in the 1970s, Moorea reef has experienced 162 

a number of stressors in the form of recurrent bleaching events (Adjeroud et al., 2009), two 163 

major outbreaks of Crown-of-Thorns sea stars (Trapon et al., 2011) and cyclones, particularly 164 



Cyclone Oli in 2010 (Etienne, 2012). These events caused coral cover on the fore reef to 165 

decline from > 40% in 2005 to < 5% in 2010 (Kayal et al., 2012). By 2013 Scleractinian coral 166 

cover at Moorea fore reef (10 m depth) had recovered to approximately 20% and was 167 

composed almost entirely of juveniles (Edmunds & Leichter, 2016). SAGs are visible in 168 

satellite imagery around the entire fore reef of the barrier system.  169 

 170 

2.2 One Tree Reef 171 
One Tree Reef (OTR, 23°30′ S, 152°05′ E) is a lagoonal (mature) reef in the Capricorn-172 

Bunker Group of reefs in the southern GBR (Hopley et al., 2007). The reef lies within a 173 

“Scientific Zone” of the GBR Marine Park, 80 km seaward of mainland Australia and hence 174 

has minimal anthropogenic influences. It is located only 20 km west of the edge of the 175 

continental shelf and is therefore exposed to the southeast trade winds and modal swell 176 

energy for most of the year (Frith and Mason, 1986). The average annual significant wave 177 

height is approximately 1.15 m from a predominantly east southeasterly direction driven by 178 

trade winds (Hopley et al., 2007) and occasional cyclones also occur (e.g. Woolsey et al., 179 

2012). The reef is mesotidal and has semidiurnal tides with a mean spring tidal range of 3 m 180 

(Vila-Concejo et al., 2014). The reef crest is mostly unbroken with no clear passes, and the 181 

lagoon is isolated from swell and tides during approximately five hours of each tidal cycle 182 

(Frith & Mason, 1986). There are high levels of live coral cover, particularly on the fore reef, 183 

and a diverse range of calcifiers are present (Hamylton et al., 2013). SAGs are present around 184 

the entire fore reef with four distinct classes associated with the different levels of wave 185 

energy and antecedent topography (Duce et al., 2016). Duce et al. (2020) demonstrated that 186 

the formation and evolution of SAGs at OTR could include growth offshore or onshore 187 

depending primarily on wave exposure. The presence of a rubble cay on the southwest corner 188 

of the reef flat and several active rubble spits along the reef flats demonstrate sediment 189 

transport from the fore reef (Bryson et al., 2016; Shannon et al., 2013). 190 

 191 



  
Figure 1 The location of Moorea adjacent to Tahiti in the South Pacific Ocean (a). 

Panel (c) shows an overview of the island where the star represents the location of the 

FOR01 wave mooring. Imagery of the study sites Moorea Northwest (MNW) (b); 

Moorea North (MN) (d) and Moorea East (ME) (e) are presented. The position of 

pressure sensors (PS - triangles) and current meters (CM – circles, Note: current meter 

data is not presented in this paper) are shown and labelled IG (inner groove), OG (outer 

groove), OS (outer spur), IS (inner spur), SFR (smooth fore reef) and RF (reef flat). 

Photographs of the deployment sites are shown in (f).  
 192 



  

Figure 2 Overview of the location of One Tree Reef in the southern Great Barrier Reef (a) 

and the position of study sites around the reef (c). The position of pressure sensors (PS - 

triangles) and current meters (CM – circles. Note: current meter data is not presented in this 

paper) at One Tree north (ON) (b) and One Tree east (OE) (d) are shown and labelled IG 

(inner groove), OG (outer groove), OS (outer spur), IS (inner spur) and RF (reef flat). At ON 

(b) subscript N denotes narrow groove and W denotes wide groove. Photographs of the 

deployment sites are presented in (e).  
 193 

3. Methods 194 

3.1 Offshore wave data 195 

Offshore wave data during our deployments at Moorea were obtained from the Moorea 196 

Coral Reef Long-Term Ecological Research (MCR LTER) mooring FOR01 on the northern 197 

fore reef (17.475°S, 149.837°E, Figure 1c) at a depth of approximately 10 m (Washburn, 198 



2015) and from the WaveWatch III (WW3) global hindcast wave model (Tolman, 2009). 199 

Wind data were obtained from Gump Station (Washburn & Brooks, 2016). Offshore wave 200 

data at One Tree Reef were obtained from a Nortek Acoustic Waves and Currents Sensor 201 

(AWAC) deployed at the One Tree East Mooring (23° 28.999' S, 152° 10.356' E) at a depth 202 

of 15 m on the continental shelf 8 km east of One Tree Reef. Wind data were obtained from 203 

the Australian Institute of Marine Science Integrated Marine Observing Station (AIMS 204 

IMOS) weather station in the One Tree lagoon.  205 

 206 

3.2 Data collection 207 

The SAG zone, particularly the shallow area adjoining the reef crest, is extremely 208 

dynamic and difficult to deploy instruments in, which explains the paucity of data collected 209 

in this area to date. We deployed Aquistar INW PT2X pressure sensors at all sites, sampling 210 

continuously at 4 Hz to measure wave characteristics. The length of the deployments was 211 

typically short (<24 h) due to limited data storage in the instruments. The instruments were 212 

cable tied to purpose-built concrete blocks with protruding metal rods that were placed by 213 

SCUBA divers using lift bags. As shown by Duce et al. (2016) and Duce et al. (2020), the 214 

same reef can support different SAG types thus deployments were conducted at multiple sites 215 

on each reef to capture differing wave exposure regimes. Deployment locations included 216 

three sites on the fore reef at Moorea – Moorea North West (MNW), Moorea North (MN) 217 

and Moorea East (ME) (Figure 1); and two sites at One Tree Reef – One Tree East (OE) and 218 

One Tree North (ON) (Figure 2). Detailed descriptions of each of these sites and the 219 

instrument deployment configuration are available in Table 1 and the supplementary 220 

materials (Supp. 1).  221 



Table 1 Overview of the deployments at Moorea and One Tree reefs including the geomorphic characteristics of the site and the dates of each 222 

deployment. For further information on each site refer to S1-S5. (The following acronyms are used in this table: MN: Moorea North; ME: 223 

Moorea East; MNW: Moorea North West; OE: One Tree East; ON: One Tree North; IG: Inner Groove; OG: Outer Groove; RF: Reef Flat; IS: 224 

Inner Spur; OS: Outer Spur; SFR: Smooth fore reef; W: wide; N: narrow)  225 

Location  Deployment  Site  Depth (m)  
Approx. 

width (m)  

Approx. spur  

wall height 

(m)  

Dist. seaward 

of crest (m)  

Dates  Site Descriptions/Comparisons 

Moorea  Moorea North 1  MN1-IG  3.3  2  0.6  20  Aug 

to 

9 Aug 2014 

- Moderately exposed compared to other Moorea 

sites 

- SAG zone width ~100 m and gradient ~5° to a 

depth of ~12 m 

- Reef crest and flat submerged throughout the 

tidal cycle 

- Coral cover ~10-20%  

- Bottom of grooves are bare or have large, 

rounded rubble grading to patches of coarse sand 

with depth 

MN1-OG  9.1  5  4  90  

MN1-RF  1.9  -  -  -  

Moorea North 2  MN2-IG  3.3  2  0.6  20  11 Aug 2014 

 MN2-OG  8.9  5  4  90  

MN2-OS  4.7  20  4  90  

MN2-RF  1.9  -  -  -  

Moorea East 1  ME1-IG  3.8  4  1.5  15  19 Aug 

to 

20 Aug 2014 

 

- Least exposed of Moorea sites 

- SaG zone width ~100 m and gradient ~8˚ to a 

depth of ~16 m 

- Reef crest and flat submerged throughout the 

tidal cycle 

- Coral cover ~25% 

- Bottom of grooves have large, rounded rubble 

grading to small angular rubble and sand with 

depth 

ME1-IS  2.7  6  1.5  18  

ME1-OS  7.0  
20  3  

85  

Moorea East 2  ME2-IG  3.8  4  1.5  15  21 Aug 2014 

 ME2-IS  2.7  6  1.5  18  

ME2-OS  7.7  
20  3  

85  

Moorea North 

West 

MNW-OG 5.8 1.5 2.5 54 

15 Aug 

to 

16 Aug 2014 

 

- Most exposed of Moorea sites (unable to 

deploy instruments at inner groove or on spur 

due to high energy waves breaking) 

- SaG zone width ~70 m and gradient ~6˚ to a 

depth of ~8 m  

- Reef crest and flat submerged throughout the 

tidal cycle 

- Coral cover ~40%.  

- Bottom of grooves bare, with occasional large 

MNW-RFSAG  1.1  -  -  -  

MNW-SFR  3.6 -  -  56  

MNW-RFSFR  1.4  -  -  -  



rounded coral boulders 

- A 150 m long area of smooth fore reef (SFR) 

between SAGS  
One Tree  One Tree East  OE-IG  2.8  1.5  1  28  11 Oct 

to 

13 Oct 2013 

 

- Most exposed of One Tree sites 

- SAG zone width ~120 m with gradient of ~2° to 

a depth of 6 m 

- classified as “exposed to wave energy” (EWE) 

by Duce et al. (2016) 

- Reef crest and flat exposed and therefore 

disconnected from SAGs over low tides 

- Coral cover ~75%  

- Bottom of grooves have large, smoothed rubble 

clasts transitioning to coarse rippled sand with 

depth  

OE-OG  5.4  2  2.5  88  

OE-IS  1.9  7  1  28  

OE-OS  2.5  10  2.5  88  

OE-RF  0.6  -  -  -  

One Tree North 

1  

ON1-IGW  2.9  5.0  1.5 10  1 Dec 2014 

 

- Least exposed of One Tree sites 

- SAG zone with ~200 m with gradient of ~4° to 

a depth of ~10 m 

- Outer groove narrow (OGN) classified as “short 

and protected” (SaP); neighbouring wide groove 

(IGW and OGW) classified as “long and 

protected” (LaP) by Duce et al. (2016) 

- Reef crest and flat exposed and therefore 

disconnected from SAGs over low tides 

-Coral cover ~85% 

- Bottom of the narrow groove and the outer end 

of the wider groove have poorly sorted, angular 

coral rubble and little sediment. Inner end of the 

wide groove has sand with some angular rubble 

and occasional live corals. 

ON1-OGW  2.9  8.5 2.0 34  

ON1-OGN  2.1  1.5 1.0  29  

One Tree North 

2  

ON2-IGW  3.0  5.0 1.5  10  2 Dec 

to 

3 Dec 2014 

ON2-OGW  3.2  8.5 2.0  34  

ON2-OGN  2.4  1.5  1.0  29  

One Tree North 

3  

ON3-IGW  3.5  5.0 1.5  10  5 Jan 2015 

 ON3-OGW  3.6  8.5  2.0  34  

ON3-OGN  2.8  1.5 1.0  29  

One Tree North 

4  

ON4-IGW  3.5  5.0  1.5  10  7 Jan 

to 

8 Jan 2015 
ON4-OGW  

3.7  8.5 2.0  

34  



 226 

3.3 Data Analysis  227 

Spectral analysis of pressure sensor data was conducted using a Fourier transform 228 

algorithm for 15-minute intervals with 50% overlap. A Hanning window was applied with 229 

linear detrending. A dynamic pressure adjustment, based on Lee and Wang (1984), was 230 

performed to account for pressure attenuation with depth and convert the subsurface pressure 231 

record to surface waves. Linear wave theory has been shown to perform well in steep, 232 

complex reef environments (Monismith et al., 2013). Thus, standard shallow water linear 233 

wave theory was used to calculate the significant wave height (𝐻𝑠) peak wave period (𝑇𝑝) 234 

and wave power (𝑃).  235 

  236 
 𝑃 =  1 8𝜌𝑝𝑔𝐻𝑠

2𝐻𝑠2√𝑔ℎ⁄  (1) 

 237 
 238 
where, 𝜌 is the density of sea water (1027 kg/m3), 𝑔 is the gravitational acceleration 239 

(9.81 m/s2) and ℎ is water depth (m). Given the considerable number of deployments (10) and 240 

instrument records (33) it is not practical to present the wave spectra or time series of wave 241 

parameters for each instrument here. Instead, and to allow for comparison, we made box plots 242 

in SPSS showing the median, first and third quartile of values recorded at each instrument 243 

during each deployment.  244 

 245 

We calculated energy dissipation rate per meter and percent of total energy dissipated 246 

between outer and inner groove instruments and between inner groove and reef flat 247 

instruments. Rates of wave energy dissipation (∈) in kilowatts per square meter (kW/m2) 248 

were calculated using the following formula (based on Monismith et al. (2015)): 249 

 250 

 
∈=

Δ𝑃

Δ𝑥
 

 

 

(2) 

 251 

where, Δ𝑃 is the change in wave power (kW/m) between the outer and inner instruments and 252 

Δ𝑥 is the across reef distance in meters, between the two instruments. Following the findings 253 

of Monismith et al. (2013), it was assumed that the direction of the incident wave field was 254 

perpendicular to groove orientation. The effects of wave reflection were reported to be 255 

minimal at a similar fore reef environment (Monismith et al., 2015) and therefore were not 256 

considered. This method assumes wave energy is dissipated at a uniform rate between the 257 

two instruments at which it is measured. While this is a reasonable assumption for unbroken 258 



waves on the fore reef (OG-IG) when dissipation is due to bottom friction alone, it does not 259 

hold when wave breaking occurs between two instruments. This is a limitation which must be 260 

considered particularly when interpreting the dissipation rates calculated between the fore 261 

reef and the reef flat (IG-RF).   262 

To determine whether wave breaking would have been a factor in dissipating wave 263 

energy we defined the wave breaking parameter such that:  264 

 265 
  

𝛾 = 𝐻𝑚𝑎𝑥/ℎ 

 

 

(3) 

  266 
where, 𝐻𝑚𝑎𝑥 is double 𝐻𝑠 and ℎ  is water depth. Published wave breaking parameters 267 

measured on coral fore reef environments vary from 0.83 (Rogers et al., 2016) to 0.98 268 

(Monismith et al., 2013) up to 1.1 (Vetter et al., 2010). We chose a conservative estimation 269 

(0.6) as we were interested in assessing the contribution of bottom friction to wave 270 

dissipation in the absence of breaking, thus we needed to be sure that waves would not have 271 

been breaking at our fore reef instruments.   272 

 273 

4. Results  274 

4.1 Offshore wave and wind conditions  275 

4.1.1 Moorea  276 

During the study period in August 2014 the offshore wave climate at Moorea, obtained from 277 

WW3, was dominated by south, southwesterly swell with mean significant wave height of 2.0 278 

m (Supp. Figure 1). The waves recorded at FOR01 on the northern reef had a mean 𝐻𝑠 of 279 

0.6 m, a maximum 𝐻𝑠 of 1.2 m and a 𝑇𝑝 of 8 seconds. Waves approached from a northerly 280 

direction (Supp. Figure 1 c) suggesting that the offshore waves obtained from the WW3 281 

model had refracted around the northern side of the island. Local winds at Moorea have 282 

previously been reported to have minimal effects on hydrodynamic circulation and thus were 283 

not examined in this study (Hench et al., 2008).  284 

4.1.2 One Tree  285 

The mean offshore significant wave height during the One Tree East deployment (11-13 Oct 286 

2013) was 0.78 m with a maximum 𝐻𝑠 of 1.1 m and 𝑇𝑝 of 5 s (Supp. Figure 2). During this 287 

deployment the offshore wave direction was north-northeasterly, and winds were northerly. 288 

During the One Tree North deployments (Nov 2014 to Jan 2015) the mean offshore 𝐻𝑠 was 289 



1.5 m with a maximum 𝐻𝑠 of 3.4 m and a 𝑇𝑝 of 7 seconds. Waves were predominately from 290 

the east (Figure 4c). The average maximum wind speed during One Tree North deployments 291 

was 29 km/h from an easterly direction (Supp. Figure 3d). During One Tree North 292 

deployment 4 (7-8 Jan 2015) there was a relatively high energy event with maximum 293 

offshore 𝐻𝑠 reaching 3 m and a maximum wind speed (i.e., the highest speed recorded each 294 

30 min period) of 54 km/h from the east (Supp. Figure 3e).  295 

  296 

4.2 Wave conditions in the SAG zone  297 

Measured mean 𝐻𝑠 were relatively small (<1 m) during all deployments with wave conditions 298 

during each deployment varying across the SAG zone (Figure 3). Spectral analysis revealed 299 

the dominant energy component to be the incident frequency band (3-25 s) for all 300 

deployments. Time series of wave conditions for all deployments are provided in the 301 

Supplementary material (Supp. Figures 4-13). The conservative wave breaking parameter 302 

was exceeded only at the outer and inner spurs, and the inner groove at One Tree East during 303 

part of the first low tide. No other instruments showed wave breaking though it is assumed 304 

that breaking would have occurred at the reef crest between the inner SAG instruments and 305 

the reef flat instruments.  306 

𝑃 was greatest at the deepest and furthest seaward instruments (usually outer groove 307 

instruments) for all deployments (Figure 3). The largest waves (mean 𝐻𝑠 = 0.86 m, 𝑃 = 308 

7kW/m) were recorded at the outer groove at Moorea North West (Figure 3 e, o), followed by 309 

both spurs and grooves at One Tree East (Figure 3f, p) and Moorea East 2 (Figure 3d, n). The 310 

smallest and least powerful waves for all deployments were recorded at the reef flat 311 

instruments. Regardless of wave height offshore, under modal conditions such as those 312 

recorded, virtually all power and height was dissipated by the time the waves reached the reef 313 

flat. 314 

When comparing data from adjacent inner spur and inner groove we found that at Moorea 315 

East mean 𝐻𝑠 and 𝑃 for both deployments were higher at the spur (up to 2.61 kW/m) than the 316 

groove (up to 2.15 kW/m, Figure 3m, n), which could be related to increased shoaling over 317 

the spurs. Conversely, at One Tree East the inner groove had slightly higher 𝐻𝑠 and 𝑃 (2 318 

kW/m) than the adjacent inner spur (1.6 kW/m) (Figure 3p). The instruments were 319 

approximately one meter shallower than at Moorea East (OE inner spur depth 1.9 m and 320 

groove 2.9 m vs 2.7 m and 3.8 m at ME) (Table 1), suggesting that as waves propagate 321 



further across the SAG zone, bottom friction influences waves at the spur more than the 322 

groove. At sites where we conducted more than one deployment (i.e., MN, ME and ON) 323 

despite changes in the magnitude of 𝐻𝑠 and 𝑃 the pattern of wave characteristics within the 324 

zone was consistent between deployments (e.g., at ME power was highest at the outer spur, 325 

followed by the inner spur then the inner groove).  326 

  
Figure 3 Comparison of box plots showing Hs (a-j) and P (k-t) throughout all deployments. The 

colour of each box plot denotes the location of the instrument at the inner or outer groove, inner 

or outer spur, narrow outer groove, smooth fore reef or reef flat. Each panel is one deployment as 

labeled at the top. Panels a) to e) and k) to o) are Moorea deployments while f) to j) and p) to t) 

are One Tree deployments. Box plots show the median, first and third quartile of values recorded 

at each instrument during each deployment. 

 



4.3 Wave energy dissipation  327 

We found considerable variation in dissipation rates both between and within deployments. 328 

For example, the highest dissipation rate measured at One Tree East (0.1 kW/m
2
 between the 329 

outer and inner groove) was ten times higher than the lowest dissipation rate (0.01 kW/m
2
) 330 

between the same instruments during the same deployment (Figure 4g). The dissipation rates 331 

between the outer and inner groove were higher at the One Tree sites (OE mean ϵ= 0.04 332 

kW/m
2
; ON = 0.06 kW/m

2
) than the Moorea sites (MN1 mean ϵ= 0.02 kW/m

2
; MN2 = 0.03 333 

kW/m
2
) (Figure 4e-h). Interestingly, at both Moorea and One Tree, the rate of energy 334 

dissipation on the fore reef between the outer and inner groove was always higher than 335 

between the inner groove and the reef flat (Figure 4e-g). The greatest difference was at 336 

Moorea North during deployment 2 where the mean dissipation rate across the groove (mean 337 

ϵ =0.03 kW/m
2
) was six times higher than across the reef crest (mean ϵ =0.005 kW/m

2
). One 338 

Tree East was the only site where direct comparison of dissipation of across an adjacent spur 339 

and groove was possible. Somewhat surprisingly the measured dissipation rate across a 340 

groove (max = 0.1 kW/m
2
; mean = 0.04 kW/m

2
) was almost three times that across the 341 

adjacent spur (max = 0.048 kW/m
2
; mean = 0.014 kW/m

2
) (Figure 4g). This difference was 342 

most pronounced at high tide. 343 

 344 

Most of the time the percentage of energy dissipated across the SAG zone was greater 345 

than that dissipated across the reef crest (Figure 4i-k). The maximum percentage of wave 346 

energy dissipated between the outer and inner groove was 86% at One Tree North 347 

Deployment 4 (Figure 4l) while the maximum dissipation across the reef crest was 62% at 348 

One Tree East (Figure 4k). During high tides and low wave energy conditions at Moorea 349 

North Deployment 1 and One Tree East (Figure 4i and k) the percentage dissipated across the 350 

reef crest equaled or briefly exceeded the percent dissipated across the SAG zone. During all 351 

deployments, the greatest percentage of energy dissipated by the SAG zone was during low 352 

tides with relatively high wave conditions.   353 

The wave energy dissipation increased more sharply with Hs across the SAG zone than 354 

across the reef crest (Figure 5a-c). At Moorea North Deployments 1 and 2 and One Tree East 355 

percent dissipation across the SAG zone was also significantly positively correlated with Hs 356 

(Figure 5e-g). In contrast, percent dissipation was significantly negatively correlated with Hs 357 

across the reef crest. Percent dissipation and Hs were also negatively correlated between the 358 

wide outer and inner groove at One Tree North (Figure 5h). Across the SAG zone there is a 359 

significant negative correlation between percent dissipation and depth at all sites while across 360 



the reef crest it is positively correlated at Moorea North but there is no relationship at One 361 

Tree East (Figure 5i-k). The positive correlation between dissipation percent and Hs across the 362 

fore reef and negative correlation across the reef crest suggest bottom friction at the fore reef 363 

becomes more important for energy dissipation as wave height increases. 364 

 365 

 366 

 367 
Figure 4 Wave dissipation characteristics at Moorea North deployments 1 and 2 (MN1, 

MN2), One Tree East (OE) and One Tree North deployment 4 (ON4). Panels a) to d) show 

tidal stage and Hs. The rates of wave power dissipation per meter from the outer groove to the 

inner groove (OG – IG unbroken line) and the inner groove to the reef flat (IG – RF dotted 

line) are shown in panels e) to h). Note that ON4 (h) does not have IG-RF as no instrument 

was deployed on the reef flat. Panels i) to l) show the percentage of wave power dissipated 

from OG-IG (unbroken line) and IG-RF (dotted line). The x-axis is number of records, where 

each record accounts for 15 minutes. The reef flat at OE is sub-aerially exposed over low 

tidal phases therefore IG-RF calculations could only be made over high tides when waves 

could propagate across the reef crest. Note that deployments were not concurrent.  
 368 



 369 
Figure 5 Relationships between dissipation rate and Hs (a-d); percent of energy dissipated 370 

and Hs (e-h) and; percent of energy dissipated and depth (i-l) across the SAG zone from outer 371 

to inner groove (open symbols) and from inner groove to reef flat (filled symbols) at MN1, 372 

MN2, OE and ON4. Pearson’s correlation r values are given with an asterisk denoting 373 

significance at the 95% level and minus signs denoting a negative correlation. Note that the 374 

x-axes of plots i-l do not have the same scale.   375 
 376 

5 Discussion  377 

5.1 Wave energy dissipation across the SAG zone vs the reef crest 378 

Our study is one of the first to measure dissipation across the fore reef SAG zone and the reef 379 

crest and compare the relative importance of bottom friction and wave breaking. We found 380 

that SAG zones at Moorea and One Tree Reef dissipated between 33 to 86% of wave energy 381 

at extremely high rates (up to 0.01 - 0.1 kW/m2) through bottom friction alone (Figure 4e-g). 382 



We found rates of wave energy dissipation across the SAG zone between the outer and inner 383 

groove, due to bottom friction, were between four and six times higher than across the reef 384 

crest where breaking likely contributed to energy dissipation (Figure 4e-h). The percentage of 385 

energy dissipated across the SAG zone was also higher than across the reef crest most of the 386 

time (Figure 4i-l). These findings call into question the long-held assumption that the vast 387 

majority of wave energy dissipation occurs at the reef crest (Ferrario et al., 2014). The 388 

importance of dissipation at the fore reef was also reported by Monismith et al. (2015) who 389 

measured rates of wave energy dissipation up to 0.03 kW/m2 on the fore reef between 11.2 390 

and 6.2 m depth at Palmyra Atoll and calculated an extremely high wave friction factor 391 

(1.80). A calibrated SWAN model for the same reef also found that the average wave 392 

dissipation rates at the fore reef due to bottom friction were larger than those due to wave 393 

breaking (Rogers et al., 2016). 394 

 395 

We found significant positive correlations between percentage of energy dissipation and Hs 396 

across the fore reef (Figure 5e-g) and negative correlations across the reef crest. This suggests 397 

that, under the modal wave conditions measured, bottom friction at the fore reef is 398 

increasingly important for energy dissipation as wave height increases. This is somewhat 399 

consistent with modelling by Lowe et al. (2005) at Kaneohe Bay, Hawaii predicting that fore 400 

reef dissipation due to bottom friction would be greater than dissipation due to wave breaking 401 

under lower-than-average wave heights and approximately equal for average incident wave 402 

heights. For larger than average waves, their model predicted that wave breaking would 403 

become more important and dissipate energy at approximately double the rate of bottom 404 

friction. The wave heights during all our deployments were average or below average and we 405 

found rates of dissipation at the fore reef to be between 4 and 6 times the rates of dissipation 406 

across the reef crest (Figure 4e-h).   407 

  408 

In addition to wave height, we found water depth (i.e., tidal stage) to be important in 409 

determining wave energy dissipation across the fore reef compared to the reef crest. We 410 

found that as water depth increased, the percentage of energy dissipated across the SAG zone 411 

decreased, while the percentage dissipated across the reef crest increased (Figure 5i-l). Thus, 412 

even in micro-tidal Moorea (MN1 and MN2), tidal stage played a role in the relative 413 

percentage of energy dissipated across the SAG zone as compared to the reef crest. Tidal 414 

modulation of the wave field at Moorea was also noted by Monismith et al. (2013). The 415 

decline in percent of energy dissipation with increasing water depth was particularly 416 



pronounced at One Tree North where half as much wave energy was dissipated at high tides 417 

compared to low tides (Figure 5l). This agrees with previous findings on how propagation is 418 

controlled by tidal stage at One Tree Reef (Harris et al., 2015; Vila-Concejo et al., 2014).  419 

  420 

The correlations we measured between percentage dissipation, Hs and water depth provide 421 

general insights into the functioning of the fore reef and reef crest and allow us to draft a 422 

conceptual model (Figure 6). Under high wave conditions and low tides the proportion of 423 

dissipation is greater at the fore reef than the reef crest because the wave base interacts with 424 

the rough and topographically complex fore reef SAGs and dissipates the majority of its 425 

energy as bottom friction before it reaches the crest. Conversely, under low wave conditions 426 

and deep water (high tides) the wave base does not reach the bed at the fore reef and more 427 

energy is dissipated at the crest. Under high wave conditions and deep water, the reef crest 428 

becomes more important, with waves breaking across the SAG as suggested by Lowe et al. 429 

(2005) and da Silva et al. (2020). At Moorea North our data showed that when Hs was less 430 

than 0.5 m and water depth was approximately 0.1 m above MSL the proportions of wave 431 

energy dissipated at the fore reef and reef crest were approximately equal. While at One Tree 432 

East this occurred when water depths were ~1 m above MSL and Hs was <0.75 m. Our 433 

findings that the percentage of energy dissipation at the fore reef declines with increasing 434 

depth agree with studies linking sea level rise to an increased risk of wave attack and erosion 435 

for islands and coasts currently protected by coral reefs (e.g., Albert et al. (2016), Quataert et 436 

al. (2015), Storlazzi et al. (2015) and Storlazzi et al. (2011)). 437 

  438 

 439 



  

Figure 6 Conceptual model depicting the relative percentage of wave energy dissipated at the 

fore reef (red line) and reef crest (black line) under different wave height and water depth 

conditions. Our measurements at Moorea North and One Tree East allowed us to define the 

water depths and wave heights at which the fore reef and reef crest will dissipate 

approximately equal percentages of incoming wave energy (dashed circle).    

  440 
5.2 Global comparison of fore reef dissipation rates 441 

An extensive literature review only found four other studies measuring wave conditions at 442 

more than one station on the fore reef allowing for calculation of fore reef wave dissipation 443 

rates (Monismith et al., 2013; Monismith et al., 2015; Pequignet et al., 2011; Storlazzi et al., 444 

2004). The dissipation rates presented in our study are comparable to other reefs globally 445 

(Figure 7). However, one should consider that mean dissipation rate is an imperfect metric as 446 

our results demonstrate that dissipation rates are highly spatially and temporally variable and 447 

dependent on offshore wave conditions during the deployment. The highest mean dissipation 448 

rate measured across the SAG zone in this study was at One Tree North Deployment 4, on the 449 

relatively shallow, leeward side (mean ϵ = 0.056 kW/m2). Monismith et al. (2015) suggested 450 

that the relatively high dissipation rate (~0.02 kW/m2) and wave friction factor (1.8) 451 

measured at the relatively deep (11- 6 m) fore reef in Palmyra Atoll were due to high levels 452 

of live, healthy coral cover. Our study provides initial evidence to support this. Generally, we 453 

measured higher rates of dissipation across the fore reef SAG zone at One Tree (ON and OE) 454 

than at Moorea (MN1 and MN2) and the levels of live coral cover between the sites differed 455 

considerably (ON= ~85%, OE=~70%, MN=10-20%). The spurs were higher at Moorea North 456 



than either of the One Tree sites (refer to Table 1) and the fore reef gradients at these sites 457 

were similar (ON=4°, OE=2° and MN=5°) thus it is unlikely that slope drove the difference 458 

in dissipation rates. The larger tidal range at One Tree and the associated tidal currents are 459 

also likely to play a role in wave dissipation and implies that tidal currents are likely to be an 460 

important factor modulating wave energy dissipation in meso and particularly macro tidal 461 

environments.  462 

One Tree North may also experience offshore currents driven by wave pumping of the type 463 

reported by Callaghan et al. (2006); and Nielsen et al. (2008) whereby waves on the exposed 464 

side of the reef push water into and across the lagoon and it drains out on the leeward side. 465 

Indeed, there was greater variability in the instantaneous velocity of currents at One Tree 466 

North than at Moorea North (Duce, 2017). Further research is warranted to assess the 467 

influence of tidal currents, wave pumping, and live coral cover at the fore reef on wave 468 

energy dissipation. More data is required from multiple fore reef instrument arrays to better 469 

understand the important role of this understudied geomorphic zone in dissipating wave 470 

energy.  471 

 472 

  
Figure 7 Mean dissipation rates (kW/m2) of wave energy across the fore reef at different sites 

globally. Filled symbols are deployments Moorea north (MN), One Tree north (ON), Moorea 

east (ME) and One Tree east (OE) with circles representing measurements between the outer 

and inner groove and triangles representing measurements between the outer and inner spur. 

Filled symbols represent measurements obtained in this study while open symbols represent 

values obtained from the literature. The reefs at which these rates were measured are shown 

on the x-axis with data derived from the following sources: Ipan, Guam (Pequignet et al., 

2011); Molokai (Storlazzi et al., 2004); Moorea (this study and (Monismith et al., 2013); One 

Tree (this study); Palmyra Atoll (Monismith et al., 2015). 



 473 

5.3 Comparison of wave dissipation with other ecosystems 474 

Coral reefs provide important ecosystem services in protecting the coasts from incoming 475 

wave energy (Ferrario et al., 2014). While direct comparison is not always possible due to 476 

different methods of calculating wave dissipation, authors have shown that mangroves in 477 

Vietnam could reduce wave energy between 1.7 to 6% for every 10 m (Barbier et al., 2008). 478 

More recently, Gon et al. (2020) showed that a rock platform off Monterey Bay in California 479 

(USA) dissipated 32% over 132 m (i.e., 2.4% of the energy over 10 m). While most previous 480 

studies in reef environments presented wave dissipation over reef flats, this paper highlights 481 

the high amount of wave dissipation that occurs over the SAG on the fore reef and underlines 482 

the importance of accounting for this in future numerical modelling studies. Our results show 483 

SAG maximum (minimum) dissipation percentages over 10 m of 10.4% (6%) in Moorea and 484 

35.9% (20.2%) at One Tree Reef. While we did not obtain detailed bathymetric data to obtain 485 

roughness or friction factors, our results demonstrate that coral reefs, and in particular SAGs, 486 

are amongst the most effective natural wave dissipaters on Earth. Temmerman et al. (2013) 487 

claimed that flood protection by ecosystem creation and restoration could provide a 488 

sustainable and cost-effective coastal engineering solution and called for implementation 489 

when possible. The coastal protection services provided by coral reefs demand global 490 

attention and conservation in light of ongoing climate change.  491 

 492 

Numerical modelling has suggested that the structural complexity of coral reefs is more 493 

important than sea-level rise in determining the level of coastal protection provided by reefs 494 

under average wave conditions (Harris et al., 2018). An important future avenue for research 495 

includes coupling high spatial resolution (centimeter to meter scales) mapping of the 3D 496 

structure (rugosity) of reef environments (particularly the difficult to reach fore reef zone) 497 

with closely spaced instrument transects to gain an in-depth understanding of local scale 498 

turbulence and friction induced by the interaction between coral reefs with differing benthic 499 

cover and hydrodynamic forces (waves and currents).  500 

6. Conclusions  501 

We measured waves and currents in the fore reef spur and groove zone during a range of 502 

modal conditions at Moorea, French Polynesia and One Tree Reef, southern GBR, Australia. 503 

The study sites chosen had contrasting tides (micro and meso), wave regimes (exposed and 504 

sheltered), broad scale reef type (barrier reef and lagoonal platform reef), local fore reef SAG 505 



morphology and levels of live coral cover. We found extremely high rates of wave energy 506 

dissipation (up to 0.1 kW/m2) across the fore reef SAG zone due to bottom friction alone (i.e., 507 

no component of wave breaking). Under the modal conditions measured, the percent of 508 

energy dissipated at the fore reef was almost always higher than the percent dissipated across 509 

the reef crest, calling into question the dominant assumption that the reef crest is the most 510 

important geomorphic zone for energy dissipation. A conceptual model was developed 511 

showing that fore reef dissipation is more important than reef crest dissipation under high 512 

wave conditions at low tides, while reef crest dissipation is more important at high tides and 513 

small waves. In general, higher rates of dissipation were measured across SAG zones at One 514 

Tree Reef than Moorea. This may support claims that higher live coral cover produces greater 515 

bottom friction and wave dissipation though more research is required. It also suggests the 516 

importance of tidal currents in influencing wave energy dissipation. Longer deployments, 517 

capturing a range of hydrodynamic driving conditions, with instruments at inner and outer 518 

ends of both spurs and grooves are required to better understand the complex nature of 519 

morphodynamic feedbacks in this important zone.   520 
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