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ABSTRACT 

Sediment transport in fringing coastal reefs can adversely affect reef ecology and, over 

long timescales, cause changes in the morphological form of adjacent tropical 

coastlines.  Sediment transport is driven by the hydrodynamic processes that prevail 

within a reef system, which are in turn governed by the specific reef geometry as well as 

the roughness characteristics of reef ecological communities.  For typical wave-exposed 

reefs, incident waves that break in shallow water generate currents that flow across the 

reef flat, circulate through the lagoon and return offshore via breaks in the reef.  Waves 

that propagate over the reef typically result in a bimodal wave spectrum that consists of 

a combination of high-frequency (sea-swell) waves and low-frequency (infragravity) 

waves. 

This thesis considers how the hydrodynamic processes prevalent in a reef 

affect the temporal and spatial variability in size, concentration and transport of 

sediment.  These processes were investigated from small (within canopy) scales to large 

reef-wide scales through a laboratory and field experiment. 

In a large-scale wave flume, high- and low-frequency waves were generated on 

a fringing reef model (with and without bottom roughness elements).  The front 7 m of 

the reef model had a fixed bed, whereas the back 7 m of the reef and the beach had a 

moveable sandy bed.  These experiments demonstrated that near the reef crest the 

offshore-directed Eulerian mean current was the dominant transport mechanism, 

whereas on the reef flat the majority of sediment transport was due to the skewness and 

asymmetry of the high- and low-frequency waves.  Ripples developed over the movable 

bed and their properties were consistent with the local high-frequency wave orbital 

excursion lengths despite the substantial low-frequency wave motions present on the 

reef flat.  The contribution to the transport of sediment on the reef flat by the migration 

of these bed forms, as well as by the mean flow, was small. 
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A 3-week field study was conducted at Ningaloo Reef, Western Australia, to 

quantify the hydrodynamics and suspended sediment dynamics on a reef flat in the 

presence of large bottom roughness.  The shear stresses derived from the logarithmic 

mean current profile above the roughness and turbulence measurements, which are 

traditionally used in predictive sediment transport formulations, were unrelated to the 

sediment sizes and concentrations that were observed in suspension.  When the shear 

stress estimates were modified to account for their reduction within the roughness layer, 

the relationship between the predicted and observed grain sizes in suspension vastly 

improved.  This experiment demonstrated that bed stresses need to be considered above 

and within the roughness layer to accurately estimate suspended sediment transport in 

regions of high bed roughness in shallow water depths such as coral reef flats.  

The same field experiment investigated the spatial and temporal variability of 

waves and currents throughout the whole reef-lagoon system, as well as how this 

variability affects suspended sediment concentrations and pathways.  The predominant 

flow pathways consisted of cross-reef flow that diverged in the lagoon and returned 

offshore through the channels.  The temporal variability of this flow pattern was mainly 

driven by the subtidal flows generated by wave breaking.  When the incident waves 

were small, the flows were instead driven by the alongshore wind stresses.  Higher 

frequency current variability was due to tidal propagation through the lagoon as well as 

by variations in the water depth, which affected the intensity of the wave breaking that 

drives the current.  Sea-swell waves, infragravity waves and currents may all contribute 

to sediment transport processes on the reef flat, whereas in the lagoon, the nearbed 

velocity skewness was due to sea-swell waves.  While the magnitude of the suspended 

sediment concentration was smaller on the reef than in the lagoon, in both locations 

these concentrations varied with the incident waves with some variance also at tidal 

frequencies. 
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signal variance (b) reef flat at S2, (c) lagoon at S5, (d) southern channel 

at S7 and (e) northern channel at S10. 118 
Figure 4-10. (a) Incident wave forcing (𝐻𝑚0) and tidal conditions (MWL) on the 

forereef at S1.  The normalized magnitude of the decomposed third 

velocity moment terms on (a) the reef flat at S2 and (b) in the lagoon at 

S5.  See Table 4-3 for term definitions.  Note that other terms in the 

decomposition were negligible and have not been shown for clarity. 120 
Figure 4-11. Hourly mean maximum shear velocity near the bed (𝑢∗,𝑚𝑎𝑥) vs hourly 

mean suspended sediment concentration (SSC) for (blue) the reef flat at 

S2 and (red) the lagoon near the salient at S5. 126 
Figure 4-12.  Conceptual model of sediment transport processes in a fringing coral 

reef. (a) Cross section of waves, currents and sediment process across a 

reef and lagoon. Brown arrows indicate the direction of sediment 

transport by currents and the upward arrows indicate sediment 

resuspension. (b) Plan view of the wave rays and current pathways 

throughout a reef system.  The colour gradient in (a) indicates increased 

turbidity (brown indicates high turbidity and blue low turbidity) while 

in (b) the gradient indicates the change in wave height (red corresponds 

to larger waves and blue to smaller waves). 128 
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NOMENCLATURE  

Roman Symbols Definition 
𝐴 Orbital excursion of a representative wave motion 
𝑐 Sediment concentration 
𝐶̅ Time-averaged sediment concentration 
𝐶  Instantaneous concentration of sediment in laboratory experiment 
𝐶0 Nearbed reference concentration at elevation 𝑧𝑟𝑒𝑓  above the bed 
𝐶𝐷 Drag coefficient 
𝑑 Vertical height of momentum absorption above the bed 
𝐷 Particle size of interest in Eq. (3-4) = 𝐷50 
𝐷∗ Dimensionless grain size 
𝐷50 Median sediment grain size 
𝑓𝑤 Wave friction factor  
𝑔 Acceleration due to gravity 
ℎ Still water depth (SWL) 
ℎ𝑟 Still water depth (SWL) over the reef flat in the laboratory model 
H Hilbert Transform operator 

𝐻𝑚0 Zeroth-moment (significant) wave height 
𝐻𝑟𝑚𝑠 Root-Mean-Squared wave height 
𝐻𝑠 Significant wave height 
𝑘ℎ Non-dimensional roughness height 
𝑛𝑝 Porosity 
𝑁𝑝 Mean number of ripples analysed per image in laboratory experiment 
𝑁𝑟 Mean number of ripple peaks followed in the laboratory experiment 
𝑃  Rouse parameter 
𝑄𝑏 Sediment flux due to bedload transport 
𝑄ℎ𝑖 High-frequency sediment flux 
𝑄𝑙𝑜 Low-frequency sediment flux 
𝑄𝑚 Sediment flux due to mean Eulerian flow 
𝑄𝑝 Sediment flux due to bed profile changes 
𝑄𝑟 Sediment flux due to ripple migration 
𝑠 Relative density of sediment in seawater 
𝑆 Spectral estimate 

𝑆𝑢𝑢 Velocity auto-spectral estimate 
𝑆𝑢𝐶 Cross-spectral estimate between suspended sediment concentration 

and velocity 
𝑇𝑚 Mean wave period 

𝑇𝑚02 Weighted mean wave period based on sediment moment of wave 
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spectrum 
𝑇𝑝 Peak wave period 
𝑢 Total velocity in maximal direction 
𝑢 ̅ Mean velocity (current) in maximal direction 
𝑢 ̃ Oscillatory velocity in maximal direction 
𝑢′ Turbulent velocity maximal direction 
𝑢𝑟 Shoreward migration velocity of bed ripples 

𝑢∗ = √𝜏 𝜌𝑤⁄  Shear velocity 
𝑈 Amplitude of the nearbed horizontal orbital velocity 
�̅�  Depth averaged current in the maximal direction 

�̂�𝛿𝑤 Peak orbital velocity at the edge of the wave boundary layer 
𝑣 Total velocity in minimal direction 
𝑣𝑝 Velocity of pump sampling intake 
𝑣 ̅ Mean velocity (current) in minimal direction 
𝑣 ̃ Oscillatory velocity in minimal direction 
𝑣′ Turbulent velocity minimal direction 
𝑉  Ripple volume per unit width 
𝑉 ̅  Depth averaged current in the minimal direction 

𝑉𝑤𝑖𝑛𝑑 Alongshore wind velocity 
𝑤 Total velocity in upward direction 
�̅� Mean velocity (current) in upward direction 
�̃� Oscillatory velocity in upward direction 
𝑤′ Turbulent velocity upward direction 
𝑤𝑠 Particle fall (settling) velocity 
𝑥 Distance measured relative to the reef crest in laboratory experiment 
𝑧 Elevation above the bed 

𝑧𝑟𝑒𝑓  Reference height for 𝐶0 
𝑧0 Bed hydraulic roughness length scale 
𝑧0𝑎 Apparent bed roughness length scale due to current-wave interaction 

  
  
  

Greek Symbols  
𝛼𝑏 Empirical coefficient in Eq. (2-7) 
𝛼𝑚 Empirical coefficient in Eq. (2-8) 
𝛿 Boundary layer thickness 
𝛿𝑠 Thickness of the nearbed sediment mixing layer 
𝛿𝑤 Thickness of the wave boundary layer 
𝜀𝑠 Sediment mixing coefficient (vertical sediment diffusivity) 
𝜂 Sea-surface elevation relative to the bed 
𝜂 ̃ Oscillatory sea-surface elevation relative to the bed 
𝜂𝑟 Bed ripple height 
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𝜃𝑚𝑎𝑥 Dimensionless Shields parameter 
𝜃𝑝 Peak incident wave direction 

𝜃𝑤𝑖𝑛𝑑 Wind direction 
𝜅 Von Karman’s constant ≈ 0.40 
𝜆𝑟 Bed ripple length 
𝜈 Kinematic viscosity of water 
𝜈𝑡 (Turbulent) Eddy viscosity of water 
𝜌𝑤 Density of sea water 
𝜌𝑠 Density of sediment 
σ Standard deviation 
𝜏 Horizontal shear stress 

𝜏𝑑𝑟𝑎𝑔 Shear stress due to bed roughness / features 
𝜏𝑡𝑜𝑡𝑎𝑙 Total shear stress 

𝜓 Mobility number 
𝜔 = 2𝜋 𝑇⁄  (absolute) radian frequency of the waves 

  
Subscripts  

𝑏𝑒𝑑 At the bed 
𝑐 Current-alone 
ℎ𝑖 High-frequency quantity, typically equivalent to sea-swell quantities 
𝑖𝑔 Infragravity quantity (25s < T < 250s) 
𝑙𝑜 Low-frequency quantity typically equivalent infragravity quantities 
𝑚 Mean of the enhanced flow due to current-wave interaction 

𝑚𝑎𝑥 Maximum of the oscillatory component of the enhanced flow due to 
current-wave interaction 

𝑟𝑚𝑠 Root-mean-squared quantity 
𝑟𝑜𝑢𝑔ℎ At the top of the roughness layer (~ top of the canopy) 

𝑠𝑤 Sea-swell quantity (5s < T < 25s) 
𝑡𝑜𝑡𝑎𝑙 Total quantitiy 

𝑤 Wave-alone 
∞ Free-stream velocity 
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1 

 INTRODUCTION 

 

1.1 The importance of sediment in reef environments 
Suspended sediment can adversely affect a wide range of organisms living within coral 

reefs via multiple mechanisms.  As sediment concentrations in the water column 

increase, light is attenuated and its spectrum is altered, which reduces the efficiency of 

photosynthetic processes that many reef communities rely on for energy production [see 

Roth, 2014 for a review].  In addition, when the rate of sedimentation is higher than the 

rate at which sediment can be expelled, reef communities become smothered.  This 

inhibits biotic particle feeding and nutrient uptake rates [e.g., Anthony, 2000] and can 

cause mortality [e.g., Weber et al., 2012], as well as a reduction in the recruitment, 

settlement and survivorship of reef organisms [e.g., Rogers, 1990; Babcock and Smith, 

2000].  Depending on the origin (e.g. terrestrial, dredge induced), sediment introduces 

nutrients, toxic substances and heavy metals, which may also have a detrimental impact 
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on reef ecosystems [e.g., Buddemeier and Hopley, 1988; Fabricius, 2005].  A range of 

sediment concentration and sedimentation limits have been proposed [e.g., Cortés and 

Risk, 1985; Pastorok and Bilyard, 1985; Rogers, 1990]; however, different 

methodologies, diverse sediment trap designs and limitations associated with the use of 

traps themselves have led to these rates being questioned [e.g., Ogston et al., 2004; 

Storlazzi et al., 2010].  Indeed, it has been observed that some reef communities flourish 

in turbid reef environments [e.g., Stoddart, 1969; Bull, 1982; Anthony, 2000].  

Irrespective of whether it is the sediment concentration, sediment deposition, exposure 

time (a function of sediment concentration and residence time), or the frequency of 

these events that is most critical to reef communities, each are driven by physical 

processes (e.g., waves and currents). 

Physical processes also control the morphology of sandy shorelines through 

erosion, transport, and accretion of sediment.  The presence of submerged reef 

structures near a shoreline can have a substantial influence on the morphological 

development of that shoreline.  These coastal reefs (commonly referred to as fringing 

reefs) are morphologically complex environments that take many natural forms such as 

relic limestone platforms, submerged rock-type formations, and living coral 

communities.  Often these reefs are separated from the shoreline by a narrow shallow 

lagoon.  On short time scales, the shallow reef depth promotes wave breaking and, 

along with the frictional drag, dissipates wave energy [Monismith, 2007].  This energy 

dissipation process regulates hydrodynamic conditions and can often protect the 

shoreline from the effects of storms, cyclones or typhoons [Ogg and Koslow, 1978] and 

possibly tsunamis [Gelfenbaum et al., 2011], although under certain energetic 

conditions the presence of a fringing reef can also exasperate coastal erosion and 

inundation [e.g., Roeber and Bricker, 2015].  On longer time scales, the presence of a 

reef has been correlated to various major planform (horizontal) morphological features 

along shorelines such as cuspate forelands and salients [e.g., Sanderson and Eliot, 1996; 

Sanderson, 2000].  Whilst this geographic relationship is well established, the processes 

that transport sediment in these reef environments are still not well understood but must 
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be related to the interaction between the reef and the hydrodynamic conditions that 

prevail.  

1.2 Fringing reef hydrodynamics 
Swell wave energy that arrives at a reef is mostly dissipated on the steep forereef slope 

and shallow reef crest by wave breaking for which the depth of the reef is particularly 

important [e.g., Young, 1989; Hardy and Young, 1996a].  The swell waves that remain 

beyond this surf zone are smaller in amplitude and are typically dissipated by bottom 

friction on the reef flat [e.g., Suhayda and Roberts, 1977a; Young, 1989; Lowe et al., 

2005b].  The frictional resistance imposed on waves and currents has been calculated to 

be substantially larger in reef environments than sandy beaches, which has been 

attributed to the greater morphological roughness (e.g. coral) associated with reef 

benthic ecosystems [e.g., Lowe et al., 2005b; Rosman and Hench, 2011].  Shoreward of 

this zone of dissipation, secondary waves may then reform and propagate over the reef 

flat and into the lagoon [e.g., Suhayda and Roberts, 1977a]. 

Swell wave dissipation generates wave forces (radiation stress gradients) that 

establish a setup and consequently a pressure gradient that drives currents across the 

reef [e.g., Munk and Sargent, 1948; Longuet-Higgins and Stewart, 1964; Kraines et al., 

1999].  This flow circulates over the reef, through the lagoon and returns to the ocean 

via channels that break the fringing reef structure [e.g., Coronado et al., 2007; Lowe et 

al., 2009b; Taebi et al., 2011].  For these reefs, the particular geometry of the lagoon 

and/or channels (gaps) in the reef have been shown to play a major role in the 

momentum balances established across a reef-lagoon system, and ultimately the wave-

driven flows and associated flushing rates [e.g., Lowe et al., 2010]. 

Low-frequency (infragravity) wave motions (periods 25 seconds to tens of 

minutes) have also been shown to make an important contribution to the overall water 

motion within coastal reef-lagoon systems [e.g., Hardy and Young, 1996a; Lugo-

Fernández et al., 1998; Brander et al., 2004; Pomeroy et al., 2012a], particularly if such 

motions resonate as was observed on Guam by Péquignet et al. [2009].  These motions 
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are known to be generated by two mechanisms: (1) Infragravity waves in the form of 

(coupled) forced long waves that are generated by nonlinear interactions between 

incident (primary) sea/swell waves [Longuet-Higgins and Stewart, 1964].  These waves 

travel from deep water and, due to the continuous forcing of these waves by the 

shoaling primary waves, are enhanced over the sloping seabed in the nearshore zone up 

to the zone of initial breaking [e.g., List, 1992; Masselink, 1995] and possibly within the 

surf zone [e.g., Foda and Mei, 1981; Schaeffer and Svendsen, 1988].  These waves that 

originate offshore are often referred to as ‘bound long waves’.  (2) Infragravity waves 

that are generated as free waves in the surf zone by a moving breakpoint [Symonds et 

al., 1982] whereby the period of the oscillation of the breakpoint determines the period 

of the infragravity motions.  This surf zone generation mechanism is commonly referred 

to as ‘breakpoint generation’.  These infragravity waves propagate out of the surf zone 

towards the shore where they can be reflected at the shoreline.  This may result in a 

standing wave pattern in the cross-shore direction [e.g., Munk, 1949; Tucker, 1950; 

Suhayda, 1974], or be trapped as alongshore-propagating edge waves [e.g., Huntley et 

al., 1981].  Laboratory experiments [e.g., Nakaza and Hino, 1991] and subsequent 

numerical studies without the inclusion of frictional effects [e.g., Nwogu and 

Demirbilek, 2010; Sheremet et al., 2011] have suggested that infragravity wave energy 

loss is also due to nonlinear wave-wave (triad) interactions [e.g., Henderson et al., 

2006; Thomson et al., 2006] and possibly due to infragravity wave breaking [e.g., van 

Dongeren et al., 2007], whilst fringing reef field experiments have suggested that the 

energy losses may predominantly be due to friction dissipation [e.g., Pomeroy et al., 

2012a].  It is evident that the hydrodynamic processes that prevail within the reef 

system are governed by the specific reef geometry as well as the roughness 

characteristics prescribed by the reef’s ecological communities.  Thus, it is reasonable 

to propose that the spatial and temporal variability of these hydrodynamic processes, as 

well as the relative importance of the various processes, must also affect how sediment 

is transported in these environments. 
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1.3 Sediment transport processes 
On sandy beaches, sediment has been shown to be mobilised when the hydrodynamic 

forces applied to sediment grains (bed shear stress) are larger than the resistive forces 

(sediment weight). This principle is the basis for the critical threshold for movement 

described by the Shields parameter [Shields, 1936] as well as the concept of energetics 

[Bagnold, 1956; Bailard, 1981; Bailard and Inman, 1981].  Once mobilised, sediment 

particles are transported as bed or suspended load.  Bedload is the transportation of 

sediment and bed forms near or in continuous contact with the bed [Bagnold, 1956], and 

occurs when the bed shear stresses are near the critical shear stress for movement.  At 

higher shear stresses, sediment lifts into suspension and remains entrained in the water 

column by turbulent motions [e.g., Bagnold, 1966; Francis, 1973; Van Rijn, 1984b].  

The rate of transport for this sediment in suspension can then be modelled as a flux 

above the bed (a function of concentration and velocity).  When the shear stress induced 

by the hydrodynamic processes falls below the critical shear stress for sediment 

mobilisation, sediment settles out of the water column and deposits onto the bed.  

Whilst many sediment transport formulations have been developed for sandy beach 

environments [see e.g., Soulsby, 1997 for a review], direct application of these 

formulations to environments with large bottom roughness (e.g., reef frameworks, 

vegetation, large sediment grains) ignores differences in bed topography and its 

influence on the local hydro- and sediment dynamic processes. 

The impact of large bed roughness on physical processes (including sediment 

transport) has been the subject of considerable research in various environments.  In 

rivers, it has been shown that when the bed is composed of a mixed sediment 

distribution, relatively large grains protrude above finer grains on the bed.  These larger 

grains are subjected to higher shear stresses, which are typically accounted for in 

sediment transport models with correction factors related to bed-material grain size [see 

Van Rijn, 2007b for a review].  As the size of the bed roughness increases, it eventually 

becomes large enough to form a canopy, which imposes drag on the flow and results in 

a layer where the velocity is reduced relative to the overlying mean and oscillatory 
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velocity.  This has been observed on land in canopies formed by trees, shrubs or grasses 

[e.g., Wiggs et al., 1995; Lancaster and Baas, 1998], rivers and floodplains with rigid 

and flexible vegetation that may be emergent or submerged [e.g., Fathi-Maghadam and 

Kouwen, 1997; Darby, 1999; Wu et al., 2000; Toda et al., 2005; Aberle and Järvelä, 

2013], and in coastal areas populated by mangroves or seagrass [e.g., Nepf, 1999; Nepf 

and Vivoni, 2000; Stone and Shen, 2002].  Studies in these canopy environments 

suggest that the size, geometry and spacing of the vegetation that form these canopies 

will determine if sediment is trapped within the canopy, or eroded from the bed around 

the roughness elements [e.g., Stockton and Gillette, 1990; Wolfe and Nickling, 1993; 

Jordanova and James, 2003; Burri et al., 2011].  However, in comparison to bare 

graded river and coastal sediment beds where sediment transport processes have been 

investigated in detail, most sediment transport models in canopies only consider bulk 

transport quantities and do not explicitly consider how flow modifications alter 

sediment transport mechanisms. 

In reef environments, canopy drag and inertial forces dissipate waves and 

currents [e.g., Lowe et al., 2005a; Zeller et al., 2015].  This hydrodynamic 

transformation process is typically modelled with bare bed hydrodynamic formulations 

combined with enhanced friction factors.  This approach usually results in accurate 

reproduction of the hydrodynamic processes measured above the canopy [e.g., Presto et 

al., 2006; Lowe et al., 2009a; Storlazzi et al., 2011; Van Dongeren et al., 2013].  

However, extending this approach to estimate sediment dynamics is clearly not 

appropriate as most bare bed sediment transport formulations rely on the hydrodynamic 

forces (shear stresses) experienced by the water column also being exerted directly on 

the sediment grains.  Measurements within coral reef canopies demonstrate that mean 

and oscillatory velocities are attenuated [e.g., Lowe et al., 2005b; Lowe et al., 2008; 

Zeller et al., 2015], and thus the stresses imposed on the bed are likely to be much 

smaller than those imposed on the hydrodynamic processes above the canopy.  

Numerous data sets have been collected that describe the composition, grain 

size distribution and spatial variability of reef bed sediment [e.g., Kench and McLean, 
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1997; Smith and Cheung, 2002; Bothner et al., 2006; Morgan and Kench, 2014].  These 

studies are predominantly based on correlative observations and lack an explanation of 

how the properties of these sediments relate to the physical processes that prevail at 

these sites.  Measurements of suspended sediment concentrations have also been 

obtained on a wide range of reefs and tend to be sparse point based measurements 

determined from backscatter sensors that act as a proxy for sediment concentrations 

[e.g., Ogston et al., 2004; Storlazzi et al., 2004; Presto et al., 2006; Vila-Concejo et al., 

2014].  Accurate and direct measures of sediment fluxes remain scarce.  Low suspended 

sediment concentrations have been measured in the water column at shallow water 

depths while larger concentrations have been measured with deeper water depths [e.g., 

Storlazzi et al., 2004].  This increase in concentration has been attributed to larger shear 

stresses on the seabed that occur as larger waves propagate onto the reef [e.g., Suhayda 

and Roberts, 1977b; Ogston et al., 2004; Storlazzi et al., 2009].  The attenuation of 

waves on the reef has been suggested to result in a low energy lagoon environment 

where currents and waves do not induce a large enough shear stress to suspend new 

sediment [e.g., Roberts et al., 1981].  Sediment that has already been entrained into the 

water column may, however, be transported within the lagoon where it either settles out 

of the water column or is eventually advected out of the system as the currents exit 

though the channels in the reef [e.g., Storlazzi et al., 2009].  

1.4 Research questions 
The objective of this research is to understand how the hydrodynamic processes 

prevalent in fringing coral reefs affect the temporal and spatial variability in size, 

concentration and transport of sediment.  Specifically, this research addresses the 

following questions: 

i. How is sediment transport across fringing reefs affected by the bimodal 

spectral wave conditions that are typically observed? 

It has been established that on reef flats and within a lagoon that the wave 

spectrum is typically bimodal, and thus high frequency (swell) waves and low-
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frequency (infragravity) waves may both be important for sediment transport.  In 

a large-scale laboratory experiment described in Chapter 2, a fringing reef model 

was constructed in a wave flume and then subjected to irregular waves that were 

permitted to naturally transform.  The influence of waves at different 

frequencies, currents, and bed form migration were then analysed to determine 

how these processes contribute to reef flat sediment transport.  Later in Chapter 

4, field observations on a reef flat are compared to this laboratory model where 

it is shown that the cross-reef current, high-frequency and low-frequency waves 

all contribute to the velocity skewness on the reef flat but vary in importance as 

the forcing conditions and water depth change.  

 

ii. How does large reef flat roughness affect sediment transport processes? 

Sediment transport equations traditionally rely on the bed shear stress imposed 

by high-frequency (e.g. swell) waves to mobilise sediment that is then 

transported predominantly by currents.  There is convincing evidence that both 

waves and currents are attenuated in the presence of large reef flat roughness 

and this attenuation is typically schematised by a roughness factor in 

hydrodynamic and sediment transport equations.  However, the applicability of 

this approach to sediment transport is not well established.  The field experiment 

described in Chapter 3 was designed to investigate how the presence of large 

roughness affects the transport of sediment on a reef flat.  This chapter evaluates 

the relationship between the prevailing hydrodynamic processes and the 

suspended sediment directly measured in the water column.  

 

iii. How do the sediment dynamics vary spatially throughout a reef system as 

well as over different temporal scales? 

The hydrodynamic processes that prevail within the reef system are governed by 

the specific reef geometry as well as by the spatially variable bed roughness.  
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Furthermore, the hydrodynamic conditions also exhibit temporal variability.  

Thus, it would be expected that the concentration of sediment that is suspended 

at different locations in a reef system must also vary.  The impact of this spatial 

and temporal hydrodynamic variability on suspended sediment concentrations is 

examined in one-dimension across a reef flat in the laboratory experiments 

described in Chapter 2 and then in two-dimensions in the field experiment 

described in Chapter 4.  

1.5 Outline 
The contents of this thesis are arranged as a compilation of journal publications with 

separate introductory sections and conclusions.  In order to retain chapters that are 

legible individually, some parts are repeated.  An overall discussion draws together the 

conclusions of this thesis in relation to the research questions.  Chapter 2 describes a 

large scale laboratory experiment that was conducted to evaluate how bimodal wave 

conditions on a reef flat affect cross-reef sediment transport under idealized conditions.  

The effect of large roughness on sediment transport is then described in Chapter 3 using 

a high-resolution data set that consisted of direct measurement of sediment in 

suspension, as well as backscatter instrumentation, that was obtained on the reef flat at 

Tantabiddi, Ningaloo Reef (Western Australia).  The spatial and temporal variability in 

the hydrodynamics and sediment concentration throughout the reef site are then 

described in Chapter 4.  Finally, Chapter 5 discusses the key results of these three 

studies and their implications for sediment transport in fringing reef environments.  
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SPECTRAL WAVE-DRIVEN SEDIMENT TRANSPORT ACROSS 

A FRINGING REEF 

 

2.1 Introduction 
There is a growing body of literature on the hydrodynamic processes generated by the 

interaction of waves with coral reef structures, including the evolution of incident swell 

wave fields, the dynamics of low-frequency (infragravity) waves, and the generation of 

mean wave-driven flows (see reviews by Monismith [2007] and Lowe and Falter 

[2015]).  Fringing reef systems display very different bathymetric characteristics from 

sandy beaches; they have a steep forereef slope, a rough shallow reef crest (often 

located far from the shore) and are connected to the shoreline via a shallow rough reef 

flat and sandy lagoon.  At the reef crest, high-frequency waves (i.e. sea-swell waves 

with periods 5-25 s) are dissipated in a narrow surf zone via wave breaking and bottom 



CHAPTER 2  SPECTRAL WAVE-DRIVEN SEDIMENT TRANSPORT ACROSS A FRINGING REEF 

12 

friction [e.g., Lowe et al., 2005b].  In this region, low-frequency waves (i.e., infragravity 

waves with periods 25-250 s) are generated by the breaking of incident high-frequency 

waves [Pomeroy et al., 2012a; Péquignet et al., 2014].  In some cases low-frequency 

wave motions with periods even larger than the infragravity band (i.e., periods 

exceeding 250 s) can also be generated at the natural (seiching) frequency of coral reef 

flats, which may also be resonantly forced by incident wave groups [Péquignet et al., 

2009; Pomeroy et al., 2012b].  This disparity between high- and low-frequency waves 

often results in a bimodal spectrum of wave conditions on coral reef flats and lagoons, 

where wave energy is partitioned between distinct high-frequency (sea-swell) and low-

frequency (infragravity) wave bands [Pomeroy et al., 2012a; Van Dongeren et al., 

2013].  Recent hydrodynamic studies have shown how these different wave motions 

interact with the rough surfaces of reefs, and cause rates of bottom friction dissipation to 

be highly frequency dependent [e.g., Lowe et al., 2007; Pomeroy et al., 2012a; Van 

Dongeren et al., 2013].  The extent to which bimodal spectra of hydrodynamic 

conditions on reefs affect sediment transport processes has yet to be investigated and is 

the focus of this paper. 

It is customary to decompose the total sediment transport into two primary 

modes (bedload and suspended load), which enables a more detailed description of the 

physical processes involved, and can more readily be used to distinguish between the 

effects of currents and waves.  For bedload transport, initial work focused on steady 

(unidirectional) flow in rivers and coastal systems where mean currents dominate [e.g., 

Meyer-Peter and Müller, 1948; Einstein, 1950; Engelund and Hansen, 1967].  These 

descriptions relate the transport of sediment to the exceedance of a flow velocity or 

shear stress threshold.  Current-driven suspended load is deemed to occur when the flow 

velocity (or bed shear stress) generates sufficient turbulent mixing to suspend particles 

into the water column [e.g., Bagnold, 1966].  Traditionally, to incorporate these 

suspended load processes into predictive formulae, a vertically varying shape function 

describing the sediment diffusivity (e.g., constant, exponential, parabolic, etc.) is 
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assumed, along with a reference concentration usually located near the bed [e.g., 

Nielsen, 1986; Van Rijn, 1993; Soulsby, 1997]. 

The extension of sediment transport formulae to wave-driven (oscillatory flow) 

conditions was initially considered within a quasi-steady (wave-averaged) framework 

analogous to current-driven transport formulations, albeit extended to account for the 

enhancement of the bed shear stress induced by the waves.  This approach has also 

primarily concentrated on high-frequency waves, despite low-frequency waves (as well 

as wave groups) also being important in the nearshore zone [e.g., Baldock et al., 2011].  

The importance of the shape of a wave form on sediment transport (i.e., due to the 

skewness or asymmetry of individual waves) has also been considered using a half-

cycle volumetric approach, where the separate contribution of shoreward and seaward 

wave phases to the net transport is considered [e.g., Madsen and Grant, 1976].  In 

general, these suspended sediment transport formulations are all sensitive to how the 

sediment is distributed vertically in the water column, with a number of different shape 

functions and empirical diffusion parameters proposed that depend on the wave 

conditions [e.g., Nielsen, 1992; Van Rijn, 1993].  It is also important to note that for 

rough beds, such as those with ripples, sediment suspension can be further enhanced by 

vortices generated at the bed [e.g., Thorne, 2002; Thorne et al., 2003; O’Hara Murray 

et al., 2011].  Finally, in contrast to the more widely-used steady or wave-averaged 

approaches, instantaneous (or intra-wave) sediment transport models have also been 

proposed that attempt to directly model the transport over each phase of an individual 

wave cycle [e.g., Bailard, 1981; Nielsen, 1988; Roelvink and Stive, 1989; Dibajnia and 

Watanabe, 1998]. 

Irrespective of how the sediment transport is described, in wave applications 

these formulations tend to either assume that the transport can be described with the 

properties of a single idealized monochromatic (regular) wave, or alternatively for the 

case of spectral (irregular) wave conditions, that the spectrum is narrow enough in 

frequency space that energy is concentrated near a well-defined (i.e., unimodal) peak 

and hence can be described by a single representative wave condition (height and 
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period).  For reef environments, there are distinct differences in how high- and low-

frequency waves transform across reefs, and hence in their relative importance over 

different zones of the same reef.  As a result, sediment transport on reefs is still poorly 

understood and the applicability of existing sediment transport formulations to the 

distinct hydrodynamic conditions on reefs is not known.  Consequently, an important 

first step is to understand the relative importance of suspended load and bedload to 

cross-shore transport, and more specifically how the mean flow and the distinct spectral 

wave conditions on reefs influence sediment transport.   

Few detailed laboratory studies have been utilised to investigate physical 

processes on fringing reef systems, and all of those have exclusively investigated 

hydrodynamic processes and not sediment transport [e.g., Gourlay, 1994a, 1996a, 

1996c; Demirbilek et al., 2007; Yao et al., 2009].  The objectives of this paper are thus 

to use a scaled physical model of a fringing coral reef to: (1) quantify the spectral 

evolution of high- and low-frequency wave fields across a reef; (2) understand the 

mechanisms that drive suspension of sediment within the water column; (3) identify 

how high- and low-frequency waves affect the magnitude and direction of cross-shore 

sediment transport processes; and (4) determine the relative importance of suspended 

load versus bedload transport to the overall sediment transport.  As the characteristics of 

a reef flat can vary from reef to reef, in this study we focus on the impact of both the 

reef flat water depth and bottom roughness on these processes.  In Section 2.2, we 

commence with an overview of the experimental design, instrument setup and the 

methods adopted to analyze the results.  The results are presented in Section 2.3.  

Finally in Section 2.4, we assess the relative importance of the various sediment 

transport mechanisms, as well as the role of suspended versus bedload to changes in the 

overall cross-shore sediment fluxes.  We conclude with a discussion of the implications 

of this study for the relative importance of different cross-shore transport mechanisms 

in fringing coral reef systems.   
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2.2 Methods and data analysis 

2.2.1 Experimental design and hydrodynamic cases 

The experiment was conducted in the Eastern Scheldt Flume (length: 55 m, width: 1 m, 

depth: 1.2 m) at Deltares (The Netherlands), which is equipped with second-order 

(Stokes) wave generation and active reflection compensation [Van Dongeren et al., 

2001] (Figure 2-1a).  The laboratory fringing reef model was constructed to a scale ratio 

of 1:15, corresponding to a Froude scaling of 1:3.9.  The latter represents the balance 

between inertial and gravitational forces, and was used to maintain hydrodynamic 

similitude of essential processes, such as wave steepness, shoaling and breaking 

[Hughes, 1993].  The reef model (Figure 2-1b) consisted of a horizontal approach, a 1:5 

forereef slope from the bottom of the flume to a height of 0.7 m, a horizontal reef flat of 

14 m length (7 m was a fixed bed and 7 m was a movable sediment bed) and a 1:12 

sandy beach slope from the reef flat to the top of the flume.  The forereef slope and 

fixed (solid) reef flat were constructed from marine plywood, while the movable bed 

consisted of a very well-sorted and very fine quartz sand with a median diameter 

D50 = 110 μm and standard deviation σ = 1.2 μm.  This sand was chosen to be large 

enough to be non-cohesive [Hughes, 1993] and, when geometrically scaled, is 

equivalent to a grain size of 1.70 mm at prototype (i.e., field) scale – thus, comparable 

to the medium to coarse sand observed on many coral reefs [e.g., Kench and McLean, 

1997; Harney et al., 2000; Smith and Cheung, 2002; Pomeroy et al., 2013; Morgan and 

Kench, 2014].  We note that in reef systems, carbonate sediment are rarely well sorted 

and the applicability of the results of this study to field locations is considered in 

Section 2.4.3. 

Four cases were simulated experimentally: a rough reef at low and high water, 

and a smooth reef at low and high water (Table 2-1).  The low water condition consisted 

of a hr  = 50 mm still water level (SWL) over the reef flat, whereas the high water 

condition had a SWL of hr= 100 mm.  This corresponds to prototype SWLs of 0.75 m 

and 1.5 m, respectively.  All four cases were conducted with a repeating ten minute  
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Figure 2-1. (a) A side view photograph of the experimental setup.  (b) A diagram of 

the experimental setup, with the distances x relative to the reef crest.  The dotted blue 

line indicates the high water case, the red dotted line the low water case.  The locations 

of instruments are indicated by the solid vertical lines (labels for locations 7, 8 and 10 

are not shown for clarity).  The solid black shading defines the fixed bed reef and the 

solid grey shading the movable bed.  (c) A photograph of the roughness elements 

(~18 mm3 at 40 mm spacing) on the reef crest.  (d) Surface elevation spectral estimate at 

location 10 on the reef flat with the low and high-frequency bands adopted in the study 

indicated. 
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Table 2-1. Simulation cases with parameters expressed in model scale. 

ID 
𝑯𝒎𝟎 
[m] 

𝑻𝒑
[s] 

𝒉𝒓
[m] Reef State 

R10 0.20 3.20 0.10 Rough 
R05 0.20 3.20 0.05 Rough 
S10 0.20 3.20 0.10 Smooth 
S05 0.20 3.20 0.05 Smooth 

*Bulk parameters used in the generation of the TMA spectrum

 

TMA-type wave spectrum [Bouws et al., 1985] with an offshore (incident) significant 

wave height H𝑚0 of 0.2 m (prototype 3.0 m) and a peak period Tp of 3.2 s (prototype 

12.4 s).  These conditions were selected to be representative of relatively large (but 

typical) ‘storm’ conditions that most wave exposed reefs experience [Lowe and Falter, 

2015].  Each case was run for 7 hrs and was partitioned into three sub-intervals (A: 1 hr, 

B: 2 hrs, C: 4 hrs). 

To assess the impact of bottom roughness on the hydrodynamics and sediment 

transport across the reef, an idealised bottom roughness was used.  Although it is not 

possible to capture the full complexity of natural three-dimensional roughness of coral 

reefs in a laboratory model, the roughness properties were nevertheless carefully chosen 

to match the bulk frictional wave dissipation characteristics observed on reefs (i.e., 

bottom friction coefficients for waves and currents that are typically of order 0.1 [e.g., 

Lowe et al., 2005a; Rosman and Hench, 2011]). For the rough reef cases, ~18 mm 

concrete cubes were glued to the plywood (Figure 2-1c) with a spacing of 40 mm in a 

staggered array to achieve an estimated wave friction factor of 𝑓𝑤 ≈ 0.1, based on 

oscillatory wave canopy flow theory [Lowe et al., 2007].  In contrast, smooth marine 

plywood was used for the smooth reef cases. 
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Table 2-2. (left) Location and type of measurement, with the distance x measured 

relative to the reef crest.  (right) The vertical position z of the pump sample intakes 

relative to the initial bed. 

Location 
x 

[m] 
η u C <C> 

   

1 -15.06 X X - -    
2 -5.30 X - - -    
3 -3.10 X - - -    
4 -1.80 X X - -    
5 -1.10 X - - -    
6 -0.50 X - - -    
7 -0.23 X - - -    
8 -0.04 X - - -    
9 0.35 X X - -    

10 1.00 X - - -    
11 1.60 X - - -    
12 2.90 X X - -  z   
13 4.25 X - X -  [mm] [m/s] 
14 5.80 X X - -  94 1.13 
15 8.80 X - X -  74 0.85 
16 9.83 - - - X  56 1.56 
17 10.54 X X X -  40 1.56 
18 12.29 X - X -  29 1.56 
19 13.99 X X# X -  20 1.56 

η is the surface elevation, u is  the cross reef velocity, # indicates the location of the Vectrino 2 

C is the instantaneous concentration (of suspended sediment).  

<C> is the time averaged concentration obtained by pump sampling 

z is the pump sample intake elevation relative to the initial bed position 

𝑣𝑝 is the velocity of the pump sampling intake 
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2.2.2 Hydrodynamic measurements 

Synchronized hydrodynamic measurements were obtained at 18 locations along the 

flume (Table 2-2, with reference to Figure 2-1b).  Surface elevations were measured at 

all 18 locations with resistance wave gauges (Deltares GHM wave height meter, 

accuracy ±0.0025 m).  Six of the wave gauges were collocated with electromagnetic 

velocity meters (Deltares P-EMS E30, accuracy within ±0.01 m/s ± 1% of measured 

value) and one was collocated with a Nortek Vectrino 2 profiler (Nortek AS).  All 

measurements were obtained at 40 Hz, with the exception of the Vectrino that sampled 

at 100 Hz in 1 mm bins over 30 mm. 

The hydrodynamic data were analyzed spectrally (using Welch’s approach) 

with a 10 minute segment length (the repetition interval of the wave maker time-series) 

that were overlapped (50%) with a Hanning window applied (31, 63 or 127 approximate 

degrees of freedom depending on the run sub-interval considered).  It is customary to 

separate the variance at prototype (field) scale into distinct frequency bands, i.e. high-

frequency or sea-swell (1-0.04 Hz, 1-25 s), infragravity (0.004-0.04 Hz, 250-25 s) and 

very low-frequency motions (<0.004 Hz, >250 s) [e.g., Hardy and Young, 1996a; Lugo-

Fernández et al., 1998; Brander et al., 2004; Pomeroy et al., 2012a].  In this study, we 

restrict our analysis to the relative importance of two prototype scale frequency bands, 

which we refer to as ‘high’ (1-0.04 Hz or 1-25 s) and ‘low’ (~0.0026-0.04 Hz or 25-380 

s); in model scale, these correspond to ~3.9-0.16 Hz (~0.26-6.25 s) and 0.01-0.16 Hz 

(6.25-100 s) for the high- and low-frequency bands, respectively (Figure 2-1d).  In this 

study, the low-frequency band includes both the infragravity and the very low-

frequency motion that contains the first mode (quarter wave length) seiche period based 

on the geometry of the reef [e.g., Wilson, 1966].  We note that a seiche may form on 

reefs when the eigen-frequency of the reef falls within the incident wave or wave group 

forcing frequencies [Péquignet et al., 2009].  Wave setup was also computed as the 

mean water level at each instrument location after an initial adjustment period (1 min) 

to allow the wave maker to start-up. 
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In the shallow nearshore zone, waves can become both skewed and 

asymmetric, which can influence material transport.  Skewed waves are characterized 

by having narrower crests and wider troughs, while asymmetric waves have a forward-

leading form with a steeper frontal face and a gentler rear face.  We evaluated the 

skewness Sk and asymmetry As of the waves across the model, which was defined 

based on the near-bed oscillatory velocity (𝑢)̃: 

 
𝑆𝑘 =

〈𝑢3̃〉
〈𝑢2̃〉3 2⁄

≅
〈𝜂3̃〉

〈𝜂2̃〉3 2⁄
 (2-1) 

 
𝐴𝑠 =

〈H(𝑢)̃3〉
〈𝑢2̃〉3 2⁄

≅
〈H(𝜂)̃3〉
〈𝜂2̃〉3 2⁄

 (2-2) 

where 〈 〉 is the time average over the time-series, the ‘~’ denotes the oscillatory 

(unsteady) component of the velocity u and water elevation 𝜂, and H is the Hilbert 

transform of the signal.  In both Eqs. (2-1) and (2-2), we relate the water elevation to 

wave velocities assuming the wave motions are shallow (a reasonable assumption on 

the reef flat, which we also test below).  This enables the evolution of the waveform to 

also be investigated with both the higher cross-shore resolution provided by the wave 

gauges, as well as locations where the wave velocities were directly measured. 

The wave skewness Sk, represented by the third velocity moment, is 

recognised as an important driver of cross-shore sediment dynamics in nearshore 

systems [e.g., Ribberink and Al-Salem, 1994].  It is often used as an indicator of the role 

of nonlinear wave processes on the transport, which can be conceptually viewed as 

describing a relationship between the bed stress (proportional to u2) that is responsible 

for entrainment of sediment into the water column, and an advective velocity 

(proportional to u) that transports it [e.g., Bailard, 1981; Guza and Thornton, 1985; 

Roelvink and Stive, 1989; Russell and Huntley, 1999].  Thus, forward-leaning 

(asymmetric) waves introduce a phase lag effect that can transport sediment in the 

direction of wave propagation.  The rapid transition from the maximum negative 

velocity to the maximum positive velocity enhances the bed shear stress (and hence 

sediment entrainment) due to the limited development of the bottom boundary layer.  In 
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contrast, the relatively longer transition from the positive (onshore) velocity to negative 

(offshore) velocity enables the suspended sediment to settle [e.g., Dibajnia and 

Watanabe, 1998; Ruessink et al., 1998, 2011, Silva et al., 2011, 2011]. 

In order to assess the relative importance of the high- and low-frequency bands 

(as well as their interactions), including both the magnitude and direction, we 

decompose the velocity skewness term on the reef flat further [e.g., the energetics 

approach by Bagnold, 1963; Bowen, 1980; Bailard, 1981].  The velocity (𝑢) measured 

at 20 mm above the bed was bandpass filtered in frequency space to obtain mean (𝑢 ̅), 

high (𝑢ℎ̃𝑖) and low (𝑢�̃�𝑜) frequency velocity signals that were then substituted into the 

numerator of Eq (2-1) and expanded to produced 10 terms that are described in Table 

2-3 [e.g., Bailard and Inman, 1981; Doering and Bowen, 1987; Russell and Huntley, 

1999].  The total (original) velocity signal was then substituted into the denominator of 

Eq. (2-1) to normalize the terms. 

 

Table 2-3. Third order moment decomposition of the velocity u.  We note that the 

dominant terms are later found to be those highlighted by the *.  Refer to Section 2.3.1 

for details. 

Term Composition Description 
M1 𝑢3̅ mean velocity cubed 
M2* 〈𝑢ℎ𝑖

2 𝑢ℎ𝑖〉 skewness of high-frequency waves 
M3* 3〈𝑢ℎ𝑖

2 𝑢𝑙𝑜〉 correlation of high-frequency wave variance and low-frequency wave 
velocity 

M4* 3〈𝑢𝑙𝑜
2 𝑢ℎ𝑖〉 correlation of low-frequency variance and high-frequency wave 

velocity 
M5* 〈𝑢𝑙𝑜

2 𝑢𝑙𝑜〉 skewness of low-frequency waves 
M6* 3〈𝑢ℎ𝑖

2 〉𝑢 ̅ stirring by high-frequency waves and transport by mean flow 
M7* 3〈𝑢𝑙𝑜

2 〉𝑢 ̅ stirring by low-frequency waves and transport by mean flow 
M8 6〈𝑢ℎ𝑖𝑢𝑙𝑜〉𝑢 ̅ six way correlation 
M9 3〈𝑢ℎ𝑖〉𝑢2̅ time-average of high-frequency wave oscillatory component 
M10 3〈𝑢𝑙𝑜〉𝑢2̅ time-average of low-frequency wave oscillatory component 
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2.2.3 Suspended sediment measurements  

Sediment concentrations 

Suspended sediment concentration (SSC) time-series were measured at 5 locations 

across the reef flat with near-infrared fiber optic light attenuation sensors (Deltares 

FOSLIM probes).  The sensor measures point concentrations and consists of two glass 

fibers mounted on a rigid rod separated by the sample volume with the difference in 

near-infrared intensity (due to absorption and refection) between the two fibers related 

to the SSC [e.g., Van Der Ham et al., 2001; Tzang et al., 2009].  A filter prevents 

ambient light from influencing the measurements.  Prior to the experiments, the 

FOSLIMs were calibrated with the same sand used in the study.  Known concentrations 

of sediment were sequentially added to a suspension chamber with a magnetic stir rod 

and measured with each instrument to form instrument-specific calibration curves 

(relating the concentration to an instrument output voltage) with a linear response 

(R2 > 0.99).  The FOSLIM signals from each case were despiked to remove data that 

exceeded the voltage range (e.g. due to bubbles or debris in the sample volume), were 

further subjected to a kernel-based despiking approach [Goring and Nikora, 2002], and 

then low-pass filtered (4 Hz cutoff) with a Butterworth filter to remove high-frequency 

noise. The background concentration measured 15 minutes after the completion of an 

experiment was also removed from the signal, as this represented the suspension of a 

minimal amount very fine sediment fractions (e.g., dust in the flume that can slightly 

affect optical clarity). 

Time-averaged SSC profiles were obtained on the reef flat where two of the 

FOSLIMs (x = 8.80 m and 12.29 m) were sequentially moved vertically at 10 minute 

intervals after an initial spin up time (20 min).  The length of each time-series was 

consistent with the repetition interval of input wave time-series applied to the wave 

maker (10 min) and thus enabled the concentration time-series to be synchronised at 

each vertical sample location.  With only single point velocity measurements available 

at most cross-shore locations, we used linear wave theory to extrapolate the wave 
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velocity profiles through the water column to compute suspended sediment flux 

profiles.  This is a reasonable assumption as wave velocities for the shallow water 

waves on the reefs had minimal vertical dependence, and moreover, the largest source 

of vertical variability in the sediment fluxes was the much more substantial vertical 

variation in sediment concentrations.  During each experiment, the bedform properties 

did not change substantially over the sampling period but did migrate horizontally 

during the experiment (see Section 2.3.3). 

The optical SSC time-series were supplemented with vertical profiles of time-

averaged suspended sediment concentrations that were obtained by pump sampling at 

one location (x = 9.83 m) over the sandy bed.  A collocated array of five 3 mm diameter 

intakes was vertically positioned with logarithmic spacing (Table 2-2) and oriented 

perpendicular to the flume side walls.  The 1 L synchronous pump samples collected 

over ~2 minutes were vacuum filtered onto pre-weighed membrane filters (Whatman 

ME27, 0.8 μm), dried (100°C for 24 hrs) and weighed.  Based on the intake diameter 

and volume flow rate, the intake flow velocity ranged from 0.85 m/s to 1.56 m/s, and 

hence was consistently greater than three times the measured root-mean-squared (RMS) 

velocity; therefore, errors due to inefficiencies in particle capture are expected to be 

very small [Bosman et al., 1987]. 

Traditionally, advection-diffusion models have been used to describe the time-

averaged as well as wave-averaged vertical distribution of suspended sediment within a 

water column (see Thorne [2002] for a review) and this forms the basis of many 

sediment transport formulations.  In this approach, it is assumed that the vertically 

downward gravity-driven sediment flux is balanced by an upward flux induced by 

vertical mixing:  

 
𝑤𝑠〈𝐶(𝑧)〉 + ε𝑠

𝜕〈𝐶(𝑧)〉
𝜕𝑧

= 0 (2-3)

where C is the instantaneous concentration at elevation z above the bed, 𝑤𝑠 is the 

settling velocity of the sediment, ε𝑠 is the vertical sediment diffusivity and the effects of 

both horizontal advection and horizontal diffusion are assumed to be comparatively 
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small.  To quantify the differences in the SSC profiles in each case, we estimated the 

depth dependence of the sediment diffusivity in Eq. (2-3) (since all other variables are 

known) for the pump sample concentration profile data based on the settling velocity 

(𝑤𝑠=0.0081 m/s for this sediment).  The pump sampler data had higher vertical spatial 

resolution than the FOSLIM data and enabled the vertical structure of the sediment 

diffusivity on the reef flat to be assessed in finer detail.   

Sediment fluxes 

Profiles of the time-averaged horizontal suspended sediment flux 〈𝑢𝐶〉 were calculated 

using data from the two FOSLIM profile locations.  The time-series of u and C were 

initially decomposed into a mean (steady) and oscillatory (unsteady) component: 

 
〈𝑢𝐶〉 = 〈(𝑢̅ + 𝑢)̃(𝐶̅ + C̃)〉 = 〈𝑢�̅�̅〉 + 〈𝑢�̃�̃〉 (2-4) 

where the 〈 〉 denotes the time-averaging operator, the overbar indicates mean 

quantities and the ‘~’ denotes the oscillatory component.  The first term 〈𝑢�̅�̅〉 on the 

right-hand side of Eq. (2-4) is the suspended sediment flux driven by the mean (wave-

averaged) Eulerian flow.  The second term 〈𝑢�̃�̃〉 is the oscillatory flux and is non-zero 

when fluctuations in cross-shore velocity and sediment concentration are correlated.  

This oscillatory component was further decomposed into high- and low-frequency 

contributions, corresponding to the first two terms on the right-hand side of Eq. (2-5), 

respectively.  The cross-product terms (the last two terms in Eq. (2-5)) represent 

interactions between high- and low-frequency oscillations. 

 〈𝑢�̃�̃〉 = 〈(𝑢ℎ𝑖 + 𝑢𝑙𝑜)(𝐶ℎ𝑖 + 𝐶𝑙𝑜)〉
= 〈𝑢ℎ𝑖𝐶ℎ𝑖〉 + 〈𝑢𝑙𝑜𝐶𝑙𝑜〉 + 〈𝑢ℎ𝑖𝐶𝑙𝑜〉 + 〈𝑢𝑙𝑜𝐶ℎ𝑖〉 (2-5) 

The frequency dependence of the oscillatory suspended flux was also 

investigated by a cross-spectral analysis of the sediment concentration and velocity 

time-series [e.g., Hanes and Huntley, 1986].  Cross-spectral estimates (𝑆𝑢𝐶) were 

obtained from detrended, Hanning windowed (50% overlap) data with a 5 minute 

segment length and 55-70 degrees of freedom.  The magnitude and direction of the 
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oscillatory fluxes at different frequencies were determined from the co-spectrum (the 

real part of the cross-spectrum), while the phase spectrum and coherence-squared 

diagram provided information on the phase lags and the (linear) correlation between u 

and C, respectively.  

2.2.4 Bed measurements 

An automatic bed profiler [van Gent, 2013] measured changes in the bed elevation 

along the flume at regular intervals throughout each experiment.  The profiler was 

mounted on a motorized trolley that traversed the flume along rails mounted on top of 

the flume.  It simultaneously measured three lateral transects (y = 0.25 m, 0.5 m and 

0.75 m) at ~1 mm vertical resolution and 5 cm horizontal resolution without the need to 

drain the flume.  At each measurement location, the profiler lowered a vertical rod until 

the bed was detected.  The elevation of the bed at each point was then determined 

relative to the reference profile that was conducted prior to the commencement of each 

experiment.  The sediment erosion and deposition rates within the model were then 

estimated from the difference between successive bed surveys over an elapsed time 

period. 

The evolution of the bedforms (ripples) on the reef flat were measured with a 

Canon EOS 400D camera (3888 x 2592 pixels) that obtained images at 0.5 Hz between 

x = 12.8 m and 13.6 m on the reef flat.  The images were projected onto a single plane 

with known targets in the images that were surveyed to ~1 mm accuracy and also had an 

equivalent pixel resolution of ~1 mm.  A Canny edge detection algorithm [Canny, 1986] 

was used to detect the location of edges in the image based on local maxima of the 

image intensity gradient at the sediment-water interface.  A peak and trough detection 

algorithm was used to determine the height of each ripple (𝜂𝑟), which was defined as the 

absolute vertical distance from a trough to the next peak.  The ripple length (𝜆𝑟) was 

defined as the distance between two successive peaks.  The ripple crests were followed 

through the ensemble of the images (Figure 2-2) to determine the approximately 

constant ripple propagation velocity. 
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Figure 2-2. Ripple crest progression by crest tracking obtained by the image analysis.  

The vertical axis follows the ripple crest along the reef flat.  Each line of data represents 

the progress of one ripple crest.  Only R10c is shown, as other cases are similar. 

 

2.3 Results 

2.3.1 Hydrodynamics 

Offshore of the reef, the significant wave heights of the high-frequency waves 𝐻𝑚0,ℎ𝑖 

were identical for all cases (Figure 2-3b).  On the forereef, a confined region of wave 

shoaling occurred before the waves broke in a narrow surf zone just seaward of the reef 

crest near x=0 m, leading to a rapid reduction in 𝐻𝑚0,ℎ𝑖.  The high-frequency waves 

continued to gradually dissipate across the reef, but 𝐻𝑚0,ℎ𝑖 eventually became roughly 

constant for x>5 m.  The difference in still water level had the greatest effect on 𝐻𝑚0,ℎ𝑖 

on the reef, by increasing the depth-limited maximum height. The presence of bottom 

roughness only slightly attenuated the high-frequency waves across the reef. 

Offshore of the reef, the significant wave heights of the low-frequency waves 

𝐻𝑚0,𝑙𝑜 were also identical between the cases, and shoaled substantially on the forereef 
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(Figure 2-3c).  Near the reef crest (x=0 m), there was a rapid decrease in 𝐻𝑚0,𝑙𝑜; 

however, 𝐻𝑚0,𝑙𝑜 then gradually increased further shoreward across the reef.  The 

presence of bottom roughness had more influence on the low-frequency waves on the 

reef than the differences in water level, thus opposite to the response of the high-

frequency waves.  A detailed investigation of the processes driving this variability is 

reported in separate papers focused on the hydrodynamics, including for a broader range 

of conditions [Buckley et al., 2015, 2016].  However, we clarify here that this response 

is most likely due to the low-frequency waves propagating both shoreward and seaward 

as partial standing waves, due to their much stronger reflection at the shoreline (not 

shown), which implies that they will propagate on the reef and hence dissipate energy 

over a greater distance.  In addition, the increased importance of these waves towards 

the back of the reef flat also implies that any change in bed friction will proportionally 

influence the low-frequency waves more than the high-frequency waves.  Overall, the 

contrasting cross-shore trends in the high- and low-frequency waves resulted in the low-

frequency waves eventually becoming comparable or larger than the high-frequency 

waves towards the back region of the reef flat (x>7.5 m), which is very similar to field 

observations on fringing reefs [e.g., Pomeroy et al., 2012a]. 

Wave setup on the reef flat decreased when the still water level was increased 

from 50 mm to 100 mm (Figure 2-3e).  As a consequence, the total water depth on the 

reef (i.e., still water + wave setup) was comparable between these cases (~0.11 m vs 

~0.14 m).  Bottom roughness had a minimal effect on the observed setup. 

The wave transformation across the reef led to distinct changes in wave spectra 

across the reef (Figure 2-4).  Seaward of the reef, the surface elevation spectrum is 

unimodal, with a very dominant peak located in the high-frequency band (Figure 2-4b).  

Further across the reef, the spectrum becomes bimodal (Figure 2-4c).  Further still 

across the reef and near the shoreline, the low-frequency waves eventually become 

dominant (Figure 2-4d). 
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Figure 2-3. Hydrodynamic observations for all cases.  (a) The model bathymetry with 

the location of the instruments indicated by the vertical lines.  (b) The high-frequency 

significant wave height (𝐻𝑚0,ℎ𝑖) evolution.  (c) The low-frequency significant wave 

height (𝐻𝑚0,𝑙𝑜) evolution.  (d) The total significant wave height (𝐻𝑚0,𝑡𝑜𝑡𝑎𝑙).  (e) The 

setup. 
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Figure 2-4. Wave spectra across the reef for case R10.  (a) The model bathymetry 

with the location of the instruments where the indicated spectral (S) estimates were 

obtained:  (b) location 2 offshore (c) location 12 on the reef flat and (d) location 19 near 

the beach.  The high (low) frequency band is indicated by the blue (red) portion of the 

spectral estimate.  Very similar trends in spectral evolution across the reef were shown 

for the other three cases. 
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The waves offshore were weakly nonlinear, with some skewness Sk (Figure 

2-5a) but little asymmetry As (Figure 2-5b), consistent with the characteristics of finite 

amplitude deep-to-intermediate water waves.  The magnitude of Sk and As estimated 

from the velocity and surface elevation followed similar trends; however, there were 

some small differences in magnitude.  On the forereef slope, both As and Sk increased 

rapidly as the waves began to break.  As the waves propagated shoreward out of the surf 

zone they initially remained both highly skewed and asymmetric from x~0-5 m.  Further 

shoreward (x>5 m), the waves remained highly skewed, but their asymmetry decayed 

across the reef.  With As describing how saw-toothed the wave forms are, this decay in 

asymmetry is due to the waves transitioning from a bore-like form in the vicinity of the 

surf zone, to an increasingly symmetric (but still nonlinear) form on the reef flat as the 

waves reformed. 

 

 

Figure 2-5. Cross-shore distribution of (a) skewness 𝑆𝑘  (Eq. (2-1)) and (b) 

asymmetry 𝐴𝑠 (Eq. (2-2)) for R10.  The black line is calculated from the surface 

elevation measurements and the markers are calculated from the near-bed velocity 

measurements. 
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Decomposition of the velocity skewness into the high- and low-frequency 

wave contributions provides an indication of how the nonlinear characteristics of the 

waves should influence sediment transport processes on the reef (Figure 2-6).  Near the 

reef crest (x~0-5 m), the 3〈𝑢ℎ𝑖
2 〉𝑢 ̅term, a proxy for high-frequency wave entrainment and 

transport by the Eulerian flow, was largest and directed seaward.  As 〈𝑢ℎ𝑖
2 〉 is a positive 

quantity, this term is seaward as a result of the mean flow being directed offshore, 

which originates from the balance of wave-induced mass flux that leads to a return flow 

that is commonly observed on alongshore uniform beaches [e.g., Svendsen, 1984].  The 

dominant shoreward term in this region was the high-frequency wave skewness 〈𝑢ℎ𝑖
2 𝑢ℎ𝑖〉 

that was comparable, but slightly weaker than the 3〈𝑢ℎ𝑖
2 〉𝑢 ̅term. 

Towards the back of the reef and adjacent to the shore (i.e., x>10 m), the 

influence of both the 3〈𝑢ℎ𝑖
2 〉𝑢 ̅and 〈𝑢ℎ𝑖

2 𝑢ℎ𝑖〉 terms decreased substantially.  As a result, 

most of the terms were of comparable importance.  Most importantly, from these results 

it can be implied that the low-frequency waves should play an important (or even 

dominant) role on the transport.  The shoreward-directed low-frequency wave skewness 

term 〈𝑢𝑙𝑜
2 𝑢𝑙𝑜〉 grew across the reef, and became large in this back reef region; for the 

shallow reef cases, this was the dominant shoreward-directed term.  However, the 

shoreward directed 〈𝑢ℎ𝑖
2 𝑢ℎ𝑖〉 and 3〈𝑢ℎ𝑖

2 𝑢𝑙𝑜〉 terms were also significant.  The seaward 

transport in this back region was partitioned almost equally between the 3〈𝑢ℎ𝑖
2 〉𝑢 ̅and 

 3〈𝑢𝑙𝑜
2 〉𝑢 ̅components, representing the interaction of the high- and low-frequency wave 

entrainment, respectively, with the seaward-directed mean flow.  The presence of 

roughness tended to influence only the magnitude of the terms, but not the relative 

importance of each (Figure 2-6). 

2.3.2 Suspended load 

Suspended sediment concentrations 

The mean SSC profiles varied in response to the presence of roughness as well as the 

water level over the reef flat.  Higher SSCs were observed for the deep water cases 
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(Figure 2-7a-c, g-i) relative to the equivalent shallow cases (Figure 2-7d-f, j-l), at all 

locations across the reef flat.  For each water level condition (e.g. R10 vs S10), SSCs 

were lower when the reef was rough relative to when it was smooth.  Across the reef 

flat (Figure 2-7, left to right), the magnitude of the SSCs increased, particularly near the 

bed. 

 

 

Figure 2-6. The dominant velocity moment terms across the reef (refer to Table 2-3).  

Positive (negative) values indicate shoreward (seaward) transport.  Note that analysis of 

the Eulerian terms at one location (x = 12.3 m) in R05 is questionable, as mass 

conservation should require the Eulerian flow to be seaward, thus consistent with the 

other sites.  This is most likely due to the position of the instrument being too high in 

the water column in this shallow experiment, as it was observed to occasionally become 

exposed.  A Monte Carlo error analysis that incorporated  the reported velocity accuracy 

of the instrument and 1000 realisations of the perturbed velocity time-series predicts 

that the error for each computed moment term is small (<1% of the magnitude for all 

data points). 
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Figure 2-7. Time-averaged concentration profiles at location 15 by the FOSLIM (left 

column), middle of the reef by pump sampling (middle column) and near the beach at 

location 18 by the FOSLIM (right column) for R10 (a-c), R05 (d-f), S10 (g-i) and S05 

(j-l).  The red line indicates the mean profile and the horizontal black line is the non-

dimensional mean ripple height.  
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We used the higher resolution sediment concentration profiles derived from the 

pump sampler, with the known sediment fall velocity 𝑤𝑠, and Eq. (2-3) to estimate a 

wave-averaged sediment diffusivity 𝜀𝑠 profile for each case.  For all cases, 𝜀𝑠 increased 

away from the bed but then reached a roughly constant value higher in the water column 

(Figure 2-8).  For the shallow cases, 𝜀𝑠 was similar for both smooth and rough cases 

near the bed, but further away from the bed 𝜀𝑠 was slightly greater for the smooth case.  

For the deep cases, 𝜀𝑠 was substantially larger relative to the shallow cases.  Lastly, we 

note that the resolution of our data does not extend fully into the near-bed sediment 

mixing layer, which is approximated to be ≈18 mm when defined as 𝛿𝑠 = 3𝜂𝑟 [e.g., Van 

Rijn, 1993] for rippled beds.  It is therefore not possible to determine the complete form 

of the sediment diffusivity very near the bed; however, 𝜀𝑠 has usually been observed to 

be roughly constant in this narrow region [e.g., Van Rijn, 1993]. 

 

Figure 2-8. Vertical structure of the sediment diffusivity 𝜀𝑠 estimated from the mean 

concentration profile for all pump sample profiles obtained.  The dashed (dash-dot) 

horizontal line is the mean ripple height for the deep (shallow) water conditions.  The 

sediment diffusivity for R10 was calculated with fewer measurements due to a fault in 

the data collection at one elevation during that experiment. 
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Figure 2-9. Time-averaged sediment flux profiles decomposed into high-frequency 

(black solid line) and low-frequency (black dashed) contributions (see for Table 2-3 

definitions).  The cross terms are indicated by the coloured dashed lines (the blue line 

lies beneath the red line and thus cannot be seen) and the time averaged Eulerian flux is 

indicated by the blue dot.  The solid horizontal line indicates the non-dimensional mean 

ripple height.  Positive (negative) values denote shoreward (seaward) transport.   
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Suspended sediment fluxes 

The magnitude and vertical structure of the decomposed sediment flux terms computed 

with Eq. (2-4) and (2-5) differed between the four cases.  The high-frequency wave term 

〈𝑢ℎ𝑖𝐶ℎ𝑖〉 contributed a weak, fairly depth-uniform net shoreward flux of sediment, and 

this was generally similar in magnitude for all cases, except for S10 where the value 

was slightly higher near the bed (Figure 2-9).  For the deep water cases (R10 vs S10), 

the presence of roughness reduced the high-frequency contribution 〈𝑢ℎ𝑖𝐶ℎ𝑖〉 near the 

bed, but there was very little difference for the shallow cases (R05 vs S05).  The low- 

frequency term 〈𝑢𝑙𝑜𝐶𝑙𝑜〉 contributed most to the overall flux and varied with depth: the 

flux was nearly zero or weakly seaward high in the water column, but directed strongly 

shoreward near the bed.  The presence of roughness reduced this low-frequency term for 

the shallow cases, but there was only a slight reduction for the deep cases.  The cross-

product terms (〈𝑢ℎ𝑖𝐶𝑙𝑜〉 and 〈𝑢𝑙𝑜𝐶ℎ𝑖〉) were both negligible, which indicates that high- 

and low-frequency variability in velocities and concentrations did not interact.  The 

mean seaward-directed sediment flux induced by the mean current and concentration 

〈𝑢�̅�̅〉, which was measured at a single height 20 mm above the bed (as the velocity was 

not measured vertically), was small for the rough reef cases but larger for the smooth 

cases.  Nevertheless, the contribution of this 〈𝑢�̅�̅〉 term to the overall sediment flux at 

this elevation was still small; the flux was more influenced by the oscillatory wave 

motions than by the mean-flow. 

The further decomposition of the sediment fluxes into frequency space through 

spectral analysis elucidates both the frequency and phase dependence of the interactions 

between the concentrations and velocities.  On the reef flat, substantially more velocity 

variance S  was observed within the low-frequency band (0.01-0.16 Hz) compared to 

the high-frequency band (~3.9-0.16 Hz) and was most energetic at f = 0.03 Hz 

(prototype: f = 0.007 Hz, ~142 s, Figure 2-10).  The magnitude of Suu at this frequency 

was particularly affected by the presence of roughness for deep-water conditions 

(Figure 2-10a vs. g) but not for shallow water conditions (Figure 2-10d vs. j). 
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Consistent with the velocity variance, 𝑆𝑢𝐶  (the spectral decomposition of the sediment 

flux) was small within the high-frequency band (~3.9-0.16 Hz) but exhibited substantial 

variance within the low-frequency band (Figure 2-10, second row).  Near the bed (z = 

20 mm) the suspended sediment fluxes were shoreward (𝑅𝑒(𝑆𝑢𝐶) > 0), while higher in 

the water column the transport was directed offshore, consistent with the profiles in 

Figure 2-9.  Near the bed, the concentration and velocity signals had near zero lag 

(Figure 2-10, bottom row), which indicates that variations in concentration responded 

nearly simultaneously to the low-frequency waves.  Higher in the water column the 

concentration signal progressively lagged the near-bed velocity away from the bed 

(Figure 2-10, bottom row).  The velocity profile measured above the wave boundary 

 

Figure 2-10. Cross-spectral analysis of the velocity signal measured 20 mm above the 

bed with the concentration signal recorded by the FOSLIM at different elevations at 

x=8.80 m.  (top row)  The velocity spectra 𝑆𝑢𝑢, (middle row) the real component of the 

cross-spectrum 𝑆𝑢𝐶  between velocity and concentration and (bottom row) the phase 

from the cross-spectral analysis focused around the peak in the low-frequency band.  

The solid vertical lines indicate the low-frequency range considered in this study and 

the vertical dotted line indicates the location of the peak frequency (f = 0.03 Hz).  Note 

the different horizontal axis centered around the peak frequency in the bottom row. 
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layer (estimated to be <2 cm thick) exhibited very little structural variation, especially 

for the low-frequency waves (not shown).  Thus, if we assume the flow to be 

irrotational at the three concentration measurement heights, there is no velocity phase 

difference over this region of the water column.  As a consequence, the vertical lag 

between the concentration and velocity would be primarily due to a lag in the diffusion 

of sediment up through the water column.  This results in a reversal in the direction of 

sediment transport high up in the water column (Figure 2-9), as the concentrations and 

velocities become inversely correlated.  We note that a weak seiche mode (f ≈0.015 Hz) 

was observed in both the hydrodynamics and the cross-spectral analysis except for R05.  

While the statistical certainty of this frequency is less than for the infragravity peak, it 

indicates that the seiche mode contributes slightly to onshore transport, particularly near 

the bed. 

2.3.3 Bedforms and bed profile development 

On the reef flat, the bed ripples became fully developed across the movable bed within 

approximately 15 minutes, or equivalent to roughly 450 high-frequency wave periods.  

The development of ripples on the bed in this experiment is consistent with a wave-

formed rippled bed-state (and consequently the bedload regime), which is defined by a 

Mobility Number ψ  < 240 [e.g., Dingler and Inman, 1976]: 

 
𝜓 = 𝑈 2

𝑔𝑠𝐷50
 (2-6) 

where U is the amplitude of the near-bed horizontal orbital velocity, 𝐷50 is the 

characteristic grain size and s is the relative density of the sediment. While the 

equilibrium height and length of the ripples were similar for all experiments (Table 

2-4), the shoreward migration velocity of the ripples ur  was faster by 10-20% for the 

smooth cases relative to the rough cases.  A similar migration velocity difference was 

also observed between the shallow cases and the deep cases. 
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Table 2-4. Ripple characteristics on the reef flat calculated by image analysis and 

predicted with the equations of Malarkey and Davies [2003]. 

Case#  R10 R05 S10 S05 
Measured 

ηr [mm] 6 (3) 5 (1) 6 (1) 6 (1) 
λr [mm] 40 (4) 37 (3) 41 (4) 42 (5) 
ηr/λr [-] 0.15 0.14 0.15 0.14 
Nr [-] 10 13 20 20 
ur [mm/hr] 25 (2) 28 (1) 29 (2) 32 (3) 
Np [-] 8 10 13 10 

Predicted 
ηr,hi  [mm] 7 7 7 5 
λr,hi [mm] 38 41 40 31 
# interval C of the respective cases
all ripples progressed ‘shoreward’ across the reef flat 
Nr is the mean number ripples analyzed per image  
Np is the mean number peaks followed in the experiment interval 
The numbers in the parentheses are the standard deviation. 

 

Just shoreward of the fixed bed (x=7.3-10 m), sediment was eroded at a greater 

rate for the smooth cases (Figure 2-11b,d) relative to the rough cases (Figure 2-11a,c).  

The beach face at x~15-17  m experienced the greatest erosion and over a larger distance 

for the deep cases.  Some sediment was deposited slightly off the beach (x~14.5 m) 

forming a small bar, while a well-defined swash bar (x~16.5-17 m) formed up the 

beach.  The swash bar in particular was larger in magnitude for the deep cases relative 

to the shallow cases, and also slightly larger for the smooth cases.  Some sediment from 

the movable bed was also visually observed to be transported seaward over the rigid 

(plywood) reef flat (i.e., x<7 m) and formed a thin deposition layer; while these rates 

were not quantified in this study, this indicates that some seaward-directed sediment 

transport did occur in this region.  In Section 2.4.3 we evaluate the contribution of the 

various sediment transport processes measured in this study in order to determine the 

relative contribution of each process to the magnitude and direction of sediment 

transport across the reef flat. 
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Figure 2-11. The bed profile rate of change determined from the difference in the 

profile measurements for (dash) interval B and (solid) interval C of each case. 
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2.4 Discussion 
The results from this study have provided the first quantitative insight into how a wide 

range of different wave-driven hydrodynamic processes drive cross-shore sediment 

transport on fringing coral reef flats.  We found that the waves that propagate onto the 

reef out of the surf zone were both highly skewed and asymmetric.  While the skewness 

remained relatively constant across the reef flat, the asymmetry of the waves gradually 

decreased towards shore.  The wave energy on the reef flat was distributed between two 

primary frequency bands (high and low) and the proportion of energy within each band 

varied substantially across the reef flat.  The decomposition of the wave velocity 

skewness indicates that on the reef crest and the first half of the reef flat, the primary 

transport mechanism was due to the interaction of the mean Eulerian return flow with 

the high-frequency wave entrainment, which was seaward directed.  Further across the 

reef flat, both the high- and low-frequency waves were an important shoreward 

transport mechanism, with the proportion of transport by low-frequency waves growing 

across the reef and in some cases becoming dominant.  These trends in the velocity 

skewness decomposition were consistent with the trends observed in the decomposed 

sediment fluxes 〈𝑢𝐶〉.  Overall, the onshore suspended sediment transport was further 

supplemented by onshore bedform migration. 

Most wave-driven sediment transport formulae have been conceptually 

developed by relating the transport to the properties of an idealised monochromatic 

wave, which are then extended to irregular wave conditions by assigning a 

representative wave height and single (peak) frequency.  Given the distinct and highly-

spatially variable hydrodynamic conditions that occur across reefs, it is of particular 

interest to determine if established sediment transport modelling approaches can still 

assist in the prediction of sediment transport under the strongly bimodal spectral wave 

conditions we observed in this study.  We emphasise here, that while many formulations 

have been developed to estimate both suspended and bedload transport, our aim is not to 

conduct a detailed review of these approaches, nor to attempt to determine which 

formulations perform better.  Instead, we focus more broadly on assessing how sensitive 
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transport predictions can be to the fundamental assumptions built into these approaches, 

demonstrating this with commonly used formulations as examples.  In particular, we 

assess how the dichotomy between high- and low-frequency wave motions on the reef 

influence sediment transport rates by affecting: (i) the mechanics of sediment 

suspension via vertical advection-diffusion balances, (ii) the net magnitude and 

direction of suspended sediment transport, and (iii) bedform properties and migration 

rates.  Finally, we evaluate the overall sediment budget on the reef in order to quantify 

the relative importance of these processes, and compare these rates to the observed bed 

profile changes. 

2.4.1 Suspended sediment transport 

Suspension 

Suspended sediment transport depends on the ability to accurately describe how 

sediment is distributed within the water column, with most approaches quantifying this 

with a sediment diffusivity (𝜀𝑠) or related parameter.  In our study, the observed vertical 

structure of 𝜀𝑠 had two distinct regions: a linear region increasing away from the bed 

and a constant region higher up in the water column.  Thus, despite the spectral 

complexity of the wave field on the reef, this structure is still consistent with the 

multiple layered diffusion profile proposed by Van Rijn [1993] for the simpler case of 

unimodal non-breaking waves in sandy beach environments. 

The Van Rijn [1993] sediment diffusivity is defined by three layers: (i) a near-

bed layer (𝑧 ≥ 𝛿𝑠), where 𝜀𝑠 is a function of a peak orbital velocity and a length scale 

(Eq. (2-7)); and (ii) an upper layer (𝑧 ≥ 0.5ℎ), where 𝜀𝑠 is based upon the assumption 

that vertical diffusion of sediment is proportional to the mid-depth velocity that (from 

linear wave theory) is proportional to 𝐻𝑠 𝑇𝑝⁄  (Eq. (2-8)); and (iii) and a middle layer 

where 𝜀𝑠 varies linearly between the near-bed and upper regions, i.e. 

 𝜀𝑠𝑤,𝑏𝑒𝑑 = 𝛼𝑏�̂�𝜕𝑤𝛿𝑠 (2-7) 
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𝜀𝑠𝑤,𝑚𝑎𝑥 = 𝛼𝑚

𝐻𝑠ℎ
𝑇𝑝

 (2-8)

Here 𝜀𝑠𝑤,𝑏𝑒𝑑  is the near-bed sediment diffusivity, 𝜀𝑠𝑤,𝑚𝑎𝑥 is the maximum sediment 

diffusivity, 𝛼𝑏, 𝛼𝑚 are empirical coefficients, �̂�𝜕𝑤 is the peak orbital velocity at the edge 

of the wave boundary layer 𝛿𝑤, 𝛿𝑠sediment mixing layer of thickness (which is assumed 

by Van Rijn [1993] to be 𝛿𝑠 = 3𝛿𝑤 = 3𝜂𝑟 δ s
 for rippled beds), 𝐻𝑠 is the significant wave 

height, 𝑇𝑝 is the peak period and h is the water depth.  Although this approach has been 

directly applied to unimodal wave conditions having a well-defined spectral peak, the 

choice for these variables become more complex and even arbitrary for a bimodal 

spectrum where (for example) a second large spectral peak period may be located 

within a low-frequency band; or in our case, across a reef platform where the peak 

period may shift gradually from high- to low-frequency wave bands.   

We evaluated the sensitivity of the measured sediment diffusivity 𝜀𝑠 profiles 

with the profiles estimated by Eq. (2-7) and (2-8) with the wave parameters using the 

observations at x≈10 m (Figure 2-12).  Initially, we consider the conventional approach 

where 𝜀𝑠 is predicted using 𝐻𝑚0,𝑡𝑜𝑡𝑎𝑙 based on the total energy in the full spectrum and 

the peak period of the full spectrum 𝑇𝑝,𝑡𝑜𝑡𝑎𝑙 (i.e., following Van Rijn [1993]).  Then, due 

to the bimodal form of the wave spectrum, we also estimate the profile that would be 

predicted for 𝜀𝑠  assuming first that the high-frequency waves dominate 

(i.e., 𝐻𝑚0,ℎ𝑖 𝑇𝑝,ℎ𝑖⁄ ) and then assuming that the low-frequency waves dominate 

(i.e., 𝐻𝑚0,𝑙𝑜 𝑇𝑝,𝑙𝑜⁄ ).  Notably, the estimated 𝜀𝑠  profiles for all three approaches 

substantially under-predicted the observed profiles (Figure 2-12a-d).  Specifically, the 

𝜀𝑠 profile estimated by the high-frequency wave parameters (𝐻𝑚0,ℎ𝑖 𝑇𝑝,ℎ𝑖⁄ ) predicted 

mixing near the bed that increased above the bed for the deep cases but not for the 

shallow cases.  Using the low-frequency wave parameters (𝐻𝑚0,𝑙𝑜 𝑇𝑝,𝑙𝑜⁄ ), this predicts 

comparable mixing near the bed, but with minimal mixing higher in the water column.  

The 𝜀𝑠 profile using the total spectrum (i.e., 𝐻𝑚0,𝑡𝑜𝑡𝑎𝑙 𝑇𝑝,𝑡𝑜𝑡𝑎𝑙⁄ ) predicted slightly more 

mixing than the other cases, but still grossly under predicted 𝜀𝑠.  The substantial 

breakdown in the predicted 𝜀𝑠 is due to the presence of both high- and low-frequency 



CHAPTER 2  SPECTRAL WAVE-DRIVEN SEDIMENT TRANSPORT ACROSS A FRINGING REEF 

44 

waves over the reef, but with somewhat more low-frequency wave energy that causes 

the spectral peak (𝑇𝑝,𝑡𝑜𝑡𝑎𝑙) to occur within the low-frequency band.  This reduces the 

predicted mixing higher up in the water column (e.g., Eq (2-8)).  Therefore, the 

difficulty in applying conventional approaches to these bimodal spectral conditions are 

very clear; on the back of the reef, the suspension processes represented by 𝜀𝑠 would be 

predicted to be characterised by low-frequency waves but would ignore the efficient 

suspension of sediment by the high-frequency waves that also are present.  

With the largest of the two spectral peaks falling within the low-frequency band, we 

assess how the 𝜀𝑠 profiles would change by replacing 𝑇𝑝 with 𝑇𝑚02 in the denominator 

of Eq. (2-7) and (2-8), where 𝑇𝑚02 represents a weighted mean wave period based on 

the second moment of the wave spectrum.  Note that we continue to use 𝐻𝑚0  to 

describe the wave height.  While this approach is non-standard, it has the effect of 

assigning the total wave energy to the mean period, thus shifting the representative 

period towards the high-frequency band.  Physically this makes sense, as the total wave 

energy would contribute to mobilisation of the sediment, and the relevant time scale 

should fall somewhere between the high- and low-frequency wave peaks.  The 𝜀𝑠 

profiles estimated with 𝑇𝑚02  were considerably different from those predicted with 𝑇𝑝 

(Figure 2-12e-h), and much closer to the values we observed.  This highlights how 

important both the low- and high-frequency waves are to the sediment suspension on 

reefs, and that predictions can be quite sensitive to what is assumed to be the 

representative period of motion.  Further work is clearly required to understand the 

precise mechanisms and interactions that drive sediment suspension under these 

complex spectral wave conditions; however, the results do indicate that the mean period 

𝑇𝑚02 rather a peak period 𝑇𝑝  is a more appropriate choice when applying existing 

diffusivity formulations.  
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Figure 2-12. (red) The observed profile of the sediment diffusivity 𝜀𝑠  from the mean 

concentration profile measured at x = 8.8 m (on the reef flat) compared to the predicted 

diffusion profiles by Van Rijn [1993] for (green) the low-frequency waves, (dark blue) 

the high-frequency waves and (light blue) the total wave spectrum.  The left column 

shows predictions using the peak period 𝑇𝑝 , while the right column shows predictions 

using the mean period 𝑇𝑚02.  Each row represents a different simulation.  The horizontal 

black line is the mean ripple elevation. 
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Advection 

The processes that drive sediment suspension are only one component of predicting 

rates of suspended load; mechanisms that drive the net advection of the suspended 

sediment (averaged over a wave cycle) are equally important, as they determine the rate 

and direction of the transport. In this study we observed some similarities, but also a 

number of key differences, in how suspended sediment is transported in reef 

environments relative to what is typically observed on beaches.  In a region extending 

from the forereef slope and through the surf zone, the dominant offshore transport 

mechanism was the seaward-directed Eulerian mean flow, which was partially offset by 

shoreward transport by the high-frequency wave skewness; this is similar to the pattern 

observed on beaches seaward of the surf zone [e.g., Ruessink et al., 1998; Russell and 

Huntley, 1999].  However in contrast to beaches, where the surf zone is often wider and 

located close to the shoreline, the presence of the wide reef flat caused these two 

transport mechanisms to decrease substantially in importance across the reef.  Instead, 

within the back reef region, transport by the low-frequency waves became increasingly 

important (and for shallow water depth case became dominant), which is a distinct 

difference to beach environments where low-frequency waves typically become 

dominant primarily within the swash zone [e.g., Van Dongeren et al., 2003].  These 

trends in the hydrodynamics are consistent with our direct observations of the 

suspended sediment fluxes, which together emphasize the importance of low-frequency 

waves to cross shore sediment transport on reefs.   

2.4.2 Bedload and ripple properties 

Sediment ripples are usually observed in the lagoon and back region of coral reefs in the 

field [e.g., Storlazzi et al., 2004] and the fraction of the bedload induced by their 

migration could represent a substantial proportion of the total sediment transported in 

reef environments.  This is due to the relatively low wave energy in the back regions of 

wide coral reef flats (which leads to relatively high Rouse numbers), which can favor 
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sediment transport along the bed but may not be sufficient to suspend it into the water 

column.  The proportion of the bedload transport rate due to bedform migration can be 

estimated from the ripple height and propagation velocity (Eq (2-9)): 

 𝑄𝑟(𝑥) = 𝑢𝑟(𝜂𝑟(𝑥) − 𝜂𝑟,0) (2-9)

Where 𝑄𝑟(𝑥) is the local volumetric bedload transport rate due to ripple migration per 

unit width, based on the ripple migration velocity ur and the ripple surface profile 𝜂𝑟(𝑥) 

relative to the ripple trough elevation 𝜂𝑟,0.  To obtain a mean bedload transport rate, 

Eq. (2-9) can be integrated over the ripple wave length giving: 

 
𝑄�̅�(𝑥) =

𝑢𝑟
𝜆𝑟 ∫ (𝜂𝑟(𝑥) − 𝜂𝑟,0)

𝜆

0
𝑑𝑥 = 𝛼𝜂𝑟𝑢𝑟 (2-10)

where 𝛼 = 𝑉 𝜂𝑟𝜆𝑟⁄  is a shape function that relates the ripple geometric dimensions to the 

ripple volume per unit width V.  Eq. (2-10) can then be modified for porosity (𝜂𝑝) and 

re-expressed in terms of the dry weight of the sediment based on the sediment density 

(𝜌𝑠): 

 𝑄𝑏 = 𝛼𝜌𝑠(1 − 𝜂𝑝)𝜂𝑟𝑢𝑟 (2-11)

Implicit in this analysis is the assumption that within the ripple regime 

(Section 2.3.3), bedload is confined to a thin layer of sediment that is transported with 

the migrating bed forms, which is a conventional approach for estimated bedload 

transport rates [e.g., Traykovski et al., 1999; Masselink et al., 2007; van der Werf et al., 

2007; Aagaard et al., 2013].  Given that the accurate prediction of properties of the 

bedforms are essential for predicting the bedload transport in this regime, we compare 

the ripple properties we observed to the equations of Malarkey and Davies [2003] (the 

non-iterative form of the equations by Wiberg and Harris [1994]), which were derived 

from a large number of data sets, although again focusing on monochromatic or 

unimodal spectral wave conditions.  We thus evaluate whether these established 

equations are able to predict the ripple dimensions in our experiment as a function of 

𝐴/𝐷50, where A is an orbital excursion of a representative wave motion (discussed 

below).  This parameter has been selected as it has been shown to collapse a wide range 

of data onto a single curve [Soulsby and Whitehouse, 2005]. 
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If the analysis is restricted to a representative wave motion in the high-

frequency band, the equations of Malarkey and Davies [2003] predict the ripple 

dimensions reasonably well even in this reef environment where there is also a large 

amount of low-frequency wave energy superimposed (Table 2-4). This suggests that the 

addition of substantial low-frequency wave motions has limited influence on the bed 

forms, i.e. the properties appear to be the same as what would occur for a pure high-

frequency wave field of the same magnitude.  

2.4.3 Suspended vs. bedload transport on coral reef flats 

A goal of this experiment was to determine how the bimodal spectral wave conditions 

that are generated across coral reef flats influence cross-shore sediment transport 

processes.  To evaluate the relative importance of the different transport mechanisms, 

we constructed a sediment budget (Figure 2-13) based on measurements of the low 

(𝑄𝑙𝑜) and high (𝑄ℎ𝑖) frequency contribution to the suspended sediment fluxes), the 

suspended sediment flux due to the mean Eulerian flow (𝑄𝑚), and the bedload transport 

(𝑄𝑏) contribution.  The net transport of sediment derived from the sum of these 

components (∑ 𝑄) was compared to an independent estimate of the net transport of 

sediment (a flux) obtained via cross-shore integration of bed profile changes both 

shoreward and seaward of x = 8.8 m (the point closest to the midpoint of the movable 

bed on the reef, and where co-located velocity, surface elevation and sediment 

concentration measurements were obtained):  

 
𝑄𝑝(𝑥) = ∫

𝜕𝑧𝑏
𝜕𝑡

𝑥2

𝑥
(1 − 𝜂𝑝)𝑑𝑥 − ∫

𝜕𝑧𝑏
𝜕𝑡

𝑥

𝑥1
(1 − 𝜂𝑝)𝑑𝑥 (2-12) 

where 𝑄𝑝 is the cross shore sediment transport associated with profile change across the 

movable bed (x = 7.0-23.8 m) evaluated at x =8.8 m, 𝜕𝑧𝑏 𝜕𝑡⁄  is the cross-flume averaged 

bed level change between adjacent profile measurement locations, and 𝜂𝑝is bed 

sediment porosity (which for very well sorted sand is ≈ 0.4). 

The analysis indicates that suspended load driven by both high- and low-

frequency wave motions (𝑄ℎ𝑖 and 𝑄𝑙𝑜, respectively) made the greatest contribution to  
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Figure 2-13. Sediment transport balance of each simulation.  The left column shows 

the relative contribution of each transport mechanism to the total transport. 𝑄ℎ𝑖(𝑄𝑙𝑜 ) is 

the suspended transport for high (low) frequency waves, 𝑄𝑚 is the suspended transport 

by mean flow and 𝑄𝑏  is the sediment transport by bedform migration.  The right 

column shows the estimated transport (∑𝑄) and the transport measured by integration 

of the bed profile (𝑄𝑝 ) seaward and shoreward of the FOSLIM located at x = 8.80 m.  

The error bar indicates the uncertainty in the sediment volume change due to 

uncertainties in the bed elevation measurements propagated through the numerical 

integration. 
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the cross shore transport (Figure 2-13).  Both 𝑄ℎ𝑖 and 𝑄𝑙𝑜 were of comparable 

magnitude, although in most cases 𝑄𝑙𝑜 was slightly larger.  Suspended transport by the 

Eulerian flow 𝑄𝑚  was the dominant seaward transport mechanism, and while it was 

relatively small, it was greater for the smooth reef cases.  The estimated onshore 

bedload transport rate 𝑄𝑏 tended to be smaller than both 𝑄ℎ𝑖 and 𝑄𝑙𝑜.  At first this may 

seem contradictory, given that for the Rouse numbers, bedload would be expected to 

play an important role.  The dominance of the suspended load in this experiment could 

in part be due to not fully capturing all of the true bedload that occurred. Very accurate 

measurements of bedload are notoriously challenging or impossible [e.g., Aagaard et 

al., 2013], as it is due to sediment grains rolling or saltating along the bed that may not 

be completely associated with ripple migration. To gain additional confidence that the 

ripples are representative of those observed in the field, we compare the ripple 

dimension and migration rates measured in this experiment (which used siliciclastic 

sediment) with those measured by Becker et al. [2007] at Waimea Bay (Hawaii) on a 

carbonate sediment dominated pocket beach surrounded by reefs. Although the field site 

is quite different morphologically to the present laboratory study, these field 

measurements were obtained for very similar prototype water depths (h = 1-2 m) and 

wave heights (Hs = 0.2-1 m). The laboratory ripple dimensions were comparable to 

those measured in the field (ηr = 9 cm vs. 10-20 cm, λr = 0.6 m vs. 0.4-1.2 m in 

prototype scale) and if we assume that the ripple migration at that site was primarily 

driven by oscillatory wave motion, ripple migration rates were also comparable at 

prototype scale (ur~2.8 m day-1 for the lab vs. -3.3-+4.5 m day-1 measured in the field). 

This provides additional confidence that the laboratory-derived ripple dimensions and 

bedload contribution are both of comparable magnitude to real field-scale observations.  

The comparison of the net transport (∑𝑄) with estimates from the integration 

of the bed level changes (Qp), shows that both are positive quantities, i.e. consistent 

with a shoreward accumulation of sediment for x>8.8 m, although ∑𝑄 tended to be 

consistently smaller than Qp . There was reasonable agreement between ∑𝑄 and Qp for 

the deep cases (both smooth and rough) indicating that it is possible to roughly close the 
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sediment budget; however, ∑𝑄 was much lower for the shallow cases. The source of 

this discrepancy is unclear, but indicates that some additional shoreward transport was 

missing from the budget. The most likely source is due to the absence of very near-bed 

sediment transport measurements (i.e., below the lowest sampling heights of the 

FOSLIM and pump sampler, including between the crest and trough of the ripples). 

This is the region of sediment transport that is universally the most difficult to 

define and experimentally quantify, as it represents a transition region between what is 

clearly suspended versus bedload [Nielsen, 1992].  Despite being a very small region 

(<~1 cm), sediment concentrations would be high and this would likely influence the 

total rate of transport.  This is also consistent with the sediment budget being more 

nearly closed for the deep cases, as this thin near-bed region would have less impact on 

the overall budget and there is also greater vertical mixing of sediment into the water 

column (i.e., higher 𝜀𝑠; Figure 2-12).  Nevertheless, despite this discrepancy, the results 

clearly show the relative importance of the shoreward transport mechanisms induced by 

both the low and high-frequency waves on both the suspended and bedload transport; 

the bed profile observations suggest that these mechanisms would only be of greater 

importance. Most importantly, the results suggest that the bedload is of the same order 

of magnitude, but still smaller than the suspended load, which is different from some 

recent high energy beach studies that suggest that suspended load can be more than an 

order of magnitude greater [e.g., Masselink et al., 2007; Aagaard, 2014]. 

We finally note that cross-shore sediment transport would likely be enhanced if 

the results of this study are extended to two-dimensional reef-lagoon systems with open 

lagoons or channels perforating the reef (i.e., barrier reefs or atolls).  While these 

systems are driven by the same hydrodynamic processes, these more complex systems 

are unconstrained in the alongshore direction and have channels where wave-driven 

flows across the reef can return to the ocean.  For these reef morphologies, a shoreward 

Eulerian cross-reef flow is thus often present [e.g., Lowe et al., 2009b], which was 

weakly seaward directed in that closed one-dimensional reef used in the present study 

that represents a fringing reef morphology.  Therefore, while the transport processes 
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induced by the nonlinear waves on the reef should be the same within these other types 

of reefs, the suspended transport due to the Eulerian mean flow would be different.  In 

this case, the shoreward mean flow would enhance transport towards the shore and, if 

there is sufficient energy within the lagoon, would drive sediment back out the channel. 

Nevertheless, we would expect that the wave-induced transport mechanisms induced by 

the high- and low-frequency waves would operate similarly, as they are primarily 

influenced by the morphology of the reef flat (i.e., independent of whether a channel is 

present or not). As such, there should only be an enhancement of the shoreward 

transport for cases where the reef morphology varies alongshore. 

2.5 Conclusions 
While there is already a large and growing literature on how coral reef structures 

modify a wide range of nearshore hydrodynamic processes, as well as a limited number 

of observations of sediment concentrations and rough estimates of transport rates on 

reefs, detailed studies of the mechanisms that drive sediment transport on reefs have 

been severely lacking.  In this study, we utilized a physical model of a fringing reef to 

examine these sediment transport processes in detail for the first time, which has 

revealed the following key results: 

1.  As waves break on the steep reef slope and continue to propagate across the wide 

reef flat, the wave spectrum changes considerably, from initially being dominated 

by high-frequency (sea-swell) waves on the forereef and in the vicinity of the surf 

zone, to gradually being dominated by low-frequency (infragravity) waves 

towards the back of the reef.  This trend is consistent with a number of recent 

field observations conducted on fringing reefs. 

2.  The skewness and asymmetry of both the high- and low-frequency waves on the 

reef flat make the major contribution to shoreward suspended sediment transport. 

On the seaward portion of the reef, the high-frequency waves play a more 

important role on this transport, whereas on the back portion of the reef the low-

frequency waves eventually become dominant.  Some of this shoreward transport 
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on the reef is offset by the seaward Eulerian mean flow.  But overall, the net 

suspended sediment transport was directed towards the shore. 

3.  Due to the bimodal characteristics of the wave spectrum that also evolves in 

space, existing wave-averaged suspended sediment transport formulations will 

likely breakdown in reef applications.  This is due to most approaches having 

been derived assuming a single representative wave motion, which cannot be 

readily defined under these complex spectral conditions. We found that 

predictions of the suspended sediment concentration profiles could vary widely 

depending on how this representative wave was chosen (i.e., whether it focused 

on the high-frequency waves, the low-frequency waves, or the total wave 

energy).  In our study we found the best agreement when the total wave energy 

was used to determine a representative wave height, and the mean wave period 

(specifically 𝑇𝑚02) was chosen as the representative period.  Nevertheless, the 

development of intra-wave sediment transport formulations that can account for 

the strong interactions between the high- and low-frequency waves would no 

doubt help improve suspended sediment transport predictions on reefs 

considerably. 

4.  Bedload transport on the reef was shoreward-directed and associated with the 

shoreward migration of bed ripples.  The geometry of these ripples was 

controlled by the high-frequency waves; despite the presence of the substantial 

low-frequency wave motions that occur on the reef, these appear to have little 

influence on the properties of the ripples.  While transport by bedload appeared 

to make a smaller contribution than the suspended load, the bedload still made a 

substantial contribution and enhanced the net shoreward transport of sediment 

across the reef.  
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SEDIMENT TRANSPORT IN THE PRESENCE OF LARGE 

REEF BOTTOM ROUGHNESS 

 

3.1 Introduction 
The presence of large bottom roughness over coral reefs directly modifies the nearbed 

hydrodynamics that are responsible for sediment transport.  For typical wave-exposed 

reefs, cross-reef mean flows (currents) are generated by radiation stress gradients 

induced by incident short (sea-swell) waves breaking in the surf zone (i.e., waves with 

periods 5–25 s) and the associated mean water level gradients (wave setup) [e.g., 

Symonds et al., 1995; Hench et al., 2008; Lowe et al., 2009b].  Smaller incident waves 

that do not break in the surf zone are transmitted across reef flats as depth-limited waves 

[e.g., Hardy and Young, 1996a], with infragravity waves that emanate from the surf 

zone also propagating across the reef [e.g., Pomeroy et al., 2012a].  The large bottom 

roughness of reefs can impose substantial drag forces on the mean wave-driven 
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currents, and also attenuate wave heights by frictional dissipation as they propagate 

shoreward across the reef [e.g., Lowe et al., 2005b; Rosman and Hench, 2011; Pomeroy 

et al., 2012a].  Thus, the hydrodynamic processes that prevail within reef systems are 

determined by the specific roughness characteristics of a reef, which in turn controls 

how sediment is transported in these environments.  

Suspended sediment at high concentrations can adversely affect a variety of 

benthic reef organisms via multiple mechanisms.  As sediment concentrations in the 

water column increase, light is attenuated and the spectrum is altered, reducing the 

efficiency of photosynthetic processes that many reef primary producers rely on for 

energy production [see Roth, [2014] for a review].  In addition, when the rate of 

sedimentation is higher than the rate at which sediment is expelled, coral communities 

become smothered.  This inhibits biotic particle feeding and nutrient uptake rates [e.g., 

Anthony, 2000] and can eventually lead to mortality [e.g., Weber et al., 2012]. 

For open (bare) sediment beds lacking large immobile bed roughness, the 

initiation of sediment transport is directly related to the shear stresses that are exerted on 

the sediment bed (𝜏𝑏𝑒𝑑).  Motion is initiated when these bed stresses exceed a critical 

threshold that is dependent upon sediment properties, namely grain size and sediment 

density (i.e., as expressed in various forms of the classic Shields equation [Shields, 

1936]).  When the vertical velocity component of turbulent eddies are sufficiently large 

to overcome the particle fall velocity (𝑤𝑠), sediment is lifted into suspension where it 

can be more efficiently transported [e.g., Bagnold, 1966; Francis, 1973; Van Rijn, 

1984b].  Vertical turbulent velocity fluctuations associated with these eddies scale with 

the horizontal bed stresses, or alternatively the shear velocity (𝑢∗ = √𝜏𝑏𝑒𝑑 𝜌𝑤⁄ ) based on 

seawater density (𝜌𝑤); therefore, relationships used to predict whether transport occurs 

usually depend on the magnitude of 𝑤𝑠 relative to 𝑢∗.  Within the water column, in a 

conventional steady-state 1D (vertical) model, the upward diffusion of sediment is 

balanced by downward settling.  This diffusion is described by the vertical gradient in 

concentration and a sediment mixing coefficient (𝜀𝑠), which can be inferred from 

various turbulence closure models [e.g., Van Rijn, 1993].  Irrespective of the closure 
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model assumed, 𝜀𝑠 is dependent upon the turbulent shear stresses within the bottom 

boundary layer – the region where sediment particles are predominantly suspended and 

transported.  Hence 𝜏𝑏𝑒𝑑  (or 𝑢∗) is assumed to control many components of the overall 

sediment transport process, including (a) whether sediment will initially move, (b) 

whether that sediment will be suspended, and (c) the vertical distribution of suspended 

sediment concentration in the water column.  Collectively, these components form the 

basis for modern suspended sediment transport models. 

When sediment is interspersed within immobile bed roughness, such as on 

coral reefs as well as within aquatic vegetation such as a seagrass meadow, the mean 

and turbulent flow structure is substantially modified adjacent to the bed (i.e., within a 

‘roughness sublayer’ or ‘canopy’, defined as the region where the flow is locally 

modified by individual roughness elements; [e.g., Raupach et al., 1991]).  While the 

overlying flow may experience increased hydraulic resistance as a result of this 

roughness, the flow that actually interacts with the underlying bed can be substantially 

attenuated, which in turn reduces the bed shear stresses [e.g., Le Bouteiller and Venditti, 

2015].  In aquatic canopies, this flow attenuation can promote sediment deposition, 

especially when canopy densities are high [Garcia and Parker, 1991; James et al., 

2004].  A limited number of laboratory studies have quantified how sediment transport 

is modified by large immobile roughness.  Of these studies, most only consider bulk 

sediment transport quantities (e.g., total transport) and do not explicitly consider how 

modifications to flow by roughness will alter sediment transport mechanisms that make 

up these bulk transport rates [e.g., James et al., 2002, 2004; Baptist, 2005; Kothyari et 

al., 2009; Chen et al., 2012].  In field experiments, the primary focus of most studies 

has been on how suspended sediment concentrations (SSCs) and/or suspended sediment 

fluxes (SSFs) measured at specific point locations in the water column are empirically 

correlated to the local wave and/or current conditions [e.g., Suhayda and Roberts, 

1977b; Ogston et al., 2004; Storlazzi et al., 2004, 2009].  Although such correlations 

may exist, they do not provide fundamental insight into the quantitative links between 

the hydrodynamic processes, immobile bottom roughness, and rates of sediment 



CHAPTER 3  SEDIMENT TRANSPORT IN THE PRESENCE OF LARGE REEF BOTTOM ROUGHNESS 

58 

transport.  Thus, the dynamics of suspended sediment transport in the presence of large 

roughness elements, such as coral reefs, remain poorly quantified in natural coastal 

environments and motivate the present study.  

We hypothesize that the drag forces exerted by large immobile roughness 

overlying a coral reef can significantly reduce shear stresses that are directly exerted on 

an underlying sediment bed, and as a consequence, traditional measures of bottom 

stresses on a reef are poor predictors of SSCs and SSFs.  The objectives of this study 

were to: (1) assess the ‘rough-wall’ boundary layer flow dynamics and turbulent shear 

stresses over a coral reef flat; (2) quantify the grain-size distribution and concentrations 

of suspended sediment in the water column; and (3) evaluate how modifications to the 

mean and turbulent flow structure alter suspended sediment grain sizes, SSCs, and SSFs 

over a rough coral reef flat, including the implications for making robust sediment 

transport predictions within reef environments. 

In Section 3.2, we review rough boundary layer theory and establish how near-

bed flow and bed shear stresses are reduced within the roughness elements of a reef, and 

in turn how this may modify sediment transport.  In Section 3.3, we then describe the 

field experiment conducted on a fringing reef, the instrument configurations, and the 

data analysis methodologies.  The results are described in Section 3.4, and in 

Section 3.5 we discuss how large immobile roughness affects both SSCs and SSFs.  In 

Section 3.6, we conclude with a discussion of implications of this study for making 

robust predictions of suspended sediment transport on coral reefs and other analogous 

benthic ecosystems with large bottom roughness.  

3.2 Background: flow structure and sediment transport within 
rough-wall boundary layers 

3.2.1 Unidirectional flow  

A rough-wall turbulent boundary layer associated with a unidirectional current can be 

partitioned into an inertial sublayer and roughness sublayer (Figure 3-1a).  The inertial 
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sublayer, often called the logarithmic layer, develops above the roughness sublayer 

where the individual roughness elements no longer directly affect the flow and the mean 

velocity (𝑢)̅ profile tends to be governed by the ‘law of the wall’ [e.g., Raupach et al., 

1991]: 

 
𝑢̅ =

𝑢∗𝑐
𝜅

log (
𝑧 − 𝑑

𝑧0 ) (3-1)

where 𝑧 is height above the bed; 𝜅  is Von Karman’s constant; 𝑑  is the vertical 

displacement of the mean velocity profile that relates to the penetration of momentum 

into the roughness; and 𝑧0 is a hydraulic roughness parameter.  In Eq. (3-1), the shear 

velocity 𝑢∗𝑐 is a measure of the turbulent shear stress at the top of the roughness and 

thus is equivalent to the resistance imposed by the roughness on the overlying current 

(note the subscript 𝑐 will denote variables associated with currents). 

The roughness sublayer is strongly influenced by the drag imposed by the 

roughness elements, which if modeled as simple geometric elements (e.g., cubes, 

cylinders) can be described as a function of the roughness height ℎ, frontal area per unit 

volume  and a drag coefficient 𝐶𝐷 [e.g., Nepf et al., 2007].  When the bottom 

roughness is relatively small (i.e., 𝐶𝐷𝑎ℎ is less than O(10−2)), such as over a flat sandy 

bed, the mean height of momentum absorption is located near the base of the roughness 

(𝑑 ≈ 0) and 𝑢∗𝑐 ≈ 𝑢∗𝑐,𝑏𝑒𝑑 , where 𝑢∗𝑐,𝑏𝑒𝑑 is the bed shear velocity (Figure 3-1a).  

However, when the roughness is relatively large (i.e., 𝐶𝐷𝑎ℎ exceeds O(10−2)), the drag 

forces exerted by the roughness elements attenuate the spatially-averaged flow [see 

reviews by Finnigan, 2000; Nepf, 2012].  This attenuation results in an inflection of the 

mean velocity profile at the top of the roughness where the maximum turbulent 

Reynolds shear stresses are also located.  In this case, 𝑢∗𝑐 in Eq. (3-1) no longer 

describes the shear stress acting on the bed, but rather the local turbulent shear stress at 

the top of the roughness (i.e., 𝑢∗𝑐 ≈ 𝑢∗𝑐,𝑟𝑜𝑢𝑔ℎ, Figure 3-1b).  Thus, within the roughness 

sublayer (or canopy), the reduction in flow can substantially reduce the shear stresses 

that are exerted on an underlying sediment bed (𝜏𝑐,𝑏𝑒𝑑). 
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Figure 3-1. Conceptual model of the boundary layer flow structure for (top) bare beds 

and (bottom) beds with large roughness under (left) unidirectional (current) and (right) 

wave-dominated (oscillatory) flow conditions. 

3.2.2 Wave-dominated flow 

When surface waves propagate over a rough seafloor, a wave boundary layer (WBL) of 

thickness 𝛿𝑤 develops close to the bed (note the subscript 𝑤 will denote variables 

associated with waves).  Due to the oscillatory nature of the flow, wave-generated 

turbulence within the WBL can only experience limited vertical growth.  A variety of 

forms for the eddy viscosity within the WBL have been proposed, but one of the 

simplest and most widely-used is that of Grant and Madsen [1979], where a 

representative (time-invariant) value is assumed.  Based on this description, when the 

roughness is relatively small, 𝛿𝑤 is governed by the maximum shear velocity imposed 

by the wave flow (𝑢∗𝑤) and the wave angular frequency (𝜔); i.e. 𝛿𝑤~ 𝜅𝑢∗𝑤  𝜔⁄ .  The thin 
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nature of the WBL generates larger bed shear stresses (𝜏𝑤,𝑏𝑒𝑑) when compared to a 

unidirectional current of equivalent magnitude (Figure 3-1c).  

Most research with waves has investigated how large roughness modifies the 

phase-dependent wave flow structure within the canopy region.  Laboratory 

experiments with idealized canopies [e.g., Lowe et al., 2005a, 2008; Luhar et al., 2010] 

and field experiments in seagrass canopies [e.g., Infantes et al., 2012] have 

demonstrated that the attenuation of the root-mean-squared (RMS) wave orbital 

velocities within the canopy is always less than that of a unidirectional flow of 

equivalent magnitude.  This is due to the wave-driven oscillatory pressure gradient, 

which is opposed by both canopy drag and inertial forces [e.g., Lowe et al., 2005a; 

Zeller et al., 2015].  Furthermore, wave phase-dependent Reynolds stresses are 

enhanced near the top of the roughness and then decrease towards zero within the 

canopy before they increase again near the bed [e.g., Lowe et al., 2008; Luhar et al., 

2010].  This stress profile suggests that for large roughness, two WBLs develop: a 

larger WBL near the top of the canopy (or roughness layer) and another, thinner, WBL 

near the bed (Figure 3-1d). 

3.2.3 Wave-current boundary layers 

The superposition of both waves and mean currents nonlinearly combine to modify the 

turbulent flow structure near the bed and enhance bed shear stresses.  Over a wave 

cycle, the mean of these enhanced stresses (𝜏𝑚) is larger than pure current stresses (𝜏𝑐), 

and the maximum of the enhanced stresses (𝜏𝑚𝑎𝑥) is larger than the vector summation of 

𝜏𝑐 and 𝜏𝑤 [e.g., Soulsby and Clarke, 2005]. 

A variety of wave-current interaction models has been proposed.  Most of these 

models describe the turbulent flow structure over a bed with relatively small bed 

roughness, i.e., where the roughness height is small relative to the wave-current 

boundary layer thickness.  These models are generally based on semi-empirical eddy 

viscosity profiles [see Wiberg, 1995 for a review].  Under combined wave-current flow, 

a thin WBL of thickness 𝛿𝑚𝑎𝑥 exists that is controlled by 𝑢∗𝑚𝑎𝑥.  Above this WBL 
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(𝑧 > 𝛿𝑚𝑎𝑥), the mean velocity profile maintains a logarithmic form described by 

Eq. (3-1); however, with 𝑢∗𝑐  instead replaced with the wave-enhanced mean velocity 

(𝑢∗𝑚) and 𝑧0 replaced with an apparent roughness length (𝑧0𝑎) that is also enhanced by 

the wave-induced turbulence near the bed relative to a pure unidirectional current [e.g., 

Grant and Madsen, 1979]. 

The dynamics of wave-current interactions that occur within large roughness 

(canopies) are still not well-established.  However, it is reasonable to assume that the 

drag imposed by large roughness elements will cause greater attenuation of the current-

component of the flow relative to the wave-component, which is supported by 

experimental observations [e.g., Lowe et al., 2005a, 2008; Zeller et al., 2015].  Thus, 

under wave-current conditions the flow within the roughness should be more strongly 

influenced by the contribution of the waves than the current.  Similar arguments can be 

made to describe the flow structure near the top of the roughness and further up in the 

water column.  At a sufficient height above a canopy, the flow structure should be 

analogous to a classic rough-wall wave-current boundary layer, with a logarithmic mean 

current profile defined by 𝑢∗𝑚 and 𝑧0𝑎 that are enhanced by wave-induced turbulence 

generated within the canopy. 

3.2.4 Sediment transport in the presence of large roughness 

The total resistance experienced by the overlying flow (𝜏𝑡𝑜𝑡𝑎𝑙) is often partitioned into 

two components: (1) a bed stress component (𝜏𝑏𝑒𝑑) that is due to the stress imposed by 

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

forces either by mobile bed forms [e.g., Van Rijn, 2007a] or by immobile roughness 

(e.g., coral structures or aquatic vegetation [e.g., Le Bouteiller and Venditti, 2015].  

 𝜏𝑡𝑜𝑡𝑎𝑙 = 𝜏𝑏𝑒𝑑 + 𝜏𝑑𝑟𝑎𝑔  (3-2) 

In the presence of relatively small roughness (e.g., the sand grains themselves), 𝜏𝑑𝑟𝑎𝑔  is 

small and 𝜏𝑡𝑜𝑡𝑎𝑙 ≈ 𝜏𝑏𝑒𝑑 ; thus the shear stress exerted on overlying flow is equally 

relevant to the assessment of sediment transport.  However, when the roughness is 

large, 𝜏𝑑𝑟𝑎𝑔  can be substantially greater than 𝜏𝑏𝑒𝑑 ; in this case the shear stress estimated 
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from hydrodynamic measurements obtained higher in the water column, which includes 

the large form drag exerted by the roughness (i.e., 𝜏𝑡𝑜𝑡𝑎𝑙), is not necessarily related to the 

stress exerted on the sediment.  This has been demonstrated in idealized laboratory 

experiments where stresses inferred from law-of-the-wall fitting of the velocity profile 

above roughness have been shown to significantly overestimate bedload sediment 

transport [e.g., Le Bouteiller and Venditti, 2015], as well as the capacity of a 

unidirectional flow to suspend and transport sediment when compared to the same flow 

over a bare sediment bed [e.g., Bouma et al., 2007].  Thus, while the mobilization and 

suspension of sediment from the bed is broadly governed by the same physical 

processes (irrespective of whether the roughness is either large or small), these key 

differences between bed shear stresses should have important implications for rates of 

sediment transport, and notably the applicability of existing predictive formulae to 

environments with large roughness.  

3.3 Methods 

3.3.1 Site description 

A 3-week field experiment (27 July–14 August 2013) was conducted in the northern 

region of Ningaloo Reef in Western Australia, focusing on a ~5 km section of reef near 

Tantabiddi (21°52'6"S, 113°58'58"E, Figure 3-2a).  The study specifically focused on a 

section of reef bounded to the north and south by shore-normal channels (~6 m deep) 

that cut into the reef crest and outer reef flat.  At this site, the cross-shore orientation of 

the reef is ~130° (defined as clockwise from true north), with the reef crest located 2.0–

2.5 km from the shoreline.  The reef flat is ~0.6–1.5 m below mean sea level and is 

~500 m wide.  The lagoon varies in width along the coast due to the presence of a 

shoreline salient, and is generally ~3 m deep.  In contrast to many parts of southern 

Ningaloo Reef that typically have near 100% coral coverage, this site was specifically 

chosen as, like many reef systems worldwide, it contained a mix of macro-algae, 

coralline algae, sand, and some live coral [Cuttler et al., 2015]. 
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Figure 3-2. (a) The location of Tantabiddi within Ningaloo Reef in northern Western 

Australia. (b) An aerial view of the site (origin: 21.89248°S, 113.96203°E) with the 

location of the instruments relevant to this study and key contours indicated.  (c) 

Interpolated sonar bathymetry around the high-resolution sampling site on the reef flat 

relative to the mean water level, with the mean flow direction indicated.  The dashed 

line indicates the cross-reef direction.  (d) Bathymetry transects measured perpendicular 

to the sawhorse frame from south to north and relative to the location of the vertical 

ADV array (blue dots). The vertical line indicates the vertical range of the ADP profiler 

within the vertical scale of the figure.  The arrow denotes the mean flow direction 

during the experiment. (e) Schematic illustration of the sawhorse frame deployed in the 

experiment and (f) an underwater image of the site with the deployed instrumentation. 
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Table 3-1. Instrument site information and sampling configuration 

Site and Depth# Instrument Sampling Information 

S1  (forereef ~10.5 m) 

Nortek AWAC 
1 Hz with 2048 s burst every 3600 s; current 
profile every 5 min, 30 bins at 0.5 m; 
velocity sample height: 1.04 m 

RBRVirtuoso D 
Continuous sampling at 1 Hz; pressure 
sample height: 0.2 m 

S2  (reef flat ~1.5 m) 

Nortek ADV 
8 Hz with 2048 s burst every 3600 s; velocity 
sample height: 0.23 m, 0.53 m and 0.85 m. 

Nortek ADP-HR 
Continuous 1 Hz current profile, 31 cells at 
25 mm, velocity sample height: 0.22 m; 
pressure sample height: 0.07 m  

Wetlabs FLNTU 
0.29 Hz with 462 samples every 3600 s; 
sample heights: 0.37, 0.64, 0.90 m 

Suction samples 
Hourly during daylight; SSC sample heights: 
0.22, 0.27, 0.34, 0.51, 0.76, 1.02 m. 

# Samples heights are relative to the seabed 

3.3.2 Field study 

The field study consisted of two main components: (1) a detailed study of the 

hydrodynamics and sediment transport of the reef flat, and (2) a broader-scale 

hydrodynamic and sediment transport study throughout the reef and lagoon [Pomeroy, 

2016].  The results presented in this paper focus on the first component, which was 

based on intensive sampling conducted on the reef flat (S2, Figure 3-2b) that was 

designed to quantify the fine-scale sediment dynamics over the reef. 

A ‘sawhorse’ instrument frame was deployed at S2 in a water depth of ~1.5 m 

(Figure 3-2e,f).  Here the bed roughness is ~20–40 cm high.  Hydrodynamic 

measurements were obtained using three vertically-distributed Nortek acoustic Doppler 

velocimeters (ADVs).  The bottom ADV was located within the roughness sublayer 

(𝑧 = 0.2 m), the middle ADV was located near the top of the roughness elements 

(𝑧 = 0.5 m) and the top ADV was located high in the water column (𝑧 = 0.8 m).  The 
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ADVs sampled at 8 Hz for 2048 s each hour.  In addition to the ADVs, an upward 

facing Nortek high-resolution acoustic Doppler profiler (ADP) located slightly to north 

(~2 m) of the sawhorse frame sampled continuously at 1 Hz using 25 mm bins with the 

bottom bin located 0.22 m above the bed.  Suspended sediment concentrations were 

inferred from three WetLabs ECO-FLNTU optical backscatter sensors (OBSs) that 

sampled at 0.3 Hz for 20 min each hour.  Suspended sediment samples were collected in 

situ using a suction sampling array that consisted of six 5 mm diameter intakes that 

were vertically positioned with logarithmic spacing, oriented perpendicular to the 

dominant mean flow direction, with water pumped to a scaffold platform nearby.  Based 

on the intake diameter and volume flow rate, the intake flow velocity was 

approximately 0.6 m s-1, or 2–3 times greater than measured root-mean-squared (RMS) 

velocities (see below); therefore, errors due to inefficiencies or bias in particle capture 

are expected to be small [Bosman et al., 1987].  A summary of the instrumentation and 

sampling information is provided in Table 3-1. 

In a ~40 m x 40 m region surrounding the sawhorse frame, a fine-scale 

topographic survey was used to quantify the bottom roughness. The bathymetry (Figure 

3-2c) was measured with single-beam acoustic sonar (Humminbird 798c) and 

supplemented with four manually-measured roughness transects spaced at ~1.5 m 

horizontally (Figure 3-2d).  Each manual transect was defined by an 8 m wire that was 

tensioned and levelled.  The distance between the bed and the wire was measured every 

1 m horizontally with 1 cm vertical resolution.  The roughness survey indicates that the 

coverage in benthic roughness varied and consequently the roughness characteristics 

were somewhat patchy with slightly larger roughness elements (in vertical dimension) 

located upstream of the sampling site. 
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3.3.3 Data analysis 

Hydrodynamic data 

Offshore wave conditions (wave height, period and direction) were measured on the 

forereef (S1) using a Nortek acoustic wave and current meter (AWAC) with acoustic 

surface tracking (AST); whereas wave conditions on the reef flat were obtained from 

pressure time-series converted to surface elevations using linear wave theory.  From the 

wave spectra, the root-mean-squared (RMS) wave-heights for the shorter-period (5–

25 s) sea-swell waves (𝐻𝑟𝑚𝑠,𝑠𝑤)  and longer period (25–250 s) infragravity 

(𝐻𝑟𝑚𝑠,𝑖𝑔 )waves, as well as the peak period (𝑇𝑝), were calculated through integration of 

the energy within these respective bands. 

The raw ADV and ADP velocity measurements were initially filtered based on 

low signal correlations (< 60%) before velocity spikes (e.g., caused by bubbles or debris 

in the sample volume) were removed using a kernel-based despiking algorithm [Goring 

and Nikora, 2002].  The direction of the waves and currents were computed separately 

so that the angle between the waves and currents could be considered in the calculation 

of the bed shear stresses imposed by the wave-current boundary layer.  For each 15-

minute burst of data, the mean current (𝑢)̅ speed and direction were computed.  The reef 

flat free-stream velocity (𝑢∞̅) was defined as the depth-averaged current speed of the 

top five ADP cells unaffected by the free surface (i.e. roughly 0.7–0.8 m above the 

sediment bed). The mean current vector was then removed from each velocity record 

and the (residual) oscillatory velocity data rotated into a coordinate system that 

maximized the velocity variance along the primary axis.  In this coordinate system, the 

wave (𝑢)̃ and RMS velocities (𝑢�̃�𝑚𝑠) were determined.  

Across a range of conditions, a logarithmic velocity profile was consistently 

observed within a region approximately 0.5–0.8 m (~12 data points) above the bed 

(Figure 3-3).  Above the upper height, the flow profile at times deviated from a 

logarithmic form as it approached a free-stream velocity; below the lower height, the 
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flow profile was often inflected, consistent with a canopy flow (e.g., Figure 3-1).  This 

transition towards the in-canopy flow occurred at an elevation that was comparable to 

the measured height of the roughness near the site (~20–40 cm).  To determine the mean 

shear velocity above the roughness sublayer (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ) for the combined wave-current 

flow (see Section 2.3), a least-squares best fit of Eq. (3-1) against the time-averaged 

15 min bursts of the ADP data within the logarithmic region (0.5–0.8 m above bed) was 

conducted.  To ensure a robust logarithmic profile existed, we only retained estimates of 

𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ from profiles with a R2 > 0.95, with the vast majority (~90%) of the bursts 

satisfying this criterion.  The boundary layer theory of Grant and Madsen [1979] and 

the implementation described by Madsen [1994] was used to calculate 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ.  We 

used 𝑢 ̅and 𝑢𝑟𝑚𝑠 measured above the logarithmic layer (𝑧 = 0.8) and the 𝑧0𝑎 from the 

logarithmic fit to define an equivalent Nikuradse roughness (i.e., 𝑘𝑁 = 30𝑧0𝑎). 

Estimates of 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ were compared to those calculated from the turbulence 

data measured by the ADVs.  Here we further separated the measured horizontal and 

vertical data into wave (𝑢 ̃and �̃�) and turbulent (𝑢’ and 𝑤’) velocity components.  We 

used data from the top and middle ADVs for this decomposition, whereby the turbulent 

motion was obtained by removing correlated motions between the two instruments (i.e., 

waves) [Shaw and Trowbridge, 2001].  The mean shear velocity enhanced by waves and 

currents was then determined from the Reynolds stresses (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ
2 = −𝑢′𝑤′̅

) at the 

middle ADV (𝑧 = 0.5 m).  At this elevation, the Reynolds stresses are expected to be 

slightly below the inertial sublayer (logarithmic) region and representative of the shear 

velocity just above the roughness elements. 

The bottom ADV located below the roughness height was of poorer quality, so 

it was only used to evaluate the mean current and wave velocities, but not to obtain 

direct estimates of the Reynolds stresses.  To estimate the magnitude of the mean 

(𝑢∗𝑚,𝑏𝑒𝑑) and maximum wave-current shear velocity (𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑) at the sediment bed (at 

the base of the canopy, Figure 3-1d), we again used the approach described by Madsen 

[1994] but now with the velocities measured by the bottom ADV.  For this flow within 

the canopy, the roughness was defined with the Nikuradse sand grain roughness 
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(𝑘𝑁 = 2.5𝐷50) determined from the median bed grain size measured at the bed level 

between the roughness elements (𝐷50 ≅ 240 μm, Figure 3-8b). 

 

Figure 3-3. A logarithmic fit of Eq. (3-2) (red) to the mean of the individual 15-min 

time-averaged velocity profiles measured during the experiment.  The velocity 

measurements are normalized by the velocity measurement closest to the bed.  The red 

dots denote the points used in the fit and the horizontal dashed line indicates 0.4 m 

above the bed, the approximate height of the roughness observed at the site. 

 

Suspended sediment grain sizes and concentrations 

Suspended sediment grain sizes and concentrations were determined from suction 

samples at hourly intervals during daylight hours.  The water samples were collected 

with peristaltic pumps via intake ports located perpendicular to the dominant cross-reef 

flow direction [Bosman et al., 1987] and stored in 2 L bottles.  The samples were 

vacuum filtered onto pre-weighed membrane filters (Whatman ME27, 0.8 μm), dried 

(75°C for 24 hrs) and weighed in order to calculate SSCs.  The dried filters were then 
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imaged under a microscope to obtain ~50 evenly spaced images of the filter surface that 

were obtained with an accuracy of 2 pixels : 1 μm.  For each image, the sediment grains 

were manually identified under a microscope and their location recorded on the image.  

A Canny edge detection algorithm [Canny, 1986] was then used in MATLAB to detect 

the edge of the particles in each image based on local maxima of the image intensity 

gradient.  The largest and smallest dimension of the irregularly shaped particles was 

manually identified in order to determine the size of the particles.  Particles with 

dimensions <50 μm were omitted, as it was often difficult to identify a clearly defined 

particle boundary and thus these particles could not be reliably measured. 

To relate the suspended sediment grain size distribution to the shear stresses 

above and within the canopy, we determined the equivalent grain size that could be 

suspended by a given shear velocity based on the downward particle fall velocity (𝑤𝑠): 

 𝑢∗
𝑤𝑠

= 𝛼 (3-3) 

where  represents the different stages of suspension and ranges from bursts of 

sediment in suspension when 𝛼 ≤ 1  to fully-developed suspension when 𝛼 ≫ 1 

[Bagnold, 1966; Van Rijn, 1984b].  Note that this ratio is related to the inverse of the 

Rouse number.  We set 𝛼 = 1 based on the following arguments:  (1) For a specific 

grain size to be suspended from the bed it must have experienced a shear stress that was 

sufficient to enable it to be mobilized from the bed.  (2) For the range of sediment grain 

sizes measured in suspension in this experiment, once these grains are mobilized they 

(theoretically) directly enter a state of suspension [e.g., Bagnold, 1966; Francis, 1973].  

(3) The state of suspension (i.e., whether sediment is in a burst or fully-developed 

suspension) is not relevant for the current analysis. Here we use the Soulsby [1997] 

formulation to estimate 𝑤𝑠 as: 

 
𝑤𝑠 = 𝜈

𝐷 (√10.362 + 1.049𝐷∗
3 − 10.36) (3-4) 

where 𝜈 is the kinematic viscosity of the water (9.35 × 10−7m2s-1
), 𝐷 is the particle 

size of interest and 𝐷∗ is the dimensionless grain size (𝐷∗ = (𝑔(𝑠 − 1)  𝜈2⁄ )
1/3𝐷) with 
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g the gravitational acceleration constant and  is the ratio of the carbonate sediment 

grain density (𝜌𝑠 = 2600 kg m-3
) estimated by gravitational displacement [Cuttler et 

al., 2015] to water density (𝜌𝑤 = 1026 kgm-3
) from sediment samples obtained at the 

site. 

The OBS and ADP backscatter data were calibrated with the SSC 

measurements obtained by suction sampling.  The known SSCs obtained through 

filtration were related via linear regression (Table 3-2) to the measured backscatter, 

time-averaged over the duration when the suction samples were obtained.  For the OBS 

instruments, the suction sample intake port that was closest (vertically) to the optical 

measurement elevation was used in the calibration, whereas for the ADP data (corrected 

for acoustic decay [e.g., Ha et al., 2011]) we related three measurement cells to their 

adjacent intake ports and then applied the mean linear-fit equation to the data.  The Root 

Mean Squared Error (RMSE) of the calibrated OBS and ADP backscatter was 

~0.20 mg L-1 for all instruments, except for the middle OBS that was slightly lower 

(~0.13 mg L-1); these errors were much smaller than the typical measurements that 

ranged from 0.5–8 mg L-1 (Section 3.4.3). The calibrated backscatter therefore provided 

a reasonably accurate measure of SSCs in this experiment due to the narrow distribution 

of fine sediment at low concentration that we observed (see below) [e.g., Francois and 

Garrison, 1982; Richards et al., 1996]. 

3.4 Results 

3.4.1 Hydrodynamic conditions 

During the first part of the experiment (1–5 August 2013), the offshore RMS wave 

heights (𝐻𝑟𝑚𝑠,𝑠𝑤) measured on the forereef at S1 were small and relatively consistent 

(~0.5–0.8 m, Figure 3-4b).  Two larger swell events (6–8 August 2013 and 9–11 August 

2013) occurred during the latter part of the experiment, with maximum wave heights 

reaching ~1.7 m during both events.  Peak periods (𝑇𝑝) ranged from 12 s during lower 
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wave conditions to up to 19 s during the larger swell events (Figure 3-4b).  There was a 

large reduction in sea-swell wave heights (𝐻𝑟𝑚𝑠,𝑠𝑤) on the reef flat at S2 (Figure 3-4d).   

 

Table 3-2.  Calibration parameters used for the linear conversion of the ADP and 

OBS backscatter data (𝐵𝑘) to suspended sediment concentrations (SSC).  For the ADP, 

the nearest cell to the suction port was used in the calibration while the nearest port to 

the OBS sample cell was used for the OBS calibration.  

𝒛𝒊𝒏𝒔𝒕𝒓𝒖𝒎𝒆𝒏𝒕
#  

[m] 

𝒛𝒑𝒐𝒓𝒕 

[m] 

Calibration Equation 

[mg L-1] R2 p n 

ADP 

0.52 0.51 𝑆𝑆𝐶 = 0.052 𝐵𝑘 − 2.68 0.61 <0.001 35 

0.77 0.76 𝑆𝑆𝐶 = 0.062𝐵𝑘 − 3.25 0.64 <0.001 31 

1.02 1.01 𝑆𝑆𝐶 = 0.067𝐵𝑘 − 3.53 0.61 <0.001 28 

 

OBS 

0.37 0.34 𝑆𝑆𝐶 = −0.95𝐵𝑘 + 6.59 0.76 <0.001 10 

0.64 0.76 
𝑆𝑆𝐶 = −0.64𝐵𝑘 + 4.72 

 
0.73 <0.001 11 

0.90 1.02 
𝑆𝑆𝐶 = −2.73𝐵𝑘 + 9.52 

 
0.51 0.109 5 

#cell height corrected for difference in bathymetry between suction sample ports and ADP 
which is estimated to be ~0.20 m.  
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Figure 3-4. The forereef S1 (a) water depth and (b) swell root-mean-squared (RMS) 

wave height 𝐻𝑟𝑚𝑠,𝑠𝑤 and peak wave period 𝑇𝑝 , along with the intensive sampling reef 

flat S2 site (c) water depth, (d) sea-swell (𝐻𝑟𝑚𝑠,𝑠𝑤, red) and infragravity (𝐻𝑟𝑚𝑠,𝑖𝑔, blue) 

RMS wave height, the (e) free-stream velocity defined as the depth-averaged velocity 

above the identified logarithmic region and (f) the relative importance of the free-stream 

mean flow versus the RMS wave-induced flow.  The dashed horizontal line indicates 

the threshold above which the conditions are current-dominated. 
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Variations in the water depth, predominantly driven by the tide (Figure 3-4a,c), 

strongly modulated 𝐻𝑟𝑚𝑠,𝑠𝑤 on the reef flat through depth-limited wave breaking 

(Figure 4d); however, the infragravity wave heights (𝐻𝑟𝑚𝑠,𝑖𝑔) were not strongly 

modulated by the water depth, responding much more to the offshore 𝐻𝑟𝑚𝑠,𝑠𝑤.  As a 

consequence, the 𝐻𝑟𝑚𝑠,𝑠𝑤 on the reef flat were larger than 𝐻𝑟𝑚𝑠,𝑖𝑔 during high tide, but 

were similar or smaller than 𝐻𝑟𝑚𝑠,𝑖𝑔 at low tide during the larger swell events.   

Mean free-stream current velocities (𝑢∞̅) on the reef flat varied in response to 

the offshore wave conditions (~0.05–0.45 m s-1) as a result of the dominant wave-driven 

currents on the reef flat, with only small variability associated with the tides (typically 

by ±0.05 m s-1) (Figure 3-4e).  Thus, during the first part of the experiment the flows 

tended to be dominated by wave orbital velocities (𝑢∞̅  𝑢�̃�𝑚𝑠⁄ < 1, where 𝑢�̃�𝑚𝑠 is the RMS 

value of the wave velocity, Figure 3-4f).  At low tide, the combined effect of smaller 

waves and the relative increase in mean flow resulted in mixed wave-current conditions 

(𝑢∞̅  𝑢�̃�𝑚𝑠⁄ ~1).  During the larger offshore swell events, due to the depth-limitation of 

wave heights on the reef flat and stronger wave-driven mean currents, the reef flat 

became current-dominated (𝑢∞̅  𝑢�̃�𝑚𝑠⁄ > 1) over much of this period. 

3.4.2 Flow structure and turbulent stresses 

Above the roughness  

The mean current profile above the roughness was consistently logarithmic over the full 

range of current and wave conditions (~90% of the data conformed to Eq. (3-1) with an 

acceptance threshold of R2 > 0.95).  The mean shear velocities (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ) estimated 

from Eq. (3-1) usually agreed well with those derived from the ADV-derived Reynolds 

stresses throughout the experiment (Figure 3-5a).  When these 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ values are 

converted to a bottom friction coefficient (𝐶𝑓 = 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ
2   𝑢∞̅

2⁄ ), the mean value for the 

duration of the experiment was 0.035 (standard deviation 0.012).  These 𝐶𝑓  are within 

the range (𝑂(0.01)) that are typically reported for other reef flats [e.g., Lowe and Falter, 
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2015 for a review].  This suggests that the dynamics observed in this experiment are 

unlikely to be unique to this site. 

Values of 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ estimated from the log-fitting increased approximately 

linearly with mean current speed and were maximum when 𝑢∞̅~0.3 m s-1; however, 

appeared to decrease slightly for the largest values of 𝑢∞̅, albeit with more scatter 

(Figure 3-5b).  Furthermore, for a given value of 𝑢∞̅, 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ increased as the 

hydraulic roughness (𝑧0𝑎) increased. This increase in 𝑧0𝑎 occurred as the conditions 

became more wave-dominated (Figure 3-5c).  The increase in both 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ and 𝑧0𝑎 

under stronger wave conditions is consistent with the enhancement of the mean bottom 

stresses (and apparent bottom roughness) by waves.  We note that the current direction 

 

Figure 3-5. (a) The shear velocity (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ) estimated from the middle ADV 

Reynolds stress (red) compared with the 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ estimated from the ADP time-

averaged velocity profiles with Eq. (3-1) (black).  (b) 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ as a function of the free-

stream velocity (𝑢∞̅).  The colorbar denotes values of the roughness length scale (𝑧0𝑎) 

(d) The roughness length scale (𝑧0𝑎) as a function of the current-wave ratio (𝑢∞̅ 𝑢�̃�𝑚𝑠⁄ ).  

Note that all values in (b) and (c) are based on estimates from the ADP data. 
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Figure 3-6. Mean current (𝑢)̅ profiles for (a) current- and (b) wave-dominated 

conditions along with RMS velocity (𝑢�̃�𝑚𝑠) profiles for (c) current- and (d) wave-

dominated conditions.  For all profiles, the ADP measurements are shown in red and the 

ADV measurements are shown in black with the horizontal error bars denoting ±1 

standard deviation.  The mean current profiles have been normalized by the free-stream 

current (𝑢∞̅) and the RMS velocity profiles have been normalized by 𝑢�̃�𝑚𝑠 above the 

roughness. 

 

 

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

u/u
∞

 [−]

z 
[m

]

(a)

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

u/u
∞

 [−]

z 
[m

]

(b)

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

u/u
rms

 [−]

z 
[m

]

(c)

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

u/u
rms

 [−]

z 
[m

]

(d)
~

Current Dominated Wave Dominated

~



3.4  RESULTS 

77 

varied slightly throughout the experiment (only by ±10–20°), thus changes in upstream 

roughness may also affect the estimated bottom stress and could account for some of the 

scatter observed. 

Within the roughness  

Within the roughness (canopy) region, there was greater attenuation of the mean current 

relative to free stream values when compared to the wave velocities (Figure 3-6).  In 

this near-bed region, the currents were generally reduced to only ~25% of the free-

stream velocity (Figure 3-6a,b), whereas the RMS wave velocities generally remained 

~75% of the free stream values (Figure 3-6c,d). 

The estimated mean shear velocity imposed on the underlying sediment bed 

(𝑢∗𝑚,𝑏𝑒𝑑) was approximately four times smaller than the mean shear velocity at the top 

of the roughness (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ, Figure 3-7a).  Similarly, the maximum wave-induced shear 

velocity was much larger at the top of the canopy (𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ ) than at the bed 

(𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑 , Figure 3-7b).  When the shear velocities at the bed were compared, 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑  

was approximately twice as large as 𝑢∗𝑚,𝑏𝑒𝑑  (Figure 3-7c).  We note here that while 

there is some spatial variability in the velocity measured by the ADV and ADP  

 

Figure 3-7. (a) The mean shear velocity at the bed (𝑢∗𝑚,𝑏𝑒𝑑) compared to the mean 

shear velocity at the top of the roughness (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ).  (b) The maximum shear velocity 

at the bed (𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑) compared to the maximum shear velocity at the top of the 

roughness (𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ).  (c) 𝑢∗𝑚,𝑏𝑒𝑑  compared to 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑 . 

0 0.005 0.01 0.015 0.02
u *m,bed  [m s -1 ]

0

0.02

0.04

0.06

0.08

u *m
,ro

ug
h

 [m
 s

-1
]

(a)

0 0.01 0.02 0.03 0.04
u *max,bed  [m s -1 ]

0

0.05

0.1

0.15

0.2

0.25

u *m
ax

,ro
ug

h
 [m

 s
-1

]

(b)

0 0.005 0.01 0.015 0.02
u *m,bed  [m s -1 ]

0

0.01

0.02

0.03

0.04

u *m
ax

,b
ed

 [m
 s

-1
]

(c)



CHAPTER 3  SEDIMENT TRANSPORT IN THE PRESENCE OF LARGE REEF BOTTOM ROUGHNESS 

78 

 

 

 

Figure 3-8. Grain size distribution from (a) suction samples obtained at the port 

closest to the bed (z = 0.23 m) and (b) determined from a bed surface sample obtained 

on the reef flat at S2.  The histogram in (a) represents the distribution from a sample 

obtained at 15:00 on 2 August 2013 (local time).  The vertical lines indicate the 

equivalent sediment diameter that could be suspended by the mean (𝑢∗𝑚,𝑏𝑒𝑑) (solid 

blue) and maximum (𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑) (dashed blue) wave-induced bed shear velocities, and 

the mean shear velocity (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ) (solid red) at the top of the roughness (canopy) 

layer.  Note that the equivalent grain size that could be maintained in suspension by the 

maximum wave-induced shear velocity (𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ) at the top of the roughness layer is 

~830 μm and is not indicated on the figure.  The maximum (grey) and mean (black) 

shear velocity at the top of the roughness layer (c) and within the roughness layer (d) 

are shown for the entire experiment.  The horizontal dashed line indicates the shear 

velocity required to suspend the median bed grain size, while the solid black line 

indicates the shear velocity required to suspend the median grain size observed in the 

suction samples. 
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(Figure 3-6), likely due to fine-scale spatial variations in the roughness, this velocity 

variability is small.  Thus, any differences in shear stresses estimated by the ADV and 

ADP will also be small, relative to the large vertical differences in the shear stress (i.e., 

at the bed and at the top of the canopy). 

3.4.3 Suspended sediment  

Grain size distributions 

The grain size distributions obtained from the suction samples were similar across the 

various samples analyzed in the experiment.  Although a small number of larger grains 

were identified in the microscope analysis, ~50% of the grains were within the range of 

60–85 μm, with a typical median grain size (𝐷50) of ~70 μm (Figure 3-8a).  We expect 

there to be some material that is finer than 50 μm (the lower limit of the analysis) that 

would shift the median slightly finer; however, we only observed a very small amount 

of material at 50 μm, so we do not expect this contribution to affect the results.  The 

maximum contribution of the larger grains (>150 μm) was consistently less than 10% 

for each of the analyzed samples.  This is in contrast to the distribution of the bed 

sediment at this site, which was dominated by much coarser sediment mostly ranging 

from ~150–500 μm (D50 = 240 μm) (Figure 3-8b). 

The 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ was predicted to be well-beyond what was needed to maintain 

much of the bed sediment in suspension, as determined from the fall velocity in 

Eq. (3-3) (red solid line, Figure 3-8b); however, these larger grain sizes were notably 

absent from the water column (Figure 3-8a).  The absence of these large size fractions 

in suspension indicates that the shear stress applied to the sediment was substantially 

smaller than the mean shear at the top of the roughness.  This discrepancy is even 

greater if we consider 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ, which would be capable of suspending sediment up to 

𝐷50=550-1000μm (off the scale in Figure 3-8a).  

The grain sizes observed in the water column were much closer to the 

equivalent grain size that could be maintained in suspension by 𝑢∗𝑚,𝑏𝑒𝑑  (blue solid line, 
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Figure 3-8a).  However, we also note that a substantial proportion of the suspended 

sediment distribution remained above this estimate.  If the enhanced shear velocity due 

to waves (𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑) is considered, the range of grain sizes that could be maintained in 

suspension encompasses almost the entire suspended sediment distribution that was 

observed (blue dashed line, Figure 3-8a). 

The relationship between the shear velocities and the measured SSC samples 

were also consistent throughout the duration of the experiment: 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ was sufficient 

to suspend the observed 𝐷50  that was in suspension and the seabed 𝐷50 during the swell 

events; 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ was consistently large enough to suspend the seabed 𝐷50 (Figure 

3-8c).  Within the roughness, 𝑢∗𝑚,𝑏𝑒𝑑  alone was sufficient to suspend the observed 𝐷50  

that was in suspension, however the addition of the wave component of the enhanced 

bed stress is clearly evident throughout the time-series but remained insufficient (except 

at the peak of the swell events) to suspend the seabed 𝐷50 (Figure 3-8d). 

Sediment concentrations and fluxes 

The calibrated ADP and OBS backscatter data were consistent with the SSCs measured 

directly by suction sampling throughout the experiment (Figure 3-9a-c).  Early in the 

experiment when the waves were low (1–6 August), the SSC varied from ~0.5 mg L-1 at 

low tide to ~2–3 mg L-1 at high tide.  During the larger swell events spanning 5–8 

August and 9–12 August, the SSCs were consistently higher and peaked at ~8 mg L-1 

but continued to vary with tidal phase.  

The form of the concentration profile defined by the ADP backscatter and the 

suction samples was grouped according to four hydrodynamic conditions: (I) low 

offshore waves and rising tide (Figure 3-9d), (II) low offshore waves and falling tide 

(Figure 3-9e), (III) high offshore waves and rising tide (Figure 3-9f) and (IV) high 

offshore waves and falling tide (Figure 3-9g).  For condition (I), no direct suction 

samples were obtained during the field experiment, so only profiles derived from the 

calibrated ADP are shown.  For each of the remaining conditions, the time-averaged  
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Figure 3-9. Suspended sediment concentration (SSC) time-series measured at (a) z = 

0.82 m, (b) z = 0.52 m and (c) z = 0.29 m above the bed.  The black dots indicate the 

SSC estimated from the calibrated ADP, blue dots the OBS backscatter and the red dots 

indicate the directly measured SSC from the suction samples.  The mean SSC profile 

measured by the calibrated ADP (black line) and directly from the suction samples (red 

dots) for the forereef conditions: (d) low waves and rising tide (note: no suction samples 

were obtained for this condition), (e) low waves and falling tide, (f) high waves and 

rising tide and (g) high waves and falling tide. The vertical dotted lines and error bars 

indicate one standard deviation in the measured data. The horizontal dotted line 

indicates the approximate height of the roughness. 
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SSC profile inferred from the calibrated ADP backscatter was comparable in 

structure to the mean SSC profile described by the suction samples.  Each concentration 

profile exhibited similar features: near the bed, the concentration was low but increased 

slightly with height above the bed; then above the roughness sublayer, a near constant 

concentration was observed.  There was a very strong relationship between the depth-

integrated SSC within the roughness (𝑧 = 0.2 − 0.4 m) and both 𝑢∗𝑚,𝑏𝑒𝑑  and 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑  

(Figure 3-10).  However, no clear relationship was observed when 𝑢∗𝑚,𝑏𝑒𝑑  was small 

(<0.005 m s-1), i.e. when the wave contribution was also small.  

 

Figure 3-10. Depth-integrated suspended sediment concentration (SSC) within the 

roughness (𝑧 = 0.2 − 0.4 m) determined from the ADP backscatter compared to the 

mean bed shear velocity (blue) and maximum bed shear velocity (red). 

3.5 Discussion  
Few studies have directly measured sediment transport over large roughness, especially 

in a natural field setting.  However, the presence of roughness has been thought to 

decrease sediment transport rates through the attenuation of velocity and turbulence 

within the roughness sublayer (i.e., the canopy) in terrestrial [e.g., Prosser et al., 1995], 
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riverine [e.g., Neary et al., 2011], and estuarine [e.g., Ward et al., 1984] environments.  

Of the studies that have specifically considered sediment transport within canopies, 

most have been from unidirectional laboratory-based experiments that only consider 

bulk sediment transport rates from changes in the bed morphology or sediment traps, 

with most attention also focused on emergent canopies [e.g., Jordanova and James, 

2003; Baptist, 2005; Widdows et al., 2008; Le Bouteiller and Venditti, 2015].  This 

present study provides new quantitative insight into how suspended sediment grain 

sizes, SSCs, and SSFs are modified by the presence of submerged roughness on a coral 

reef flat that is subject to both waves and currents.   

Typically, field studies conducted on reefs have empirically related sediment 

transport rates to shear velocities estimated from hydrodynamics measurements above 

the roughness (i.e. a measure of the total flow resistance, including the effect of form 

drag) [e.g., Ogston et al., 2004; Presto et al., 2006].  In this present study we make a 

direct connection between the observed suspended sediment grain sizes and the reduced 

hydrodynamic forces present at the sediment bed at the base of the immobile roughness.  

From these suspended sediment observations, we then determined the shear velocity at 

the bed required to suspend the observed sediment.  Both the mean (𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ) and 

maximum (𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ) shear velocities determined from the hydrodynamics above the 

roughness layer were approximately an order of magnitude larger than those required to 

suspend the observed grain sizes within the bed, despite none of this material being 

observed in suspension.  Therefore, 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ and 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ were poor predictors of the 

actual sediment grain sizes that were observed in suspension, whereas estimates 

obtained using the reduced bed friction velocities (𝑢∗𝑚,𝑏𝑒𝑑  and 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑) were much 

more consistent with the observations. 

Although some studies have previously considered how large immobile 

roughness on the bed can reduce overall bulk sediment transport rates [e.g., Bouma et 

al., 2007; Le Bouteiller and Venditti, 2015], how this roughness influences suspended 

sediment transport has remained poorly understood.  In the present study, 𝑢∗𝑚,𝑏𝑒𝑑  was 

still not large enough to explain the suspended sediment 𝐷50.  However, when 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑  
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was considered, almost the entire range of the observed suspended sediment grain sizes 

were predicted to be in suspension.  This suggests that the range and relative 

proportions of grain sizes in suspension are explained by the wave orbital velocities 

within the roughness (canopy), and also differences between how wave and current 

motions dynamically interact within a canopy. 

3.5.1 The influence of roughness on suspended sediment concentration 
profiles 

The observation of persistently elevated sediment concentrations near the top of the 

roughness, relative to values near the bed, contrasts with a multitude of observations in 

other environments (e.g., beaches and rivers) of monotonically decreasing concentration 

with height above the bed.  While this profile may at first appear counter-intuitive, the 

hydrodynamic influence of the large roughness provides a possible explanation 

(explored in this section) for the development of this profile.  

In flow over an erodible bed for which the ratio 𝑤𝑠 / 𝑢∗ is small, sediment will 

be entrained from the bed into the water column, where it will be transported (advected) 

as suspended sediment.  At equilibrium, sediment suspension balances sediment 

deposition; otherwise, the sediment concentration will vary with streamwise distance 

until an equilibrium profile is attained.  The distribution of sediment in suspension is 

typically modelled as a vertical diffusive process, which can be described by the 

advection-diffusion equation:  

∂(𝑢𝑐)
∂x⏟
1

−
∂(𝑤s𝑐)

∂z⏟
2

− ∂
∂z (ε𝑠

∂c
∂z)⏟⏟⏟⏟⏟

3

= 0 (3-5) 

In Eq. (3-5), Term 1 describes the horizontal advection of sediment, Term 2 

gravitational settling and Term 3 the vertical diffusion of sediment.  Here, ε𝑠 is the 

sediment mixing (diffusion) parameter, which can be approximated (in various forms) 

as a function of the turbulent eddy viscosity (𝜈𝑡) or 𝑢∗  [e.g., Van Rijn, 1984b]. 
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The development of suspended sediment concentration profiles over erodible 

beds with and without roughness is obtained by solving Eq. (3-5) with an upwind 

numerical scheme.  We consider the case of a uniform sediment concentration upstream 

of the roughness (𝑐𝑥=0) due to, e.g., wave breaking in an upstream surf zone. To solve 

Eq. (3-5), two boundary conditions are required: (i) at the upper boundary (the free 

surface) there is zero vertical flux, and (ii) at the bed (𝑧 = 0), the upward diffusive flux 

balances gravitational settling (i.e., 𝑤sc = −ε𝑠 ∂c  ∂z⁄ ).  Typically, a near-bed reference 

concentration (𝑐0) is used to specify this bottom boundary condition.  Many 

formulations have been developed for 𝑐0, most of which functionally depend on the 

shear stress applied to the sediment bed [e.g., Smith and McLean, 1977; Lee et al., 

2004].  Here, we specified a spatially-constant (i.e., in the stream-wise direction x) 𝑐0 

using the formulation proposed by Lee et al. [2004]: 

 
𝑐0 = 𝐴 [𝜃 𝑢∗

𝑤𝑠]
𝐵

, (3-6)

where 𝑐0 is defined at a reference height 𝑧𝑟𝑒𝑓 = 0.01 m above the bed, 𝜃 is the grain 

roughness Shields parameter and 𝑢∗ is the shear velocity at the sediment bed.  We use 

A = 2.58 and B = 1.45 for the two empirically-derived constants, but recognize that 

there is some uncertainty around these values [Lee et al., 2004].  

For comparison, we first determine the concentration profile over a bare 

erodible bed (i.e. without roughness). Typical values of the uniform mean current (𝑢̅ =

0.3 m s-1), uniform grain size in suspension (70 μm) and bed friction velocity (𝑢∗ =

0.08 m s-1) are used. The sediment diffusivity (ε ) is assumed to increase linearly with 

height above the bed (i.e. 𝜀𝑠 = 𝜈𝑡 = 𝜅𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ𝑧, Figure 3-11a). With this diffusivity 

profile, the initially uniform concentration profile, which in this example we initialize 

with 𝑐0, evolves downstream to form a classic exponentially-decaying profile above the 

bed (Figure 3-11b).  

In this study, we typically observed a four-fold difference between 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ 

and 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑  due to the large bottom roughness.  The presence of large roughness 

therefore has two important modifications to the solution to Eq. (3-5).  Firstly, 𝜏𝑏𝑒𝑑  is 
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reduced and consequently so is 𝑐0. For comparison with the bare bed case, we assume 

the same maximum value of 𝑢∗ here at the height of the roughness (i.e. 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ= 

0.08 m s-1) and a reduced value for 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑 (which is used in Eq. (3-6) to determine 𝑐𝑜) 

of 0.02 m s-1; as a consequence 𝑐0 is also lower in the presence of the roughness. 

Secondly, flume experiments have shown that in unidirectional flow over large 

roughness, the turbulent diffusivity decreases linearly from a maximum value near the 

top of the roughness to a diminished value deep within the roughness [e.g., Ackerman 

and Okubo, 1993; Ghisalberti and Nepf, 2004; Ghisalberti, 2007].  Accordingly, a two-

layer distribution of 𝜀𝑠 was assumed here (Figure 11a), where 𝜀𝑠 is lower within the 

roughness than above it. 

The solution to Eq. (3-5) in the presence of large roughness was obtained by 

assuming the same uniform mean current, suspended sediment grain size, and the 

initializing condition as in the bare bed case.  For this case, the SSC profile evolves  

 

Figure 3-11. (a) Sediment mixing (diffusion) profile (𝜀𝑠) used in the advection-

diffusion model. (b) Suspended sediment concentration (SSC) profiles from the 

advection-diffusion model with the concentration ( ) normalized by the upstream 

boundary concentration ( =0). (black) no roughness layer in the model and (red) with a 

roughness layer in the model. The horizontal dotted line denotes the approximate height 

of the roughness in the model. 

0 0.01 0.02 0.03 0.04

s [-]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

z 
[m

]

(a)

0 0.2 0.4 0.6 0.8 1
c/cx=0 [-]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

z 
[m

]

(b)

ε



3.5  DISCUSSION 

87 

from the uniform upstream concentration to a shape where the concentration increases 

with height above the bed (Figure 3-11b).  This is qualitatively consistent with the SSC 

profiles observed in this experiment (Figure 3-9).  Eventually (far downstream) the 

solution will converge to an exponential profile, analogous to that observed over a bare 

sandy bed but with a much lower concentration; for the fine suspended sediments (low 

settling velocity) observed in this study, that development would occur over large 

distances. 

Thus, a likely explanation for the SSC profiles observed in the field experiment 

is that the narrow but aggressive surf zone located ~400 m upstream near the reef crest 

initially creates a well-mixed distribution of fine suspended sediment that slowly settles 

out of the water column.  This sediment is advected by the cross-reef mean flows over 

and within the roughness.  The reduced bed shear stress within the roughness leads to a 

reduction in 𝑐𝑜, resulting in a net downward sediment flux by both diffusion and 

gravitational settling; the divergence in the vertical sediment flux is balanced by a 

convergence in the horizontal advective flux.  It is this reduction in 𝑐𝑜 when compared 

to a larger upstream concentration that results in the reduced SSC values near the bed.  

These results suggest that the fine sediments (𝐷50 = 70 μm) observed in suspension 

would likely include contributions from both local resuspension and sediment sourced 

upstream by advection.  The fact that the coarse local bed sediment (𝐷50 = 240 μm) is 

not in suspension is also consistent with this model, as the reduced bed shear stress 

within the roughness was found to be incapable of suspending this coarse sediment 

fraction.  

3.5.2 Estimated versus measured suspended sediment fluxes 

Physical relationships that describe the hydrodynamics of bare sandy beds are still 

regularly applied to obtain quantitative estimates of sediment transport within 

ecosystems with large bottom roughness.  It is therefore of particular interest to assess 

the sensitivity of predictions of SSFs (which integrate the effects of the modified 

concentration and velocity profiles), to these different definitions of the shear velocity.  
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It is not our intention to conduct an exhaustive review of the applicability of key 

formulae, but instead to apply the different ∗ values from this study in a one-

dimensional (vertical) concentration profile model to simply assess the sensitivity of 

SSF predictions.  

The depth-integrated Eulerian-mean SSFs were calculated from local estimates 

of SSF (𝑢 ̅𝑐 )̅ that were determined from time-averaged concentrations (𝑐 )̅ measured 

directly from the suction sample array and the co-located current velocity data (𝑢)̅ 

measured at the time of sediment sampling by the ADP.  We assume that the SSF at the 

lowest measurement point was representative of the fluxes further below, but recognize 

the flux could also be higher in this region.  These discrete estimates were supplemented 

with SSFs calculated using 15-min bursts of velocity and the indirectly measured SSCs 

(calibrated backscatter) from the ADP.   

In order to predict the SSF for different 𝑢∗ values, a SSC profile must be 

determined, which in turn requires prescription of the near-bed reference 

concentration (𝑐0).  We specify the reference concentration using the same empirical 

model of Lee et al. [2004] used earlier (Eq. (3-6)).  The form of the SSC profile is 

commonly represented by various solutions to Eq. (3-5) (e.g., exponential, power law, 

Rouse).  We note that such SSC profiles only consider the diffusion and gravitational 

settling of sediment and do not take into account the advection of sediment from other 

areas.  Here, a commonly employed power-law formulation was used: 

 
𝑐(𝑧) = 𝑐0 (

𝑧
𝑧𝑟𝑒𝑓 )

−𝑃
 (3-7) 

where 𝑧 is the height above the bed and 𝑃 = 𝑤𝑠  𝜅𝑢∗,𝑚𝑎𝑥⁄  is the Rouse parameter.  We 

note that this formulation results in a lower SSC higher in the water column than at the 

bed, which is not consistent with the observations in this experiment.  However, we re-

emphasize here that the purpose of the present analysis is to evaluate the extent to which 

the SSF estimates from established approaches (such as the one described by Eq. (3-7)) 

may deviate from the observations to assess the errors that can be introduced by 

applying conventional sediment transport formulations to these environments.  
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The horizontal velocity (𝑢)̅ used to estimate the SSF was based on values 

measured by the ADP and we determined the SSFs following what was done earlier 

with the field data.  We evaluated four cases, where the 𝑢∗ that was used to calculate 𝑐0 

taken as either  𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ or  𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑  and with the sediment grain size as either the 

𝐷50  in suspension (70 μm) or the seabed 𝐷50 (240 μm).  The shear velocity used to 

calculate the Rouse parameter was 𝑢∗𝑚,𝑟𝑜𝑢𝑔ℎ, which represents the greater mixing 

expected in the water column. 

 

 

Figure 3-12. (a)-(d) Suspended sediment flux (SSF) on the reef flat compared with the 

SSF estimated using a power-law profile with the reference concentration (𝐶0) 

formulation of Lee et al. [2004], 𝐷50= 70 μm or 240 μm and (top) 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ and 

(middle) 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑 . The solid black line indicates 1:1 agreement.  (e) Estimated SSF 

(red) and measured SSF (black) for the duration of the experiment. 
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With the 𝐷50=70 μm observed in suspension, the SSFs estimated using 

 𝑢∗𝑚𝑎𝑥,𝑟𝑜𝑢𝑔ℎ are three orders of magnitude larger than those observed (Figure 3-12a), 

while for the seabed 𝐷50=240 μm the estimated SSF is approximately 1–2 orders of 

magnitude too large (Figure 3-12b).  In contrast, the SSF estimated using the reduced 

𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑  within the roughness and 𝐷50 =70 μm observed in suspension was of the 

correct order of magnitude (Figure 3-12c), an agreement that persisted throughout the 

experiment (Figure 3-12e).  The SSF estimated with the reduced 𝑢∗𝑚𝑎𝑥,𝑏𝑒𝑑 and the 

seabed 𝐷50 =240 μm was underestimated by 1–2 orders of magnitude (Figure 3-12d). 

This sensitivity analysis demonstrates that established methods used to 

estimate SSF will substantially overestimate the flux when the shear stresses are 

estimated from hydrodynamic measurements that include the large form drag exerted by 

the roughness (i.e., when the impact of the roughness layer is not specifically 

considered).  However, if the flow structure within the roughness is considered, the 

estimated SSF for this experiment was much closer and of the correct order of 

magnitude when the appropriate 𝐷50 in suspension is considered.  

3.5.3 Implications for sediment transport predictions 

Existing studies of sediment dynamics in benthic ecosystems with large bottom 

roughness (e.g., coral reefs) still tend to focus on the long-standing framework for how 

sediment dynamics operate over bare sediment beds (e.g. as occurs on sandy beaches).  

There have been considerable advances in predicting how hydrodynamic processes in 

coral reefs are modified by the presence of large bottom roughness (i.e., how the 

roughness affects circulation and wave transformation) with emphasis in these 

hydrodynamic studies generally on correctly representing the hydrodynamic properties 

above the roughness.  This has typically been achieved by adjusting empirical friction 

parameters (e.g., by adjusting bottom drag coefficients in models to account for the 

large bottom roughness [e.g., Lowe et al., 2009a; Van Dongeren et al., 2013]).  While 

this approach may yield a more ‘correct’ reproduction of the hydrodynamic processes 

(at least above the canopy), this approach will greatly overestimate the bed stresses that 
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act on the sediment, which are directly responsible for driving sediment transport. 

Therefore, while the presence of the large roughness has the effect of increasing the 

predicted “bottom” stresses in hydrodynamic models, in reality the roughness would 

actually have the opposite effect on the sediment transport; that is, the roughness 

reduces bed shear stresses and thus suppresses sediment transport.  While more research 

is required to develop robust predictive models of sediment transport in the presence of 

canopies, including how roughness modifies both the turbulent flow structure and bed 

shear stresses, as a starting point this study has demonstrated how reef roughness can 

result in a persistence of finer suspended sediments, lower SSCs and lower SSFs than 

would be predicted from using existing bare-bed sediment transport formulations.  

3.6 Conclusions 
The importance of sediment suspension and transport within coral reef ecosystems is 

well established; however, detailed measurements of sediment suspension and transport 

processes in these environments have been historically very limited.  Consequently, the 

physics employed to describe these processes is typically based upon principles 

developed for sandy beach environments that are extended to reefs with large roughness 

(canopies) without a firm theoretical basis.  We show that such models are likely to 

inaccurately quantify (at even an order of magnitude level) both suspended sediment 

concentrations and sediment fluxes. 

In this study, we conducted a detailed field experiment to investigate the 

turbulent flow structure, SSCs, rates of suspended sediment transport, and size 

distributions of suspended sediment in a coral reef environment under combined wave-

current flow conditions.  The key results of this study are as follows: 

1.  A clear logarithmic velocity layer developed above the reef canopy but did not 

extend into the canopy; instead the velocity profile was inflected and hence the 

flow was reduced in the roughness (canopy) region adjacent to the bed. 
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2.  The shear stresses that arise from the large canopy drag forces imposed on the 

overlying flow do not represent the actual shear stress imparted on the underlying 

bed sediment.  The actual shear stress is substantially smaller than that on a bare 

bed, as demonstrated by the fineness of the suspended fraction and low SSC 

concentrations, which could not have been predicted by traditional models.    

3.  Simple estimation of the wave and current shear stress above and within large 

roughness vastly improves the predictive capability of established formulae for 

the grain size and concentration of suspended sediment in reef systems. However, 

further research is required to improve predictions of the concentration profiles 

observed in this experiment (higher concentrations above the roughness than 

within it) and to develop robust sediment transport formulations that can be 

applied to coral reefs and other analogous ecosystem with large bottom 

roughness. 
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HYDRODYNAMIC DRIVERS OF SPATIAL AND TEMPORAL 

SEDIMENT TRANSPORT VARIABILITY IN A FRINGING 

CORAL REEF 

 

4.1 Introduction 
Coral reefs modify the spatial and temporal variability of hydrodynamic processes (i.e., 

waves and currents) along many of the world’s tropical coastlines, which in turn play an 

important role in controlling rates and pathways of sediment transport that can strongly 

influence adjacent coastal morphology and cause shoreline changes.  

In reef environments, the rapid transition in depth from relatively deep to 

shallow water on the forereef transforms and attenuates incident waves, predominantly 

by wave breaking but also due to bottom friction [e.g., Monismith, 2007].  Incident 

waves that do not break on the forereef are limited by the reef flat water depth [e.g., 
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Gourlay, 1994b; Hardy and Young, 1996b].  As these waves propagate across the reef 

flat and into the lagoon, they can be attenuated by the drag imposed by large bottom 

roughness [e.g., Lowe et al., 2005b] as well as by nonlinear wave-wave interactions 

[e.g., Sheremet et al., 2011; Péquignet et al., 2014].  Ultimately the wave spectrum 

becomes bi-modal across many reefs [Hardy and Young, 1996b] and is usually 

characterised by depth limited short sea-swell waves with periods 5-25 s and longer free 

infragravity waves (periods 25-250 s) that propagate across the reef [e.g., Lugo-

Fernández et al., 1998; Pomeroy et al., 2012a; Harris et al., 2015]. 

Spatial gradients in radiation stress that result from incident wave breaking on 

the forereef [Longuet-Higgins and Stewart, 1964] are balanced by cross-shore pressure 

(wave setup) gradients and mean bottom stresses associated with cross-reef currents 

[e.g., Gourlay, 1996b, 1996d; Massel and Gourlay, 2000; Jago et al., 2007].  For a one-

dimensional reef without a lagoon, the relative magnitude of the wave-driven currents 

depend on radiation stress forcing and are modulated by the incident wave variability, 

changes in the water depth due to the tide, the bottom roughness, and the reef flat width 

[e.g., Symonds et al., 1995; Hearn, 1999; Gourlay and Colleter, 2005].  For fringing 

reefs, these cross-reef currents enter a bounded lagoon where spatial variations in the 

lagoon sea-level (that decreases towards any channels/gaps in the reef [Lowe et al., 

2009a, 2009b]) establishes an alongshore pressure gradient that drives currents that 

return to the surrounding ocean [e.g., Coronado et al., 2007; Taebi et al., 2011]. 

Sediment motion is initiated when bed shear stresses (𝜏) imposed by currents 

and waves on sediment particles exceed a critical threshold that predominantly depends 

on the grain size and sediment density [Shields, 1936].  If the bed is bare (i.e. lacking 

large immobile roughness associated with reef communities), the stresses imposed on 

the sediment can be directly estimated from the overlying currents and waves [e.g., see 

Nielsen, 1992].  However, in the presence of large immobile roughness (often referred 

to as canopies) these stresses can be substantially less due to attenuation of the current 

and waves by the roughness [e.g., Pomeroy et al., submitted; Le Bouteiller and Venditti, 
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2015; Stocking et al., 2016].  Once sediment motion has been initiated, the sediment is 

initially transported as bedload, which may include the migration of bed forms (e.g., 

ripples) [e.g., Van Rijn, 1984a; Traykovski et al., 1999].  When the vertical component 

of turbulent eddies generated near the bed are sufficiently large to overcome the particle 

fall velocity (𝑤𝑠), sediment can be lifted into suspension [e.g., Bagnold, 1966; Francis, 

1973; Van Rijn, 1984b].  If ripples are present, organized vortex shedding can also 

suspend sediment from the bed [e.g., Thorne et al., 2003; O’Hara Murray et al., 2012].  

Sediment in suspension is transported by mean currents or by nonlinear waves until it 

can no longer be supported by the upward vertical component of the turbulent eddies or 

vortices; this sediment then settles out of the water column and is deposited on the bed.  

Thus, the magnitude and duration, as well as the frequency, of sediment transport are 

directly related to the spatial and temporal variability of the hydrodynamic processes 

and the roughness properties of the seabed. 

We hypothesize that the variable hydrodynamic forcing across fringing coral 

reef environments will result in distinct patterns in sediment suspension and affect the 

rates and direction of suspended sediment transport.  The objectives of this study were 

thus to: (1) assess the variability of sea-swell waves, infragravity waves and mean 

currents at different locations and timescales in a fringing reef; (2) quantify the 

magnitude as well as the spatial and temporal variability suspended sediment 

concentrations; and (3) evaluate how the suspended sediment concentrations that were 

observed relate to the prevailing hydrodynamic processes.  

In Section 4.2, we describe the experimental design of the field experiment that 

was conducted on a fringing reef, the instrument setup and methods adopted to analyse 

the results presented in Section 4.3.  In Section 4.4, we discuss how spatial variability in 

hydrodynamic processes in a fringing reef environment affects sediment transport 

processes and pathways.  We conclude with a discussion of the implications of this 

study for the prediction of sediment transport on reefs.  
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4.2 Methods 

4.2.1 Site description 

The field study focused on a ~5 km section of reef near Tantabiddi (21°52'6.03"S, 

113°58'58.26"E, Figure 4-1a) in Ningaloo Reef, Western Australia that (1) was exposed 

to temporally variable incident forcing; (2) had a spatially variable reef structure (reef 

flat with clearly defined breaks and a sandy lagoon); and (3) exhibited roughness that 

was representative of many reef environments worldwide. This section of reef had a 

cross-shore orientation of ~130° (defined as clockwise from true north) and is bounded 

to the north and south by shore-normal channels that cut into the reef crest and outer 

reef flat.  Due to the presence of the large salient at the shoreline in the lee of the reef, 

the location of the reef crest relative to the shoreline varies from 2.0-2.5 km.  The reef 

flat is ~0.6-1.5 m below mean sea level and is ~500 m in width.  The lagoon is generally 

~3 m deep with channels that are up to ~6 m deep.  In contrast to many parts of southern 

Ningaloo Reef that typically have near 100% coral coverage, this site is characterised by 

a mix of macro-algae, coralline algae, sand, and some live coral [Cuttler et al., 2015], 

which makes it typical of many tropical reef systems worldwide. 

4.2.2 Field study 

A 3-week field experiment was conducted that consisted of two main components: (1) a 

detailed study of the hydrodynamics and sediment transport on the reef flat (Chapter 3), 

and (2) a broader-scale hydrodynamic and sediment transport study throughout the reef 

and lagoon.  The results presented in this paper focus on the second component and are 

based on a large instrument array that quantified hydrodynamic processes and sediment 

concentrations spatially throughout the study site [Pomeroy, 2016].  Detailed sampling 

information for each instrument is included in Table 4-1 and a summary follows. 

The instrument array (Figure 4-1b) was deployed for a period of 19 days 

during the austral winter of 2013 (27 July to 14 August).  Incident wave conditions were 



4.2  METHODS 

97 

measured on the forereef at S1 with a 1 MHz Nortek AWAC directional wave 

gauge/current profiler.  A cross-shore transect from near the reef crest to the tip of the 

shoreline salient measured the properties of waves that propagated towards the 

shoreline.  In addition to the wave measurements, current profiles were measured by 

upward facing acoustic Doppler profilers (ADP) towards the back of the reef flat (S2) as 

well as near the shoreline at the tip of the salient (S5).  To evaluate the spatial 

variability in the hydrodynamics due to the reef structure, Acoustic Doppler Current 

Profilers (ADCP) were deployed in the southern and northern reef breaks (S7 and S10).  

We note that due to an instrument failure, only waves from the pressure sensor were 

derived at S10.  Close to the shoreline, ADPs measured current profiles and waves on 

either side of the salient (S8 and S9), and a wave gauge measured the wave conditions 

near the shoreline adjacent to the southern break in the reef (S11).  The wave gauge at 

S3 failed and site S6 is located south of the study area and thus both have been excluded 

 

Figure 4-1 (a) The field study site at Tantabiddi within Ningaloo Reef in north-western 

Australia.  (b) An aerial view of the site (origin: 21.89699°S, 113.96212°E) with the 

locations of the instruments relevant to this study and key bathymetric contours 

indicated. 
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from this study. The wind was measured at the Milyering weather station, 

approximately 20 km north of the site [Australian Institute of Marine Science, 2013]. 

Temporal variability in suspended sediment concentration (SSC) was measured 

on the reef flat (S2), in the lagoon (S4), near the salient (S5) and in the channels (S7 and 

S10) with optical backscatter sensors (OBSs) (Table 4-1).  On the reef flat, these 

instruments were calibrated with direct in situ suction samples that were obtained via a 

5 mm diameter intake that was oriented perpendicular to the dominant mean flow 

direction and pumped to a scaffold platform nearby (Chapter 3).  Based on the intake 

diameter and volume flow rate, the intake flow velocity was approximately 0.6 m s-1, or 

2-3 times greater than measured root-mean-squared (RMS) velocities (see below); 

therefore, errors due to inefficiencies or bias in particle capture are expected to be small 

[Bosman et al., 1987].  The remaining OBSs were calibrated with in situ samples 

obtained with Niskin bottles during the field experiment.  

In addition to the fixed instrument array, Lagrangian drifters (a total of 9-10), 

similar in design to those described by Schmidt et al. [2005], were deployed under 

various conditions to spatially measure transport pathways and velocities.  The position 

of each drifter was recorded at 0.3 Hz by internal Garmin GPS devices (eTrex 10).  The 

drifters were deployed from a boat in pre-defined arrangements to distinguish regions of 

different flow intensities and were permitted to drift until they exited a predefined area, 

became stranded on the beach or drifted past predefined boundaries offshore from the 

channel.  Ten drifter deployments (~2-4 hrs each) were conducted under various wave, 

wind, and tidal conditions.  A subset of these measurements are considered in this study.  

4.2.3 Data analysis 

Hydrodynamic data 

Offshore wave conditions (wave height, period and direction) were measured on the 

forereef (S1) directly by the AWAC acoustic surface tracking, whereas wave conditions 
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on the reef flat and in the lagoon were determined from the pressure time-series using 

linear wave theory.  Directional wave spectra were computed using the Maximum 

Likelihood Method for sites on the forereef, as well as at the sites where ADPs were 

deployed using the Maximum Likelihood Method [Emery and Thomson, 2001].  One-

dimensional surface elevation spectra were derived from pressure time-series at the 

other locations.  From the spectra, the zeroth-moment wave-heights for the shorter-

period (5-25 s) sea-swell waves (𝐻𝑚0,𝑠𝑤) and longer period (25-250 s) infragravity 

waves (𝐻𝑚0,𝑖𝑔 ) were calculated, as well as both the peak period (𝑇𝑃 ) and the weighted-

mean sea-swell wave directions (𝜃) where co-located velocity measurements were 

available.  

The raw ADP velocity measurements were initially filtered based on low signal 

correlations (< 60%) before velocity spikes (e.g., caused by bubbles or debris in the 

sample volume) were removed using a kernel-based despiking algorithm [Goring and 

Nikora, 2002].  Hourly currents were obtained for each ADP by reshaping the data into 

hourly bursts, for which the mean depth-averaged current ( ) speed and direction were 

computed by averaging all samples in a burst in both time and over all vertical bins.  To 

quantify the hourly current variability, a principal component analysis was then 

conducted. 

To evaluate the variability in the currents and its relation to forcing variables 

over longer temporal scales, a low-pass PL66 filter [Beardsley et al., 1985] with a half-

power period of 36 h was applied to the depth-averaged velocity measurements.  The 

residual component (obtained by subtracting the subtidal signals from the original time-

series) is then referred to as the intra-tidal variability with timescales of 1-36 h.  The 

spatial variability of the subtidal and intra-tidal circulation patterns was evaluated for 

the overlapping data using an empirical orthogonal function (EOF) analysis [Emery and 

Thomson, 2001].  We note that the mean (time-averaged) currents were not removed 

from the depth-averaged current time-series; therefore, this analysis maximises the total 

energy rather than the variance [Coronado et al., 2007]. 
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Table 4-1. Instrument site information and sampling configuration 

Site and Depth# Instrument Sampling Information 
S1  (forereef ~10.5 m) Nortek AWAC 1 Hz with 2048 s burst every 3600 s; 

current profile every 5 min, 0.5 m cells; 
velocity sample height: 1.04 m 

RBR Virtuoso D Continuous sampling at 1 Hz; pressure 
sample height: 0.2 m 

SSA (reef flat ~1.3 m) RBR TWR-
2050 

4096 samples at 2 Hz every 3600 ; 
pressure sample height: 0.1 m 

S2  (reef flat ~1.5 m) Nortek ADP-HR Continuous 1 Hz current profile, 25 mm 
cells, velocity sample height: 0.22 m; 
pressure sample height: 0.07 m  

Wetlabs FLNTU 0.29 Hz with 462 samples every 3600 s; 
sample heights: 0.37, 0.64, 0.90 m 

Suction samples Hourly during daylight; SSC sample 
heights: 0.23, 0.27, 0.34, 0.51, 0.76, 1.02 
m. 

S2B (reef flat ~2.1 m) RBR Virtuoso D Continuous sampling at 1 Hz; pressure 
sample height: 0.05 m 

S4 (lagoon ~ 2.7 m) RBR Virtuoso D turbidity samples continuously every 
15 s, height 0.28 m 

Wetlabs FLNTU 0.29 Hz with 462 samples every 3600 s; 
sample heights: 0.37, 0.64, 0.90 m 

S5 (salient ~ 3.5 m) Nortek ADP Continuous 1 Hz current profile, 10 cm 
cells, velocity sample height: 0.40 m; 
pressure sample height: 0.14 m  

Aquatec 210-TY turbidity samples continuously every 
10 s, height 0.55 m 

S7 (south channel ~ 5.4 m) RDI ADCP Continuous 1 Hz current profile, 30 cm 
cells, velocity sample height: 1.07 m; 
pressure sample height: 0.33 m 

Aquatec 210-TY turbidity samples continuously every 
10 s, height 0.67 m 

S8 (south salient ~ 2.3 m) Nortek ADP current profile averaged over 180 s every 
300 s, 10 cm cells, velocity sample 
height: 0.40 m; 2048 pressure samples at 
2 Hz every 3600 s, height: 0.2 m  

S9 (north salient ~ 3.6 m) Nortek ADP current profile averaged over 180 s every 
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300 s, 10 cm cells, velocity sample 
height: 0.40 m; 2048 pressure samples at 
2 Hz every 3600 s, height: 0.2 m 

S10 (north channel ~7.4 m) RDI ADCP Continuous 1 Hz pressure sample height: 
0.75 m. Velocity measurements were not 
obtained due to an instrument fault. 

Aquatec 210-TY turbidity samples continuously every 
10 s, height 0.77 m 

S11 (south channel ~2.3 m) RBR T-Duo 2048 samples at 1 Hz every 3600 s; 
pressure sample height: 0.05 m 

# elevation are relative to the sea bed
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The Lagrangian measurements of the spatial flow pathways obtained from the 

drifters were isolated from the continuous data record and small data gaps were linearly 

interpolated.  The data were then low-pass filtered with a 60 s moving average. 

Suspended sediment concentrations 

Suspended sediment concentrations on the reef flat were determined from suction 

samples obtained at hourly intervals during daylight hours (see Chapter 3 for details).  

The water samples were collected with peristaltic pumps via intake ports located 

perpendicular to the dominant cross-reef flow direction [Bosman et al., 1987] and stored 

in 2 L bottles.  In the lagoon, concentration samples were obtained with 2.5 L Niskin 

Bottle samples adjacent to the OBS instruments.  The samples were vacuum filtered 

onto pre-weighed membrane filters (Whatman ME27, 0.8 μm), dried (75°C for 24 hrs) 

and weighed in order to calculate SSCs.  The known SSCs along with resuspended bed 

samples obtained at each instrument were then related to the backscatter measured by 

the instruments via linear regression (Table 4-2).  We note that for the ADP, this 

backscatter was corrected for acoustic decay [e.g., Ha et al., 2011] prior to the 

regression analysis. 

The SSC variability at short time scales (< 1 hr) was quantified by calculating 

the 1st and 3rd concentration quartiles from the hourly bursts of data.  To evaluate the 

SSC variability over longer timescales, the means of shorter bursts of data (15 min) 

were calculated to form a decimated time-series that was then analysed with the 

Singular-Spectrum Analysis technique [e.g., Vautard et al., 1992; Schoellhamer, 2002].  

This technique identifies a set of uncorrelated time-dependent variables that describe 

different fractions of the original signal variance.  An advantage of this analysis 

technique in comparison to other techniques (such as Empirical Orthogonal Analysis) 

for suspended sediment concentration analysis is that this technique enables trends as 

well as periodic or quasi-periodic components to be identified that may also be 

amplitude modulated.  In our analysis we use a window period of M=36 h, which 
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enabled the decomposed SSC to be compared with the hydrodynamic data and 

periodicities within the range of ~7-36 hours to be identified [e.g., Vautard et al., 1992]. 

 

Table 4-2. Calibration parameters used for the linear conversion of the ADP and 

OBS backscatter data (𝐵𝑘) to suspended sediment concentrations (SSC). 

Site (instrument) 
Calibration Equation 

[mg/L] 
R2 n 

S2 (ADP) 𝑆𝑆𝐶 = 0.052 𝐵𝑘 − 2.68 0.61 35 
S5 (OBS) 𝑆𝑆𝐶 = 21.34 𝐵𝑘 − 2.22 0.99 12 
S7 (OBS) 𝑆𝑆𝐶 = 4.78 𝐵𝑘 + 0.59 0.99 9 

S10 (OBS) 𝑆𝑆𝐶 = 11.67 𝐵𝑘 − 3.21 0.99 12 
Note: calibration for the OBS instruments was conducted between the measured concentration and the 
instrument’s recorded FTU.  

 

Shear stresses exerted on the bed sediment 

The total hydraulic resistance (𝜏𝑡𝑜𝑡𝑎𝑙) that a rough seabed exerts on an overlying flow is 

often partitioned into two components: (1) a bed shear stress component (𝜏𝑏𝑒𝑑) due to 

the frictional resistance of the bed sediment; and (2) a form drag component (𝜏𝑑𝑟𝑎𝑔) that 

is due to bed roughness that may be mobile (e.g., sand ripples [e.g., Van Rijn, 2007a]) or 

immobile (e.g., coral structures or aquatic vegetation [e.g., Le Bouteiller and Venditti, 

2015]): 

 𝜏𝑡𝑜𝑡𝑎𝑙 = 𝜏𝑏𝑒𝑑 + 𝜏𝑑𝑟𝑎𝑔  (4-1)

In the presence of relatively small roughness (e.g., sand grains), 𝜏𝑑𝑟𝑎𝑔  is small and 

𝜏𝑡𝑜𝑡𝑎𝑙 ≈ 𝜏𝑏𝑒𝑑 ;  𝜏𝑏𝑒𝑑  can be reasonably estimated from hydrodynamic measurements 

higher in the water column.  However when the bed roughness is large, 𝜏𝑑𝑟𝑎𝑔  can be 

substantially greater than 𝜏𝑏𝑒𝑑  and the shear stress estimated from hydrodynamic 

measurements obtained above the roughness is larger than the stress exerted on the 

sediment (see Chapter 3).  Thus, the suspension and transport of sediment by waves and 

currents is reduced when compared to the same processes over a bare sediment bed. 
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The direction of the waves and currents were computed separately so that the 

angle between the waves and currents could be considered in the calculation of 𝑢∗.  For 

each hourly burst of data, the mean current (𝑢)̅ speed and direction were computed.  

The mean current vector was then removed from each velocity record and the (residual) 

oscillatory velocity data rotated into a coordinate system that maximized the velocity 

variance along the primary axis. In this coordinate system, the wave (𝑢)̃ velocities were 

determined.  

For each frequency band, a representative maximum near-bed horizontal 

orbital velocity 𝑢�̃�,𝑟 was calculated [Madsen et al., 1988; Madsen, 1994]: 

 

𝑢�̃�,𝑟 =
⎷
√√
√

∑ 𝑢�̃�,𝑛
2

𝑁

𝑛=1
 (4-2) 

where 𝑢�̃�,𝑛 is the horizontal orbital velocity measurement of the nth component.  On the 

reef flat (S2), where large bottom roughness affects the waves and currents close to the 

bed, the velocity measurement obtained within the roughness was used (consistent with 

Chapter 3).  In the lagoon (where there was an absence of large roughness near the 

measurement locations), the velocity measured closest to the bed was used at S5 and S7, 

while at S10 𝑢�̃�,𝑛 was inferred from the pressure data using linear wave theory due to the 

absence of high-frequency velocity measurements:  

 
𝑢�̃�,𝑛 =

𝛼𝑛𝜔𝑛
sinh 𝑘𝑛ℎ

 (4-3) 

where 𝜔𝑛 is the radian frequency and 𝑎𝑛 is the nth component of the wave amplitude as 

determined by 𝑎𝑛 = √2𝑆𝑛𝑑𝑓 .  The representative wave radian frequency was defined 

as:  

 
𝜔𝑟 =

∑ 𝜔𝑛𝑢�̃�,𝑛
2𝑁

𝑛=1

∑ 𝑢�̃�,𝑛
2𝑁

𝑛=1
 (4-4) 

At each of the sites where SSC was estimated, the shear velocity 

∗ = ⁄  based on seawater density ( ), exerted on sediment at the bed was 

estimated. The wave-current boundary layer theory of Grant and Madsen [1979] was 



4.2  METHODS 

105 

used to calculate ∗ as it accounts for the enhancement of the bed shear velocity due to 

the nonlinear superposition of both waves ( ∗  ) and mean currents ( ∗ ).  The mean of 

the enhanced shear velocity ( ∗ ) is larger than pure current shear velocity, and the 

maximum of the enhanced shear velocity ( ∗ ) is larger than the vector summation 

of ∗  and ∗  [e.g., Soulsby and Clarke, 2005].  The Grant and Madsen [1979] 

approach was generalized for spectral conditions by Madsen et al. [1988] and Madsen 

[1994], where representative parameters are used that place more weight on the 

frequency components that contain more wave energy.  To understand the relative 

importance of sea-swell and low-frequency waves to the shear stress imposed on the 

bed, we also calculated shear velocity for both sea-swell 𝑢∗𝑠𝑤 and low-frequency 𝑢∗𝑖𝑔 

waves in the presence of a current from a spectral decomposition of the wave time-

series.  

To determine the representative wave friction factor 𝑓𝑤𝑐 , we followed Madsen 

[1994] and assumed that the monochromatic friction formulae (such as that proposed by 

Swart [1974]) can be extended to spectrally distributed waves by applying such 

formulae to each frequency component.  In this study, we used the revised friction 

formulae proposed by Madsen [1994] to calculate 𝑓𝑤𝑐  for the representative periodic 

wave defined by sea-swell and infragravity frequencies.  Implicit in this assumption is 

that the representative hydraulic roughness length 𝑘𝑟 is constant, which was found to be 

valid in laboratory experiments by Mathisen and Madsen [1999] and reasonable in field 

observations over a coral reef flat by Lowe et al [2005c].  

In Chapter 3, it was demonstrated that the stresses imposed by large immobile 

roughness  on the waves and currents above the roughness are unrelated to the 

suspension and transport of sediment on the reef flat at S2.  Rather, the size of the 

sediment grains within the roughness was more relevant.  To evaluate the spatial 

differences in the shear stresses imposed on sediment grains, we defined 𝑘𝑟 using the 

Nikuradse roughness (𝑘𝑟 = 𝑘𝑁 = 2.5𝐷50)  with a constant median grain size 

(𝐷50 = 240 μm) so that the spatial variability in 𝑢∗ is only due to differences in 

hydrodynamics at different locations.  On the reef flat, the 𝐷50 used in this analysis was 
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similar to that measured on the bed between the large immobile roughness, while in the 

lagoon the sediment on the bed was typically finer (Figure 4-11). 

Relative importance of waves and currents 

To assess the relative importance of different hydrodynamic processes (i.e., mean 

currents, sea-swell waves and infragravity waves) to sediment transport throughout the 

reef, we assumed that the transport of sediment responds in a quasi-steady manner to the 

time-varying flow induced by waves as they propagate over the reef towards the shore.  

In this context, the third velocity moment (𝑢3) was decomposed (see also Section 2.2.2) 

on the reef flat (at S2) and in the lagoon near the salient (at S5). This velocity moment 

quantifies the nonlinearity of the near-bed velocity, which contributes the transport 

sediment either onshore or offshore [e.g., Bailard, 1981; Guza and Thornton, 1985; 

Roelvink and Stive, 1989], and is commonly used to assess the relative importance of 

different transport mechanisms (in a wave-averaged sense) on beaches [e.g., Roelvink 

and Stive, 1989; Marino-Tapia et al., 2007].    

To evaluate the contributions of mean currents, sea-swell waves and 

infragravity waves to this moment, the velocity ( ) measured in the three cells closest 

to the bed was bandpass filtered to obtain mean ( ), sea-swell ( ) and infragravity 

( ) wave contribution to the velocity. The velocity signals were then substituted into 

 and expanded to produce the 10 terms in Table 4-3.  These terms are often 

interpreted as representative of different sediment transport processes whereby each 

term consists of a component that can be associated with an ‘entrainment’ process ( ∝ ) and an advection process ( ) [e.g., Roelvink and Stive, 1989; Marino-Tapia et 

al., 2007; see also Chapter 2].  These decomposed terms cannot be directly compared as 

they do not account for the frequency dependent nature of bed shear stress or the 

complex processes within the near-bed boundary layer.  However, they can be used to 

obtain a reasonable estimate of which physical processes may contribute to the transport 

of sediment.   
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Table 4-3. Third order moment decomposition of the velocity (𝑢).  The dominant 

terms are later (Section 4.3.4) found to be those highlighted by the *. 

Term Composition Description 
M1* 𝑢3̅ mean velocity cubed 
M2 〈𝑢�̃�𝑤

2 𝑢�̃�𝑤〉 skewness of sea-swell waves 
M3 3〈𝑢𝑠𝑤

2 𝑢𝑖𝑔〉 correlation of sea-swell wave variance and infragravity wave velocity 
M4 3〈𝑢�̃�𝑔

2 𝑢�̃�𝑤〉 correlation of infragravity variance and sea-swell wave velocity 
M5 〈𝑢�̃�𝑔

2 𝑢�̃�𝑔〉 skewness of infragravity waves 
M6* 3〈𝑢�̃�𝑤

2 〉𝑢 ̅ entrainment by sea-swell waves and transport by mean flow 
M7* 3〈𝑢�̃�𝑔

2 〉𝑢 ̅ entrainment by infragravity waves and transport by mean flow 
M8 6〈𝑢�̃�𝑤𝑢�̃�𝑔〉𝑢 ̅ six way correlation 
M9 3〈𝑢�̃�𝑤〉𝑢2̅ time-average of sea-swell wave oscillatory component 
M10 3〈𝑢�̃�𝑔〉𝑢2̅ time-average of infragravity wave oscillatory component 

 

4.3 Results 

4.3.1 Forcing conditions 

During the first part of the experiment (1-5 August 2013), the offshore wave heights 

(𝐻𝑚0,𝑠𝑤) measured on the forereef at S1 were small and relatively constant (~0.7-1.2 m, 

Figure 4-2a).  Two larger swell events (6-8 August 2013 and 9-11 August 2013) 

occurred during the latter part of the experiment, with maximum wave heights reaching 

~2.5 m during both events.  Tp ranged from 12 s during the smaller wave conditions and 

up to 19 s during the larger swell events (Figure 4-2b).  The ,  measured 

throughout the experiment originated from ~280° (~30° from the cross-reef direction 

which is 309°, Figure 4-2c) with very little variation in  observed when the swell 

events occurred (±10°).  The water depth (Figure 4-2d) varied over the duration of the 

experiment and ranged from ~0.6-1.2 m near spring tide.  The wind (Figure 4-2e, f) 

predominantly consisted of two states: (1) offshore-directed winds and (2) an 

approximately alongshore wind from the south.  Periods with offshore-directed winds 

persisted for a large proportion of the experiment with speeds of 2-8 m s-1.  Later in the 
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experiment, distinct periods of alongshore winds with speeds of 4-5 m s-1 were 

measured.  Overall, the wind tended to be greater at the start and end of the experiment 

and did not increase with the first swell event; however, the wind increased with the 

arrival of the second swell event. 

4.3.2 Waves and currents 

Sea-swell waves 

The height of the sea-swell waves (𝐻𝑚0,𝑠𝑤) rapidly dissipated near the reef crest, which 

resulted in a fairly consistent wave climate on the reef and in the lagoon (Figure 4-3a).  

The 𝐻𝑚0,𝑠𝑤 measured on the reef flat were depth-limited, thus strongly correlated with 

the reef flat water depth (R=0.99), and were on average only ~25% of the 𝐻𝑚0,𝑠𝑤 

measured on the forereef at S1.  In contrast, the waves that entered through the channels 

were approximately twice as large as those measured on the reef flat and were linearly 

correlated (R=0.97-0.99) to the offshore forereef 𝐻𝑚0,𝑠𝑤 and thus not strongly tidally 

modulated (Figure 4-3c). While the 𝐻𝑚0,𝑠𝑤 measured in the center of the lagoon (S4) 

was smaller than on the reef flat and in the channels (~14% of the 𝐻𝑚0,𝑠𝑤 measured at 

S1), closer to the shoreline the 𝐻𝑚0,𝑠𝑤 slightly increased again due to refraction of the 

waves that originated from the channels toward the salient (e.g., at S8, Figure 4-3c).  

This refraction resulted in some wave direction variability at the tip of the salient but on 

either side of the salient the wave direction was almost perpendicular to the shoreline.  

While the 𝐻𝑚0,𝑠𝑤 along the shoreline was similar throughout the study site (~20% of the 

𝐻𝑚0,𝑠𝑤 at S1), directly behind the reef the 𝐻𝑚0,𝑠𝑤 were correlated with the reef flat 

water depth (R=0.80-0.92) while opposite the break in the reef (S11) the waves were 

correlated (R=0.98) with the forereef 𝐻𝑚0,𝑠𝑤. 
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Figure 4-2. The offshore (a) swell wave height !"0,#$ , (b) peak wave period !" , (c) 

peak incident wave direction *, and (d) water depth measured on the forereef at S1.  The 
horizontal dashed line in (c) denotes the cross-reef direction.  (e) The 10 min mean wind 

speed and (f) the direction !"#$%  measured at Milyering weather station. The horizontal 

dashed line in (f) indicates the offshore wind direction.  The shaded bars refer to drifter 
deployments in Figure 4-5. 
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Infragravity waves 

The height of the infragravity waves (𝐻𝑚0,𝑖𝑔) were largest on the reef flat near the reef 

crest (S2A, Figure 4-3b) and, in contrast to the 𝐻𝑚0,𝑠𝑤, were not strongly modulated by 

the tidal elevation but instead were correlated (R=0.95) with offshore 𝐻𝑚0,𝑠𝑤 (Figure 

4-3d).  As a consequence, the 𝐻𝑚0,𝑠𝑤 on the reef flat were larger than the 𝐻𝑚0,𝑖𝑔 during 

high tide, but were similar or smaller in height at low tide as well as during the larger 

swell events. 𝐻𝑚0,𝑖𝑔 in the channels were also correlated (R=0.88-0.97) with the 𝐻𝑚0,𝑠𝑤 

at S1 but were smaller than the 𝐻𝑚0,𝑖𝑔 measured on the reef flat (typically ~60-70% of 

the 𝐻𝑚0,𝑖𝑔  measured at S2A, Figure 4-3b). The 𝐻𝑚0,𝑖𝑔  decreased as the waves 

propagated through the lagoon towards the shoreline where the waves were ~50-70% of 

the height measured at S2A.  

 

Figure 4-3. The (a) swell wave height 𝐻𝑚0,𝑠𝑤 normalized by 𝐻𝑚0,𝑠𝑤 at S1 with the 

mean wave direction indicated by the white arrows (b) infragravity wave height 𝐻𝑚0,𝑖𝑔 

at different measurement locations normalized by 𝐻𝑚0,𝑖𝑔 at S2A.  Time-series of the (c)  

𝐻𝑚0,𝑠𝑤 and (d) 𝐻𝑚0,𝑖𝑔 on the reef flat at S2 (red), in the lagoon at S8 (blue) and in the 

channel at S7 (purple).  The normalized wave height is indicated by the colorbar (no 
units). 



4.3  RESULTS 

111 

Currents 

The mean currents on the reef flat (S2) were consistently cross-shore directed 

throughout the duration of the experiment (Figure 4-4).  In contrast, the mean currents 

varied considerably in magnitude and direction near the salient (S5), while on either 

side of the salient at S8 and S9 the mean flow remained smaller than at S2 and was 

oriented mostly parallel to the adjacent shoreline.  Less directional variability was 

observed on the northern side of the salient (S9) than on the southern side (S8).  In the 

southern channel (S7), the mean flow was offshore through the channel but at shorter 

timescales could be directed either offshore or onshore. 

The subtidal (low-pass filtered) component of the currents revealed two flow 

patterns. The first flow pathway was directed across the reef flat towards the salient 

where it diverged near the salient and returned to the ocean via the two channels  

 

Figure 4-4. Hourly mean depth-averaged current data (blue) with the experiment-

averaged mean current vector indicated by the arrows.  The ellipses (red) indicate the 

direction of the major and minor semi-axes of variability. The scale of the ellipse 

represents one standard deviation along each semi-axis. 
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Figure 4-5. (a) The first (red) and second (blue) 36 hr empirical mode of subtidal 

current variability along with (b) the amplitude of the respective modal amplitude time-

series from the EOF analysis.  To facilitate comparison of the two modes, the amplitude 

of the arrows and amplitude time-series have been scaled to that the arrows are equal in 

magnitude at S8 (c) The alongshore wind speed 𝑉𝑤𝑖𝑛𝑑  and (grey) averaged over 10 min 

and (blue) at subtidal temporal scales.  (red) The forereef sea-swell wave height 

(𝐻𝑚0,𝑠𝑤).  The grey shading indicates the drifter experiments shown in (d) and (e). (d-

e)  Surface current Lagrangian drifter trajectories measured for different forcing and 

tidal states (indicated in Figure 4-2).  The white arrow denotes the wind magnitude and 

direction.  The velocity of the drifters is indicated by the colour of the drifter track and 

described by the colourbar (in m s-1). 

 



4.3  RESULTS 

113 

(Figure 4-5a); thus similar to the experiment-averaged current vectors in Figure 4-4 as 

well as the path of the Lagrangian drifters shown in Figure 4-5d.  This mode accounted 

for ~95% of the current variability (Figure 4-5a, Mode 1).  The amplitude time-series 

indicated that this pathway was prevalent throughout most of the experiment and 

becaome intensified during the swell events (Figure 4-5b).  The amplitude time-series 

also had a strong correlation (R=0.97) to the forereef 𝐻𝑚0,𝑠𝑤, which was maximum at 

zero phase lag (Figure 4-5c). 

The second flow pathway identified by the subtidal analysis (Mode 2, Figure 

4-5a) was consistently directed northward along the shoreline. However, for much of 

the experiment this mode was insignificant except at both the start and end of the 

experiment (Figure 4-5b).  For this mode to dominate the flow variability, the forereef 

waves needed to be small (so that the cross-reef flow was also reduced) and the 

alongshore wind from the south needed to be relatively strong.  Early in the experiment 

(prior to 02-Aug) these conditions were satisfied (Figure 4-5c), although we note that 

there was a lag in the response of the lagoon flow and the alongshore wind.  Later in the 

experiment (08-09 Aug) the response was clearer and the maximum correlation 

indicated that the alongshore wind and lagoon flow were in-phase (Figure 4-5c).  It was 

during these conditions that the drifters also measured a northward flow (Figure 4-5e).  

We note that the wind was directed in a similar direction to flow mode 1 with 

approximately the same magnitude; but only the offshore wave height differed.  It is 

possible that a similar flow mode (except directed to the south) may also occur with a 

relatively strong wind from the north however, these conditions were not measured in 

this experiment. 

The intra-tidal portion of the current variability could also be mostly described 

by two flow patterns. The first flow pattern, which accounted for ~54% of the intra-tidal 

current variability, was directed through the channel and northward within the lagoon 

(Mode 1, Figure 4-6a).  Very little cross reef flow, where the water depth is shallower 

and friction larger, was associated with this flow pattern.  The amplitude of this mode 
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(Figure 4-6b) was predominantly associated with the semi-diurnal tidal constituent 

(R=0.80) and led the tidal surface elevation (Figure 4-6c) by 3 hrs.  The second flow 

pathway (Mode 2, Figure 4-6a) was across the reef flat, along the shoreline and through 

the channels.  The amplitude of this mode was 180° out-of-phase with the tidal surface 

elevation (Figure 4-6c, R=0.71).  The magnitude of the flow was highest at low water 

depths and decreased as the water depth on the reef flat increased, which is consistent 

with flow induced by wave-breaking on the reef.  

Thus, while currents measured on the reef and in the lagoon were modulated at 

intra-tidal timescales, it is evident that the mean flow pathways were predominantly due 

to wave-driven currents generated by the incident wave conditions at sub-tidal 

timescales.  However, when the offshore wave conditions decrease sufficiently in 

magnitude, the relative importance of wind stress increased and the circulation 

occasionally became wind-driven. 

 

 

Figure 4-6. (a) The first (red) and second (blue) empirical model intra-tidal current 

variability along with (b) the respective modal amplitude time-series.  To facilitate 

comparison of the two modes, the amplitude of the arrows and amplitude time-series 

have been scaled to that the arrows are equal in magnitude at S8. (c) The tidal variation 

measured on the forereef. 
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Bed shear velocities 

The mean wave-current shear velocity ∗  was greatest on the reef flat at S2, while in 

the lagoon the ∗  near the tip of the salient at S5 was substantially smaller (~55% of 

the  ∗  measured at S2, Figure 4-7a).  North and south of the salient, less reduction in 

∗  was observed despite these sites being located at a similar distance from the 

shoreline as well as in a similar water depth as S5.  The ∗  in the southern channel at 

S7 was slightly higher than the lagoon stations but remained smaller than at S2.  A 

similar spatial distribution was observed for the maximum wave-current shear stress 

∗ , except that the largest values were observed at S7 in the channel and not at S2 

(Figure 4-7b).   

The maximum wave-current shear velocity for sea-swell wave frequencies 

∗ ,  was modulated by the tide and consistently greater at S2 than at S5 (Figure 

4-7c).  The infragravity wave-current shear velocity ∗ ,  was also larger at S2 than 

at S5 and while ∗ ,  varied with the water depth (Figure 4-7d), this modulation was 

weak and predominantly occurred during the two swell events.  During these swell 

events, both ∗ ,  and ∗ ,  were enhanced but irrespective of the incident 

conditions, ∗ ,  was always less than ∗ ,  at both locations despite the 

increased importance of infragravity wave frequencies to the wave height in the lagoon 

at different times during the experiment (Figure 4-3).   

4.3.3 Suspended sediment concentration variability 

Early in the experiment when the waves were low (1– 6 Aug), the SSC on the reef flat 

at S2 varied from ~0.5 mg L-1 at low tide to ~2-3 mg L-1 at high tide (Figure 4-8b).  

During the larger swell events spanning 5-8 Aug and 9-12 Aug, the SSCs were 

consistently higher and peaked at ~8 mg L-1 but continued to vary with tidal phase 

(Figure 4-8a).  In contrast, in the lagoon near the tip of the salient (S5), the suspended 

sediment was almost twice as large and ranged from ~2 mg L-1 at low swell conditions 

to ~4-20 mg L-1 during the larger swell events (Figure 4-8c).  The influence of the large 
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swell events can be clearly distinguished as well as the tidal variability that was also 

observed at S2, although at S5 the tidal signal was much stronger. 

The temporal decomposition of the SSC time-series at S2 using Singular-

Spectrum Analysis (SSA) revealed that ~94% of the variability is described by two 

modes (Figure 4-9b).  The first mode accounted for ~85% of the variance in the SSC, 

and was strongly correlated with subtidal variability in the offshore wave conditions 

(R=0.96) with zero lag between the forereef 𝐻𝑚0,𝑠𝑤 (Figure 4-9a) and the SSC.  A 

further ~9% of the SSC variance occurred at semi-diurnal tidal timescales (Figure 4-9b). 

 

 

Figure 4-7. The near bed (a) mean wave-current shear velocity 𝑢∗𝑚  and the (b) 

maximum wave-current shear velocity 𝑢∗𝑚𝑎𝑥.  The colorbars denote the shear velocities 

in m s-1.  Note (a) and (b) have a different color scale. The maximum wave-current shear 

velocities near the bed on the reef flat at S2 (red) and in the lagoon near the tip of the 

salient at S5 (blue) for (c) sea-swell wave-current conditions 𝑢∗𝑚𝑎𝑥,𝑠𝑤  and (d) 

infragravity wave-current conditions 𝑢∗𝑚𝑎𝑥,𝑖𝑔 .  
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Figure 4-8. (a) Incident wave forcing (𝐻𝑚0) and tidal conditions (MWL) on the forereef 

at S1.  Hourly mean suspended sediment concentrations are shown in red on (b) the reef 

flat at S2, (c) in the lagoon at S5, (d) in the southern channel at S7 and (e) in the 

northern channel at S10.  The lower limit represents the 1st quartile while the upper limit 

indicates the 3rd quartile for each hourly burst of data. Note the different y-axis scale in 

(c). 
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Figure 4-9. (a) Incident wave forcing (𝐻𝑚0) and tidal conditions (MWL) on the forereef 

at S1.  Decomposed time-series from Singular Spectral Analysis (M=36 hrs) of the two 

modes that explained the majority of signal variance (b) reef flat at S2, (c) lagoon at S5, 

(d) southern channel at S7 and (e) northern channel at S10. 
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Similar modes of SSC variability were also observed in the measurements at 

S5 (Figure 4-9c), where ~90% of the variability could again be explained by two modes 

that consisted of a dominant subtidal mode that varied with the offshore wave 

conditions (R=0.88) and a semi-diurnal tidal mode.  In contrast to the SSC measured at 

S2, the SSC at S5 was consistently higher and exhibited greater variability with both the 

tidal phase and the two offshore swell events measured in the experiment.  

The SSC measured in the southern channel (S7) ranged from ~3 mg L-1 at low 

tide to ~5 mg L-1 at high tide when the waves were small (Figure 4-8d).  However, 

during the larger swell events (Figure 4-8a), the concentration was substantially greater 

with a peak hourly mean of ~80 mg L-1.  This was an order of magnitude larger than 

what was measured at S2 and approximately four times larger than that measured at S5.  

A similar pattern in the SSC variability was also measured at S10, except that the 

magnitude was smaller (Figure 4-8e).  At both channel locations, the temporal 

decomposition of the SSC time-series using SSA revealed that most of the SSC 

variability occurred at subtidal timescales (82-93%, Mode 1 in Figures 4-8d and e).  

During the swell events, a modulation of the SSC was also observed over shorter time 

periods (particularly at S7) where the SSC varied at semi-diurnal timescales; however 

this variability only accounted for 8% of the total SSC variability (Mode 2 in Figures 4-

8d). Similar variability was also observed during the swell events at S10 but this signal 

was very weak.  

4.3.4 Relative importance of waves and currents 

The decomposed third velocity moment (𝑢3) was used to further investigate the relative 

importance of sea-swell waves, infragravity waves and currents to the nonlinearity of 

the nearbed velocities relevant to sediment transport.  On the reef flat at S2 (Figure 

4-10b), the term that represented sea-swell waves combined with mean currents 

(3〈𝑢𝑠𝑤
2 〉𝑢)̅ was substantially larger than the other terms throughout most of the 

experiment.  However, as water depth on the reef flat decreased (Figure 4-10a), 3〈𝑢𝑠𝑤
2 〉𝑢 ̅

also decreased and the contribution of infragravity waves combined with mean currents 
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(3〈𝑢𝑖𝑔
2 〉𝑢 ̅), as well the mean currents alone 𝑢3̅, increased. While there appeared to be an 

upper limit to the relative contribution by 3〈𝑢𝑖𝑔
2 〉𝑢 ̅, during the larger swell events the 𝑢3̅ 

made a substantial and in some cases dominant contribution to . 

3〈𝑢𝑠𝑤
2 〉𝑢 ̅was also the dominant term throughout the entire experiment in the 

lagoon at S5 (Figure 4-10c). The contribution to  made by the remaining two terms 

was different to that observed at S2. 3〈𝑢𝑖𝑔
2 〉𝑢 ̅was constant and relatively low throughout 

the experiment while 𝑢3̅ varied from almost no contribution at higher tidal states to a 

contribution slightly greater than 3〈𝑢𝑖𝑔
2 〉𝑢 ̅.  There was very little impact on the relative  

 

Figure 4-10. (a) Incident wave forcing (𝐻𝑚0) and tidal conditions (MWL) on the 

forereef at S1.  The normalized magnitude of the decomposed third velocity moment 

terms on (a) the reef flat at S2 and (b) in the lagoon at S5.  See Table 4-3 for term 

definitions.  Note that other terms in the decomposition were negligible and have not 

been shown for clarity.  
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weighting of the various terms during swell events, except that the contribution by 𝑢3̅ 

began to correlate with the offshore wave height and not to the mean water depth. 

These results suggest that on a reef flat, sea-swell waves, infragravity waves 

and mean currents may at times all make an important contribution to transport of 

sediment, especially at different tidal states. However, despite the relative increase in 

the importance of infragravity waves in fringing reef lagoons, these results suggest that 

sea-swell waves might continue to remain an important, and even a dominant, 

contributor to the nonlinearity of the near bed velocity and thus may remain a key driver 

of sediment transport.  

4.4 Discussion 
Numerous studies have measured suspended sediment concentrations for a wide range 

of reefs in the Caribbean [e.g., Hubbard, 1986], the Pacific Ocean [e.g., Ogston et al., 

2004; Storlazzi et al., 2004; Presto et al., 2006; Vila-Concejo et al., 2014] and the 

Indian Ocean [e.g., Morgan and Kench, 2014].  However, these studies have not 

focused on how different hydrodynamic mechanisms contribute to spatial patterns in 

sediment transport across a reef-lagoon system.  This field study provides new 

quantitative insight into the relative importance of sea-swell waves, infragravity waves 

and mean currents, and how these processes relate to the temporal and spatial variability 

of shear stress and SSCs in fringing reef environments. 

In this study, both sea-swell and infragravity waves on the forereef and in the 

channels varied over subtidal timescales.  However, on the reef flat and in the lagoon, 

the sea-swell waves varied mostly at intratidal timescales whereas the infragravity 

waves varied mostly at subtidal timescales.  The mean currents predominantly varied at 

subtidal timescales but were modulated in both magnitude and direction at intra-tidal 

timescales.  The SSC also varied in magnitude at both subtidal and intra-tidal timescales 

at all measurement locations.  The SSCs measured on the reef flat were consistently 

lower than the SSC measured within the lagoon and channel regions.  The increased 

concentration in the channels can likely be explained by the much larger waves that 
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could propagate into the channels, which resulted in higher maximum wave-current 

shear stresses (𝑢∗,𝑚𝑎𝑥).  However, the difference in the magnitude of the concentration 

between the reef flat at S2 and the lagoon near the salient at S5 is of particular interest 

because many fringing reef lagoons are often thought to have insufficient energy to 

suspend new sediment [e.g., Brander et al., 2004]; the SSC was expected to be lower in 

the lagoon than on the reef flat.  There are broadly three possible explanations for 

greater SSCs near the salient when compared to the reef flat: (1) spatial differences in 

hydrodynamic processes, (2) the presence of large bottom roughness on the reef flat, 

and (3) the availability of sediment that may be suspended, which is a function of the 

grain size distribution of bed sediment.  Here we consider each of these explanations in 

the context of the field data. 

4.4.1 Influence of different hydrodynamic processes 

Hydrodynamic processes affect suspended sediment concentrations by locally 

suspending sediment from the bed and/or advecting sediment suspended in the water 

column.  It is therefore of particular interest to compare the relative importance of the 

sea-swell waves, infragravity waves and currents on the reef flat to those in the lagoon, 

and how they may relate to the measured SSC.  

An intra-tidal modulation of 3〈𝑢𝑠𝑤
2 〉𝑢 ̅was observed in the nearbed velocity 

skewness, which decreased as the water depth on the reef flat decreased.  This reduction 

is consistent with decreased sea-swell wave heights on the reef flat as larger waves 

break on the forereef, which limits the propagation of larger swell waves onto the reef 

flat [e.g., Gourlay, 1994b; Hardy and Young, 1996b].  At lower water depths, the 

increase in the relative contribution of infragravity waves combined mean currents 

(3〈𝑢𝑖𝑔
2 〉𝑢 ̅) as well as mean currents alone 𝑢3̅ suggests that these processes may become 

important.  The increased contribution made by these terms is consistent with: (a) the 

relative increase in the importance of infragravity waves in reefs due to short wave 

breaking and bed friction [e.g., Pomeroy et al., 2012a; Harris et al., 2015]; and (b) the 
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intensification of the cross-reef currents in these environments [e.g., Lowe et al., 2009b; 

Taebi et al., 2011].  These velocity moment observations are also consistent with the 

laboratory experiment (Chapter 2, [Pomeroy et al., 2015]), which demonstrated that on 

the rough reef flat 3〈𝑢𝑠𝑤
2 〉𝑢 ̅was the dominant term at deep water but that 3〈𝑢𝑖𝑔

2 〉𝑢 ̅ made 

an increased contribution to  at shallow water depths.  Although in that laboratory 

experiment, the Eulerian flow was directed offshore as a return current whereas in the 

field data described by this experiment the Eulerian flow was onshore directed due to 

the presence of the channels.  However, the reduction in SSC at lower water depths 

suggest that these processes do not play a substantial role in governing the SSC on the 

reef flat.  Estimation of the shear velocity exerted on the bed by infragravity 𝑢∗𝑚𝑎𝑥,𝑖𝑔 and 

sea-swell waves 𝑢∗𝑚𝑎𝑥,𝑠𝑤  demonstrated that despite the increased importance of 

infragravity waves to the overall wave height on the reef flat, 𝑢∗𝑚𝑎𝑥,𝑖𝑔 imposed on the 

bed sediment within the roughness was consistently smaller than that imposed by 

𝑢∗𝑚𝑎𝑥,𝑠𝑤.  This is due to the longer period of the infragravity waves, which reduces the 

near bed velocity of these waves as well as the bed friction factor when compared to a 

shorter period wave of similar height [e.g., Madsen, 1994].  Thus, while the infragravity 

waves may increase in relative importance (as measured by nearbed velocity skewness), 

the impact of these waves as measured by the shear velocity at the bed, suggests that 

these waves are less important to sediment transport processes – at least when 

considered independently of the sea-swell waves.   

In the lagoon, 3〈𝑢𝑠𝑤
2 〉𝑢 ̅was consistently the largest contributor to the nearbed 

velocity skewness.  While the dissipation of infragravity waves across the reef and 

lagoon observed in this experiment may have contributed to the dominance of 3〈𝑢𝑠𝑤
2 〉𝑢,̅ 

the two-dimensional nature of the hydrodynamic processes at this site enabled greater 

sea-swell wave energy to propagate to the shoreline than for more alongshore uniform 

fringing reef systems [e.g., Van Dongeren et al., 2013].  This additional wave energy 

originated from the channels, whose deeper depth enabled larger sea-swell waves to 

propagate beyond the reef crest and into the lagoon.  The low contribution made by 𝑢3̅ is 

consistent with the substantial reduction in the magnitude of the current in the lagoon 
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area.  The shear velocity imposed on the bed by 𝑢∗𝑚𝑎𝑥,𝑠𝑤 was also consistently larger 

than 𝑢∗𝑚𝑎𝑥,𝑖𝑔, although we note that during the swell events 𝑢∗𝑚𝑎𝑥,𝑠𝑤 in the lagoon was 

similar to 𝑢∗𝑚𝑎𝑥,𝑖𝑔 on the reef flat.  Therefore, despite the increased importance of 

infragravity waves to the hydrodynamic climate in the lagoon of reef systems [e.g., 

Pomeroy et al., 2012a; Van Dongeren et al., 2013; Harris et al., 2015], shorter sea-

swell waves appear to remain the largest contributor to the velocity skewness and shear 

velocity near the bed.  

Thus, the results of this study demonstrate that intra-tidal and subtidal 

variability in the SSC can be explained by the modulation of sea-swell waves and mean 

currents (which also modulates the shear velocity imposed on the bed), but not the 

difference in the absolute magnitude of the SSC between the measurement locations. 

4.4.2 Presence of large bottom roughness 

Laboratory experiments [e.g., Lowe et al., 2005a, 2008; Luhar et al., 2010] have 

demonstrated that the presence of large bottom roughness roughness can attenuate the 

waves and currents above as well as within the roughness, which results in a reduction 

in the bed shear velocities [e.g., Le Bouteiller and Venditti, 2015; Stocking et al., 2016].  

This was also demonstrated at this study site in Chapter 3, where it was shown that the 

shear velocities that arise from the large canopy drag forces imposed on the overlying 

flow did not represent the actual shear velocity imparted on the underlying bed 

sediment. The actual shear velocity, demonstrated by the fineness of the suspended 

fraction, was substantially smaller. 

This study has shown that despite the presence of large bed roughness on the 

reef flat, the mean 𝑢∗𝑚 and maximum 𝑢∗𝑚𝑎𝑥 shear velocities calculated at the bed within 

the roughness were still greater than the 𝑢∗𝑚 and 𝑢∗𝑚𝑎𝑥 calculated on a bare sandy bed in 

the lagoon.  The reduction in the shear velocity within the lagoon can be explained by: 

(1) the morphological control imposed on the waves by the reef flat water depth, which 

limits the height of the waves that can propagate over the reef and into the lagoon; and 
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(2) an increase in the lagoon water depth landward of the reef flat, which reduces the 

wave orbital velocities near the bed and decreases the magnitude of the wave-driven 

current.  These two hydrodynamic controls also result in a reduction of the shear 

velocities in the lagoon relative to those on the reef flat.  Some enhancement of the 

shear velocities on either side of the salient was observed in this experiment due to the 

propagation of waves through breaks in the reef (channels) into the lagoon; however, 

this enhanced shear velocity was still lower than the shear velocity on the reef flat 

within the canopy.  Thus, despite the hydrodynamic attenuation by large bottom 

roughness on the reef flat, this attenuation was less than that caused by increased water 

depth in the lagoon, which reduced the nearbed wave velocity and the mean currents.  

The presence of large bottom roughness on the reef flat cannot explain the difference in 

the magnitude of the SSC between S2 and S5 in this experiment. 

4.4.3 Sediment availability 

An additional possible explanation for the difference in the SSC magnitude between the 

reef flat and the lagoon is the advection of sediment from the reef flat towards the 

shoreline that may supplement locally suspended sediment.  However, the median grain 

size observed in suspension on the reef flat was ~70 μm (Chapter 3) and therefore can 

be expected to take ~640 s to settle through the roughly ~3 m lagoon water depth 

(without resuspension of the sediment within the water column).  The Eulerian and 

Lagrangian measurements of the mean current in this study also indicate that the current 

decreases in magnitude from the reef crest to the shoreline and therefore the sediment 

would only travel ~60 m from the back of the lagoon before the sediment is deposited 

onto the seabed.  The distance between the back of the reef and the salient is ~1200 m.  

Furthermore, the Lagrangian measurements, along with the flow pathways identified by 

the EOF analysis, indicate that the flow that transports suspended sediment within the 

lagoon does not converge at the salient but instead diverges.  Excluding increased 

sediment suspension as well as sediment advection as the primary causes of the 

concentration discrepancy between the reef flat and the lagoon, another explanation of 
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the reduced SSC on the reef, relative to in the lagoon, is the availability of sediment of a 

suitable grain size for suspension.  

On the reef flat, bed sediment is interspersed between roughness elements that 

may occupy a large proportion of the planform area reducing the area over which 

sediment can be entrained and therefore, when compared to a sandy bed lagoon, there is 

less sediment available for transport.  In addition to the limited availability of sediment 

on the reef flat, wave-driven currents in reef environments are consistently directed 

across the reef (Section 4.3.2) and thus continually transports finer sediment suspended 

from the bed on the reef into the lagoon.  While this experiment did not quantify the 

volume sediment available for transport on the reef flat, comparison of 𝑢∗𝑚𝑎𝑥 versus 

SSC at S2 and at S5 (Figure 4-11a) demonstrates that despite the wide range of shear 

stresses experienced at S2, the SSC remains low.  In contrast, at S5 𝑢∗𝑚𝑎𝑥 was lower but 

the magnitude of SSC much greater.  Thus, a much larger shear velocity is required to 

suspend the reef sediment and thus explains the reduced concentration observed on the 

reef flat; there is more finer sediment available for suspension in the lagoon.  

 

Figure 4-11. Hourly mean maximum shear velocity near the bed (𝑢∗,𝑚𝑎𝑥) vs hourly 

mean suspended sediment concentration (SSC) for (blue) the reef flat at S2 and (red) the 

lagoon near the salient at S5.   

0 0.01 0.02 0.03 0.04

u
*,max

 [m s-1]

0

5

10

15

20

25

30

35

40

45

50

SS
C

 [
m

g 
L

1 ]



4.4  DISCUSSION 

127 

4.4.4 Synthesis: mechanisms and pathways of sediment transport across 
fringing reefs 

In the context of this study, a conceptual model (Figure 4-12) for sediment transport in a 

fringing coral reef is proposed. 

Large incident swell waves break in the narrow surf zone region near the reef 

crest (Figure 4-12a).  The extent of wave breaking depends on the offshore wave height 

(varying over subtidal time scales) and tidal variations in the reef flat water depth.  

Cross-reef wave-driven currents are also affected by the variation in the water depth and 

thus vary over subtidal and intra-tidal time scales.  At high tidal elevations, larger swell 

waves propagate over the reef flat, which enhance sediment entrainment from the bed.  

As the tidal water depth decreases and more swell waves are dissipated by wave 

breaking, the relative magnitude of cross-reef currents increase and infragravity waves 

make an increasing contribution to the reef flat wave height.  However, this increase in 

infragravity wave importance does not result in these shear stresses becoming the 

dominant stress imposed on the sediment; the depth-limited sea-swell waves continue to 

impose the largest bed stresses.  However, on the reef flat the presence of large 

immobile roughness elements that occupy a substantial fraction of the plan area, as well 

as the continual transportation of sediment across the reef flat into the lagoon, results in 

relatively low quantities of sediment available for suspension into the water column. 

Within the lagoon (Figure 4-12b), the waves and currents decrease in 

magnitude.  However, wave propagation through the channels into the lagoon increases 

the wave height close to the shoreline.  These slightly larger wave heights, along with 

the reduced bottom roughness and greater sediment availability, enable more sediment 

entrainment and higher concentrations in the lagoon (in particular close to the 

shoreline).  Sediment that is suspended within the lagoon is transported by shoreward 

directed currents that diverge near the shoreline, converge and increase in magnitude in 

the channels and exit through the channels as a relatively strong narrow current.  While 

suspended sediment will predominantly be transported to both the north and south by 

diverging cross-reef currents, under favorable alongshore wind conditions, sediment  
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Figure 4-12.  Conceptual model of sediment transport processes in a fringing coral reef. 

(a) Cross section of waves, currents and sediment process across a reef and lagoon. 

Brown arrows indicate the direction of sediment transport by currents and the upward 

arrows indicate sediment resuspension. (b) Plan view of the wave rays and current 

pathways throughout a reef system.  The colour gradient in (a) indicates increased 

turbidity (brown indicates high turbidity and blue low turbidity) while in (b) the 

gradient indicates the change in wave height (red corresponds to larger waves and blue 

to smaller waves).  
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may also be directed in one direction, which in the case of this experiment is to the 

north. 

4.5 Conclusions 
In this study, we conducted a broad-scale hydrodynamic and sediment transport field 

experiment throughout a fringing reef system to investigate the variability of sea-swell 

waves, infragravity waves, mean currents and SSCs at different spatial and temporal 

scales.  The key results of this study were as follows: 

1.  Sea-swell wave heights within the lagoon can be slightly larger than those that 

propagate across the reef flat due to the propagation of waves through the breaks 

(channels) in the reef flat.  The height of these waves in the channels is related to 

the offshore wave conditions, and contribute to elevated wave heights on either 

side of the salient.  

2.  The mean flow within the reef system was predominantly driven by subtidal 

variations in the offshore wave conditions; however, when the offshore waves 

were small and alongshore wind persistent, flows could occasionally be driven 

directly by the wind.  In addition to the subtidal variability, flow within the 

lagoon also varies at tidal timescales.  This variability in the alongshore was 

driven by the propagation of the tidal flow through the lagoon while in the cross-

shore was due to tidal modulation of wave breaking induced flow.  

3.  On the reef flat, sea-swell waves combined with currents made the main 

contribution to the nearbed velocity skewness that is important for sediment 

transport.  However, as the water level on the reef flat decreased, longer 

infragravity waves as well as the mean current become relatively more important. 

Thus, sea-swell waves, infragravity waves and currents may all contribute to 

sediment transport processes on the reef flat.  In the lagoon, the nearbed velocity 

skewness was overwhelmingly due to the sea-swell waves.  
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4.  Suspended sediment variability on the reef flat was smaller than in the lagoon or 

channels.  However, throughout the system the majority of the SSC variability 

could be explained by variations over subtidal timescales with less variance in 

the concentration occurring at intra-tidal timescales. 
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 GENERAL DISCUSSION 

 

5.1 Introduction 
The objective of this research was to enhance our understanding of how the 

hydrodynamic processes and large bottom roughness prevalent in fringing coral reefs 

affect the temporal and spatial variability in size, concentration and transport of 

sediment.  These dynamics were explored in two experiments: (1) a laboratory 

experiment conducted in a large-scale wave flume that investigated sediment dynamics 

over a fringing reef profile and (2) a field study of sediment dynamics in a fringing reef 

system that consisted of a detailed study of the transport processes on the reef flat, as 

well as a broader-scale study throughout the reef and lagoon.  In Section 5.2, general 

conclusions are summarized that specifically relate to the research questions initially 

presented in Chapter 1.  In Section 5.3, some recommendations for further work are 

presented. 
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5.2 Conclusions 
Three key questions were proposed in Chapter 1 that encapsulated the objective of this 

thesis.  Here the findings of this thesis are synthesized with respect to these questions.  

i. How is sediment transport across fringing reefs affected by the bimodal 

spectral wave conditions that are typically observed? 

In order to determine how bimodal spectral wave conditions affect the cross-shore 

transport of sediment across a fringing reef, the relative importance of high (swell, 

periods 5-25s) and low (infragravity, periods 25-250s) frequency waves to the reef flat 

hydrodynamic processes were first considered using a scaled physical model of a 

fringing coral reef (Chapter 2).  On the forereef and in the vicinity of the surf zone, the 

wave spectrum was dominated by high-frequency (swell) waves.  Across the reef 

platform the relative importance of low-frequency (infragravity) waves increased and 

eventually dominated the wave spectrum near the beach.  This transformation towards a 

bimodal spectrum is consistent with prior field observations conducted on fringing reefs 

[e.g., Pomeroy et al., 2012a].   

In the field experiment (Chapter 4), an increase in the relative importance of 

infragravity waves was also observed across the reef flat and into the lagoon, especially 

during swell events or when the tide was low.  However, the propagation of swell waves 

into the lagoon via breaks in the reef also resulted in the swell waves near the shoreline 

being slightly higher than directly behind the reef flat.  While the infragravity waves 

were still important near the shoreline, the two-dimensional nature of the field site 

prevented these waves from dominating the wave spectrum at the shore. Despite the 

differences between the laboratory and the field measurements, the increase in the 

relative importance of low-frequency infragravity waves demonstrates that the 

experiments that underpin this research are representative and consistent with other 

studies. 

The third velocity moment (𝑢3) is an indicator of the relative importance of 

various hydrodynamic processes and is often interpreted as representing a shear stress 
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(𝜏 ∝ 𝑢2) (an entrainment effect) and an advection process (𝑢), see Section 2.2.2.  To 

determine how the bimodal spectral wave conditions affect the potential transport of 

sediment across a fringing reef, this velocity moment was decomposed into the 

contributions by mean currents, high-frequency (swell) and low-frequency 

(infragravity) waves at different locations across the laboratory model (Section 2.3.1).  

On the seaward portion of the reef, the high-frequency waves were found to make a 

major contribution to the velocity skewness, while on the back portion of the reef both 

the high- and low-frequency waves were important.  Suspended sediment is 

predominantly transported shoreward by the mean current.  In one-dimensional reefs 

such as the laboratory experiment, some of this shoreward transport is offset by the 

seaward Eulerian mean flow that acted as a return current in the model.  

The same third velocity moment decomposition was conducted with 

measurements obtained in the field experiment (Section 4.3.4).  On the reef flat at high 

water levels, swell waves were the main contributor to the velocity skewness, while at 

low water levels infragravity waves became increasingly important (consistent with two 

water depths considered in the laboratory experiment).  In the lagoon, the propagation 

of swell waves through the channels, as well as the geometric form of the reef, resulted 

in the swell waves being the main contributor to skewness throughout the experiment.  

The mean wave-driven currents appear to consistently transport the suspended sediment 

across the reef flat and into the lagoon.  Unlike in the laboratory experiment the current 

returned back offshore through the breaks in the reef. 

The response of suspended sediment concentrations was examined in one-

dimension across the laboratory reef profile (Chapter 2).  The bimodal spectrum on the 

reef produced suspended sediment concentration profiles that were different from those 

predicted with established wave-averaged formulations that assume a single 

representative wave.  In reef environments, where the increased infragravity wave 

energy contribution causes the spectral peak to shift to a lower frequency, the 

suspension processes encapsulated within these formulations are solely characterised by 

infragravity waves and ignore the efficient suspension of sediment by the swell waves 
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that are also present.  In the laboratory experiment (Section 2.4.1), the suspended 

sediment concentration profiles were best described with established formulations, 

when a representative wave height was assumed based on the total wave energy and 

when the representative period was chosen as the mean wave period (specifically Tm02).  

This assigns the total wave energy to the mean period and shifts the representative 

period towards the high-frequency band.  This means that both the high-frequency 

(swell) and low-frequency (infragravity) wave energy contribute to mobilisation of 

sediment and the relevant wave-averaged time scale falls between the high- and low-

frequency wave peaks. 

The laboratory experiment also investigated the contribution of bedload to total 

sediment transport (Section 2.4.2).  On the reef platform, bedload sediment transport 

was shoreward-directed and associated with the migration of bed ripples.  Despite the 

presence of the substantial low-frequency (infragravity) wave motions, the geometry of 

these ripples was controlled by the high-frequency (swell) waves.  While transport by 

bedload made a smaller contribution than the suspended load, this contribution was still 

substantial and enhanced the net shoreward transport of sediment across the reef 

(Section 2.4.3).  The contribution of bedload transport was not examined in the field 

experiment as part of this thesis.  However, it is noted that bed ripples were observed in 

the lagoon during the experiment, but were not quantified.  

In general, across fringing reefs, where bimodal spectral wave conditions are 

typically observed, sediment is entrained by stresses imposed by sea-swell waves and 

transported by mean currents.  While infragravity waves become important on a reef flat 

for various conditions (e.g., low water depth) and may ultimately dominate for more 

one-dimensional reef systems, the reef geometry combined with the propagation of sea-

swell waves through the reef breaks results in a greater sea-swell wave shear stress than 

infragravity wave shear stress. 
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ii. How does large reef flat roughness affect sediment transport processes? 

The presence of large reef flat roughness imposes drag forces on the overlying flow that 

are often parameterized by an empirical friction coefficient.  These frictional 

coefficients are typically determined from the dissipation of waves as they propagate 

over the roughness and for many reefs these coefficients are substantially larger (i.e., 

O(0.1)) than coefficients calculated for bare sandy beds.  The presence of this large 

roughness affects sediment transport processes by reducing the waves and currents that 

prevail across the reef flat.  This attenuation was observed in the waves and currents 

measured in the laboratory and field experiments where reef flat frictional coefficients 

were estimated to be in the same range as those calculated for other reefs. 

Bed shear stresses generated by waves and/or currents provide the forces that 

mobilize sediment deposits and thus form the basis of many sediment transport 

formulations.  For bare sandy beds, bed shear stresses calculated from waves and 

currents measured higher in the water column can be assumed to act directly on the bed 

sediment.  However, this thesis has demonstrated that in the presence of large immobile 

roughness (i.e. associated with coral reef communities), these shear stresses do not 

represent the actual shear stress imparted on the underlying bed sediment within the 

roughness (or canopy).  The actual shear stress is substantially smaller than that on a 

bare bed, which was consistent with observations of the suspension of only very fine 

sediment fractions and low SSC concentrations measured on the reef flat (Chapter 3). 

A clear logarithmic velocity layer developed above the reef canopy in the field 

experiment but this logarithmic profile did not extend into the canopy (Section 3.4.2).  

Instead, the velocity profile was inflected and reduced within the canopy region.  When 

this attenuation of the current and waves is considered, the predictive capability of 

established formulae for the grain size and concentration of suspended sediment in reef 

systems was vastly improved (Section 3.5).  

Thus, the presence of large reef bottom roughness has two effects on sediment 

transport processes: (1) it spatially attenuates waves and currents across a reef, and (2) it 
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attenuates waves and currents within the roughness sub-layer, which substantially 

reduces the shear stress imposed on sediment within a canopy.  Both processes limit the 

capacity for different sediment grain sizes to be suspended from the bed. 

 

iii. How do the sediment dynamics vary spatially throughout a reef system as 

well as over different temporal scales? 

The field observations over the whole reef-lagoon system evaluated the spatial and 

temporal variability of the hydrodynamics and suspended sediment concentrations 

(Chapter 4).  The swell wave heights were limited on the reef flat by the water depth 

over the reef, while in the lagoon these waves were slightly larger than those on the reef 

flat due to the propagation of waves through the breaks (channels) in the reef.  In the 

channels, the height of these waves was related to the offshore wave conditions, and 

was altered substantially by small changes in incident wave direction.  The mean 

currents within the reef system were predominantly driven by subtidal variations in the 

offshore wave conditions; however, when the offshore waves were small and 

alongshore wind persistent, the flow could occasionally be driven directly by the wind 

(Section 4.3.2).  These currents also exhibited tidal water level variability, which 

affected the intensity of the wave-breaking that drives the current.  

The suspended sediment concentration was smaller on the reef flat than in the 

lagoon or channels (Section 4.3.3).  While the precise cause of the reduction in 

concentration could not be determined, the decrease in the shear stress within the 

canopy (Chapter 3) due to the increased roughness, is considered to be a likely 

explanation.  The largest variance in concentration occurred over temporal scales that 

reflect changes in cross-reef flow and infragravity wave propagation due to offshore 

wave height variations (Section 4.3.3).  Substantial sediment concentration variance 

also occurred at tidal temporal scales (which oscillated around the concentration 

variability) that represent the height of the swell waves that can propagate onto the reef 

flat. 
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The same temporal variability was observed in the lagoon; however here the 

concentration was consistently higher.  The higher concentration was caused by the 

increased swell wave height due to the propagation of waves through the breaks in the 

reef and the availability of finer sediment on the bed.  The absence of large immobile 

roughness did not appear to be a determining factor in these experiments. 

Thus, suspended sediment concentration varies over (at least) two temporal 

scales: subtidal and intra-tidal on the reef flat as well as in the lagoon.  The subtidal 

variability is driven by changes in the offshore wave conditions, while the intra-tidal 

variability is caused by cross-reef flow and wave height modulations by the water level 

on the reef flat.  Ultimately, the predominant transport pathway of sediment suspended 

from the seabed is from the reef flat, into the lagoon and out of the reef system through 

breaks in the reef. 

5.3 Recommendations 
Suspended sediment concentration profiles in reef environments 

The suspended sediment concentration measured on the reef flat in the field experiment 

was greater above the roughness than within the roughness.  This concentration profile 

was measured at one location on the reef flat during an approximately three-week 

experiment.  Further research is required to determine if this form of concentration 

profile occurs spatially, at other reef sites, as well as in analogous ecosystems with large 

bottom roughness.  On the back of the reef in the laboratory model where there was 

only sand, the concentration profile was exponential in form.  Thus, understanding how 

the concentration profile evolves over a reef flat with large roughness and into a bare 

sandy bed lagoon is of particular importance as this evolution directly affects the 

accuracy of concentration flux estimates in fringing reef environments.  Additional 

research in this area will also enable the validity of the two-layer model based on the 

advection-diffusion equation proposed in this thesis to be established more generally.  

In particular, research is required into the choice of sediment mixing (diffusion) 
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parameter and whether the near-bed concentration formulations used in bare sandy bed 

environments are valid within a roughness canopy.  

 

Ability of low-frequency waves to entrain sediment 

Analysis of the third velocity moment demonstrated that both high- and low frequency 

waves affect the potential for sediment to be entrained.  Further research is required to 

understand the role of low frequency waves in sediment transport (in particular 

entrainment) on a reef flat.  While there are likely to be similarities with entrainment 

processes observed on bare sandy beds, how large bottom roughness affects these 

processes remains unclear.  Possible entrainment mechanisms include: (1) slowly 

varying bed shear stresses within a current-type boundary layer, (2) shear stresses 

within a low frequency wave type boundary layer that are associated with maximum 

horizontal wave velocity within a wave cycle, and (3) ejections of sediment at flow 

reversals similar to swell waves.  Once this entrainment process is better understood, it 

may then be possible to extend the results presented in this thesis so that the magnitude 

of sediment entrained by different wave frequencies can be predicted. 

 

In-canopy boundary layer profile 

The grainsize and concentration of sediment in suspension on the reef flat was found to 

be finer and lower in concentration than predicted by established sediment transport 

models.  When the impact of large roughness on the bed shear stress was considered, 

the grain size and concentration that was estimated by these established models was 

substantially improved.  However, the form of the boundary layer within large 

roughness remains poorly understood, and in particular the form of this boundary layer 

in the presence of waves and currents.  Further research is required to determine the 

precise form of this boundary layer profile, how it is affected by large bottom roughness 

and ultimately how it can be described in models, which can then be used to estimate 

sediment transport.  In addition to the form of the boundary layer profile, the 
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composition of bed sediment is expected to have an important contribution and further 

consideration is required with respect to the volume of sediment available for 

suspension from within a roughness canopy as well as how to best quantify the impact 

of different sediment fractions in sediment transport models.   

 

Transport of sediment as bedload 

The transport of sediment as bedload in reef environments is an area that requires 

further research as it was shown in this thesis that bedload may make a substantial 

contribution to sediment transport in reef environments.  There are two areas of 

particular importance: (1) the impact of low frequency waves, which are relatively more 

important in reef environments, on the transport of sediment as bedload as well as on 

the characteristics of bedforms, and (2) how bedload transport can be described on reef 

flats with the roughness layer.  The latter is particularly important as this transport may 

in fact contribute substantially to the cross-shore reef sediment budgets. 
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