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Key Points 

• Sediment transported in suspension is 3-4 times lower than sediment transported as 

bedload. 

• Sediment transported in suspension by mean currents is 2 orders of magnitude greater 

than sediment transported by waves.  

• Sea-swell waves typically transport sediment offshore and infragravity waves and mean 

currents typically transport sediment onshore. 
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Abstract 

Coral reefs generate substantial volumes of carbonate sediment, which is redistributed 

throughout the reef-lagoon system. However, there is little understanding of the specific 

processes that transport this sediment produced on the outer portions of coral reefs 

throughout a reef-lagoon system. Furthermore, the separate contributions of currents, sea-

swell waves, and infragravity waves to transport, which are all strongly influenced by the 

presence of a reef, is not fully understood. Here we show that in reef-lagoon systems most 

suspended sediment is transported close to the seabed and can, at times, be suspended higher 

in the water column during oscillatory flow transitions (i.e., near slack flow) at sea-swell 

wave frequencies, and during the peak onshore oscillatory velocity phase at infragravity wave 

frequencies. While these wave frequencies contribute to the transport of suspended sediment 

offshore and onshore, respectively, the net flux is small. Mean currents are the primary 

transport mechanism and responsible for almost two orders of magnitude more suspended 

sediment flux than sea-swell and infragravity waves. Whilst waves may not be the primary 

mechanism for the transport of sediment, our results suggest they are an important driver of 

sediment suspension from the seabed, as well as contributing to the partitioning of sediment 

grain sizes from the reef to the shoreline. As the ocean wave climate changes, sea level rises, 

and the composition of reef benthic communities change, the relative importance of mean 

currents, sea-swell waves, and infragravity waves is likely to change, and this will affect how 

sediment is redistributed throughout reef-lagoon systems.  
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Plain Language Summary 

Most of the sandy sediment found on coral reef coastlines is produced by organisms 

living within the reef. This sediment is then transported by waves and currents across the reef 

and distributed throughout the lagoon. Little is known about these transport processes, 

including the relative importance of how currents or different types of waves drive transport. 

This study shows that most of the sediment in the water column (suspended sediment) is 

transported close to the seabed by mean currents. At times, this sediment can be suspended 

higher in the water column by short waves (5-25 s) when the flow transitions from being 

onshore directed to offshore directed, or when the velocities of longer period waves (25-250 

s), called infragravity waves, are directed onshore. The timing of the suspension by these 

waves helps to sort the sediment into different sizes across the system, but the quantity of 

sediment transported is small. As the ocean wave climate changes, sea level rises, and reefs 

change, the relative importance of mean currents, sea-swell waves, and infragravity waves is 

also likely to change, and this will affect how sediment is redistributed throughout reef-

lagoon systems. This study provides insight into what changes may be expected.  

 

1 Introduction 

Tropical beaches protect and support communities of hundreds of millions of people 

globally (Hoegh-Guldberg et al., 2019). These beaches are primarily accumulations of 

sediment derived from the calcium carbonate skeletal remains of organisms such as coral, 

crustose coralline algae, and mollusks from adjacent coral reefs (Perry & Hepburn, 2008). 

When these skeletal remains break down into particle sizes that can be mobilized and 

transported by waves and currents, they are redistributed and deposited on the adjacent 

shoreline (e.g., Perry et al., 2011; Sanderson & Eliot, 1996; Woodroffe et al., 1999), on other 

parts of the reef substrate (e.g., Harney & Fletcher, 2003; Storlazzi et al., 2009), in nearby 

lagoons (e.g., Kench, 1998b; Kennedy & Woodroffe, 2000), or are exported via channels and 

breaks in the reef into deeper water (e.g., Hine et al., 1981; Hughes, 1999; Storlazzi et al., 

2004). The ability to accurately predict sediment transport rates and patterns throughout a 

reef environment is essential to forecast how tropical beaches may be affected by changes in 

storminess, sea level, coral reef health, as well as for the design of interventions such as reef 

restoration.  
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The morphology of a coral reef environment affects the hydrodynamics over the reef, 

in the lagoon, and at the shoreline. The steep fore reef slope and shallow reef flat transforms 

and dissipates the incident open-ocean wind wave energy through depth-limited wave 

breaking and bottom friction (Lowe et al., 2005; Monismith et al., 2013). Some of the 

incident wave energy in the sea-swell frequency-band (‘SS’, >0.04 Hz) that is not dissipated 

at the reef crest continues to propagate over the reef flat (e.g., Gourlay, 1994; Hardy & 

Young, 1996) and can also generate undular bore trains (Demirbilek et al., 2007; Gallagher, 

1972; Sous et al., 2019). A proportion of the incident energy is also transferred to lower 

frequencies, such as the infragravity (‘IG’, 0.004–0.04 Hz) wave band (Péquignet et al., 2014; 

Pomeroy, Lowe, et al., 2012; Symonds et al., 1982) or even a longer very low frequency band 

(‘VLF’, <0.004 Hz). This redistribution of wave energy to lower frequencies can become a 

large proportion of the total wave energy in reef environments (e.g., Brander et al., 2004; 

Cheriton et al., 2016; Hardy & Young, 1996; Lugo-Fernández et al., 1998; Péquignet et al., 

2009; Pomeroy, Lowe, et al., 2012; Roeber & Bricker, 2015), can resonate under specific 

conditions (Gawehn et al., 2016; Péquignet et al., 2009; Pomeroy, Van Dongeren, et al., 

2012) as well as form nonlinear bores that propagate across the reef toward the shoreline 

(Cheriton et al., 2020).  

As incident SS waves shoal and break on the fore reef slope or reef crest, radiation-

stress gradients are generated that are primarily balanced by a combination of wave-induced 

setup on the reef flat (Becker et al., 2014; Buckley et al., 2015, 2016; Longuet-Higgins & 

Stewart, 1964) and mean bottom stresses that are associated with wave-averaged cross-reef 

currents that are driven by the cross-reef pressure gradients (e.g., Coronado et al., 2007; 

Gourlay, 1996b, 1996a; Hench et al., 2008; Jago et al., 2007; Lowe et al., 2009a; Massel & 

Gourlay, 2000; Monismith et al., 2013; Taebi et al., 2011). The magnitude of this current 

depends on the water depth on the reef, the bottom roughness, and the reef morphology such 

as the reef flat width, lagoon depth and the configurations of breaks in the reef (e.g., Gourlay 

& Colleter, 2005; Hearn, 1999; Lowe et al., 2009b; Pomeroy et al., 2018; Symonds et al., 

1995). In addition to these SS, IG and VLF waves, locally generated wind waves as can also 

make and important contribution to the reef hydrodynamics (e.g., Cuttler et al., 2018; 

Pomeroy et al., 2018). Thus, in contrast to many open coast beaches, the hydrodynamics that 

define a reef-lagoon system are often defined by a bi-modal wave spectrum that is 

characterized by high- and low-frequency wave energy combined with mean cross-reef 

currents. 
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Most studies of sediment transport in coral reef environments have focused on the 

physical processes that drive suspended-sediment concentration (SSC) variability. These 

studies have typically evaluated the relative importance of SS waves and currents and how 

these contributions are affected by water depth, usually through direct correlation between 

SSC and bed shear stress (e.g., Harris et al., 2014; Kench, 1998b; Ogston et al., 2004; 

Pomeroy et al., 2018; Storlazzi et al., 2004; Suhayda & Roberts, 1977; Vila-Concejo et al., 

2014). In general, these studies suggest that most sediment is suspended from the seabed by 

the stress imposed on the sediment by SS waves, and once suspended the sediment is 

transported by currents. Waves seem to be especially important in back-reef and lagoon areas 

where the sediment is typically sand size (e.g., Kench, 1998a; Morgan & Kench, 2014, 2016) 

and currents are often slower than on the reef flat (e.g., Pomeroy et al., 2018; Presto et al., 

2006; Storlazzi et al., 2009; Taebi et al., 2011). It is worth noting that many studies estimate 

the critical shear stress based on bed sediment composition analogous to beaches and rivers, 

which in reef environments may not always be related to the sediment in suspension 

(Pomeroy et al., 2017; Storlazzi et al., 2010). Few studies have quantified the contribution - if 

any - of IG waves to sediment transport processes, either explicitly or through the careful 

choice of bulk spectral parameters. Laboratory experiments suggest that IG waves may make 

an important contribution to cross-reef sediment transport (Pomeroy et al., 2015); however, 

results from field experiments so far have been less definitive (Pomeroy et al., 2018). 

Importantly, a key limitation of almost all of these studies is that they rely on point 

measurements at some distance from the seabed. How SSC varies throughout the water 

column in coral reef environments, the extent to which this SSC distribution is spatially and 

frequency dependent, and the overall importance of suspended-sediment flux (SSF) in 

comparison to bedload transport has not been fully quantified. 

The aim of this study was to (a) quantify the magnitude and distribution of sediment 

in the water column at different locations and elevations above the seabed in a coral reef-

lagoon system, (b) determine how this magnitude and distribution changes due to differences 

in SS and IG forcing, and (c) quantify the magnitude and direction of the resultant SSF. In 

section 2, we first describe a field experiment that focuses on a fringing reef in north-western 

Australia, including the instrument configurations and the data analysis methods. The results 

are then presented in section 3. In section 4, we discuss the relative importance of SSF and 

bedload transport to the magnitude of sediment transport across the reef platform. Finally, we 
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consider the implications of the spatial and temporal variability in both the hydrodynamics 

and SSC for different zones across the reef. 

 

2 Methods 

2.1 Study design 

We analyzed four subsets of data collected along a cross-reef transect during the 

MegaReef 2016 experiment. The MegaReef experiment was a four-week field experiment 

conducted from 24 May to 21 June 2016 where ~90 instruments were deployed throughout a 

fringing reef-lagoon system in northwestern Australia. In that field experiment, data were 

collected spatially and vertically through the water column across the reef and lagoon. 

Combined with bedform migration measurements (Rosenberger et al., 2020), these data 

provide a unique opportunity to quantify cross-reef hydrodynamics and SSC, as well as to 

determine the relative contribution of both SSF and bedload to the total sediment flux. 

2.2 Site Description 

The field site located at Ningaloo Reef (Figure 1a) near Tantabiddi (21°5206.03″S, 

113°58058.26″E; Figure 1b) has been described in detail by Pomeroy et al. (2018) and 

Cuttler et al. (2019) and is only summarized here. The reef crest is located 2.0 to 2.5 km from 

the shoreline with a reef flat that is ~0.6–1.5 m below mean sea level at still water and is 

~500 m in width. The lagoon is generally ~3 m deep with channels that are up to ~6 m deep 

that cut into the reef flat and reef crest to the north and south. The mean currents are 

predominantly defined by subtidal variations in the offshore incident wave conditions and are 

driven across the reef flat to the lagoon, where the flow diverges toward the adjacent channels 

(Pomeroy et al., 2018). In addition to the subtidal variability, mean currents within the lagoon 

also vary at intratidal timescales due to a tidal modulation of the wave-driven flows (Pomeroy 

et al. 2018). The spatial distribution of sediment at the site generally follows the mean current 

patterns, with the coarsest material on the outer reef flat, and finer material within the lagoon 

(Cuttler et al., 2019). 
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Figure 1. Overview of the Ningaloo Reef field site at Tantabiddi. (a) The location of the study 
site at Ningaloo Reef, which is approximately 32 km from the regional center of Exmouth (by 
road). (b) The location of the four instrument packages, with the acoustic Doppler directional 
wave gauge/current profiler at M1 on the fore reef and the cross-reef tripods at T1-T3. The 
depth contours at the site are shown and the white arrows indicate the channels and breaks in 
the reef. (c) Photograph of tripod T2 (Curt Storlazzi, USGS). Each tripod contained an 
acoustic Doppler profiler, an acoustic Doppler velocimeter, two optical backscatter sensors, 
and three sonar altimeters.  

2.3 Field Measurements 

The subset of data used in our study consisted of wave data that were measured on the 

fore reef at M1 with an acoustic Doppler directional wave gauge/current profiler (AWAC) 

and the three identical instrument tripods that were deployed along a cross-reef transect 

(Figure 1b,c). The instruments on each tripod (Table 1) included a downward-facing acoustic 

Doppler profiler (ADP) that measured the velocity profile, a downward-facing acoustic 

Doppler velocimeter (ADV), two optical backscatter sensors (OBS), and a set of three 

downward-facing altimeters spaced 6.5 cm apart horizontally in a cross-shore orientation. 

The time-averaged characteristics of the sediment in suspension were determined from 

sediment samples obtained in a sediment trap (∅=75 mm, height=200 mm) positioned 0.2 m 

above the bed. A meteorological station was deployed on the shore adjacent to the site and 

recorded wind speed, direction and barometric pressure. 

2.4 Hydrodynamic data analysis 

The offshore incident wave height Hm0,ic, peak wave period, Tp, and peak wave direction, θw, 

were determined from the fore reef AWAC (M1) for each burst of data. On the reef flat and 

in the lagoon, one-dimensional surface elevation spectra were derived from the pressure time 

series at each tripod, which was converted to surface elevation using linear wave theory. 

From each spectra, the hourly root mean squared (RMS) wave heights for the shorter-period 

(5–25 s) SS waves (HRMS,SS) and longer period (25–250 s) IG waves (HRMS,IG) were calculated. 
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Table 1. Instrument site information and sampling configuration 

Site 
Depth* 

[m] 
Instrumentation Sampling Regime# 

M1 (fore reef) ~18 Nortek AWAC 1 Hz with 2048 s burst every 3600 s 
current profile every 5 min 

RBR Virtuoso D Continuous at 1 Hz 

T1 (outer reef flat) 

T2 (inner reef flat)a 

T3 (lagoon) 

~2.4 

~2.3 

~3.4 

Nortek ADP-HR 1 Hz continuous, downward facing with 2.5 cm 
bins 

Nortek ADV 8 Hz with 14400 samples every 3600 s at 0.2 
mab 

Seapoint OBS 8 Hz with 14400 samples every 3600 s at 0.2 
mab 

1 Hz with 3600 samples every 3600 s at 0.4 
mab 

Echologger AA400 
Altimeters  

2 Hz with 20 samples every 600s at 0.87 mab 

* depth is relative to mean sea level 
# measurement elevations are in meters above the seabed (mab) 
a ADV velocity measurements were not obtained due to an instrument fault 

 

The raw ADV and ADP velocity (u) data were filtered to remove velocity spikes (e.g., 

caused by bubbles or debris in the sample volume) using a kernel-based despiking algorithm 

(Goring & Nikora, 2002). For each hourly burst of data, the depth-averaged mean current 

speed (�) and direction (θm) were computed. The mean current vector was then removed 

from the data and the local direction of wave propagation was determined via a covariance 

analysis from the angle of rotation required to orient the (residual) east and north components 

of oscillatory velocity data (��� , ���) into a coordinate system defined by the maximum and 

minimum variance. For the ADP, the angle of rotation was determined from the average of 

the bottom 10 valid bins in the profile. We defined the lowest valid bin as the bin elevation 

with the highest acoustic backscatter, which we averaged across all three beams for each time 

step, less one standard deviation of the distance to the bin with the highest acoustic 

backscatter. This typically resulted in the exclusion of the bin at the top of the mobile 

sediment layer (verified from measurements of the deployed instruments) and the bin 

immediately above it. We then removed an additional bin to eliminate data that may be 

affected by acoustic side lobe interference with the bed. We validated our assessment 

technique with the position of the bed calculated from the altimeter data. 

2.5 Sediment grain-size distributions 
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To determine grain size distribution of the sediment on the seabed as well as in 

suspension, we compared seabed sediment samples with the sediment trap samples at the end 

of the experiment. The bed sediment samples were obtained from the top ~5-7 cm in the 

center of each tripod prior to tripod deployment. The grain-size distribution of each sample 

was determined using a Beckman LS-13-320 laser diffraction particle size analyzer and the 

percentages of calcium carbonate and terrigenous determined following the methods 

described by Barber (2002). 

We compared the sediment distributions to the grain size (D) predicted to be 

suspended by the hydrodynamics at each site. First, we calculated shear velocities (�∗) 

imposed on the bed by mean currents (�∗	), SS waves (�∗��) and IG waves (�∗�
) waves. 

Note that we chose to limit this study to these components, which were clearly apparent in 

the wave spectra, VLF motions were not considered. As the instrument tripods were deployed 

on reasonably flat sections of the reef and lagoon, the immediate influence of roughness 

elements (e.g., coral) on the flow was minimal. For T1 and T3, we used the 8 Hz ADV data, 

while at T2, where the ADV failed, we used the ADP data from the cell located at the 

elevation of the ADV to maintain consistency.  

It is important to make a distinction at this point. The total resistance experienced by 

the overlying flow that is responsible for hydrodynamic transformations and dissipation can 

be partitioned into two components: (1) a bed stress component that is due to the stress 

imposed by sediment grains at the bed and (2) a form drag component that is due to drag 

forces either by mobile bed forms (e.g., due to ripples, which we show later can be present at 

this site) or by immobile roughness (e.g., coral assemblages). In this study we principally 

focus on the mobilization of sediment from the bed and thus focus on the calculation of the 

bed stress component, which in reef environments can be much smaller than the total 

resistance and is located within the roughness layer that develops due to the presence of large 

roughness elements (Pomeroy et al., 2017). We note, however, that organized structures such 

as vortices that develop along with the form drag component can be important for the 

diffusion of sediment higher in water column.  

To estimate the �∗ imposed on the sediment, we adopted the approach proposed by 

Soulsby and Clarke (2005) as adapted by Malarkey and Davies (2012). From the wave 

velocity spectra, we calculated a representative orbital velocity (ur) and representative 

frequency (fr): 
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�� = �2 � �������,�∆���  (1a) 

�� = ∑ ���������,�∆���∑ �������,�∆���  (1b) 

 

where ������� = ������� + ������� is the combined horizontal velocity spectrum and ‘~’ denotes 

the oscillatory (unsteady) component. In our approach, the current-alone drag coefficient was 

calculated based on the assumption that a logarithmic profile develops within the unresolved 

region between the seabed and our lowest hydrodynamic measurement: 

�� =  !log %& − (&) * − 1,
-
 (2a) 

 

where ! is the von Karman constant (0.4), & is the height above the seabed up to the limit of 

our lowest valid velocity measurement and d is the mean velocity profile displacement, which 

close to the seabed is approximately zero, and &) = ./) 12⁄ , with D50 the median grain size of 

the suspended sediment trap distribution. The wave friction coefficient (fw) was calculated 

using the formulation proposed by Soulsby et al. (1993): 

�1 = 1.39 5 6&)78)./-
 (2b) 

 

where A is the semi-orbital excursion for the representative wave conditions (�� ��29)⁄  

Implicit in this assumption is that the representative hydraulic roughness length (z0) is 

constant and applicable across different wave frequencies. Based on laboratory and field 

observations, this assumption is reasonable (Lowe et al., 2005; Mathisen & Madsen, 1999). 

However, the choice of roughness formulation is unlikely to change the interpretation of 

results.  

Next, to relate the suspended sediment grain size distribution to �∗, we determined the 

equivalent sediment diameter D that could be suspended by a given shear velocity based on 

the downward particle fall velocity (ws). Following Pomeroy et al. (2017), we assumed that 

the shear velocity to mobilize the sediment grains into suspension is directly related to the fall 
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velocity of the sediment grains (i.e., �∗ = :;); once these grains are mobilized, they directly 

enter a state of suspension. Whether sediment was in a burst or fully developed suspension is 

not relevant for this analysis. We used the Soulsby (1997) formulation to estimate ws as: 

:; = <. %=10.36- + 1.049.∗A − 10.36* (3) 

 

where < is the kinematic viscosity of water (9.35 × 108Dm2s-1) and D* is the dimensionless 

grain size H.∗ = (I(J − 1)/<-)L/A.M with g being the gravitational acceleration constant 

and s the ratio of sediment grain density (N;) to water density (N1). Rosenberger et al. (2020) 

reported that N; varied along the transect and was smaller than those reported by Cuttler et al. 

(2015). For simplicity, in Eq 3 we used the average of the measurements reported by 

Rosenberger et al. (2020), which were also obtained for this specific experiment (N; =2167 kg m3). 

2.6 Backscatter calibration 

The OBS data were post-calibrated in the laboratory using the sediment that was 

collected in the traps positioned above the bed. We used a 60 L resuspension tank to which 

we added known quantities of trap sediment. As each sample was added to the tank, we 

measured the optical backscatter for 5 min prior to taking a sample of the water and sediment 

to verify the actual concentration relative to the predicted concentration. Each sample was 

vacuum filtered onto pre-weighed glass fiber filter (Whatman GF/C, 0.8 μm), dried (75°C for 

24 h), and weighed in order to calculate SSC. The known SSCs obtained through filtration 

were related via linear regression to the measured optical backscatter time-averaged over the 

5 min tank sampling duration. 

To calibrate the ADV and ADP acoustic backscatter (ABS), we related the time-

averaged SSC from the calibrated lower and upper OBSs to the ABS. For the ADV, we 

directly related the ADV ABS to the lower OBS, as these instruments were approximately co-

located. The ADP ABS data were first corrected for acoustic decay over distance in water 

(e.g., Ha et al., 2011), before three measurement bins centered on the height of each OBS 

were averaged at each time step. A linear equation was then fit to the data. The variability in 

the SSC magnitude from the ADV ABS, OBS, and ADP ABS was similar between instruments 

at each location, but the ADP ABS often exhibited a slightly lower SSC than the OBS and 

ADV ABS, during the larger swell events. We chose not to use the OBS data for the 
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subsequent concentration or flux analysis, as they were point sources and typically showed 

evidence of biofouling later in the experiment. 

2.7 Suspended-sediment flux (SSF) 

The u and SSC (c) series data derived from the ADP were decomposed into mean 

(steady) and oscillatory (unsteady) components at each elevation where data were obtained 

via: 

〈�R〉 = 〈(�T + ��)(R̅ + R̃)〉 = �TR̅WXY + 〈��R̃〉 
(3a) 

where 〈 〉 denotes time-averaging over the hourly burst of data and the overbar indicates 

mean quantities. The first term on the right-hand side of Eq. (3a) is the SSF driven by the 

mean (wave-averaged) Eulerian flow (QM). The second term is the oscillatory flux and is 

non-zero when fluctuations in velocity and SSC are correlated. The cross-terms are zero by 

definition. The oscillatory component was further decomposed into its SS and IG 

contributions, corresponding to the first two terms on the right-hand side of Eq. (3b), 

respectively  

〈��R̃〉 = 〈(���� + ���
)(R̃�� + R̃�
)〉 = 〈����R̃��〉Z[\[]X^^
+ 〈���
 R̃�
〉Z[\[]X_`

+ 〈����R̃�
〉 + 〈���
 R̃��〉 
(3b) 

The cross-product terms (the last two terms in Eq. 3b) represent interactions between SS and 

IG oscillations, which were uncorrelated and at least two orders of magnitude smaller than 

the other terms. 

We note that the wave and current velocity was predominantly cross-shore directed 

except for the occasional burst of data when the incident wave forcing and reef flat water 

depth were small, which resulted in an increased alongshore current component at T3 as the 

flow diverged toward the channels and breaks in the reef (Figure 1b). To determine the 

cumulative SSF over the experiment in the lowest 0.5 m of the water column, we vertically 

integrated each SSF component (QM, QSS, and QIG) at each location. 

2.8 Phase-averaged quantities 

To evaluate how the SSC and SSF varied due to differences in SS and IG energy 

vertically within the water column and throughout a wave cycle, at each location we 

calculated the ensemble average of u and c at each phase for four different forcing conditions 

(Table 2). For each forcing condition, we first identified individual waves using a zero down-
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crossing analysis of the demeaned and band-pass filtered SS and IG velocity data and 

extracted the u and c for each wave to form an ensemble. As the band-passing of the 

concentration data resulted in a zero mean, for each wave we set the largest negative 

concentration to be 0 mg L-1 and rescaled the concentration to better represent the relative 

increase and decrease in concentration. The u, c, and Q where then normalized for each wave 

phase (a/b): 

c(a/b) = 1d � c(a + eb)�8L
fg)  

(4) 

where X represents some quantity over time and N is the number of ensembles. This 

ensemble-averaged approach enabled greater statistical confidence in the data for each 

condition whilst also accommodating variability in the data due to the irregular forcing 

conditions.  

 

Table 2. The representative forcing conditions for selected 3 hr bursts of data. The root-mean-
squared sea-swell (HRMS,SS) and infragravity (HRMS,IG) wave heights on the reef flat at T1 for 
the representative cases are shown along with the number of sea-swell (NSS) and infragravity 
(NIG) wave ensembles used for the ensemble averaging. 

Case Definition HRMS,IG 

[m] 
HRMS,SS 

[m] 
HRMS,IG/HRMS,SS 

[ - ] 
NIG 

[ - ] 
NSS 

[ - ] 
↓IG↓SS Low HRMS,IG, Low HRMS,SS 0.13 0.11 1.2 254 1315 
↓IG↑SS Low HRMS,IG, High HRMS,SS 0.08 0.34 0.2 277 1241 
↑IG↓SS High HRMS,IG, Low HRMS,SS 0.19 0.11 1.8 270 1276 
↑IG↑SS High HRMS,IG, High HRMS,SS 0.17 0.30 0.6 284 1287 

 

3 Results 

3.1 Forcing 

The winds recorded during the experiment were light to moderate (0–10 m s-1) and 

were typically onshore or obliquely onshore (Figure 2a); a diurnal sea breeze was prevalent 

during the latter part of the study period. The tidal range varied from 0.21 to 1.56 m (Figure 

2b). The Hm0,ic measured on the fore reef at M1 ranged from 0.53 to 2.79 m, with a mean (μ) 

height of 1.27 m and a standard deviation (σ) of 0.44 m (Figure 2c). These waves had a TP of 

5 to 24 s (μ = 14 s), and generally approached the reef with a θw of between 230° and 275° (80° 

to 40° off the cross-reef direction). During the experiment, four swell events were measured 
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(Figure 2c,d). The largest event (#1, Figure 2c) where Hm0,ic = 2.79 m, occurred 29-31 May as 

the tide approached its neap phase. The other large event (#4 where Hm0,ic = 2.53 m, Figure 2c) 

occurred during the spring phase of the tide from 6-9 June. Between these events, two smaller 

swell events occurred where Hm0,ic.= 2.20 and 2.26 m, respectively. 
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Figure 2. Incident forcing measured on the fore reef at M1 and at the shoreline. (a) The wind 
speed and direction measured at the shoreline. (b) The tidal variability measured at M1 in 
~20 m water offshore of the reef crest. (c) The incident wave conditions measured at M1 with 
the incident wave height, Hm0,ic, shown in black and the peak wave period, TP, associated with 
these waves is shown in gray. (d) A timestack of the wave spectra which shows the offshore 
most of the energy is contained within the sea-swell frequency band. Four peaks in wave 
height are observed and indicated with arrows with the extent of the events indicated by the 
dotted boxes.  

 

3.2 Reef-Lagoon Hydrodynamics 

A large reduction in the SS wave heights was observed on the outer reef flat near the 

crest at T1 (Figure 3a), located ~350 m shoreward of the surf zone, with HRMS,SS ranging from 
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0.05-0.6 m (μ = 0.29 m). Farther toward shore, on the inner reef flat (T2) and inside the 

lagoon (T3), the SS heights continued to decrease; the mean HRMS,SS at T3 was reduced by on 

average 20% when compared to T1 (Figure 3b,c). Within the reef, the SS wave heights were 

strongly modulated by tidal changes in reef flat water depth, which affected the height of the 

waves that could propagate over the reef and toward the shoreline. 

The HRMS,IG on the outer reef flat at T1 were generally smaller (range: 0.04–0.22 m, μ 

= 0.09 m) than the corresponding SS wave heights (Figure 3a). However, when reef flat 

depths became shallow at low tide or when incident SS wave heights offshore were relatively 

large, such as during larger swell events (e.g., 30 May), HRMS,IG increased substantially. 

During these events, there was also a substantial increase in the depth-averaged mean current 

speeds � (Figure 3b), which could be as high as ~0.2-0.4 m s-1. The HRMS,IG gradually 

decayed over the reef flat toward the inner reef flat (T2) and in the lagoon (T3). This decay 

was slightly less (15%) than the SS waves (Figure 3b,c). Like HRMS,SS, both HRMS,IG and the � 

were also tidally modulated. The wave spectra reveal that the IG motions predominantly 

occur during these swell events with some dissipation across the instrument transect (Figure 

3d-f). 
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Figure 3. The waves and depth-averaged current measured at sites across the reef platform 
(T1-T3). Panels a-c show the hourly root mean squared wave height (HRMS) for the sea-swell 
(SS) and infragravity (IG) frequency bands, along with the depth average mean current (�), 
while panels d-f show the wave energy spectra. (a,d) T1 on the outer reef flat. (b,e) T2 on the 
inner reef. (c,f) T3 in the lagoon. The four events, along with tidal variability, are clearly 
observed in the HRMS,IG and � across all reef sites whereas the HRMS,SS data varied only with 
the tide. Energy dissipation across the reef sites is clearly observed in both frequency bands 
as well as in the �. 

 

3.3 Grain size distributions 

The grain size distribution of the seabed sediment obtained at each site was 

predominantly sand-sized (0.063 – 2 mm) and almost entirely composed of calcium 

carbonate (e.g., Figure 4 and Table 3). The presence of gravel-sized grains of shell hash 

decreased in size and quantity toward the shoreline. The peak grain size as a percentage by 

mass was similar on the reef flat at T1 and T2 (0.84 mm) but slightly finer in the lagoon at T3 

(0.5 mm). The sediment collected in the traps at the elevation of the lower ADV and OBS 

was finer than the bed sediment collected at the same site and did not contain gravel-sized 

grains of shell hash that were observed in the bed samples. At T1 on the outer reef flat, the 

peak grain size as a percentage by mass of the trap sediment distribution was similar to the 

peak in the bed sediment (0.7 mm), but this peak grain size became progressively finer than 

the bed sediment across the site (T2 = 0.59 mm and T3 = 0.21 mm).  

 

 
Figure 4. Seabed and suspended (trap) sediment grain size distributions. The peak in the 
grain-size distribution is shown in detail in top row, with the full distribution shown in the 
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bottom row. (a,d) On the outer reef flat at T1. (b,d) On the inner reef flat at T2. (c,f) In the 
lagoon at T3. The gray lines show the resolution of the grain size distribution analysis. The 
grain size of the sediment collected in the suspended sediment trap is unimodal and thus 
suitable for the ABS and OBS calibration. 

 

Table 3 Seabed and suspended (trap) sediment characteristics by mass. 

Sample 

Mud 

<63 um 

[%] 

Sand 

63um – 2 mm 

[%] 

Gravel 

> 2mm 

[%] 

CaCO3 

[%] 

 

Terrigenous 

[%] 

 

D50 

[mm] 

 

T1 Seabed 0.6 79.9 19.5 99.5 0.5 0.95 

T1 Trap 1.3 95.9 2.8 99.5 0.5 0.67 

T2 Seabed 0.6 87.2 12.2 99.5 0.5 0.86 

T2 Trap 1.0 96.4 2.6 99.5 0.5 0.57 

T3 Seabed 0.8 96.4 2.8 99.2 0.8 0.58 

T3 Trap 5.3 94.7 0.0 98.3 1.4 0.24 

The calcium carbonate (CaCO3) and terrigenous percentages are based on the sand fraction. 

 

Estimation of the sediment grain size (D) that could be suspended into the water column at 

each site indicates that largest D were associated with the shear stress contribution from the 

SS waves (Figure 5). Despite these SS waves being depth-limited on the reef flat and thus 

relatively small (< 0.5 m), the D estimated from �∗�� was approximately 2-3 times greater 

than the D estimated by �∗�
 or �∗	. Mean currents and IG waves alone typically suspended 

sediment with smaller D (<0.15 mm), except during the events when the estimated D was 

noticeably larger (up to 0.2 mm). These D values are consistent with the peak in D by mass 

collected in the sediment traps located at each site (Figure 4). 
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Figure 5. Grain size (D) predicted to be suspended from the bed due to shear stress (presented 
here as shear velocity) imposed on the bed by mean currents (�∗	), �∗	 combined with 
infragravity waves (�∗�
), and �∗	 combined with �∗�
 and sea-swell waves (�∗��). (a) On 
the outer reef at T1. (b) On the inner reef at T2. (c) In the lagoon at T3. The four events are 
indicated by the dotted boxes. Sea-swell waves are responsible for the suspension of the 
largest grain sizes and these predicted grain sizes agree with the peak by mass of the sediment 
trap grainsize distribution at each site.  

 

3.4 Suspended-sediment concentrations (SSC) 

The SSC varied with the tide, as well as with the incident wave forcing (Figure 6). 

The OBS and ABS estimates of SSC measured 0.2 m above the bed (mab) were similar 

throughout the experiment (Figure 6b-d). At each site, the average SSC decreased at low tide 

and increased with the higher tide. At T1 on the outer reef flat, early and late in the 

experiment (24-28 May and 9-20 June), the SSC was low (1-6 mg L-1) and predominantly 

exhibited tidal variability (Figure 6b). While the impact of the wave events on the SSC 

variability is apparent in the data at T1, only the first and fourth events resulted in a 

substantially greater SSC when compared to the typical outer reef flat variability. Whilst the 

Hm0,ic were larger during the first event than during the fourth event (Figure 2c), the average 

SSC on the outer reef flat at T1 was slightly lower during the first event than during the fourth 

event (Figure 6b). This difference in SSC is due to the larger average high tide (i.e., near 
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spring tide) that occurred during the fourth event, which enabled larger incident waves to 

propagate across the reef. In contrast, the first event occurred close to neap tide and the 

average high tide was lower. During the fourth event, the SSC on the reef flat was 2-3 times 

greater than the typical SSC observed at other times during the experiment. We note that the 

HRMS,IG and � in the first event were similar to the HRMS,IG and � in fourth event.  

The SSC variability on the inner reef flat at T2 and in the lagoon at T3 was 

approximately 2 times greater than the SSC observed on the outer reef flat at T1 (Figure 

6c,d). The SSC was slightly higher at T2 (1.5-15 mg L-1) than at T3 (2-13 mg L-1). At both 

sites, the change in magnitude of SSC with the semi-diurnal tide is apparent. Similar to T1, 

the first and fourth events are clearly visible in the data at T2, but the second or third events 

are less distinct. It is notable that during the first and fourth events, despite similar or slightly 

larger HRMS at T2 than at T3, the peaks in SSC at T3 were larger than those measured at T2. 

This difference in the magnitude of the SSC peaks was clearly observed during the fourth 

event and also, to a lesser extent, during the first event. Furthermore, a reduction in the SSC 

variability was observed at T2 for a period of time after these events. In the case of the first 

event, this decrease in variability extended for a number of days (i.e., from 1-3 June). This is 

despite the SS and IG waves, as well as �, being similar or even greater magnitude than 

during non-event periods (e.g., 14-18 June). 

Profiles of the SSC indicate that at each site most of the sediment in suspension was 

located close to the seabed (Figure 6e-g) below the elevations of the point measurements. On 

the outer reef flat at T1, the seabed level was constant during the experiment, with only small 

variations in the bed elevation measured (Figure 6e). Whilst there was a small increase in 

SSC throughout the water column at tidal timescales, the impact of the four events on the 

water column SSC is clearly observed. On the inner reef flat at T2, considerable bed 

variability occurred (Figure 6f). During the first event, the seabed elevation rapidly reduced 

and remained fairly flat for approximately 7 d. For a period of approximately 2 d prior to the 

fourth event, the elevation of the seabed increased before it again rapidly decreased during 

the fourth event. There was also a notable absence of peaks in SSC during these periods when 

compared to other times in the experiment, or at T3 in the lagoon where such rapid changes 

in bed elevation were not measured (Figure 6g).  
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Figure 6. Wave and current forcing and the resulting suspended sediment concentrations. (a) 
The hourly sea-swell (SS) and infragravity (IG) root mean squared wave heights (HRMS) and 
the depth-averaged mean current (U) on the outer reef flat at T1. The hourly suspended 
sediment concentrations (R)̅ measured by the acoustic Doppler profiler (ADP) and optical 
backscatter sensor (OBS) at each site. (b) On the outer reef at T1. (c) On the inner reef at T2. 
(d) In the lagoon at T3. The shaded areas indicated ±1 standard (σ) deviation in the SSC time 
series data for each burst of ADP data. The vertical distribution of R ̅indicated by the colorbar 
in mg L-1 at each site. (e) On the outer reef at T1. (f) On the inner reef at T2. (g) In the lagoon 
at T3. The average position of the seabed determined from the altimeters are indicated by the 
gray shaded areas. The horizontal white line indicates the position of the OBS and ABS data 
shown in the left column. The dotted boxes represent the four events. The highest R ̅was 
located close to the seabed below typical point measurements elevations.  

 

3.5 Cumulative suspended-sediment flux (SSF) 

Despite the variability in hydrodynamic forcing (Figure 7a), the cumulative depth-

integrated SSF contribution by SS (QSS) was consistently directed offshore on the inner reef 

flat at T2 and in the lagoon at T3, but was negligible at T1 on the outer reef flat (Figure 7b). 

Close inspection of QSS at T2 indicates that this transport exhibits a stepped (on-off) type 

pattern. Within a tidal cycle, the QSS increased from a near zero transport rate at 

approximately mid-falling tide, approached a maximum 1-2 h prior to low tide, before the 
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rate reduced until it ceased at low tide and remained near zero as the tide increased (not 

shown). A similar transport pattern was also measured in the lagoon at T3. Most QSS occurred 

during non-event periods at T2 at an average rate of ~0.04 kg m-1 h-1 (but could be as high as 

0.07 kg m-1 h-1). There were two periods of time when QSS was approximately 4 times 

smaller, 30 May – 4 June and 7 – 9 June. These periods were the same periods when the bed 

was flat (Figure 6b). In contrast, at T3 the QSS almost only occurred during the four events, 

although the transport rate was similar (~0.03 kg m-1 h-1). 

The cumulative depth-integrated SSF contribution by IG (QIG) over the duration of the 

experiment was approximately half of QSS (Figure 7c). The QIG was principally directed 

onshore on the outer reef flat at T1 and the inner reef flat at T2, but in the lagoon at T3 it 

alternated between being directed onshore and offshore. At T1, the QIG was directly related to 

the presence of the larger IG waves that occurred during each of the four events, with 

negligible QIG at other times during the experiment. During these events, the QIG ranged from 

0.025-0.035 kg m-1 h-1. The QIG was slightly smaller at T2 but was also directly related to the 

increase in HRMS,IG. At T3, the QIG was almost always small (< 0.02 kg m-1 h-1) and was 

briefly onshore directed during the first event but directed offshore at other times. Notably in 

contrast to QSS, the plateaus in QIG coincide with the reduction in HRMS,IG and not the state of 

the bed. Whilst the QIG was greatest during pulses of IG energy at T1 and T2, at T3 there was 

no clear relationship between QIG and the hydrodynamic forcing.  

 The cumulative depth-integrated SSF associated with the mean current (QM) was two 

orders of magnitude greater than the QSS and QIG (Figure 7d). The QM was greatest on the 

inner reef flat at T2, with a typical rate of 0.5 kg m-1 h-1 and as high as ~5 kg m-1 h-1 during 

the events. The QM was similar on the outer reef flat at T1 and in the lagoon at T3 but slightly 

lower than at T2 (0.5-3.5 kg m-1 h-1). This similarity in flux was due to differences in the 

magnitude of �, which was consistently greater at T1 than at T3 (Figure 3), which offset 

differences in the SSC at each site. Thus, faster currents and lower concentration at T1 

resulted in a similar flux of sediment as the lower currents and higher concentrations at T3. 

When � was small in comparison to the � observed during the four events, QM was also 

small. However, when the � increased even slightly above its fairly stable non-event 

magnitude, QM rapidly increased. It is clear from these results that once sediment was 

suspended into the water column, QM made the dominant contribution to fluxes of suspended 

sediment across the reef. 
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Figure 7. Wave and current forcing and the resulting mean and wave-driven cumulative 
depth-integrated suspended-sediment flux (Q) in kg m-1. The hourly (a) Sea-swell (SS) and 
infragravity (IG) root mean squared wave heights (HRMS) and the depth-averaged mean 
current (�) on the outer reef flat at T1. The vertical dashed lines in (a) indicate cases 
considered in section 3.6 and the extent of the four events are indicated by the dotted boxes. 
↓x indicates relatively “low” and ↑x indicates relatively “high” SS or IG waves. (b) Sea-swell 
SSF (QSS) at the three sites. (c) Infragravity SSF (QIG) at the three sites. (d) Mean SSF (QM) at 
the three sites. Positive Q is directed onshore, and negative values are directed offshore. The 
QM was two orders of magnitude greater than QSS, which was directed offshore, and QIG, 
which was primarily directed onshore, but could also be directed offshore.  

3.6 SSC wave phase variability 

Whilst the decomposition of the contribution to the cumulative SSF demonstrated QM 

was the primary mechanism responsible for the transport of sediment in suspension, sediment 
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was also transported offshore by SS waves and onshore by IG waves. Here we consider how 

four different forcing conditions affect the vertical distribution of sediment throughout the 

wave cycle and how these forcing conditions affect the flux of sediment at each location 

across the study site.  

When HRMS,IG was low and HRMS,SS was high (↓IG↑SS, Figure 8), the SSC on the inner 

reef flat at T2 and in the lagoon at T3 was much larger than the SSC on the outer reef flat at 

T1 (<0.5 vs 2-3 mg L-1). At T2 and T3 where the SSC was large (Figure 8m-o), the QSS was 

directed offshore at T2 but onshore at T3 due to differences in the phasing between waves 

and concentration at each of these sites (Figure 8d-f). At T2, the SSC decomposed for SS 

frequencies (R��) increased near slack flow as the oscillatory velocity transitioned from 

onshore to offshore-directed flow for each wave cycle and peaked just prior to the maximum 

offshore directed velocity. In contrast at T1 and T3, the R�� was distributed across much of 

the wave cycle. While SSC decomposed for IG frequencies (R�
) was larger than R�� (Figure 

8g-i), the sediment was in suspension across almost the entire IG wave cycle, with only a 

slight bias during the offshore phase (Figure 8j-l). Consequently, over a wave cycle the QSS 

was up to 4 times larger than the QIG (Figure 8p-r). Thus, when the IG waves were small, the 

SSF associated with waves was dominated by SS processes.  

When the HRMS,SS decreased to a value similar to HRMS,IG (↓IG↓SS, Figure 9), such as 

during the low tide non-event periods, the R�� and R�
 was noticeably lower throughout the 

water column. Under these forcing conditions, the SSC was typically two-thirds of the 

measured magnitude (<1 mg L-1) when HRMS,SS was larger (e.g., high tide), with little 

difference between the R�� and R�
 (Figure 9m-o). Whilst for these conditions there was little 

sediment suspension at any site, a slight elevation in the R�� was typically measured when the 

oscillatory velocity transitioned from being directed onshore to offshore flow (Figure 9d-f). A 

similar increase in R�
 was also measured but this increase occurred just after the peak 

onshore velocity. However, we note that these vertical phase-related distribution are 

normalized concentrations, and thus likely to over-emphasize the variability at these low 

concentrations (Figure 9g-i). Due to the very low SSC and local velocities under these forcing 

conditions, there was little net SSF, except on the inner reef flat at T2 where the QIG onshore 

but small (Figure 9q).  

During each of the four events that occurred during the experiment, there was a 

noticeable increase in both HRMS,SS and HRMS,IG (Figure 3). During these events, IG waves 
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were more asymmetric (As = 0.45-0.49) than for non-event periods. When the HRMS,IG was 

relatively large and the HRMS,SS was small (but similar to HRMS,IG, ↑IG↓SS), the SSC throughout 

the water column was reduced and was predominantly located close to the bed (Figure 10). 

These forcing conditions typically occurred during the four events but at low tide. For these 

conditions, the R�� was similar to the low HRMS,IG and low HRMS,SS case (<1 mg L-1, Figure 

10m-o), whereas the R�
 was 2 times greater (Figure 10m-o). The R�
 was greatest during the 

onshore flow phase, which resulted in an onshore QIG (Figure 10g-i). This flux was largest on 

the inner reef flat at T2 and ~3 times larger than the QSS. In contrast to the phase distribution 

of the R�
, the R�� was largest in magnitude during the transition from maximum onshore- to 

maximum offshore-directed oscillatory velocity (Figure 10d-f). However, when combined 

with low SS velocities this resulted in negligible SSF at all sites. 

If HRMS,IG remained relatively large and HRMS,SS increased, there was again an increase 

in SSC across the site (↑IG↑SS, Figure 11). This increase, however, resulted in a SSC that was 

similar to the low HRMS,IG and high HRMS,SS case, despite HRMS,IG being twice as large. At all 

sites, the QSS was directed offshore, with high R�� measured during the oscillatory flow 

reversal that would persist through the offshore phase of the flow (Figure 11d-f). This 

resulted in a net offshore QSS for all sites across the reef platform. In contrast, the R�
 was 

typically greatest during the onshore phase of the oscillatory flow cycle (Figure 11g-i). 

Consequently, the QIG was directed onshore (Figure 11m-o).  
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Figure 8. Coupling between waves, suspended sediment concentrations (c) and fluxes (SSF) 
at sea-swell (SS) and infragravity (IG) frequencies for the case where IG waves are relatively 
low compared to the SS waves (↓IG↑SW). The left column is for the outer reef flat at T1, 
middle column is on the inner reef flat at T2, and the right column is in the lagoon at T3. (a-c) 
The ensemble averaged wave velocity at ~0.15 mab for SS and IG frequencies with the 
skewness (Sk) and asymmetry (As) for the SS (blue) and IG (red) waves noted in the bottom 
left of each panel. (d-f) The ensemble average of c at each phase for SS frequencies 
distributed over ~0.5 mab. (g-i) The ensemble average of c at each phase for IG frequencies 
distributed over ~0.5 mab. The color bars indicate the phase averaged and normalized c. (j-l) 
The average all onshore velocity profiles and the average of all offshore velocity profiles 
(dashed lines), as well as the wave-averaged profile (solid lines) for SS and IG frequencies. 
(m-o) The average all onshore SSC profiles and the average of all offshore SSC profiles 
(dashed lines), as well as the wave-averaged profile (solid lines) for SS and IG frequencies. 
(p-r) The wave-averaged SSF at SS and IG wave frequencies. The largest SSF occurred at T2 
and was directed offshore at SS frequencies.  
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Figure 9. Coupling between waves, suspended sediment concentrations (c) and fluxes (SSF) 
at sea-swell (SS) and infragravity (IG) frequencies for the case where IG waves and SS are 
both relatively low (↓IG↓SW). The left column is for the outer reef flat at T1, middle column is 
on the inner reef flat at T2, and the right column is in the lagoon at T3. (a-c) The ensemble 
averaged wave velocity at ~0.15 mab for SS and IG frequencies with the skewness (Sk) and 
asymmetry (As) for the SS (blue) and IG (red) waves noted in the bottom left of each panel. 
(d-f) The ensemble average of c at each phase for SS frequencies distributed over ~0.5 mab. 
(g-i) The ensemble average of c at each phase for IG frequencies distributed over ~0.5 mab. 
The color bars indicate the phase averaged and normalized c. (j-l) The average all onshore 
velocity profiles and the average of all offshore velocity profiles (dashed lines), as well as the 
wave-averaged profile (solid lines) for SS and IG frequencies. (m-o) The average all onshore 
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SSC profiles and the average of all offshore SSC profiles (dashed lines), as well as the wave-
averaged profile (solid lines) for SS and IG frequencies. When HRMS,SS and HRMS,IG are similar 
but small, little sediment is suspended and the flux is negligible. 

 

 

Figure 10. Coupling between waves, suspended sediment concentrations (c) and fluxes (SSF) 
at sea-swell (SS) and infragravity (IG) frequencies for the case where IG waves are relatively 
higher than the SS waves (↑IG↓SW). The left column is for the outer reef flat at T1, middle 
column is on the inner reef flat at T2, and the right column is in the lagoon at T3. (a-c) The 
ensemble averaged wave velocity at ~0.15 mab for SS and IG frequencies with the skewness 
(Sk) and asymmetry (As) for the SS (blue) and IG (red) waves noted in the bottom left of each 
panel. (d-f) The ensemble average of c at each phase for SS frequencies distributed over 
~0.5 mab. (g-i) The ensemble average of c at each phase for IG frequencies distributed over 
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~0.5 mab. The color bars indicate the phase averaged and normalized c. (j-l) The average all 
onshore velocity profiles and the average of all offshore velocity profiles (dashed lines), as 
well as the wave-averaged profile (solid lines) for SS and IG frequencies. (m-o) The average 
all onshore SSC profiles and the average of all offshore SSC profiles (dashed lines), as well as 
the wave-averaged profile (solid lines) for SS and IG frequencies. When HRMS,IG waves are 
larger than HRMS,SS, there is a flux of sediment onshore at IG frequencies. 

 

 

Figure 11 Coupling between waves, suspended sediment concentrations (c) and fluxes (SSF) 
at sea-swell (SS) and infragravity (IG) frequencies for the case where HRMS,IG and HRMS,SS are 
both relatively high (↑IG↑SW). The left column is for the outer reef flat at T1, middle column 
is on the inner reef flat at T2, and the right column is in the lagoon at T3. (a-c) The ensemble 
averaged wave velocity at ~0.15 mab for SS and IG frequencies with the skewness (Sk) and 
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asymmetry (As) for the SS (blue) and IG (red) waves noted in the bottom left of each panel. 
(d-f) The ensemble average of c at each phase for SS frequencies distributed over ~0.5 mab. 
(g-i) The ensemble average of c at each phase for IG frequencies distributed over ~0.5 mab. 
The color bars indicate the phase averaged and normalized c. (j-l) The average all onshore 
velocity profiles and the average of all offshore velocity profiles (dashed lines), as well as the 
wave-averaged profile (solid lines) for SS and IG frequencies. (m-o) The average all onshore 
SSC profiles and the average of all offshore SSC profiles (dashed lines), as well as the wave-
averaged profile (solid lines) for SS and IG frequencies. The SSF at SS frequencies was 
directed offshore across the study area, but the SSF at IG frequencies was directed onshore on 
the reef flat but directed offshore in the lagoon. 

4 Discussion 

4.1 Contribution of suspended-sediment flux to total flux 

Point measurements of SSC in reef environments are typically obtained ~0.15-

0.2 mab (Larcombe et al., 1995, 2001; Ogston et al., 2004; Pomeroy et al., 2017; Presto et al., 

2006; Storlazzi et al., 2004; Yahel et al., 2002). However, our profile measurements over 

0.5 mab show that most of the elevated SSC occurs very near the bed (at <0.15 mab). Within 

this same near bed region the SSC is also highly variable. Thus, while point measurements 

that are typically obtained at 0.15-0.2 mab are suitable to understand concentration variability 

over different temporal and spatial scales, they are likely to under-represent the actual 

magnitude of sediment transported in the water column. Over the duration of this experiment, 

260-467 kg m-1 of sediment was transported in suspension, with the greatest transport on the 

inner reef flat at T2. Our estimates of SSF do not account for SSF >0.5 mab, which was 

beyond the range of our instrumentation, or very close to the seabed (≲0.075 mab) where we 

removed data to eliminate side lobe effects. The exclusion of data higher in the water column 

is expected to be negligible, as the SSC and SSF tend toward zero higher in the water column 

(e.g., Figure 8m-r). The exclusion of data close to the seabed is likely to result in an 

underestimate of the SSF close to the seabed where the SSC clearly exhibits an increasing 

trend. 

These SSF rates were much lower than the bedload transport rates calculated at the 

same sites by Rosenberger et al. (2020). Rosenberger et al. (2020) found that on the inner reef 

flat bedload transport was supply limited, did not necessarily coincide with peak incident 

wave energy and was highly variable, even when the incident wave energy was consistent. At 

this location the bedload flux toward the shore ranged from 13 to 485 kg m-1 d-1, which over 

the duration of the experiment resulted in a transport rate of ~1565 kg m-1. This represents 3-

4 times greater flux by bedload than by suspended load. In the lagoon, Rosenberger et al. 

(2020) showed that the bedload transport would usually peak at the onset of events and then 
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gradually slow. At this location the magnitude of bedload ranged from 20 to 231 kg m-1 d-1. 

Over the duration of the experiment this resulted in ~485 kg m-1 of sediment transported as 

bedload, which was 2 times greater than that transported in suspension. Bedload transport 

rates on the north and south side of the shoreline salient were 116 and 325 kg m-1, 

respectively (Cuttler et al., 2019). For this reef system and the observed forcing conditions 

bedload is the dominant sediment transport mechanism. When the results of this study are 

combined with the bedload transport rates determined by Rosenberger et al. (2020), the 

average rate of total sediment flux from the reef at T2 toward the lagoon at T3 is 1.3 kg m8-. 

The reduction in SSC (Figure 7b,c) and SSF (Figure 6c,f) on the inner reef flat at T2 

during and just after events coincided with the near flat-bed measurements (i.e., the absence 

of mobile sediment bed forms) observed by Rosenberger et al. (2020). There are a number of 

possible explanations for this reduction: (i) sediment was washed off the reef flat, leaving 

little sediment to be suspended (i.e., sediment was stripped leaving the underlying pavement 

exposed), (ii) the ‘wash out’ of ripples due to sheet flow transport during events that reduces 

the efficiency of sediment resuspension (Nakato et al., 1977; O’Hara Murray et al., 2011; 

Sleath & Wallbridge, 2002), or (iii) the composition of the bed sediment changed. It is 

difficult to determine the precise cause of this reduction in the sediment based on the data in 

this study alone; however, Rosenberger et al. (2020) argued based on a detailed analysis of 

the bedload dynamics that bed sediment limitation was likely to be a key factor. Our results 

demonstrate that once the bed is flat, there was little SSF and SSC was reduced. This is 

despite the �∗�� (Figure 4) being sufficiently large to continue to suspend the typical 

sediment grain size D observed in the sediment trap (Figure 3). We note that the SSF due to 

IG waves continued to transport sediment during these times. This suggests that the length 

scales of SSF for the SS waves are small relative to the IG waves; SSF by SS may be locally 

generated whereas SSF by IG may be advected across the site. Importantly, both bedload and 

suspended load is clearly affected by sediment availability in this reef environment. The 

mechanism that transports sediment onto the reef once the reef has been stripped of sediment 

remains unclear but may be wave transport (discussed later) or the transport of offshore 

sediment up onto the reef under certain incident conditions (Storlazzi et al., 2004). 

Finally, how the SSF varies both along the direction of transport and alongshore due 

to variability in sediment availability and the fine scale composition of the bed remains 

poorly quantified in this study. Conventional sediment transport predictions as well as the 

approach taken in this study assume the bed is fully occupied by sediment of unlimited 
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supply, which is clearly not the case on many coral reefs. In reality, the sediment is 

interspersed between roughness elements that may occupy a large proportion of the planform 

area of a reef, thereby reducing the area over which the sediment can be entrained. Thus, 

sediment may be transported through regions where sediment is exposed but in other regions 

where the roughness occupies a large proportion of the bed, little sediment may be 

transported. Thus, irrespective of the sediment grain size distribution, there can be limited 

sediment available for suspension on the reef flat. Whilst not the focus of this study and the 

data are insufficient to spatially resolve the differences in sediment flux, it would be 

reasonable to assume that more sediment would be transported around and through roughness 

elements than over areas of the bed where the roughness occupies a large proportion of the 

bed.  

4.2 Suspended-sediment fluxes by waves and mean currents 

In this study, the transport of sediment in suspension by due to the phase-differences 

between the wave velocities and the SSC (Eq.3) was typically only 1% of the sediment 

transported by mean currents. The comparatively high transport rates due to mean currents 

was due to the strong cross-reef currents that develop from the setup generated by the 

radiation-stress gradients induced by wave breaking on the fore reef (Becker et al., 2014; 

Longuet-Higgins & Stewart, 1964). The presence of the lagoon and breaks in the reef at this 

site enable the water setup on the reef flat to circulate through the reef system and exit via the 

channels (Pomeroy et al., 2018). Whilst there was some tidal variability in the magnitude of 

this mean current, the vertical distribution of SSC was strongly affected by the magnitude of 

the HRMS,SS (Figure 7). Greater SSC was observed when HRMS,SS was larger. Our estimates of �∗ and D show that the D that could be suspended by mean currents (Figure 5) was 

consistently smaller than the D observed in the trap sediment samples (Figure 4). This is 

consistent with other studies that have quantified the magnitude of bed �∗ attributed to waves 

and currents in reef environments, which have shown that SS waves are often required to 

suspend much of the sediment observed both on the bed as well as in suspension (e.g., 

Pomeroy et al., 2018; Presto et al., 2006).  

Notably, not all reef systems have strong cross-reef currents. For example, relatively 

alongshore uniform reefs (Storlazzi & Jaffe, 2008) or shallow shore-attached fringing reefs 

without a lagoon (Ogston et al., 2004; Péquignet et al., 2014; Presto et al., 2006) are systems 

where the relative importance of sediment transport by waves could be expected to be of 

greater relative importance than the transport by mean currents. The importance of wave-
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driven transport was also demonstrated in the 1D laboratory study by Pomeroy et al. (2015), 

which showed that for a fringing reef system with a shallow reef flat the transport of sediment 

by waves could be similar and in some cases greater than bedload transport.  

4.3 Sea-swell and infragravity wave-driven suspended-sediment flux 

The state of the seabed and the shape of the waves at a given location affect the 

magnitude and direction of sediment transport. In this study there were noticeable differences 

between when SSC was greatest within the SS and IG wave phase cycle. The R�� started to 

increase in magnitude as the flow approached peak onshore velocity and was typically at a 

maximum just after flow reversal. The R�� then decreased during the offshore flow phase. 

Previous studies have shown that this pattern of suspension over a wave cycle is due to vortex 

shedding off bed formations such as ripples that occurs as the vortex is advected over the 

ripple crest around the instant of SS flow reversal (Nakato 1977, Sleath and Wallbridge 2002, 

Ohara Murray 2011). This vortex-induced suspension also entrains sediment to considerably 

greater heights for a given hydrodynamic condition than would be suspended from a flat bed 

that relies on turbulent diffusion to lift sediment into the water column (Thorn 2002, Bijker 

1976, Nakato 1977, Block 1994, Davies and Thorne 2005, Van der Werf 2007, Nielsen 1992, 

Thorne 2009). Rosenberger et al. (2020) showed that ripples are present on the bed at both 

the inner reef flat at T2 and in the lagoon at T3, but were not observed on the outer reef flat at 

T1. Despite the absence of organized ripples on the reef flat, the phase observations in this 

study suggests that vortices develop and suspend sediment from the bed, perhaps due to reef 

flat bed variability (e.g., roughness). Wave nonlinearities such as asymmetric and skewed 

wave forms (Cheriton et al., 2020) may also contribute to the flux of sediment, particularly 

closer to the reef crest (Bramante et al., 2020). 

In contrast, the R�
 typically increased just prior to the peak onshore velocity and was 

at a maximum just after this peak velocity. This pattern of suspension is consistent with the 

suspension of sediment due to stresses imposed on the bed (e.g., Davies & Thorne, 2008). 

When the waves are skewed (sharp high crests and broad shallow troughs) high crest 

velocities are generated in the onshore direction (Hsu & Hanes, 2004; Marino-Tapia et al., 

2007). If these waves are also asymmetric (forward pitched saw tooth-type waves) strong 

fluid acceleration at the front face of these waves further enhance the mobilization and 

transport of sediment (Drake & Calantoni, 2001; Terrile et al., 2006). Whilst the phasing 

observed in this experiment suggests that sediment is suspended from the bed by IG waves, 
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the �∗�
 was small and thus these waves could only suspend fine sediment even under these 

nonlinear wave conditions. (Figure 5). An alternative explanation could be the relationship 

between SS and IG waves as they propagate across the reef and lagoon. On a moderately 

sloping beach where HIG/HSS<0.4, de Bakker et al. (2016) demonstrated that the sediment 

flux is related to the correlation of the infragravity-wave orbital motion with the sea-swell 

wave envelope. That study showed that when large SS waves are present during negative IG 

velocities (bound infragravity wave case, negative correlation), QIG is directed offshore. 

However, when the correlation is positive (free IG waves), the largest SS waves are present 

during positive infragravity velocities and QIG is directed onshore. This latter case more 

closely relates to the dynamics observed in reef environments where it has been shown that 

IG waves generated on the reef flat typically propagate across the reef and lagoon as free 

waves (Pomeroy, Lowe, et al., 2012; Van Dongeren et al., 2013). For the two phase-averaged 

cases where HIG/HSS<0.4, we observed that for the low HRMS,IG and high HRMS,SS case the SSF 

was directed slightly offshore. We note that very little sediment was in suspension; however, 

it is possible that this mechanism may reinforce the offshore-directed SSF by SS waves and 

contribute to the return of sediment to the inner reef. 

deBakker et al. (2016) also noted that when the infragravity waves are relatively large 

(HIG/HSS>0.4), most sediment is suspended during negative infragravity velocities, and QIG is 

offshore directed. There were three short periods during this experiment where these 

conditions occurred and the SSF due to IG waves was indeed offshore directed. However, at 

all other times and also for the two phase-averaged cases where HIG/HSS>0.4, the SSF was 

onshore directed. Further research is required to explore if and how the model by deBakker et 

al. (2016) needs to be modified for application to coral reefs. Nevertheless, our results 

suggest that when IG waves are present, and under certain conditions, they can be an efficient 

sediment transport mechanism but that most of this sediment flux is onshore directed. This is 

consistent with the laboratory experiments by Pomeroy et al. (2015) that suggested that 

sediment transported at IG frequencies could be equal or greater than that transported at SS 

frequencies when HRMS,IG was similar or larger than HRMS,SS. 

4.4 Influence on reef sediment distributions 

Many reef studies have shown that sediment is continually transported from the reef 

to the shoreline and that bed sediment becomes progressively finer closer to the shoreline 

(e.g., Calhoun & Field, 2008). This change in bed sediment size is usually attributed to the 

overall breakdown of sediment from the reef to the shoreline along with the dissipation of 
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waves and currents over the reef and lagoon. The lower wave and current energy allows finer 

sediment to settle out of the water column and be deposited on the seabed. However, this 

study demonstrates that the magnitude and direction of the SSF is not only dependent on the 

mean current wave energy but is also affected by phase coupling between IG and SS waves 

with SSC resuspension from the seabed. 

Our results indicate that in the absence of IG waves, a mixture of sediment grain sizes 

is suspended into the water column during the SS oscillatory flow reversal. For this 

suspension mechanism, coarser sediment fractions can be expected to settle out of suspension 

during the ensuing offshore wave phase while finer sediment fractions persist in suspension 

to be deposited on the bed during the subsequent onshore wave phase. The cumulative impact 

of these waves is to partition finer sediment toward the shoreline and coarser sediment toward 

the reef flat. Our results suggest that offshore-directed transport of sediment may be greatest 

during non-event periods and thus this may be a mechanism that contributes to the return of 

sediment to the reef flat once it has been washed off into the lagoon during larger events 

When IG wave energy is high, such as during the events, the coupling between SS and IG 

waves results in higher SSC during the peak onshore IG wave phase. During this peak, SS 

waves were larger due to the increase in the water depth facilitated by the IG waves and 

sediment suspended by these waves can be transported considerable distances. For coarser 

sediment, this sediment may be transported shoreward close to the seabed while finer 

sediment that is suspended higher in the water column may be transported toward the reef flat 

(i.e., the opposite case to the SS wave only case). When combined with the tendency for mean 

currents to transport large quantities of sediment, our results suggest that waves may be 

particularly important to the sorting of coarser sediment that could not otherwise be 

transported in suspension. 

4.5 Implications for future changes to sediment transport mechanisms 

The quantification of sediment transport throughout a reef system is critical to predict 

a range of impacts including the evolution of the adjacent shoreline. Our study examined this 

concentration distribution in detail and the fairly unimodal suspended-sediment distribution 

(Figure 4) enabled us to use acoustic backscatter to resolve these concentrations. An implicit 

assumption in our analysis is that this distribution remains fairly representative throughout 

the experiment, which is likely to be the case for the relatively moderate forcing conditions 

observed in this experiment. Further research is required to quantify the extent to which this 

sediment distribution changes due to different forcing and consequently what this may mean 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

for suspended-sediment transport. However, we note that observations by Cuttler et al. (2018) 

suggest when this same reef was subjected to cyclone forcing, most of the wave growth 

across the site was due to wind; the incident waves continued to be depth-limited and 

efficiently dissipated on fore reef. Thus, for non-cyclonic but still energetic forcing, this 

forcing may not substantially impact the sediment distribution due to depth limitations 

imposed by the reef on the wave height.  

It is clear from this study that most suspended sediment transport occurs during 

episodic events. The presence of SS and IG waves during these events results in substantial 

cross-reef transport of suspended sediment by mean currents (Figure 7). As sea levels 

increase, it may be expected that more sediment may initially be transported as larger waves 

propagate onto reefs and wave generated cross-reef currents remain similar or even larger 

than at present. This case could be expected to persist until such time that the increase in sea 

level is a substantial proportion of the tidal range. As sea levels continue to rise, cross-reef 

currents could then be expected to decrease in magnitude due to reduced wave breaking on 

the fore reef, which would reduce the water level setup on the reef that drives cross-reef 

currents (e.g., Becker et al., 2014; Vetter et al., 2010). Under these conditions, the relative 

importance of sediment transported in suspension by SS and IG waves is likely to increase. It 

remains unclear from the results of this study how these changes will affect the net cross-reef 

transport of sediment in suspension. Bramante et al. (2020) recently showed, using the non-

hydrostatic numerical model XBeach, that for increased sea level the wave height, skewness, 

and shear stress imposed on the bed are likely to increase cross-reef sediment transport. 

However, that study also showed that changes to the incident waves on the fore reef would 

also reduce the sediment transported onto the reef flat from the fore reef. Our results show 

that the sediment transport on the reef flat may already be supply limited. Given there is a 

substantial flux of sediment from the reef into the lagoon, any reduction in supply can 

therefore be expected to have substantial impacts for sediment redistribution throughout a 

reef-lagoon system as well as to the adjacent shoreline.  

5 Conclusions 

In this study, we investigated the processes that drive the cross-reef transport and 

vertical distribution of suspended sediment across a reef platform, as well as how these 

distributions varied due to differences in the relative magnitude of sea-swell waves, 

infragravity waves, and mean currents. The main results of this study are as follows: 
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1. The morphology of a reef substantially attenuates waves in reef-lagoon systems. 

Consequently, most suspended sediment is transported close to the bed due to the low wave 

conditions. When sediment is suspended higher into the water column by sea-swell waves, 

this occurs during the oscillatory flow transition and often when ripples are present on the 

seabed. At infragravity frequencies this resuspension occurs during the onshore velocity 

phase.  

2. For reef-lagoon systems where cross-reef currents can develop, suspended sediment flux 

by mean currents is substantially greater (in this study by 2 orders of magnitude) than the 

flux by waves. However, waves still transport of sediment offshore at sea-swell frequencies 

and onshore at infragravity frequencies.  

3. When compared to the transport of sediment by bedload, this study shows that bedload is 

3-4 times greater than the depth-integrated suspended sediment flux.  
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