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ABSTRACT 

Rocky reef-fringed coastlines are typically characterized by irregular, 

alongshore variable bathymetry. This differentiates them from sandy beaches that 

typically have smoother bathymetries, as well as from coral reefs that often span larger 

horizontal scales. In southwestern Australia, nearshore limestone reefs are abundant 

along the coastline, ranging from shore-attached to isolated offshore platforms, creating 

a highly irregular nearshore bathymetry. These rocky reefs, usually with sandy beaches 

in their lee, are a sub-category of rocky coastlines commonly found in all parts of the 

world. This thesis investigates how the irregular bathymetry of a small-scale patchy 

rocky reef system (scales of order ~100 m) influences the transformation of waves and 

wave-driven circulation. First, the dynamics of short (3-25 seconds) and infragravity 

(25-250 seconds) waves and their spatial and temporal variability were investigated. 

Next, the response of the circulation generated by these waves were considered. Finally, 

this thesis examined how these nearshore circulation patterns contribute to the cross-

shore exchange of water with the surrounding ocean in small-scale rocky reefs as well 

as reefs with different geometries. 

In a field experiment, waves were measured offshore as well as across a reef 

system. The height of the short waves was observed to decrease over the shallow reef 

due to breaking, whereas the height of the infragravity waves increased towards the 

shoreline. The infragravity waves interacted with the bathymetry to form a persistent 

cross-shore standing wave pattern along the entire shoreline, despite the highly variable 

and complex form of this bathymetry. In addition, the alongshore components of 

infragravity waves were refracted by the presence of the nearshore reef and propagated 

in opposite directions up and down the coast. These wave components resulted in a 

local, alongshore standing infragravity wave pattern.  

The same field experiment quantified the spatial and temporal variability of 

flow through the small-scale rocky reef system. Flow was directed onshore over the reef 
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and returned to the ocean through gaps between the reef patches (similar to reef 

channels). Over the reef platform, the flow velocities responded to both intra-tidal water 

level variations and sub-tidal wave height variability. In contrast, in the channel, the 

flow magnitude only varied on sub-tidal timescales and strongly depended on the 

offshore wave forcing. On the reef platform, nonlinear advection terms due to flow 

deceleration close to the shoreline salient played a significant role in balancing wave 

forcing, pressure gradients and bed shear stresses. To evaluate the balance between 

these terms spatially, hindcast simulations were performed using the numerical model 

XBeach. These simulations demonstrated that the nonlinear advection terms are 

important to balance the wave forcing and radiation stress gradients in large parts of the 

reef system as well as to reduce flow velocities on the shore-attached reef platforms. 

To understand how these wave-driven circulation patterns affect the flushing 

efficiency of rocky reef systems, Lagrangian flow patterns and re-entrainment were 

quantified during the experiment. These observations were extended via a set of 

numerical experiments using XBeach to determine the effect of oceanic forcing and reef 

geometry on flow re-entrainment more generally. It is often assumed that water that 

exits the reef system through reef channels is predominantly replaced by ‘new’ water 

from offshore. However, ejected water may also recirculate back into the reef system 

reducing the rate of exchange between the reef and the ocean. The field observations 

and numerical results show that re-entrainment can vary significantly and that it 

increases with offshore wave height, alongshore current magnitude outside of the reef 

and decreasing reef channel spacing. High rates of flow re-entrainment can increase the 

effective flushing time by a factor of two or more. This demonstrates that flow re-

entrainment may be particularly important in small-scale reef systems, such as rocky 

reefs, or reefs exposed to an energetic wave climate and/or strong alongshore currents 

outside the reef. 
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1 

 INTRODUCTION 

  

1.1 Background 
Rocky coasts are prevalent globally and estimated to make up approximately 75% of the 

world’s total coastline [Davis and Fitzgerald, 2004]. These coasts may comprise of 

beach cliffs [Emery and Kuhn, 1982] as well as rocky reefs [Vousdoukas et al., 2007; 

Gallop, 2013] in the mid- to high-latitudes. The morphology of the latter can be very 

similar to that of coral reefs, which are prevalent in the low-latitudes [Spalding et al., 

2001]. Rising population densities along many coastlines increase the human pressure 

in the form of terrestrial run-off, pollution, and infrastructure in the coastal zone. This 

increasing human pressure, along with other stressors such as sea level rise, increased 

storminess and terrestrial discharge, can result in adverse impacts; for example, loss of 

biodiversity, coastal erosion, flooding and harmful algal blooms. Many of these impacts 
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are driven by an amalgamation of chemical, biological and physical processes and are 

thus intrinsically linked to the hydrodynamic processes in the coastal zone. These 

hydrodynamic processes shape the morphology of coastlines through sediment transport 

and drive the transport and cross-shore exchange of material such as plankton, larvae 

and contaminants between the coastal zone and the surrounding shelf ocean. As such, 

they are important for the health and resilience of marine ecosystems and the human 

populations dependent on them. 

Both coral reefs and rocky reefs can be situated O(kms) offshore, be separated 

from the shoreline by a small lagoon, or be shore attached [Kennedy and Woodroffe, 

2002]. Reef structures typically feature steep bed level gradients rising sharply from the 

seafloor and evolving into shallow reef platforms. These platforms can expand over 

small (O(10m)) to large (O(1km)) horizontal scales. Coral reefs are typically at the 

larger end of this spectrum [Falter et al., 2013] and research into the hydrodynamics in 

these reefs has received increasing attention in recent years [see Monismith, 2007; Lowe 

and Falter, 2015]. Little research has been undertaken to understand the hydrodynamics 

 

Figure 1-1. Aerial photographs of the field site during a) low water, where shallow parts 

of the reef system are exposed, and b) during moderate waves, where the white patches 

are wave rollers indicating the areas of wave breaking.  
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of rocky coast environments [Davidson-Arnott, 2010] where reef structures extend over 

smaller horizontal scales and are more patchy [Symonds et al., 2011] such as the reefs 

evident in Figure 1-1. Being of smaller size, the spatial scales of typical rocky reefs are 

often comparable to the length scales of beaches with rip channel morphologies [Wright 

et al., 1984]; however, sandy beds have much smoother bathymetric gradients and are 

movable. Therefore, the bathymetry that largely controls the hydrodynamics can change 

on the time scale of hours to days on beaches. The bathymetry of rocky reefs is fixed 

and characterised by steep gradients with often abrupt steps at the reef platform edges 

(Figure 1-2). Thus, the bathymetry of small-scale rocky reefs has characteristics of both 

large-scale coral reefs (e.g. bed gradients) and barred beaches (e.g. length scales). 

Rocky reefs, coral reefs and other hard structures dissipate wave energy. These 

structures are often backed by salients [Sanderson, 2000; Black and Andrews, 2001] and 

commonly thought to offer protection from coastal erosion and flooding. However, it 

has been shown that the modified hydrodynamics around submerged structures, for 

example, submerged breakwaters, can cause both shoreline erosion and accretion 

depending on how they modify the nearshore hydrodynamics [Ranasinghe et al., 2010]. 

Similar observations at the field site considered in this thesis demonstrated that the 

presence of the rocky reef affects shoreline development [Segura et al., submitted]. 

Furthermore, the hydrodynamic processes in reef environments are important for the  

 

Figure 1-2. Reef platforms at the field site at Garden Island in southwestern Australia. 
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exchange of nutrients [Wyatt et al., 2012], plankton and larvae [e.g. Lugo-Fernández et 

al., 2001; Morgan et al., 2016] as well as the regulation of the water temperature in 

these environments [Zhang et al., 2013]. The exchange processes are important for the 

rich ecosystems supported by rocky reef structures including amongst others seaweeds, 

sponges and crustaceans. These ecosystems have a significant socio-economic value 

that is estimated to be worth at least AU$10 billion per year to the fishing and tourism 

industry depending on the reefs surrounding the southern half of Australia [e.g. Bennett 

et al., 2015].  

This thesis addresses hydrodynamic processes in rocky reef environments and 

in particular the cross-shore exchange of water between the reef waters and the open 

ocean. The water circulations and cross-shore exchange are expected to share some 

similarities with rip currents on beaches where the surf zone cross-shore exchange has 

been found to depend on very low frequency oscillations [Reniers et al., 2009; Reniers 

et al., 2010] related to infragravity waves [MacMahan et al., 2004a; MacMahan et al., 

2010b], hydrodynamic conditions [e.g. MacMahan et al., 2010a; Austin et al., 2014] 

and beach morphology [Castelle et al., 2013; Castelle et al., 2014]. Consequently, this 

thesis examines (1) infragravity wave processes, (2) the mean circulations and (3) cross-

shore water exchange in rocky reef systems. 

1.2 Wave processes on reefs 
Incident sea-swell waves break over the shallow structures of both coral reefs [Munk 

and Sargent, 1948; Gourlay, 1994; Hardy and Young, 1996; Hearn, 1999] and rocky 

reefs [Marshall and Stephenson, 2011; Ogawa et al., 2011]. On the reef platform, wave 

heights tend to be depth-limited and thus largely independent of the offshore wave 

forcing; instead they tend to linearly increase with water depth over the reef [Farrell et 

al., 2009; Ogawa et al., 2011]. As a consequence, larger waves can propagate across the 

platform during high tide [Ogawa et al., 2015; Beetham et al., 2016].  

When incident sea-swell waves approach a coast in groups they can also induce 

low frequency waves (commonly referred to as infragravity waves) with periods of 25 
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to 250 seconds. These waves increase wave run-up [Merrifield et al., 2014] and cause 

coastal inundation along coral reef-fringed coastlines [Péquignet et al., 2009; 

Shimozono et al., 2015; Cheriton et al., 2016]. Along open sandy shorelines, 

infragravity waves can enhance sediment transport [de Bakker et al., 2016], coastal 

erosion [e.g. van Thiel de Vries et al., 2008] and inundation [McCall et al., 2010; Bertin 

et al., 2014]. In coral reef and sandy beach environments, infragravity waves often 

dominate near the shore once the short waves have been dissipated [Guza and Thornton, 

1985; Lugo-Fernández et al., 1998; Ruessink, 1998; Pomeroy et al., 2012; de Bakker et 

al., 2014]. Recent studies have also highlighted the importance of these waves on rock 

platforms [Beetham and Kench, 2011; Marshall and Stephenson, 2011; Ogawa et al., 

2015]. 

Infragravity waves were initially observed on sandy beaches by Munk [1949]. 

They were first attributed to forced motions induced by short (sea-swell) wave groups 

[Tucker, 1950; Longuet-Higgins, 1962]. Hasselmann [1961] showed that infragravity 

waves are generated through nonlinear interaction of short wave components, which are 

released on gentle slopes when the short wave group satisfies the shallow water 

dispersion relationship [Baldock, 2012]. On steeper slopes, infragravity waves are 

predominantly generated by a time-varying breakpoint mechanism [Symonds et al., 

1982]. When these waves are reflected at the shoreline, they may appear as cross-shore 

standing waves [Suhayda, 1974].  

Edge waves are alongshore-trapped infragravity waves with an almost identical 

cross-shore nodal structure as leaky standing waves [Guza, 1974]. Edge waves can be 

alongshore progressive [Huntley et al., 1981] or standing, if they are reflected off 

alongshore barriers such as headlands [Özkan-Haller et al., 2001]. Edge waves are 

typically largest near the shoreline, but on barred beaches these waves may be trapped 

and amplified over surf zone bars [Bryan and Bowen, 1996; Bryan et al., 1998]. The 

existence of edge waves was first demonstrated in the field with a single cross-shore 

array of instruments by Huntley and Bowen [1973]. However, only later alongshore 

instrument arrays over alongshore uniform bathymetries were used to calculate 
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wavenumber-frequency spectra and identify edge waves unambiguously [Huntley et al., 

1981; Oltman-Shay and Guza, 1987]. Laboratory [Bowen and Guza, 1978] and field 

[Holman, 1981] measurements suggest that edge waves dominate infragravity wave 

motions on alongshore uniform coastlines.  

1.3 Nearshore circulation in reefs 
Reef circulation can be driven by a combination of different processes including tides 

[Black et al., 1990], buoyancy gradients [Herdman et al., 2015], wind stresses 

[Tartinville et al., 1997] and breaking waves [Lowe et al., 2009; Hoeke et al., 2011; 

Taebi et al., 2011]. However, many reef systems that fringe coastlines are exposed to 

sea-swell wave energy that provides the main forcing to reef circulation.  

As incident waves break over shallow reefs they induce radiation stress 

gradients. Radiation stress is the “excess flow of momentum due to the presence of 

waves“ [Longuet-Higgins and Stewart, 1964], which arises from the potential energy 

transported in the wave direction. Gradients in the radiation stress, for example, due to 

wave breaking, exert a force on the water column. In fringing coral reefs bounded by a 

shoreline, this wave forcing increases the mean water level on the reef [e.g. Lugo-

Fernández et al., 1998; Vetter et al., 2010; Buckley et al., 2015] similar to the water 

level response on plane beaches [e.g. Hanslow and Nielsen, 1992; Raubenheimer et al., 

2001]. When the fringing reef is intersected by channels, the radiation stress gradients 

generate an onshore flow over the reef, alongshore flow inside the lagoon and an 

offshore return flow through the reef channels [e.g. Lugo-Fernández et al., 2004; 

Coronado et al., 2007; Hench et al., 2008; Taebi et al., 2011]. Bed shear stresses 

induced by the flow are typically in balance with the breaking induced wave forcing and 

setup gradient [Symonds et al., 1995; Lowe et al., 2009]. For isolated offshore reef 

patches, the concentrated wave dissipation can locally generate strong jet-like currents 

that extend far beyond the reef [Mulligan et al., 2010; Symonds et al., 2011]. Over these 

offshore reefs, wave forcing and setup gradients are also in equilibrium with the bed 

shear stresses [Symonds et al., 2011]. In small-scale reef systems, the circulation is 
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expected to have characteristics that are similar to rip currents on barred beaches, where 

water flows shoreward over sand bars and returns seaward through rip channels [see 

Dalrymple et al., 2011 for a review]. Here, flow advection contributes a significant 

proportion of momentum to the balance between wave forcing, setup gradient and bed 

shear stresses due to the high variability of flow over small horizontal distances [Haller 

et al., 2002; Schmidt et al., 2005].  

1.4 Water exchange with the inner shelf 
Wave-driven circulation within reef systems exchanges water between the reef-lagoon 

system and the open ocean. These exchange processes are important for the functioning 

of both tropical coral reef [see Lowe and Falter, 2015 for a review] and temperate rocky 

reef ecosystems [e.g. Morgan et al., 2016]. Largier [2003] emphasises the importance 

of this cross-shore exchange in the coastal boundary layer to alongshore larvae dispersal 

and the connectivity of marine populations. In regional scale oceanographic models this 

exchange process, when parameterized as a dispersion process in the coastal boundary 

layer, enhances self-retention in marine populations [Nickols et al., 2015].  

To parameterize this cross-shore dispersion for reef-fringed coastlines, it is 

important to understand the physical processes controlling the water exchange between 

reefs and the open ocean. In many reef studies, water that exits through a reef channel is 

assumed to have left the reef system and to be replaced by ‘new’ offshore water 

[Coronado et al., 2007; Lowe et al., 2010; Taebi et al., 2011]. This approach does not 

account for the potential re-entrainment of water back into the reef-lagoon system, 

which effectively reduces the cross-shore exchange between the reef and the open 

ocean. This process has been addressed only by a limited number of studies, for 

example, Herdman [2012] estimated that up to 50% of water could be re-entrained at a 

specific site at Moorea (French Polynesia). 

On sandy coasts, cross-shore dispersion and mixing between the surf zone and 

the inner shelf typically results from transient [Spydell et al., 2007; Hally-Rosendahl et 

al., 2014] and bathymetrically controlled rip currents [Brown et al., 2009] or near-bed 
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streaming induced by waves [Shanks et al., 2015]. The presence of rip currents 

enhances the retention of surf zone material [Reniers et al., 2009; Brown et al., 2015], 

particularly in the presence of alongshore currents and obliquely incident waves [Winter 

et al., 2014; Spydell, 2016]. In contrast, mixing with water on the inner shelf can be 

enhanced by geomorphic features such as headlands [Castelle and Coco, 2013; 

McCarroll et al., 2014] and by infrequently spaced rip channels and rip head shoals 

[Castelle et al., 2014]. 

1.5 Research questions 
This thesis investigates how waves drive nearshore hydrodynamic processes and the 

exchange of water between rocky reef-fringed coasts and the open ocean. The specific 

research questions of the study were:  

i. How does the highly irregular bathymetry of coastal rocky reefs affect 

infragravity wave propagation patterns? 

Reef and rock structures efficiently dissipate short wave energy. In contrast, low 

frequency waves increase in height and typically dominate the energy spectrum 

on reef flats and reef lagoons. Over alongshore-uniform fringing reef 

bathymetries, these waves can generate cross-shore standing wave patterns and 

wave height amplification near the shoreline. Chapter 2 uses field data to 

investigate the infragravity wave patterns in cross-shore and alongshore 

direction over a highly irregular small-scale rocky reef bathymetry. 

ii. What are the spatial and temporal variations of wave-driven circulations 

over small-scale rocky reef bathymetries? 

Analytical models have been developed for large-scale reef systems that are 

based on the balance between wave forcing, pressure gradients and bed friction. 

Chapter 3 uses field data to investigate the flow pattern and magnitude and their 

sub-tidal and intra-tidal variability in a small-scale rocky reef system. This 
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analysis is extended by numerical model results in XBeach to assess the impact 

of the highly irregular bathymetry on the momentum balances. 

iii. What parameters control flow re-entrainment in coastal reef systems and 

how does it affect flushing? 

Numerous studies have addressed the exchange of water and re-entrainment 

across the edge of the surf zone on beaches. In reef systems, reef flushing rates 

have often been estimated from Eulerian measurements or numerical models 

without knowledge of the amount of water that flows offshore through the 

channel initially, but becomes re-entrained into the reef-lagoon system. Chapter 

4 uses Lagrangian flow data to quantify flow re-entrainment in a coastal reef 

system and uses a numerical model to extend the findings for different wave 

forcing and reef geometries.  

1.6 Outline 
Chapter 2 investigates the infragravity wave dynamics over a complex rocky reef based 

on field data. In Chapter 3, a combination of field and numerical data is used to analyse 

the flow dynamics. Chapter 4 presents the results of Lagrangian measurements obtained 

in the field along with numerical simulations to understand the process of flow re-

entrainment and its effect on flushing rates in reef systems. Chapter 5 synthesises the 

results of all chapters, discusses these results in a broader context and provides 

recommendations for further research. 

This thesis is composed of a series of manuscripts that were prepared for the 

publication in peer-reviewed journals. The manuscripts presented in Chapters 2, 3 and 4 

concern different aspects of one field experiment and therefore, there is some repetition 

in the chapters with regard to field site description and instrumentation.  
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 STANDING INFRAGRAVITY WAVES OVER AN 

ALONGSHORE IRREGULAR ROCKY BATHYMETRY 1 

 

2.1 Introduction 
Coasts with rocky geologic features are commonly found in all parts of the world 

[Davis and Fitzgerald, 2004; Vousdoukas et al., 2007]. These features can be comprised 

of a range of materials such as limestone, sedimentary and igneous rock, as well as 

artificially placed concrete and rubble [Larson and Kraus, 2000]. Rocky reefs are a 

subcategory of these features and are often characterized by having highly variable 

                                                 
1 This chapter is adapted from: Winter, G., R.J. Lowe, G. Symonds, J.E. Hansen, A.R. van Dongeren 
(2017), Standing infragravity waves over an alongshore irregular rocky bathymetry, Journal of 
Geophysical Research: Oceans, 122(6), 4868-4885.  
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cross- and alongshore bathymetry. They can be either submerged or partially-emerged 

and may range from shore-attached reef platforms to isolated reefs offshore, often with 

abrupt steps at the reef platform edges [for a review see Gallop et al., 2011].  

It has been demonstrated at a number of field sites globally that rocky reefs 

close to shore affect the morphology of sandy beaches in their lee [Larson and Kraus, 

2000; Sanderson, 2000; Vousdoukas et al., 2007; Gallop et al., 2011]. In addition, 

studies of submerged breakwaters, with geometries analogous to shore-detached reef 

platforms, have reported variable beach responses ranging from accretion to erosion 

[Ranasinghe et al., 2010]. Recent studies have demonstrated that the shoreline response 

(e.g. beach width) is also dynamic adjacent to rocky reefs [Gallop et al., 2015] and that 

it differs strongly along the shore [Gallop et al., 2013; Velegrakis et al., 2016]. Thus, 

reefs cannot be considered to universally offer natural protection from coastal erosion. 

In order to understand this shoreline variability, it is essential to first understand how 

the hydrodynamic processes are affected by the presence of a rocky reef. As studies on 

sandy beaches have revealed how low frequency infragravity waves (waves with 

periods between 30 and 250 seconds) play an important role in coastal erosion processes 

[e.g. van Thiel de Vries et al., 2008], in this chapter I assess how infragravity waves 

may be modified along a rocky reef coastline. 

Infragravity waves have been most rigorously studied on sandy beaches with 

mostly alongshore uniform bathymetries. They were first attributed to forced motions 

induced by short (sea-swell waves with periods between 3 and 30 seconds) wave 

groups, which were believed to be released in shallow water [Tucker, 1950; Longuet-

Higgins, 1962]. Hasselmann [1961] showed that infragravity waves are generated at a 

wave group scale through nonlinear interactions among short wave components. Over 

mild beach slopes, this process is positively reinforced in the short wave shoaling zone 

due to an increasing phase lag between these so-called “bound” infragravity waves and 

the incident wave groups, which allows more energy to be transferred from the short to 

the infragravity waves [Battjes et al., 2004]. In contrast, on steeper slopes infragravity 

waves have been found to be predominantly generated in the outer surf zone by a time-
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varying breakpoint mechanism [Symonds et al., 1982; Baldock, 2012]. In both cases, the 

infragravity waves become free waves inside the surf zone, where they may dissipate 

due to bottom friction [Pomeroy et al., 2012], nonlinear energy transfers back to the 

short waves [Henderson et al., 2006; Thomson et al., 2006; Péquignet et al., 2014], 

infragravity wave breaking [Battjes et al., 2004; van Dongeren et al., 2007; de Bakker 

et al., 2014] or a combination of nonlinear energy transfers and breaking [Ruju et al., 

2012].  

When dissipation is weak, incident infragravity waves may be reflected at the 

shoreline and may appear as cross-shore standing waves that have a cross-shore variable 

wave height related to the nodes and anti-nodes of the standing wave pattern [Suhayda, 

1974]. However, the cross-shore nodal structure of these standing “leaky” waves is 

almost indistinguishable from the nodal structure of edge waves with modes larger than 

zero [Guza, 1974]. Edge waves are defined as refractively trapped infragravity waves 

that are similarly generated by nonlinear sea-swell wave interactions [Gallagher, 1971] 

or an alongshore time-varying breakpoint [Lippmann et al., 1997]. On beaches, edge 

wave energy tends to be largest near the shoreline because the amplitude of an edge 

wave decays exponentially seaward [Huntley et al., 1981]. Huntley and Bowen [1973] 

were the first to suggest the existence of edge waves within the infragravity frequency 

band in the field with a single cross-shore array of instruments. However, it was not 

until alongshore instrument arrays were used, that unambiguous measurements of edge 

waves could be confirmed by assessing alongshore wavenumber-frequency spectra 

[Huntley et al., 1981; Oltman-Shay and Guza, 1987]. In fact, laboratory [Bowen and 

Guza, 1978] and field [Holman, 1981] measurements suggest that infragravity wave 

motions in the surf zone at alongshore uniform sandy beaches may predominantly be 

composed of edge waves, unless waves are narrowly spread and normally incident, 

which is infrequent in nature. How these infragravity wave patterns differ in a highly 

variable rocky reef bathymetry remains unclear.  

Rocky reefs share some similar morphological characteristics with coastal rock 

platforms and fringing coral reefs that also have highly variable bathymetry and steep 
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bathymetry gradients; however, studies on rock platforms have tended to focus on 

alongshore uniform sites and coral reefs are often orders of magnitude larger (in both 

distance from shore and alongshore extent). While recent studies have highlighted the 

importance of infragravity waves on rock platforms [Beetham and Kench, 2011; 

Marshall and Stephenson, 2011; Ogawa et al., 2015], infragravity waves have been 

studied more extensively in coral reef environments. In both environments, the shallow 

submerged structures have been shown to act as an effective filter of short wave energy, 

so that infragravity waves often dominate near the shore or inside the lagoon of coral 

reefs [Kench, 1998; Lugo-Fernández et al., 1998; Farrell et al., 2009; Ogawa et al., 

2011; Pomeroy et al., 2012]. Infragravity waves may also resonate in coral reef 

environments, when the width of the reef is an odd multiple of a quarter of the 

infragravity wave length, which can lead to the amplification of cross-shore standing 

infragravity waves [Becker et al., 2016; Gawehn et al., 2016], and in turn can drive 

coastal inundation [Péquignet et al., 2009; Cheriton et al., 2016]. Importantly, in both 

rock platform and coral reef environments, much of what is known about infragravity 

waves has been derived from quasi-alongshore uniform environments [Pomeroy et al., 

2012; Péquignet et al., 2014; Ogawa et al., 2015] that do not consider the effect of large 

bed level gradients over short (order ~100s m) alongshore and cross-shore distances that 

typically characterize rocky reef environments. Consequently studies on rock platforms 

and coral reefs have focused solely on infragravity wave height transformation in the 

cross-shore direction assuming alongshore uniformity. 

In this chapter, I investigate how infragravity wave transformation is affected 

by a rocky reef with alongshore variable bathymetry. The objectives of this study were 

to: (1) assess the relative importance of short waves and infragravity waves over a rocky 

reef bathymetry, (2) to identify the spatial infragravity wave height variability and (3) to 

investigate the propagation pattern of infragravity waves (i.e. whether they are standing 

or progressive). In Section 2.2 the field experiment is described, including an overview 

of the field site, the instrumentation deployed, and the data analysis methods. The 

results of the experiment are then presented in Section 2.3. The observed infragravity 
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wave height distribution and its relation to infragravity standing wave patterns are 

discussed in Section 2.4. 

2.2 Field experiment and methods 

2.2.1 Field experiment and site description 

An approximately two-week field experiment was conducted during the austral winter 

(22 May to 7 June 2014) along a ~500 m stretch of coastline at Garden Island in 

southwestern Australia (Figure 2-1a). At this location, shallow limestone reef platforms 

predominantly covered by macroalgae front a sandy shoreline, which is exposed to 

seasonally variable wave energy. The study area includes a shore-attached reef platform 

that is flanked to the south by both a lagoon and a seaward oriented channel, and to the 

north by a shore-detached reef and a second seaward channel (Figure 2-1c). The central 

reef platform rises from 5 m depth offshore at an average slope of 1:40 to a flat platform 

with a mean still water depth of 0.75 m below Australian Height Datum (AHD, 

approximately equal to mean sea level; Figure 2-1c). The sandy shoreline features a 

seasonally-variable salient in the lee of the reef platform that extends seaward during 

summer when wave energy is lowest. Approximately 100 m north of the central reef 

platform is another reef patch of ~1 m depth that stretches 160 m in the cross-shore and 

60 m in the alongshore. The lagoon to the south of the central platform is 2-3 m deep 

(Figure 2-1c) and is fringed by a reef of ~1 m depth. The major channels to the north 

and south that bound this group of reefs are each ~100 m wide. The arrangement of reef 

platforms and channels results in a highly variable alongshore bathymetry with bed 

level differences of ~3 m over a distance of 150 m alongshore (Figure 2-1d). 

2.2.2 Instrument layout 

An array of pressure sensors, current meters and current profilers were deployed within 

and offshore of the reef system (Figure 2-1c). This included 18 pressure sensors (RBR 

Virtuoso) organized into a two-dimensional array that spanned the reefs, channels, and  
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Figure 2-1. a) Location of the field site in southwestern Australia. b) Location of wave 

gauges (Nortek AWACs) A1 and A2 offshore of the reef in 10.5 m and 8 m water 

depth, respectively. c) Instrumentation within the reef and bathymetry (colours indicate 

bed level below AHD). The reef platforms are outlined in orange and isobaths (at 1 m 

depth interval) are plotted in black. The reef platforms are typically ~1 m deep, the 

lagoon ~2-3 m and the channels ~5 m. The coloured symbols indicate the locations of 

the instruments (see Table 2-1 for the instrument depth and sampling regime at each 

site). The grey lines mark the alongshore bathymetry transects presented in d). 
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lagoon (R1, R3, R6, R7, N1-6 and S1-6 in Figure 2-1c). Three acoustic Doppler 

velocimeters (ADV, Nortek Vector) were deployed at R2, R4 and R5 in a cross-shore 

array on the central reef platform, and one ADV was deployed in the southern lagoon at 

S7 to the south of the central reef platform. During low tide, the ADV at R5 

occasionally emerged as wave troughs passed over this location and thus the velocity 

data were excluded during these times.  

A current profiler (Nortek Aquadopp HR) was placed at N7 in a small 

depression between the central reef platform and the northern reef patch. In the northern 

channel a Nortek Aquadopp Profiler (ADP) was deployed at CN2. Due to a storm event 

during the early part of the experiment, this instrument was partially buried and data 

were unusable after 25 May 2014. Two current profilers were also placed in the 

southern main channel: an ADP at CS2 at the shoreward end, and an RD Instruments 

Acoustic Doppler Current Profiler (ADCP) at CS4 at the seaward end of the channel. 

Incident waves were measured with two Acoustic Wave and Current profilers (Nortek 

AWAC) at A1 and A2 in 10.5 and 8.0 m water depth at a distance of 1100 m and 450 m 

from the shoreline, respectively (Figure 2-1b).  

The bathymetry was surveyed in 2009 using an aerial LiDAR system with 5 m 

horizontal resolution and ±0.45 m vertical accuracy [Department of Transport, 2009]. 

A detailed survey using a single beam echosounder and RTK-GPS system fitted to a 

small boat was also conducted during the experiment. The shoreline position was 

surveyed every second day throughout the experiment with a backpack mounted RTK-

GPS system with a complete sub-aerial beach survey conducted immediately following 

the experiment. The uncertainty of the bathymetric surveys and sub-aerial beach 

surveys is estimated at 0.1 m [MacMahan, 2001] and 0.05 m, respectively [Barnard et 

al., 2012]. 
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Table 2-1. Instrument sampling regime. “A” denotes offshore instruments, CN and CS 

instruments in the northern and southern channel respectively, “R” instruments on the 

reef platform, “N” north of the reef platform and “S” south of the reef platform. 

Site Instrument Depth Sampling regime
Offshore 
A1 Nortek AWAC 10.5 m Pressure and surface velocities in hourly bursts 

of 2048 s at 2 Hz, velocity profile hourly in 
0.5 m bins 

A2 Nortek AWAC 7.9 m 

Northern channel 

CN1 RDI ADCP 3.8 m 
Pressure and velocity profile at 1 Hz continuous 
in 0.1 m bins 

CN2 
Nortek 
Aquadopp 
(ADP) 

5.5 m 
Pressure and velocity profile at 0.033 Hz 
continuous in 0.25 m bins 

Southern channel 
CS1 RBR Virtuoso  2.0 m 1 Hz continuous

CS2 
Nortek ADP 
High Resolution 
(HR) 

3.1 m 
Pressure and velocity profile at 1 Hz continuous 
in 0.05 m bins 

CS3 RBR DTide 4.2 m Pressure in hourly bursts of 2048 s at 2 Hz  

CS4 RDI ADCP 5.4 m 
Pressure and velocity profile at 1 Hz continuous 
in 0.1 m bins 

Central reef platform 
R1 RBR Virtuoso  1.1 m 1 Hz continuous
R2 Nortek ADV 1.2 m 2 Hz continuous
R3 RBR Virtuoso  0.8 m 1 Hz continuous
R4 Nortek ADV 1.0 m 

2 Hz continuous 
R5 Nortek ADV 1.2 m 
R6 RBR Virtuoso  1.6 m 

1 Hz continuous 
R7 RBR Virtuoso  5.2 m 
Northern reef patch 
N1 RBR Virtuoso  1.4 m 

1 Hz continuous 
N2  RBR Virtuoso 1.5 m 
N3  RBR Virtuoso  2.0 m 
N4  RBR Virtuoso  2.2 m 
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N5  RBR Virtuoso  2.8 m
N6  RBR Virtuoso  3.7 m

N7 Nortek ADP HR 2.2 m 
Pressure and velocity profile at 1 Hz continuous 
in 0.05 m bins 

Southern lagoon 
S1 RBR Virtuoso 1.5 m

1 Hz continuous 
 

S2 RBR Virtuoso 2.0 m
S3 RBR Virtuoso 0.9 m
S4 RBR Virtuoso 2.3 m
S5 RBR Virtuoso 1.8 m
S6 RBR Virtuoso 0.8 m
S7 Nortek ADV 2.3 m 2 Hz continuous
W1 Young 

Ultrasonic 
Anemometer 
85106 

- 10 s average

2.2.3 Data analysis  

Infragravity wave heights  

To assess the relative importance of short and infragravity waves, the significant wave 

heights were computed from pressure data that were corrected for atmospheric pressure 

and converted to surface elevation using the method based on linear wave theory in 

[Tucker and Pitt, 2001]. Spectra were estimated over 4-hour data segments using a 

Hamming window of 1024 s length with 50% overlap. This resulted in 71 degrees of 

freedom and a frequency band width of 0.001 Hz. Significant wave heights Hm0 were 

calculated from the variance density spectra Cηη for both the short and infragravity 

frequency (f) bands as [Holthuijsen, 2007]: 

𝐻𝑚0 = 4
√∫ 𝐶𝜂𝜂(𝑓)𝑑𝑓

𝑓𝑢𝑝𝑝𝑒𝑟

𝑓𝑙𝑜𝑤𝑒𝑟

 (2-1)

with flower = 0.035 Hz and fupper = 0.3 Hz for the short waves and flower = 0.004 Hz and fupper 

= 0.035 Hz for the infragravity waves. The frequency cut off between the short and 
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infragravity waves (0.035 Hz) was set at half of the peak frequency in the total energy 

spectrum averaged over the experiment period [Wilson, 1966]. The mean wave direction 

and directional spreading were estimated from the Fourier coefficients of the frequency-

directional spectra [Kuik et al., 1988]. 

Phase lag analysis 

To assess the infragravity wave propagation patterns at the field site, the phase lags 

between two instruments in a cross-shore transect were analysed to identify the 

presence of cross-shore standing wave nodes. The phase lag (φ) was calculated from the 

co- and quadrature spectra (Coij and Quadij, respectively) that contribute to the cross-

spectrum between two given instruments i and j [Emery and Thomson, 2014]: 

𝜑𝑖𝑗(𝑓 ) =  tan−1
[

−𝑄𝑢𝑎𝑑𝑖𝑗(𝑓)
𝐶𝑜𝑖𝑗(𝑓 ) ] (2-2) 

Cross-spectra were estimated from 4-hour data segments using a Hamming window of 

2048 s length with 50% overlap resulting in 35 degrees of freedom and a bandwidth of 

0.0005 Hz. Results were significant at a 95% confidence level when the cross-coherence 

exceeded 0.17. Signals between the instruments that are in phase or anti-phase indicate 

the existence of standing waves in the cross-shore [Péquignet et al., 2009] (see also 

Table 2-2). Instruments that are in phase (anti-phase) have an even (odd) number of 

cross-shore nodes between them. Cross-shore nodes can be a feature of standing leaky 

or edge waves. 

To assess the contribution of edge and leaky waves to the total infragravity 

wave energy, usually frequency-alongshore wavenumber (f-ky) spectra would be 

employed, as in the case of relatively alongshore uniform beaches [Huntley et al., 

1981]. This method requires stationary conditions both in time and space (along the 

coast). However, the conditions at our study site are not stationary in space because the 

alongshore wavenumber would change over the highly variable bathymetry and thus f-ky 

spectra are not applicable. Instead, the types of infragravity waves within the reef 

system were assessed based on the phase relationships between water levels and 
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horizontal velocities at individual instrument sites (refer to the summary in Table 2-2 

and the more detailed discussion of the methodology in Appendix A). The horizontal 

velocities were rotated using a principal component analysis so that the shore-normal 

velocity (u) aligned with the major infragravity wave direction at each instrument, 

deviating between -23º and +9º from the east-west axis for the sites considered, and the 

alongshore velocity (v) was rotated 90º counterclockwise from the shore-normal. For 

cross-shore standing and alongshore progressive waves (including progressive edge 

waves), the phase lag between cross- and alongshore velocities (as well as cross-shore 

velocity and surface elevation) is 90º. Conversely, for cross-shore progressive leaky 

waves and cross-shore and alongshore standing waves (including standing edge waves) 

the phase lag is either 0º or ±180º between cross- and alongshore velocities (or cross- 

shore velocity and surface elevation, respectively) [Huntley and Bowen, 1974]. The 

phase lag between alongshore velocity and surface elevation is 0º for alongshore 

progressive waves and ±90º for alongshore standing waves. In the presence of 

alongshore standing waves, surface elevations and alongshore velocities are either 0º or 

±180º out of phase between alongshore separated instruments. 

Table 2-2. Phase relationships between infragravity surface elevation and horizontal 

velocities, which aid in the distinction between leaky infragravity waves and edge 

waves. See also Appendix A. 

Phase 
relationships 

Leaky infragravity waves Edge waves 

Cross- and 
alongshore 
progressive 

Cross-shore 
standing, 
alongshore 
progressive 

Cross- and 
alongshore 
standing 

Progressive 
(cross-shore 
standing, 
alongshore 
progressive) 

Standing 
(cross- and 
alongshore 
standing) 

Instruments 
in a cross-
shore array 

 0° or 180° 0° or 180° 0° or 180° 0° or 180° 

u and v 0° or 180° 90° 0° or 180° 90° 0° or 180°
η and u 0° 90° 90° 90° 90°
η and v 0° 0° 90° 0° 90°
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Infragravity wave reflection 

For infragravity waves to be standing in the shore-normal direction, the dissipation of 

these waves needs to be weak and reflection at the shoreline needs to be strong. This 

reflection coefficient may be estimated as the ratio of incoming and outgoing shore-

normal fluxes [Sheremet et al., 2002] 

𝑅𝐼𝐺 =
𝐹𝑥,𝐼𝐺

−

𝐹𝑥,𝐼𝐺
+

(2-3) 

where the incoming and outgoing infragravity energy fluxes are calculated as follows 

by integrating over the entire infragravity energy band: 

𝐹𝑥,𝐼𝐺
± =  √𝑔ℎ ∫

1
4 [𝐶𝜂𝜂(𝑓) + ℎ

𝑔
𝐶𝑢𝑢(𝑓 ) ± √

ℎ
𝑔

𝐶𝑜𝜂𝑢(𝑓)] 𝑑𝑓

0.035

𝑓=0.004

 (2-4) 

Here, g is the acceleration due to gravity, h is the mean water depth, Cij(f) is the cross-

spectral or auto-spectral estimate of the variables xi and xj, which can either be the water 

surface elevation η, the shore-normal velocity (u) or alongshore velocity (v). Cross-

spectra were estimated using the same spectral parameters as outlined above. Using 

only the linear energy fluxes was justified, because the nonlinear energy fluxes 

calculated following Henderson et al. [2006] were small (<7% of the net linear fluxes). 

As the reflection coefficient only contains the shore-normal component of the incoming 

and outgoing infragravity energy fluxes, it accounts only partially for infragravity 

waves that are incident or reflected under an angle with the shore-normal. This will 

have an effect on the reflection coefficient, when the incident wave angle differs 

strongly from the outgoing wave angle.  

Spatial pattern analysis 

To assess the two dimensional variability of the observed water level variance across 

the reef system at N1-7, R1–6 and S1-7 (Figure 2-1c), an empirical orthogonal function 

(EOF) analysis was conducted, which has been previously applied in the analysis of 
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cross-shore infragravity wave patterns [Péquignet et al., 2009; Becker et al., 2016]. The 

mean and linear trends of four-hour data segments were removed and the data were 

subsequently bandpass-filtered to include only the lower infragravity frequencies from 

0.004-0.025 Hz. Infragravity frequencies above 0.025 Hz have been omitted because 

these contained only a minimal amount of the infragravity potential energy and the 

subsequent spatial interpolation is more accurate for longer wave lengths. The filtered 

signals were interpolated onto a 30 x 30 m grid using the objective mapping method 

[Emery and Thomson, 2014] with a maximum separation distance of 60 m between a 

grid point and instrument location. The EOF analysis decomposes the surface elevation 

time series ηm(t) at each grid point m into a spatially variable ith orthogonal mode ψim and 

its temporally varying amplitude ai(t), where the total number of modes M equals the 

number of grid points [Emery and Thomson, 2014]: 

𝜂𝑚(𝑡) = ∑[𝑎𝑖(𝑡)𝜓𝑖𝑚]
𝑀

𝑖=1
 (2-5)

Standing wave nodes would appear as a change from positive to negative values in the 

spatial EOF modes. 

To further explore the presence of standing waves, I qualitatively assessed how 

the transfer function, describing the ratio of the cross-spectral amplitude between the 

offshore site A1 and inshore sites to the auto-spectrum at the offshore site, varied 

spatially. Standing wave nodes would cause locally reduction of the infragravity wave 

signal relative to offshore. The transfer function is defined as [Emery and Thomson, 

2014]: 

|𝐻01(𝑓)| = |𝐶𝑜01
2 (𝑓 ) + 𝑄𝑢𝑎𝑑01

2 (𝑓)|1 2⁄

𝐶00(𝑓 )
(2-6)

where Co01(f) and Quad01(f) are the co- and quadrature spectrum between the records at 

sensor 0 (offshore) and 1 (inshore) and C00(f) is the auto-spectrum at the offshore sensor. 

Because the offshore sensor was chosen to be the AWAC at A1, which sampled in 

hourly 34 min bursts at 2 Hz, the cross-spectra were calculated using four consecutive 

34 min bursts consisting of three 1024 s long windows each. The spectral estimates of 
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these consecutive bursts were averaged so that the resultant estimate had 40 degrees of 

freedom and a frequency bandwidth of 0.001 Hz. This averaging decreased the absolute 

value of the transfer function slightly, but it greatly improved the confidence interval, so 

that results were significant at a 95% confidence level when the coherence exceeded 

0.15.  

2.3 Results 

2.3.1 Environmental conditions and wave height transformation 

The study area is microtidal with tidal water levels ranging from -0.1 m below to 

0.6 m above Australian Height Datum (AHD) during the experiment (Figure 2-2a). 

Incident significant wave heights at A1 (at 10.5 m depth) ranged between 0.7 m and 

2.3 m, with a mean value over the experiment of 1.1 m (Figure 2-2b). The largest waves 

were recorded during a storm on 24 May where wind speeds exceeded 15 m s-1 and a 

wave buoy located offshore from the continental shelf 30 km to the northwest (32.10º S, 

115.40 º E) recorded significant wave heights of 6 m. Refraction and dissipation over 

the continental shelf reduced the wave height to 2.3 m on the inner shelf at A1. During 

the remainder of the experiment, the peak wave period ranged between 7 and 20 s 

(Figure 2-2c) and waves approached the coast predominantly from 265°N (Figure 2-2d) 

with a directional spreading between 20° and 35° (Figure 2-2e). The analysis that 

follows will largely focus on the storm condition on 24 May at 8:00 am, but the chapter 

will also assess the persistence of observed infragravity wave patterns during moderate 

conditions. 
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The largest infragravity waves were observed on the reef platform during the 

storm condition (Figure 2-3b), when the largest short waves were also recorded on the 

forereef at R7 (Figure 2-3a). The short wave heights decreased from the outer reef (site 

R7 at ~5 m depth) to the shoreline, with the largest wave height reduction across the 

central reef platform (Figure 2-3c). In contrast, the infragravity wave heights first 

decreased and then increased towards the shoreline over the central reef (Figure 2-3d). 

Across the lagoon, infragravity wave heights were smaller than on the reef platform and 

the reef patch to the north.  

 

Figure 2-2. Offshore wave and water level conditions measured at A1 (at 10.5 m depth). 

a) Water level relative to AHD, b) significant sea-swell wave height, c) peak period, d) 

peak direction and e) peak directional spreading. 
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Figure 2-3. a) Significant short wave height and b) significant infragravity wave height 

at R1 (near the shoreline) and R7 (seaward edge of the reef platform). c) Significant 

sea-swell wave height and d) significant infragravity wave height during the storm 

condition on 24 May at 8:00 am (black line in a and b). 
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The cross-shore wave height transformations were examined in more detail 

across the central reef platform. During storm conditions, the sea-swell wave height 

increased from A2 to R7 and then decayed towards the shoreline due to wave breaking 

(Figure 2-4b, blue markers). The infragravity wave height also increased from A2 to 

R7, decreased slightly to R3 and finally increased again to a maximum at R1 near the 

shoreline (Figure 2-4b, green markers).  

The spectral transformation across the central reef platform was evaluated from 

the potential wave energy at the pressure sensors (R1, R3, R6 and R7) and from the 

potential and kinetic energy at the sites with collocated velocity meters and pressure 

sensors (R2, R4 and R5). Potential wave energy in the short wave band (0.035-0.3 Hz) 

decreased from R7 (offshore) to R1 (near the shoreline), while potential energy in the 

infragravity wave band (0.004-0.035 Hz) first increased at R6, then decreased at R3 and 

finally increased again to dominate the energy density spectrum at R1 near the shoreline 

during the storm condition (Figure 2-5a). The potential energy density spectrum was 

 

Figure 2-4. a) Bed elevation and instrument locations across the central reef platform 

and b) significant sea-swell (blue) and infragravity (green) wave heights during the 

storm condition on 24 May at 8:00 am. 
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dominated by short waves with a peak frequency of fp = 0.07 Hz at R7 on the forereef. 

Shoreward from that site, the spectrum was dominated by potential infragravity wave 

energy, which peaked at 0.008, 0.014 and 0.018 Hz at R1 (Figure 2-5a). Not all of these 

peaks were observed at the remaining instruments, e.g. at R3 the potential energy was 

much lower around 0.014 Hz and 0.018 Hz; this isolated decrease at R3 is investigated 

further in Section 2.3.2. At R4 and R5 the potential energy was low and dipped at 

around f ~ 0.018 Hz at R4 (Figure 2-5c, blue line) and at around f ~ 0.01 Hz at R5  

 

Figure 2-5. a) Potential energy spectra for a four-hour window during the storm 

condition at R1, R3, R6 and R7. R7 is located at the reef edge and R1 near the 

shoreline. All instruments are in the cross-shore transect across the central reef 

platform. The vertical black line indicates the infragravity cut-off frequency 0.035 Hz. 

b-d) Potential (η) and shore-normal (u) and alongshore (v) kinetic energy spectra for a 

four-hour window during the storm condition at R2 (b, near the shoreline), R4 (c) and 

R5 (d). Please note the different frequency range in a). 
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(Figure 2-5d, blue line), while the cross-shore kinetic energy density was high around 

f ~ 0.018 Hz at R4 and at around f ~ 0.014 Hz at R5 (Figure 2-5c-d, green line). This 

suggests the existence of a surface elevation node and cross-shore velocity anti-node 

near R4 and R5 close to the respective frequencies. At R2, the alongshore and cross-

shore kinetic energy were of similar magnitude at 0.015 Hz and above. Energy in the 

alongshore velocity spectra at R4 and R5 was smaller than in the cross-shore velocity 

spectra and was equally distributed over all frequencies without any significant peaks 

(Figure 2-5b-d, red line).  

2.3.2 Cross-shore infragravity wave propagation patterns 

Spectral phase lags for the surface elevations and velocities between R2 and R5 were 

computed to further assess if infragravity waves in the cross-shore direction were 

standing or progressive. From Table 2-2a constant phase lag in time of either 0º or 

±180º indicates a standing wave pattern, with a phase lag of ±180º indicating the 

presence of an odd number of cross-shore nodes between instruments and a phase lag of 

0º indicating an even number of cross-shore nodes between instruments. During the 

storm, water levels were 180º out of phase around 0.02 Hz (Figure 2-6c), while cross-

shore velocities were in phase on the reef platform (0o, Figure 2-6d); thus suggesting 

that a surface elevation node and a cross-shore velocity anti-node occurred between R2 

and R5. From 0.01-0.017 Hz the phase between surface elevations was linearly 

changing, which may indicate a partially standing and partially progressive wave. 

However, the surface elevation (potential energy) spectrum was low around 0.01 Hz at 

R5 due to a possible standing wave node, which may have decreased the accuracy of the 

phase lag calculation for this frequency range. The phase lag between surface elevations 

at sites R1 and R6, which were located further away from potential standing wave 

nodes, was closer to 180º from 0.01-0.02 Hz (blue markers in Figure 2-7). When 

comparing these results over the entire experimental record, the phase lags were 

remarkably consistent, with only the frequency of phase jumps being slightly modulated 

on a tidal time scale (Figure 2-6a and b for the central reef platform, others not shown). 
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The phase lag was also 0º or ±180º in the remaining cross-shore transects both north 

and south of the central reef platform (Figure 2-7), which indicates that the cross-shore 

nodal pattern was not only persistent in time, but also along the shore.  

To form a cross-shore standing wave pattern, the incoming and outgoing 

infragravity wave energy need to be of equal magnitude, i.e. the reflection coefficient 

RIG needs to be close to 1, which was the case (0.75≤ RIG ≤1.25) at R2 (near the 

shoreline) and A2 (on the inner shelf) for the entire experiment period (Figure 2-6e). 

During larger wave conditions and particularly during the storm, the reflection 

 

Figure 2-6. Frequency versus time of phase lags (colours) between sites R2 and R5 on 

the reef platform of a) surface elevations and b) cross-shore velocities. Phase lags are 

only shown where coherence is above the 95% confidence level. Phase lags for the 

storm condition (black line in a and b) for d) surface elevations and e) cross-shore 

velocities. c) Time series of the reflection coefficient RIG (Eq. (2-3)) across the reef 

platform at A1 (offshore), A2, R5, R4 and R2 (near the shoreline). Following the 

approach outlined in Sheremet et al. [2002], the error of the reflection coefficient RIG 

was estimated to be smaller than 4%. 
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coefficient RIG occasionally dropped to 0.5, which indicates that waves may have been 

partially standing and partially progressive at A1 and R5. However, it is also 

emphasized that the infragravity energy fluxes are separated along the shore-normal 

direction, and energy fluxes of obliquely incident and reflected infragravity waves are 

partially contained within the cross- and alongshore fluxes. Thus, unless the incident 

and reflected wave angle are equal, changes in the reflection coefficient may not solely 

be caused by energy gain or dissipation in the infragravity wave band, but also by wave 

refraction. 

 

Figure 2-7. Phase lags between surface elevations in selected cross-shore transects on 

(R1, R6), north of (N1, N3) and south of (S4, S6) the central reef platform as well as in 

the southern channel (CS2, CS4) for the storm condition. The vertical lines mark the 

phase jumps that were derived from linear wave theory in a one-dimensional model of 

standing waves over the respective cross-shore bathymetry transects. The black dashed 

line marks the frequency f = 0.014 Hz that was used for the linear wave theory model 

presented in Figure 2-12 and discussed in Section. 
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2.3.3 Two-dimensional infragravity wave variability 

To investigate the potential existence of standing wave motions, the first two EOF 

modes were calculated (Eq. (2-5)), which together accounted for 76% of the total 

variance of the surface elevation during the storm condition. The first mode (accounting 

for 57% of the total variance) displayed the characteristics of a cross-shore standing 

wave with a sign change along a transect from N2 over R5 to S7 (Figure 2-8a) and a 

peak frequency in the first EOF mode energy at 0.014 Hz (Figure 2-8c, blue line), 

consistent with the peak frequency of the potential infragravity energy. The second 

mode (19% of the total variance) displayed the characteristics of an alongshore standing 

wave with a node along the axis of the central reef platform (Figure 2-8b). The  

 

Figure 2-8. The a) first and b) second empirical EOF modes (Eq. (2-5)) of the spatially 

interpolated surface elevation that together explain 76% of the total variance of the 

water surface between 0.004-0.025 Hz during the storm condition. c) Amplitude spectra 

of the first two EOF modes during the storm condition. d-f) The same as in a-c during a 

moderate wave conditions on 30 May. The black circles in a, b, d and e mark instrument 

locations. 
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amplitude variance of the second mode was high between 0.013-0.022 Hz (Figure 2-8c, 

green line) consistent with elevated alongshore kinetic energy at these frequencies at R2 

on the reef platform. During the moderate wave condition on 30 May at 10:00 am the 

spatial EOF modes and amplitudes were similar (Figure 2-8d-f). 

To further investigate the spatial variability of infragravity waves, the transfer 

function between the offshore and inshore instruments was computed using Eq. (2-6). 

To isolate the distinct nodal wave pattern displayed by the first EOF mode, the transfer 

function was integrated over the frequency band between 0.013-0.016 Hz, which 

contained the peak of the potential infragravity energy and the peak amplitude variance 

of the first EOF mode. In this frequency band, the infragravity wave amplification 

decreased along an alongshore transect from N2 through R5 to S7 respectively (dashed 

line in Figure 2-9); however, the energy was amplified onshore and offshore of this 

transect. The cross-shore pattern of strong and weak amplification was consistent with  

 

Figure 2-9. Transfer function between surface elevation at A1 and the nearshore 

instrument sites (Eq. (2-6)) between 0.013-0.016 Hz for the storm condition. The 

dashed line connects instruments with the lowest transfer function in the respective 

cross-shore transects. The colourbar indicates the magnitude of the transfer function. 
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the first EOF mode (Figure 2-8a) and corresponded to a wave length of approximately 

300 m at 0.014 Hz. This wave length was consistent with shallow water wave theory of 

a wave travelling in 2 m depth, which was close to the mean water depth between R7 

and R1 corrected for the tidal elevation and estimated wave setup following Lowe et al. 

[2009]. At frequencies above 0.017 Hz the amplitude variance of the first and second 

EOF mode was not significantly different at a 95% confidence interval (Figure 2-8c) 

and thus the transfer function was not consistent with either of the first two EOF modes.  

To assess whether the cross-shore nodal structure and the EOF modes were 

related to alongshore progressive or alongshore standing waves, the phase relationships 

between surface elevation and horizontal velocity components were calculated using 

cross-spectral analysis. During the storm, the cross- and alongshore velocities were in 

 

Figure 2-10. Phase lags at R2 on the reef platform between a) cross- and alongshore 

velocities, b) surface elevation and cross-shore velocity as well as c) surface elevation 

and alongshore velocity. The phase is calculated for four-hour blocks and shown in 

white where the coherence drops below the 95% level. d- f) The corresponding phase 

lags during the storm condition (black line in a-c). 
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anti-phase (±180º, Figure 2-10d), while surface elevation and cross-shore velocity, as 

well as surface elevation and alongshore velocity, were in quadrature (±90º) within the 

frequency band from 0.01-0.02 Hz (Figure 2-10e-f). This phase signature, which 

persisted throughout the experiment (Figure 2-10a-c), is consistent with the phase lags 

of a cross-shore and locally alongshore standing wave pattern or a standing edge wave 

(see Table 2-2).  

The phase relationships between alongshore velocities at sites along the shore 

were calculated to further investigate the potential for standing wave variability in the 

alongshore. From the lagoon south of the reef platform (S7) to the reef platform (R2), 

the phase was around +180º for frequencies between 0.01 and 0.02 Hz suggesting the 

existence of an alongshore standing wave pattern with an alongshore velocity node 

south of the reef platform (Figure 2-11c). The existence of an alongshore velocity node 

 

Figure 2-11. Frequency versus time of phase lags (colours) between alongshore velocity 

at alongshore separated sites a) S7 in the lagoon and R2 on the reef platform and b) R2 

on the reef platform and N7 to the north of it. Phase lags are only shown where 

coherence is above the 95% confidence level. c and d) Phase lags during the storm 

condition (black line in a and b) for both instrument pairs. 
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in the lagoon was further supported by the low alongshore kinetic energy at S7 (not 

shown). The alongshore velocity node and the surface elevation node of an alongshore 

standing wave are separated by a quarter of the alongshore wave length and thus the 

location of this node is consistent with the pattern of the second EOF mode (Figure 

2-8b). Between the reef platform (R2) and the reef patch to the north of it (N7), the 

phase between alongshore velocities was around 0º for frequencies between 0.01 and 

0.02 Hz, which does not allow for identification of the wave pattern, but it was close to 

+180º at 0.025 Hz and above (Figure 2-11d). Again, these phase relationships were 

persistent throughout the experiment including the storm event and moderate wave 

conditions (Figure 2-11a and b). 

2.4 Discussion 
Infragravity waves have previously been studied in relatively alongshore-uniform 

environments such as sandy beaches [e.g. Guza and Thornton, 1985] and fringing coral 

reefs [e.g. Péquignet et al., 2014]. This study presents new quantitative insight into the 

impact that an alongshore-irregular bathymetry has on the relative importance of 

infragravity waves compared to short waves, the spatial distribution of infragravity 

wave heights and the infragravity wave propagation patterns.  

The study site consisted of a shore-attached reef platform with an adjacent 

lagoon and patch reefs. Short and infragravity waves were transformed differently 

within these two regions. Over the shore-attached reef, short waves gradually dissipated 

due to depth-induced breaking, as observed in other shore-attached reef and rock 

platform studies [e.g. Farrell et al., 2009; Vetter et al., 2010; Ogawa et al., 2011]. 

However, across the lagoon transects, the short waves initially decreased over the reef 

platform and then remained constant inside the deeper lagoon area, which is similar to 

fringing coral reefs with lagoons [Gourlay, 1994; Pomeroy et al., 2012]. 

In contrast, the infragravity wave height increased over the shore-attached reef 

platform and was similar to the short wave height near the shoreline, consistent with 

observations at sandy beaches [e.g. Guza and Thornton, 1985; Ruessink, 1998; de 
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Bakker et al., 2014] and over rock platforms [Beetham and Kench, 2011; Ogawa et al., 

2011; Ogawa et al., 2012; Ogawa et al., 2015]. In the lagoon, the infragravity waves 

were smaller than on the reef and remained smaller than the short waves. In contrast to 

larger-scale coral reef morphologies, where infragravity waves can be significantly 

reduced in height due to frictional losses when they propagate across an extensive reef 

flat and lagoon [Pomeroy et al., 2012], the infragravity wave reflection coefficients 

were high over the rocky reef bathymetry.  

Infragravity waves were generally larger over the shallow reef platforms than 

inside the lagoon, which may be due to infragravity wave shoaling [van Dongeren et al., 

2007]. In addition, infragravity waves may refract around the shallow reef structures to 

focus on the central reef platform. An analogous behaviour of infragravity waves has 

been observed over a complex bathymetry on the southern California inner shelf, which 

was attributed to refraction and reflection off submarine canyons [Thomson et al., 

2007]. Infragravity wave heights also varied in the cross-shore across the reef platform; 

they were largest near the salient and at the seaward edge of the reef platform, while 

slightly smaller at the centre of the platform. This wave height reduction and subsequent 

amplification near the shoreline is not attributed to wave refraction and shoaling, but 

rather to a cross-shore standing wave pattern with a surface elevation node on the reef 

platform.  

2.4.1 Standing wave patterns 

The strong reflection of infragravity wave energy (RIG > 0.75 at R2, R4 and A1) allows 

for the formation of cross-shore standing waves. Surface elevation nodes of these waves 

persisted along the reef in the infragravity wave band between 0.01 and 0.02 Hz where 

the infragravity wave energy was largest. The presence of these nodes can explain the 

reduction in the transfer function magnitude along the instrument transect from site N2 

(north of the central reef platform) over R5 (on the reef platform) to S5, which were 

approximately equidistant from the shoreline. The amplification of the infragravity 

wave energy onshore, and particularly offshore of this transect, is related to the standing 
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wave pattern. Shoaling and refraction alone would only cause the infragravity waves to 

be amplified on the reef platform and near the shoreline.  

At A2 and R5 reflection was weaker, particularly during the storm (RIG = 0.5 at 

R5 and A2), which suggests that waves may have been only partially standing in the 

cross-shore. This is consistent with the non-constant phase lag between surface 

elevation at R2 and R5, but inconsistent with the in phase cross-shore velocities at those 

sites (Figure 2-6) and the out of phase surface elevations at R1 and R6 in the same 

transect (Figure 2-7). It is unclear, whether the decrease in RIG at R5 and A2 was due to 

wave dissipation or wave refraction. Numerical modelling of the two-dimensional 

infragravity energy flux gradients over the complex bathymetry of the study site, such 

as recently conducted on a barred beach [e.g. Rijnsdorp et al., 2015], could provide 

useful insight into the mechanics of infragravity wave dissipation and generation at the 

site in a future study. 

The observed cross-shore standing wave patterns persisted over the entire 

experiment and are similar to previous studies on beaches [Suhayda, 1974; Guza and 

Thornton, 1985] and fringing reefs with alongshore uniform bathymetries [Péquignet et 

al., 2009]. In this study, standing waves were observed and consistent along the shore 

(Figure 2-7), despite the irregular alongshore bathymetry with depths changing from 

~3 m in the lagoon to ~0.5 m on the reefs over a distance of only a few meters. To 

assess why the irregular alongshore bathymetry does not appear to affect the standing 

wave pattern, the location of standing wave nodes in elevation were analytically 

estimated for the average infragravity peak frequency f = 0.014 Hz at R1 (Figure 2-12). 

At the shoreline, the model assumed a standing wave anti-node in elevation and the 

elevation of the incident and reflected infragravity wave was then calculated under the 

assumption that waves propagate in the same direction in all transects at shallow water 

wave speed without frictional dissipation, which is justified by the strong observed 

reflection at most instruments. The phase lags between the instrument pairs in the 

respective cross-shore bathymetry transects derived from this model agree well with the 

observed phase lags (vertical lines in Figure 2-7), although this simple 1D model 
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neglects the two-dimensional bathymetry and infragravity wave dissipation. The 

variable cross-shore bathymetry causes the nodes to move; for example, in the southern 

channel the nodes move further apart (50-100 m shoreward and seaward, Figure 2-12f), 

but the spatial resolution of the observations is not high enough to detect these changes.  

On a plane beach, the cross-shore nodal structure in the infragravity band may 

be characteristic of a cross-shore standing leaky wave or an edge wave [Guza, 1974; 

Guza and Thornton, 1985]. At the study site, the phase relationships between cross-

shore and alongshore velocities and the surface elevation on the central reef platform (at 

R2, Figure 2-10) as well as the phase relationships between alongshore velocities on the 

reef platform (R2) and in the lagoon (S7, Figure 2-11) were consistent with standing 

edge waves. However, edge wave theory was developed for alongshore uniform 

 

Figure 2-12. Analytically derived cross-shore standing wave patterns for the average 

infragravity peak frequency at R1 (f = 0.014 Hz) in the transect across the central reef 

(a), north of the central reef platform (b-c), across the southern lagoon (d-e) and in the 

southern channel (f). 
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bathymetries [Ursell, 1952], so that the underlying assumptions are technically violated 

in this environment. Therefore, a conceptual model is proposed (Figure 2-13) of a cross-

shore and alongshore standing leaky wave that can explain the observed phase 

relationships. The model is also consistent with the observed EOF modes (Figure 2-8) 

that suggest an energetic cross-shore standing wave pattern and a less energetic 

alongshore standing wave pattern. According to this model, the cross-shore components 

of the incident and reflected waves form a cross-shore standing wave similar to an 

alongshore uniform beach. The alongshore components of infragravity waves that 

refract towards each other propagate in opposite directions and create a standing wave 

pattern in the alongshore as well. The alongshore standing wave pattern only exists  

 

Figure 2-13. Conceptual model of a cross-shore and alongshore standing leaky 

infragravity wave pattern. a) Plain view of the surface elevation over an even 

topography, b) alongshore standing wave pattern, c) cross-shore standing wave pattern. 

The red dots indicate standing wave nodes. 
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locally over the reef platform where refracted infragravity waves cross. For this cross- 

and alongshore standing wave pattern, the cross- and alongshore velocities are in phase 

(0º or ±180º) and the cross-shore velocity and surface elevation as well as the 

alongshore velocity and surface elevation are in quadrature (±90º, see Table 2-2 and 

Appendix A). The cross-shore amplitude resulting from the combined cross-shore and 

alongshore standing wave pattern would be sinusoidal, in contrast to the one of a 

standing edge wave, which would follow a Laguerre polynomial. While this 

conceptualized wave pattern is expected to be rare on alongshore-uniform coasts, where 

it may only occur when waves originate from two offshore sources, for example, two 

distant storm systems or wave refraction around offshore islands, it may occur more 

frequently in alongshore non-uniform environments that cause significant refractive 

wave focusing, as is the case along alongshore variable rocky reef coasts. 

2.5 Conclusions 
A field experiment was conducted on a rocky reef-fringed coast in southwestern 

Australia to investigate how the highly alongshore-variable bathymetry of the reef-

lagoon system affects infragravity wave heights and propagation patterns along the 

coast. Over the highly irregular bathymetry, infragravity wave heights displayed not 

only strong variability in the cross-shore direction but also in the alongshore direction. 

Infragravity waves were generally smaller in the lagoon, where they were constant in 

height, than on the reef platform where they increased towards the shore. Wave 

focusing and shoaling amplified the waves over the shallow reef platform near the 

shoreline salient where they were largest throughout the entire experiment. Incident and 

reflected infragravity waves resulted in a persistent cross-shore standing wave pattern at 

frequencies near 0.014 Hz along the entire reef-lagoon system. Refracted waves 

additionally caused a local, alongshore standing wave pattern, which was evident in the 

phase relationships between surface elevation and horizontal velocities. This alongshore 

standing wave pattern was equally energetic as the cross-shore wave pattern at 

infragravity frequencies above 0.015 Hz and was only present on the reef platform. 
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Finally, results from the study clearly demonstrate that in highly alongshore-variable 

bathymetries, a purely one-dimensional view of the dynamics is not sufficient to 

understand the transformation and propagation of infragravity waves. This is because 

alongshore standing wave patterns, wave refraction and alongshore irregular shoaling 

induce considerable infragravity wave height variability in the nearshore.  

This standing wave pattern did not affect the cross-shore exchange rates that 

are investigated in Chapter 4. In the following chapter, the mean flow and its variability 

with various water levels and offshore wave conditions is investigated to determine the 

implications for exchange between reef waters and the open ocean.  
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 WAVE-DRIVEN CIRCULATION OVER A SHORE-ATTACHED 

ROCKY REEF 

3.1 Introduction 
Along wave exposed reef coastlines, incident wave energy usually provides the 

dominant forcing that drives nearshore circulation. Wave breaking on shallow reefs 

induce radiation stress gradients [Longuet-Higgins, 1962] that exert forces on the water 

column. The incident wave power generates wave setup (an increase in mean water 

level) over reefs and in the lagoon (if present) [e.g. Lugo-Fernández et al., 1998; 

Quataert et al., 2015; Buckley et al., 2016] [Gourlay and Colleter, 2005; Hench et al., 

2008]. 

When a reef is not backed by a coastline, e.g. for the case of coral atolls and 

barrier reefs, or it is intersected by reef channels (as in the case of a fringing reef), water 

level gradients shoreward of the surf zone (where wave dissipation becomes negligible) 

drive depth-averaged cross-reef flows. Several one-dimensional models have been 
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developed to predict these wave-driven flows for reefs backed by an extensive lagoon or 

the open ocean [Symonds et al., 1995; Gourlay, 1996; Hearn, 1999; Gourlay and 

Colleter, 2005]. By considering the balance between the wave forces, setup gradients 

and bottom friction across a reef, Symonds et al. [1995] showed analytically that the 

flow decreases as the width of a reef flat increases (e.g. a large-scale coral reef). This is 

because wave setup is maximum at the landward edge of the surf zone and zero at the 

back of the reef; the setup gradient across the reef reduces with increasing width. Over a 

narrow reef flat, the wave setup gradient increases, which drives a stronger cross-reef 

flow. This model was later confirmed with numerical model predictions of flow over 

offshore patch reefs [Symonds et al., 2011] and across a fringing reef backed by a 

lagoon [Taebi et al., 2012].  

In a fringing reef intersected by reef channels, the momentum balances must 

also include alongshore setup gradients inside the lagoon or along the reef that are 

responsible for driving flow towards and out the reef channels. Simple analytical 

models that include these alongshore setup gradients have been developed to predict the 

wave-driven flows for fringing reefs [Lowe et al., 2009; Monismith, 2013], similar to 

models developed for submerged breakwaters [Bellotti, 2004] and rip currents generated 

over submerged bars [Dalrymple, 1978]. The latter typically cover smaller horizontal 

scales so that nonlinear advection terms become relatively more important. Therefore, 

the rip current model by Dalrymple [1978] incorporated the alongshore acceleration of 

the feeder current towards the rip channel. Subsequent laboratory and numerical rip 

current experiments have confirmed the importance of nonlinear advective terms arising 

from flow acceleration in the vicinity of rip channels [Haller et al., 2002; Long and 

Özkan-Haller, 2005; Moulton et al., 2017]. Numerical models of rip currents suggest 

that these terms can be even more important than bottom stress [Schmidt et al., 2005]. 

However, the continuously evolving bathymetry of sandy beaches can make it 

challenging to quantify the importance of advection terms in the field. 

Many reefs, such as rocky patch reefs along coastlines, can have comparable 

spatial scales to rip-channel morphologies (i.e. 10s to 100s of meters), but are 
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characterised by non-erodible beds often with large bathymetric gradients. In 

southwestern Australia, for example, much of the coastline is fringed by limestone 

reefs, which occur in patchy distributions along the coast; the alongshore gaps between 

reefs are larger than the reefs themselves [Sanderson and Eliot, 1999; Gallop et al., 

2011]. The locations of these reefs range from shore-attached to O(1km) offshore 

[Symonds et al., 2011]. A limited number of studies have investigated the flow over 

these isolated offshore reef platforms [Mulligan et al., 2010; Symonds et al., 2011], 

where the cross-reef flow can drive currents far in the lee of the reef [Mulligan et al., 

2008]. However, when a reef is located close (or attached) to a coastline, flow must 

decelerate and diverge towards shore; the importance of the nonlinear advection terms 

should increase. In small-scale reef systems, these nonlinear terms may make an 

important contribution to the momentum balance across large parts of the reef system, 

and hence regulate the wave-driven circulation responses to incident wave conditions. 

Understanding these flow dynamics is critical to assess the role of the mean flow pattern 

and magnitudes with respect to a range of processes; for example, the dynamic 

behaviour of shorelines in the lee of reefs [Ranasinghe et al., 2006; Gallop et al., 2011] 

as well as the exchange of water between the nearshore zone and offshore ocean that 

influences larvae exchange [e.g. Borges et al., 2007] and affects coastal water quality 

[e.g. Boehm et al., 2002].  

The objective of this study was to investigate the dynamics of wave-driven 

circulation in small-scale coastal reef systems with an emphasis on the quantification of 

nonlinear advection terms. These terms are expected to be more important over small-

scale (O(10m)) nearshore bathymetric features and easier to measure over fixed 

bathymetries (due to their persistence). The specific aims were: (1) to identify the 

variability of forcing provided by waves and setup gradients; (2) identify the flow 

dynamics and its response to this forcing variability; and (3) to investigate the effect of 

the small-scale bathymetry on the momentum balances and the nonlinear advection 

terms.  
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Section 3.2 describes the field site, the instrumentation and data analysis 

methods. The environmental conditions during the field experiment and observations of 

wave forcing, pressure gradients, mean flow and observed momentum balances on the 

reef platform are described in Section 3.3. Section 3.4 presents the results of a 

numerical model in XBeach that is then used to calculate the spatial momentum 

balances. Section 3.5 discusses the role of the nonlinear advection terms as well as the 

effect of variable wave heights on the momentum balances. 

3.2 Methods 

3.2.1 Site description 

An approximately two-week field experiment was conducted during the 2014 austral 

winter (22 May to 7 June) to investigate the nearshore hydrodynamics along an ~500 m 

stretch of coastline that is fringed by shallow limestone reefs at Garden Island in south-

western Australia (Figure 3-1a). The study area is microtidal and exposed to seasonally 

variable wave energy. The site features a shore-attached reef platform that is bounded to 

the south by both a lagoon (2-3 m deep) and a seaward oriented channel, and to the 

north by a shore-detached reef (~1.5 m deep) along with a second seaward channel 

(Figure 3-1c). These reefs and the lagoon are bounded in the north and south by 

channels that are ~100 m wide. The central reef platform rises from 5 m depth offshore 

at an average slope of 1:40 to a flat platform with a mean still water depth of 0.75 m 

below Australian Height Datum (AHD, approximately mean sea level; Figure 3-1c). 

3.2.2 Instrument layout 

An array of pressure sensors, current meters and current profilers were deployed within 

and offshore of the reef system (Figure 3-1c, see also Section 2.2.2). The 

instrumentation included 18 pressure sensors (RBR Virtuoso) organized into a two-

dimensional array that spanned the reefs, channels, and lagoon (R1, R3, R6, R7, N1-6 

and S1-6 in Figure 3-1c). Three acoustic Doppler velocimeters (ADV, Nortek Vector) 



3.2  METHODS 

47 

were deployed at R2, R4 and R5 in a cross-shore array on the central reef platform, and 

one ADV was deployed in the southern lagoon at S7 to the south of the central reef  

 

Figure 3-1. a) Location of the field site in southwestern Australia. b) Location of wave 

gauges (Nortek AWACs) A1 and A2 offshore of the reef in 10.5 m and 8 m water 

depth, respectively. c) Instrumentation within the reef and bathymetry (colours indicate 

bed level below AHD). The reef platforms are outlined in orange and isobaths (at 1 m 

depth interval) are plotted in black. The reef platforms are typically ~1 m deep, the 

lagoon ~2-3 m and the channels ~5 m. The coloured symbols indicate the locations of 

the instruments. The blue circle on the dune marks the location of the wind 

anemometer. The yellow lines denote transects used for the momentum balances in 

Section 3.4.3. 
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platform. During low tide, the ADV at R5 occasionally became emerged as wave 

troughs passed over this location; velocity data were excluded during these times.  

A current profiler (Nortek Aquadopp HR) was placed at N7 in a small 

depression between the central reef platform and the northern reef patch. Two current 

profilers were also placed in the southern main channel: an ADP at CS2 near the 

shoreward end of the channel, and an RD Instruments Acoustic Doppler Current 

Profiler (ADCP) at CS4 towards the seaward end of the channel. Incident waves were 

measured with two Acoustic Wave and Current profilers (Nortek AWAC) at A1 and A2 

in 10.5 and 8.0 m water depth at a distance of 1100 m and 450 m from the shoreline, 

respectively (Figure 3-1b). Wind was measured on the dune near the salient with an 

ultrasonic anemometer (Young 85106) that sampled average wind speeds at 10 s 

intervals. This anemometer did not sample continuously due to power interruptions and 

missing data was filled in by wind speeds and directions sampled half-hourly 700 m 

inland from the field site [Bureau of Meterology, 2014]. In the overlapping periods, the 

locally measured wind data correlated well with the inland measurements (r2 = 0.98 and 

bias = 0.19 m s-1 for cross-shore wind speeds and r2 = 0.97 and bias = -0.24 m s-1 for 

alongshore wind speeds). Table 2-1 and Table 3-1 describe the instrument sampling 

configurations. 

The bathymetry was surveyed in 2009 using an aerial LiDAR system with 5 m 

horizontal resolution and ±0.45 m vertical accuracy [Department of Transport, 2009]. It 

is reasonable to assume that the rocky reef areas have not changed substantially since 

the aerial survey. The sandy areas in the lagoon and channels were surveyed at higher 

resolution during the experiment using a single beam echo sounder and an RTK-GPS 

system fitted to a small boat (vertical accuracy ±0.1 m [MacMahan, 2001]). During the 

experiment, sub-aerial beach surveys were conducted approximately every second day 

with a backpack mounted RTK-GPS system (vertical accuracy ±0.05 m, respectively 

[Barnard et al., 2012]). 
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Table 3-1. Instruments and sampling configuration. “A” denotes offshore instruments, 

CS instruments in the southern channel, “R” instruments on the reef platform and “S” 

south of it. Root-mean-square error (RMSE), bias and Willmott skill (WS) for the 

modelled significant wave heights (Hm0), mean cross-shore (u) and alongshore (v) 

velocities. 

Site 
Instru-
ment 

Depth 
Sampling 
configurations 

Hm0 

(RMSE, 
bias, 
WS) 

u  
(RMSE, 
bias, 
WS) 

v  
(RMSE, 
bias, 
WS) 

Offshore 

A1 
Nortek 
AWAC 

10.5 m 
Pressure and surface velocities in hourly bursts of 2048 s 
at 2 Hz, velocity profile hourly in 0.5 m bins 

Within the reef-lagoon system

CS2 
Nortek 
ADP 
High Res 

3.1 m 

Pressure and 
velocity profile at 
1 Hz continuous 
in 0.05 m bins 

0.42 m,  
0.42 m,  
0.58 

0.02 m s-1,  
0.00 m s-1, 

0.95  

0.11 m s-1, 

-0.11 m s-1, 

0.86 

CS4 
RDI 
ADCP 

5.4 m 
See description 
for CN1 

0.35 m,
0.35 m, 
0.64 

0.06 m s-1, 

0.05 m s-1, 

0.90  

0.11 m s-1, 

-0.11 m s-1, 

0.88 

R2 
Nortek 
ADV 

1.2 m 2 Hz continuous 
0.08 m,
-0.07 m, 
0.91 

0.08 m s-1, 

-0.07 m s-1, 

0.90  

0.09 m s-1, 

0.08 m s-1, 

0.90 

R4 
Nortek 
ADV 

1.0 m 2 Hz continuous 
0.04 m,
-0.02 m, 
0.97 

0.12 m s-1, 

-0.10 m s-1, 

0.84 

0.13 m s-1, 

0.12 m s-1, 

0.85 

R5 
Nortek 
ADV 

1.2 m 2 Hz continuous 
0.09 m,
-0.09 m, 
0.91 

0.13 m s-1 

-0.07 m s-1 

0.78  

0.12 m s-1, 

0.10 m s-1, 

0.86 

S7 
Nortek 
ADV 

2.3 m 2 Hz continuous 
0.13 m,
0.12 m, 
0.82 

0.05 m s-1, 

0.05 m s-1, 

0.93  

0.05 m s-1, 

-0.03 m s-1, 

0.95 
On land 

W1 
Young Ultrasonic 
Anemometer 85106 

10 s average 
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3.2.3 Analysis of wave heights and wave setup  

The incident wave conditions were calculated from sea surface spectra for each 

34 minute burst of data measured offshore at A1 (Figure 3-1b) using a Hamming 

window of 256 s length with 50% overlap resulting in 40 degrees of freedom. 

Significant wave heights Hm0 were computed from the integral of the variance density 

spectra Cηη between flower = 0.035 Hz and fupper = 0.3 [Holthuijsen, 2007]: 

𝐻𝑚0 = 4
√∫ 𝐶𝜂𝜂(𝑓)𝑑𝑓

𝑓𝑢𝑝𝑝𝑒𝑟

𝑓𝑙𝑜𝑤𝑒𝑟

(3-1) 

Wave setup within the reef system was estimated from the low-pass filtered 

pressure, which had the atmospheric pressure removed and was converted to water 

depth assuming hydrostatic pressure. Because the absolute depth of the instruments is 

unknown, the setup was calculated from the water level difference between A1 and each 

site within the reef following the approach described in the appendix of Lowe et al. 

[2009], with the assumption that the water level at A1 on the inner shelf in 10.5 m water 

depth was not affected by wave setup. This approach assumes that the setup is a linear 

function of wave power and thus the conditions at which the setup would be zero can be 

extrapolated and the offset In depth between instruments can be determined. The 

offshore mean water level was calculated from hourly averages of the water level at A1. 

These water levels were adjusted to Australian Height Datum (AHD) using the sea level 

variations obtained from long-term records at the Fremantle tide gauge ~30 km north of 

the field site. These records indicated that the mean (sub-tidal) sea level was 

consistently ~0.2 m above mean sea level during the experiment period due to seasonal 

water level fluctuations.  

3.2.4 Analysis of mean flow 

Flow velocities were averaged into one-hour data segments. Measurements were 

assumed to approximately represent depth-averaged values on the reef platform at R2, 

R4 and R5 (depth ~1 m) and inside the lagoon at S7 (depth 2.3 m), where velocities 
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were sampled with Nortek Vectors at a single point ~0.3 m and 0.87 cm above the bed, 

respectively. At deeper locations (N7, CS2 and CS4) the velocity profile data were 

extrapolated to the bed and surface and then depth-averaged. Hourly averaged velocities 

were split into their sub-tidal and intra-tidal components to isolate tidal effects due to 

changes in water level and the impact of changes in the wave climate on longer 

timescales. Sub-tidal velocities were calculated with the low-pass filter PL64 [Beardsley 

et al., 1985] that had a half power period of 36 hours. Velocities at an intra-tidal time 

scale were calculated as the difference between the hourly averaged velocities and the 

sub-tidal velocities. The directions of mean currents as well as the variance along their 

major and minor axis over the experiment were determined through principal 

component analysis (PCA) [Emery and Thomson, 2014].  

Depth- and wave-averaged velocities were estimated as the sum of the Eulerian 

observed velocities (𝑢𝐸) and the contribution by the depth-averaged Stokes drift (𝑢𝑠𝑡), 

which was estimated as [Brown et al., 2015]: 

𝑢𝑠𝑡 = 𝑔ℎ
8𝑐 (

𝐻𝑟𝑚𝑠
ℎ )

2

[
cos 𝜃𝑠𝑤
sin 𝜃𝑠𝑤 ] (3-2) 

where g is the acceleration due to gravity, h is the hourly mean water depth, c the wave 

phase speed at the peak frequency, Hrms the local root-mean-squared wave height and θsw 

is the mean wave angle.  

3.2.5 Analysis of the momentum balances 

The analysis of momentum balances measured in the field is important as it provides (1) 

an estimate of the bed friction coefficient and (2) some qualitative validation of the 

momentum balances derived from numerical model results that were used to better 

understand the momentum balances spatially (Section 3.4.3). The steady (∂/∂t = 0) 

depth- and time-averaged momentum balances were calculated in cross-shore (x) and 

alongshore (y) direction as follows: 
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𝐹𝑥
𝜌ℎ⏟

𝑊𝑎𝑣𝑒
𝑓𝑜𝑟𝑐𝑖𝑛𝑔

− 𝑔 𝜕𝜂
𝜕𝑥⏟

𝑆𝑒𝑡𝑢𝑝
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

− (𝑢 𝜕𝑢
𝜕𝑥

+ 𝑣 𝜕𝑢
𝜕𝑦)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛

−
𝜏𝑥

𝑏

𝜌ℎ⏟
𝐵𝑜𝑡𝑡𝑜𝑚
𝑠𝑡𝑟𝑒𝑠𝑠

−
𝜏𝑥

𝑠

𝜌ℎ⏟
𝑊𝑖𝑛𝑑
𝑠𝑡𝑟𝑒𝑠𝑠

= 0 

𝐹𝑦

𝜌ℎ⏟
𝑊𝑎𝑣𝑒

𝑓𝑜𝑟𝑐𝑖𝑛𝑔

− 𝑔 𝜕𝜂
𝜕𝑦⏟

𝑆𝑒𝑡𝑢𝑝
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

− (𝑢 𝜕𝑣
𝜕𝑥

+ 𝑣 𝜕𝑣
𝜕𝑦)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛

−
𝜏𝑦

𝑏

𝜌ℎ⏟
𝐵𝑜𝑡𝑡𝑜𝑚
𝑠𝑡𝑟𝑒𝑠𝑠

−
𝜏𝑦

𝑠

𝜌ℎ⏟
𝑊𝑖𝑛𝑑
𝑠𝑡𝑟𝑒𝑠𝑠

= 0 

(3-3) 

Here Fx and Fy are the wave (radiation stress) forcing, ∂η/∂x and ∂η/∂y are the wave 

setup gradients,  is the water density,  and  are the bottom stresses,  and  the 

surface wind shear stresses and u and v are the cross-shore and alongshore velocity. The 

advection terms were calculated from the Generalized Lagrangian Mean velocities 

[Andrews and Mcintyre, 1978], which are the sum of the Eulerian velocities and the 

depth-averaged Stokes drift (Eq. (3-2). The bottom stresses were calculated using the 

instantaneous Eulerian flow velocities as follows [Longuet-Higgins, 1970; Feddersen et 

al., 1998]: 

𝜏𝑥
𝑏 = 𝑐𝑓 𝜌⟨|𝑢𝐸|𝑢𝐸⟩

𝜏𝑦
𝑏 = 𝑐𝑓 𝜌⟨|𝑢𝐸|𝑣𝐸⟩

(3-4) 

where |𝑢𝐸| is the velocity magnitude, ∙  denotes time-averaging over an hour and cf is a 

parameterized drag coefficient.  

The wave forcing term was calculated from the cross-shore and alongshore 

radiation stress gradients due to short waves and wave rollers: 

𝐹𝑥 = − (
𝜕(𝑆𝑥𝑥,𝑠𝑤 + 𝑆𝑥𝑥,𝑟𝑜𝑙𝑙𝑒𝑟)

𝜕𝑥
+

𝜕(𝑆𝑥𝑦,𝑠𝑤 + 𝑆𝑥𝑦,𝑟𝑜𝑙𝑙𝑒𝑟)
𝜕𝑦 )

𝐹𝑦 = − (
𝜕(𝑆𝑦𝑥,𝑠𝑤 + 𝑆𝑦𝑥,𝑟𝑜𝑙𝑙𝑒𝑟)

𝜕𝑥
+

𝜕(𝑆𝑦𝑦,𝑠𝑤 + 𝑆𝑦𝑦,𝑟𝑜𝑙𝑙𝑒𝑟)
𝜕𝑦 ) 

(3-5) 

The radiation stresses were estimated for the short waves based on linear wave theory: 

[
𝑆𝑥𝑥 𝑆𝑥𝑦
𝑆𝑦𝑥 𝑆𝑦𝑦] =

[
(1 + 𝑐𝑜𝑠2 𝜃)𝑛 − 1

2
𝑛 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃

𝑛 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 (1 + 𝑠𝑖𝑛2 𝜃)𝑛 − 1
2
]

𝜌𝑔𝐻𝑟𝑚𝑠
2  (3-6) 

where n = cg/c is the ratio of wave group velocity over the wave phase speed.  
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Recent studies have shown that the radiation stress gradients due to the wave 

roller can make an important contribution to the wave forcing on the steep slopes of 

reefs [Buckley et al., 2015; 2016]. The radiation stresses due to the wave roller are 

linearly related to the roller energy Eroller, which was calculated following Svendsen 

[1984] using the empirical relationship A/HrmsL ~ 0.065 [Svendsen, 2006] and shallow 

water wave speed: 

𝑆𝑥𝑥,𝑟𝑜𝑙𝑙𝑒𝑟 = 2𝐸𝑟𝑜𝑙𝑙𝑒𝑟 = 𝜌 𝐴𝑐2

𝐿
= 0.065𝜌𝑔𝐻𝑟𝑚𝑠

2 ℎ
𝐻𝑟𝑚𝑠

 (3-7) 

where A is the cross-sectional area of the wave roller and L is the wave length. 

For the field data, which was only available at a limited number of sites over 

the central reef platform, the individual terms in the cross-reef momentum balance 

(Eq. (3-3)) were estimated at a single location centred around R2 on the reef platform. 

Velocity gradients were calculated by central differencing between R4 and the shoreline 

applying the condition that the cross-shore flow must be zero at the shoreline. Radiation 

stress gradients and setup gradients were calculated from central differencing between 

R3 and R1.  

3.3 Field observations 

3.3.1 Environmental conditions 

During the experiment, tidal water levels ranged from -0.1 m below to 0.6 m above the 

Australian Height Datum (AHD) (Figure 3-2a). Incident significant wave heights at A1 

(10.5 m depth) ranged between Hm0 = 0.7 m and 2.3 m, with a mean value of 1.1 m 

(Figure 3-2b). The largest waves occurred during a storm on 24 May (red box in Figure 

3-2), when wind speeds reached up to 15 m s-1 and the significant wave height was 

Hm0 = 2.3 m on the inner shelf at A1. These waves had a peak period of 15 s and 

approached from 260°N. During the remainder of the experiment, wind speeds were 

low (<5 m s-1, Figure 3-2f), the peak wave period ranged between 7 and 20 s (Figure 
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3-2c) and waves approached the coast predominantly from 265°N (Figure 3-2d) with a 

directional spreading between 20° and 35° (Figure 3-2e). 

 

 

Figure 3-2. Offshore wave and water level conditions measured at A1 (at 10.5 m depth). 

a) Water level relative to AHD including tide and storm surge, b) significant sea-swell 

wave height, c) peak period, d) peak direction and e) peak directional spreading and f) 

cross-shore (u) and alongshore (v) wind speed (shoreline 10º counter-clockwise from 

the east-west axis) measured at the site (thick lines) and by the Bureau of Meterology 

[2014] (thin lines). The red box denotes the storm event. 
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3.3.2 Wave forcing and setup gradients  

To assess the role of both wave transformation and setup gradients in forcing the wave-

driven circulation, the response of the wave heights and wave setup across the study 

area to the offshore (incident) wave conditions and offshore mean water levels was 

initially investigated. Near the shoreline on the reef platform (at R1 and R3), wave 

heights were dependent predominantly on the local water depth over the reef, which is 

determined by the sum of the still water depth, the offshore water level, and the local 

wave setup (Figure 3-3a, b) and to smaller extent by the offshore wave height. This 

indicates that the waves were mostly depth-limited over the reef platform over all 

conditions during the experiment (i.e. even when the waves were small at high tide). 

During the storm event, larger waves could propagate across the reef platform due to a  

 

Figure 3-3. Significant short wave height at a) R1 (near the shoreline cusp), b) R3, c) 

R6, d) R7 (on the offshore reef slope), e) N4 (to the north), f) S4 (in the southern 

lagoon) and g) CS4 in the channel versus local water depth. Local water depth includes 

the still water depth, storm surge, tide and wave setup. The colourbar denotes the 

offshore significant wave height. The black line in a-c marks Hm0 = 0.6 h. h) bathymetry 

contours from -5 to 0 m AHD in 1 m increments. 
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storm surge and increased wave setup. At R6, located on the offshore portion of the reef 

platform, the wave height was independent of the local water depth when local wave 

heights were Hm0 < 0.6 hreef, indicating that only large waves broke offshore of that 

location (Figure 3-3c). In contrast, at site R7 on the offshore reef slope the wave heights  

 

Figure 3-4. a) Time series of incident wave height (blue) and water level (green) at A1, 

b) cross-shore setup gradients across the reef (from R3 to R1, blue) as well as 

alongshore setup gradients from the reef platform to the north (from R1 to N1, green) 

and to the south (from R1 to S4). d-e) Cross- and alongshore setup gradients versus 

offshore water level (WL, d) and versus incident wave energy (Hm0
2, e). 
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were not depth-dependant, i.e. this location was consistently seaward of the surfzone 

(Figure 3-3d). To the north and south of the reef at N1 and S4, the wave heights were 

depth-limited despite the greater local water depth, which indicates that the wave height 

was governed by the shallow reefs offshore of these locations that dissipated larger 

waves. No wave breaking occurred inside the channel at CS4, but wave heights were 

smaller than at R7, due to the sheltered location that only received waves approaching 

from south-southwest to west (Figure 3-3g).  

Pressure gradients due to variable wave setup across the reef-lagoon system 

responded to variations in both the offshore wave heights and the offshore mean water 

level (compare Figure 3-4a, b). The setup increased shoreward across the reef platform, 

which generated an offshore directed pressure forcing (negative -g(ΔηR1-R3/Δx), blue line, 

Figure 3-4b). This pressure forcing varied with both the offshore water level (Figure 

3-4c) and the offshore wave energy (Figure 3-4d). The alongshore pressure gradients 

between the central reef platform and the northern reef patch were consistently small 

and did not respond to variations in the offshore water level or wave power (-g(ΔηN1-

R1/Δy), green line and points in Figure 3-4b-d). The setup decreased from the central reef 

platform to the lagoon and thus contributed a forcing towards the southern lagoon. 

These setup gradients increased with increasing wave power, but were independent of 

water depth (–g(ΔηR1-S4/Δy), red line and points in Figure 3-4b-d). 

3.3.3 Mean flow patterns 

The mean depth-averaged Eulerian flows were directed onshore over the central reef 

platform, along the shoreline inside the lagoon and returned offshore through the reef 

channel (Figure 3-5a). The flow was strongest over the shallow reef platform (at R2, 

R4, R5), smallest inside the lagoon (S7 and N7) as well as at the inshore channel 

entrance (CS2) and then increased again at the channel exit (at CS4). The flow variance 

ellipses derived from the PCA were computed separately at sub-tidal and intra-tidal 

frequencies. The sub-tidal variance was largest inside the channel at CS4 (Figure 3-5b), 
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while on the reef platform (at R2, R4 and R5), the sub-tidal and intra-tidal variance 

were comparable.  

The depth-averaged Eulerian flow magnitude on the reef platform at R2 and in 

the lagoon at S7 was only moderately correlated with the offshore wave height 

assuming a linear fit (r2 = 0.35 and r2 = 0.36 at R2 and S7, respectively, Figure 3-6a and 

b). The inclusion of Stokes drift only marginally improved the correlation with the 

offshore wave height at R2 to 0.41. However, the velocity magnitudes were sensitive to 

variations in the offshore water level and increased with increasing water depth, which 

limited the local wave height (Figure 3-3). Note that this implies that the discharge 

(q = uh) across the reef also increased with water depth (not shown). At S7 in the 

lagoon, the velocity magnitude decreased with increasing water levels. Inside the  

 

Figure 3-5. a) Mean (experiment-averaged) current vectors associated with the depth-

averaged Eulerian flow and b) sub-tidal (green) and intra-tidal (pink) Eulerian flow 

variance. The grey shaded areas indicate the shallow reef structures. The variance at N7, 

S7 and CS2 was much smaller than in the channel and on the reef platform and thus 

hardly visible in b). 
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channel at CS4, the Eulerian flow magnitude and the offshore wave height were more 

strongly correlated (r2 = 0.76) and the flow magnitude was insensitive to water level 

variations (Figure 3-6c).  

The flow direction (αE) on the reef at R2 near the shoreline was increasingly 

negative (southward) with increasing offshore wave heights (Figure 3-6d), but was 

independent of the water level. Flow in the southern lagoon was directed towards the 

south during low tide and towards south-south-east during high tide (Figure 3-6e). In 

the channel, the flow was consistently directed in a south-eastward direction (Figure 

3-6f). Analysis of the flow dynamics at these three locations demonstrates that flow 

responds very differently to variations in offshore wave heights and water levels. The 

processes responsible for these circulation responses are investigated further in Section 

3.3.4 and 3.4.3 by analysing the momentum balances. 

 

Figure 3-6. Hourly-averaged Eulerian mean flow (a-c) and Eulerian flow direction (d-f) 

on the reef platform (left), in the lagoon (centre) and in the channel (right) for the whole 

data set. r2-values for the regression lines in a)-c) are reported in the text. Colours 

indicate offshore water levels at A1. 
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3.3.4 Observed momentum balances over the reef platform 

The cross-shore momentum balance was evaluated at R2 on the reef platform close to 

the shoreline salient. The residual between the local radiation stress gradients and 

pressure gradients could not be balanced by the bed shear stress terms (Figure 3-7a). 

Including the advection terms, the sum of radiation stress gradients and pressure 

gradients were balanced by the bottom shear stress (Figure 3-7b). The friction 

coefficient required to close the momentum balance in this area on the reef was 

cf = 0.024 (r2 = 0.42) and was not depth-dependant.  

To assess how the momentum balances at R2 varied in time over the duration 

of the experiment, Figure 3-8 shows the time series of the individual momentum terms. 

At this location on the reef platform, the local wave forcing term (grey solid line, Figure 

3-8b) was small even during the storm event. This was due to wave breaking offshore of 

R3 during all conditions (Figure 3-3). The negative (seaward) cross-shore pressure  

 

Figure 3-7. a) Site R2: Hourly residual between cross-shore wave forcing and pressure 

gradient versus the bottom stress term divided by the friction coefficient. b) The same as 

in (a), but including the advection terms. A friction coefficient equal to the slope of the 

regression line in (b) closes the momentum balance. Positive values are directed 

shoreward. Colours indicate mean depth at R2. 
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gradient was relatively large and increased during the storm as well as at high tide (grey 

dashed line, Figure 3-8b). When combined, the wave forcing and pressure gradients 

generated an offshore directed force (black solid line, Figure 3-8b). Advection 

associated with decelerating cross-shore flow (-u(∂u/∂x), red line, Figure 3-8b), which 

was also large at high tide as well as during the storm, offset the increase in the pressure 

gradient. The bottom stress calculated with the constant friction coefficient derived 

from Figure 3-7 (blue line, Figure 3-8b) approximately closes the momentum balance. 

Due to the lack of data in the alongshore direction on the reef platform, alongshore 

derivatives in the cross-shore momentum balance (-v(∂u/∂y)) could not be calculated 

from the field data; their role was instead investigated using a numerical model where 

they were found to be small (see Section 3.4.3). 

 

Figure 3-8. a) Cross-shore velocity and water depth on the reef platform R2. b) 

Observed cross-shore momentum balance (Eq. (3-3)) at site R2. Wave forcing including 

the contributions from short waves and the wave roller (solid grey), pressure gradient 

(dashed grey), net forcing between wave and setup forcing (solid black), sum of 

advection and friction terms (black dashed), advection (red) and bottom stress (blue). 

Positive values are directed onshore. 
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3.4 Numerical hindcast predictions 

3.4.1 Model configuration 

To investigate how the momentum balances varied spatially throughout the reef system, 

the numerical model XBeach was applied. This model has been successfully used in 

one-dimensional [Quataert et al., 2015; Gawehn et al., 2016] as well as other two-

dimensional reef studies [Symonds et al., 2011; van Dongeren et al., 2013; Branson, 

2015] and couples a wave group-averaged wave solver with the shallow water wave 

equations including wave-current interaction [Roelvink et al., 2009].  

The model was forced by JONSWAP spectra on the offshore boundary (~11 m 

depth) that represented the significant wave height, peak period, directional and 

frequency spreading of the frequency-direction variance density spectra measured at the 

offshore AWAC A1 (Figure 3-1b). Bathymetry within the model domain was derived 

from the aerial LiDAR and single beam echosounder surveys. Wave breaking was 

simulated using the dissipation formulation proposed by Roelvink [1993] with γ = 0.7, 

which is similar to previous reef hydrodynamic models [Lowe et al., 2010] and provided 

better results than other values of γ within the typical range from 0.5 to 0.7 [van 

Dongeren et al., 2013]. The wave forcing that generates wave setup and currents within 

the flow module included radiation stresses due to short waves and wave rollers. Sub-

grid turbulence was modelled using the Smagorinsky [1963] turbulence closure model. 

The domain consisted of 190 grid cells in the alongshore by 103 cells in the cross-shore 

with a resolution of 6 x 6 m in the areas of interest over the reef and in the lagoon. Each 

simulation was allowed one hour spin-up time to reach a steady state and the subsequent 

hourly output was used to calculate time-averaged flow and wave quantities. For 

computational efficiency, the hindcasts were performed for specific one-hour periods 

each day coinciding with daily maxima and minima water levels (diurnal high and low 

tide) as well as intermediate tide stages. This resulted in 64 hindcast simulations (four 

per day), which were used to assess the model performance for variable wave and water 

level conditions.  
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Bottom friction was modelled as [Feddersen et al., 2000; Ruessink et al., 

2001]: 

𝜏𝑖
𝑏 = 𝑐𝑓 𝜌√(1.16𝑢𝑟𝑚𝑠)2 + (𝑢𝐸 + 𝑣𝐸)2

(3-8) 

where  is the bottom friction in direction i, cf is the depth-independent friction 

coefficient, ρ the water density,  the root-mean-squared orbital wave velocity and 

 and  are the depth-averaged cross-shore and alongshore Eulerian velocities. 

Within the sandy areas (i.e. lagoon, channels and offshore), it was assumed that bed 

friction was comparable to typical values reported at beaches using an equivalent 

friction formulation [Feddersen et al., 2000] and the bed friction coefficient was set to 

cf = 0.003 [e.g. Feddersen et al., 1998]. Based on initial model testing the bed friction 

over the reef areas (darker shades in Figure 4-3) was calibrated to cf = 0.01, which is at 

the lower end of values presented for coral reefs using an equivalent friction 

parameterization (cf values have typically been found to range from 0.009-0.027 over 

reefs; see Table 1 in Rosman and Hench [2011]). This friction coefficient was smaller 

than the friction coefficient established from the momentum balance analysis, which 

was possibly due to the low spatial resolution of the field data. Wind stresses were 

applied in the model based on the measured wind velocities and a quadratic wind drag 

coefficient of CD = 0.002 [Large and Pond, 1981]. However, including wind forcing 

terms did not affect the model skill even during the storm event, when the wind speed 

exceeded 12 m s-1.  

3.4.2 Model validation 

The overall model performance was quantified in terms of the root-mean-square error 

(RMSE), bias and the Willmott skill (WS) [Willmott et al., 1985], which are defined as: 

| |  (3-9) 

 (3-10) 
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1
∑ | |

∑ | | | |
(3-11) 

where Xmod and Xobs are the modelled and observed values (here short wave height Hm0, 

umean and vmean), the overbar indicates time averaging of these values and N is the number 

of samples (N = 64, four simulations per day).  

At sites representing key areas of the reef, the model performance was 

evaluated based on a time series comparison between the modelled and observed 

significant wave heights (Figure 3-10). At sites inside the lagoon (S7), offshore from the 

reef (R7) and on the reef platform (R2), the wave heights were accurately predicted over 

the duration of the experiment (Table 3-1 and Figure 3-9a). However, in the channel the 

model overestimated wave heights consistently by 20%. Generally, the wave heights 

were well replicated over the reef and in the lagoon (RMSE = 0.08 – 0.13 m, bias = -

0.09 – 0.12 m and WS = 0.82 – 0.97) and moderately well inside the channel (RMSE = 

0.35 – 0.42 m, bias = 0.35 – 0.42 m and WS = 0.58 – 0.64, Table 3-1). 

Figure 3-10c and d show time series of the observed and predicted velocity 

time series at sites inside the lagoon and channel (refer to Figure 3-9 and Table 3-1 

below for an assessment of all sites). The modelled velocities in the lagoon agreed well 

with the observations and reproduced the variation of the alongshore velocity in 

response to the offshore wave height and water level variability (blue circles and lines  

 

Figure 3-9. Modelled versus observed a) significant wave height, b) cross-shore velocity 

and c) alongshore velocity. 
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in Figure 3-10c, d). Inside the channel, the modelled cross-shore velocities were 

occasionally ~0.2 m s-1 lower during the three-day storm period, but agreed well with 

the observations during subsequent moderate conditions (green circles and lines in 

Figure 3-10c). The alongshore velocities in the channel were consistently overestimated 

by ~0.1 m s-1 but followed the trends in the observations well (green circles and lines in 

Figure 3-10d). Collectively for all sites, the cross-shore and alongshore velocities were 

well modelled (RMSE = 0.05 – 0.13 m s-1, bias = -0.11 – 0.12 m s-1 and WS = 0.78 – 

0.95, Table 3-1 and Figure 3-9b, c).  

 

Figure 3-10. A comparison of the observed (solid lines) and predicted (circles) wave 

and current conditions over the duration of the experiment.  a) Measured offshore wave 

height and water level. Comparison of b) significant short wave height Hm0, c) cross-

shore velocities and d) alongshore velocities on the reef platform (R2), in the lagoon 

(S7), in the southern channel (CS4) and offshore of the reef platform (R7). Note that 

simulations were only performed for four conditions daily. Grey shaded areas denote 

the times of drifter releases discussed in Chapter 4. 
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3.4.3 Spatial momentum balances 

To understand the variability of the flow pattern within the reef-lagoon system, 

the depth-averaged momentum balances across the study area were quantified in a 

similar way as for the field data (Section 3.2.5 and 3.3.4) except the radiation stresses 

due to the wave roller and the bottom stresses. The radiation stresses due to the roller 

were calculated using a roller energy balance [Nairn et al., 1990]. The bottom stresses 

were calculated using the short wave orbital velocities and mean Eulerian flow 

velocities (Eq. (3-8)), which is an accurate representation of the instantaneous bottom 

stress formulation used in the field data anlysis (Eq. (3-4)) [Feddersen et al., 2000; 

Ruessink et al., 2001]. Note that the modelled velocity gradients, radiation stress 

gradients and pressure gradients were calculated over one grid cell (dx = 6 m), while the 

measured gradients were calculated between instrument locations and the shoreline 

(dx ~ 20 m).  

First, the time series of the simulated momentum balance terms were calculated 

near R2 to compare theses qualitatively to the measured terms. The model results were 

then used to examine the spatial variability in the momentum balance terms over three 

transects (1) across the reef (cross-shore), (2) along the lagoon (alongshore) and (3) 

along the southern channel (towards southwest), which approximately aligned with the 

major flow directions within the reef system. For this purpose the momentum balance 

terms were rotated from the shore-normal coordinate system x-y into x’-y’ coordinate 

systems, which were aligned with each of the three transects. 

The model results show, similar to the field observations, that the wave forcing 

(solid grey line) and bottom stresses (blue line) from the model data were relatively 

constant on the reef platform at R2, even during the storm. Only advective terms (red 

line) and pressure gradients (dashed grey line) varied between low and high tide 

conditions (Figure 3-11b). The residual between wave forcing and pressure gradients 

(solid black line) as well as the bed shear stress (blue line) were offshore directed 

(negative) and in balance with the onshore directed (positive) advection terms (red line). 
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At R2, the advection terms were dominated by cross-shore flow deceleration (-u(du/dx), 

red line in Figure 3-11c). Velocity shear and alongshore velocities contributed only 

marginally to the advection term at this location (-v(du/dy), grey line in Figure 3-11c). 

Hence, ignoring these terms in the field data analysis (Section 3.3.4), presented earlier 

in Figure 3-8, appears reasonable.  

To examine the spatial variability in the momentum terms, I first consider the 

momentum balance for a single moderate wave condition during high tide on 27 May at 

8:00 am along the three transects (yellow lines in Figure 3-1c). The impact of different 

wave heights is discussed in Section 3.5.2. The wave forcing imposed by the radiation 

stress gradients was onshore across the reef platform from x’ = -100 m to the shoreline 

(solid grey line, Figure 3-12b) and was only partially balanced by the offshore directed 

pressure gradient (grey dashed line, Figure 3-12b). The difference between the wave  

 

Figure 3-11. a) Modelled cross-reef velocities, b) modelled momentum balance terms 

(Eq. (3-3)) and c) modelled advection terms on the reef platform at R2. For comparison 

with the equivalent field observations the reader is referred to Figure 3-8. Note that 

positive values are onshore directed. 
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forcing and pressure gradient terms (solid black line, Figure 3-12b) was balanced by the 

sum of the advective terms and bottom stress terms (dashed black line, Figure 3-12b). 

Over the reef slope from x’ = -150 to -120 m, flow initially accelerated. As the flow 

accelerated shoreward, the bottom stress term (blue line, Figure 3-12b) became the 

major term necessary to balance the residual of wave forcing and pressure gradient 

between x’ = -100 and -20 m. Closer to the shoreline (near R4 and R2, green symbol in 

Figure 3-12a), the pressure gradient was larger than the wave forcing, which resulted in 

an offshore directed residual forcing. This caused the flow to decelerate as also  

 

Figure 3-12. a) Cross-shore velocity. b) Momentum balance terms in a cross-reef 

transect for simulated conditions on 27 May 2014 at 8:00 am (high tide). Wave forcing 

(solid grey), pressure gradient (dashed grey), net between wave and setup forcing (solid 

black), sum of advection and friction (black dashed), advection (red) and bottom stress 

(blue). c) Total advection (red), advection due to flow acceleration (black) and 

advection due to the flow perpendicular to the transect and velocity shear (grey). d) 

Bathymetry (grey), instrument sites (red) and transects (blue) that align with the major 

flow direction, along which momentum balances were calculated. 
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indicated by the larger advection terms (-u’(du’/dx’), Figure 3-12b and c). The 

contribution from viscosity terms was negligible in all transects at all times.  

In an alongshore transect across the reef and lagoon (Figure 3-13d), bottom 

stress and advective terms changed direction close to R2 near the centre of the reef 

platform (Figure 3-13b). This change in direction was associated with the change in 

direction of the alongshore current (Figure 3-13c), i.e. the flow bifurcation over the reef 

platform. Inside the lagoon near S7 and CS2, all forcing terms were small, which 

explains the low velocities observed at that location (Figure 3-5). Over the northern reef 

platform (near x’ = 100 m), the residual between wave forcing and pressure gradient 

caused local flow acceleration (black line, Figure 3-13c) and the increased velocity 

resulted in larger bed shear stresses (Figure 3-13b). In the entrance to the northern 

channel (near x’ = 180 m), flow turned offshore resulting also in large advection terms.  

In the channel, the momentum balance was primarily between the offshore 

directed pressure gradient and advection terms (Figure 3-14b), which was governed by  

 

Figure 3-13. Same as Figure 3-12 for an alongshore transect across the reef, the 

channels and through the lagoon (see d). 
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the product of the velocity perpendicular to the transect and velocity shear (-v’(du’/dy’), 

grey line in Figure 3-14c) because of the narrow jet inside the channel. Wave forcing 

was negligible due to the lack of wave breaking in the channel and the depth-averaged 

bottom stress was small due to the relatively large water depth.  

 

Figure 3-14. Same as Figure 3-12 for a transect along the channel centre axis (see d). 

3.5 Discussion 
The dynamics of wave-driven circulations have been studied in large-scale coastal reef 

systems [Hench et al., 2008; Lowe et al., 2009; Taebi et al., 2011] and in rip currents 

generated on barred beaches [see Dalrymple et al., 2011; Castelle et al., 2016 for recent 

reviews]. In both of these nearshore systems, water flows onshore over either the reef or 

sand bar, alongshore inside the lagoon or bar trough and returns offshore via channels. 

In large-scale reef systems, nonlinear advection terms generally tend to be negligible as 

a consequence of the flow variations occurring more gradually over larger spatial scales 

[Taebi et al., 2012]. This has led to the development of simple analytical models where 

the circulation is governed by a balance between wave forcing, pressure gradients and 

bottom stresses [Symonds et al., 1995; Lowe et al., 2009; Symonds et al., 2011]. 
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However, rip current studies conducted in the laboratory and numerically have 

highlighted that nonlinear advection can be much more important at these smaller 

horizontal scales [Haller et al., 2002; Schmidt et al., 2005; Moulton et al., 2017]. Small 

patch reefs such as the one considered in this study exhibit a combination of features 

that are associated with large coastal reef environments (fixed bathymetry and large 

bottom roughness) as well as barred beaches (small horizontal scales). These small-

scale reefs are thus well-suited to investigate the contribution of the nonlinear advection 

terms in a nearshore field setting.   

Wave heights on the reef platforms and inside the lagoon were mostly depth-

limited (saturated), They varied predominantly with the limited tidal water level 

excursions and wave setup, which is similar to waves on other rock platforms [Beetham 

and Kench, 2011; Marshall and Stephenson, 2011; Ogawa et al., 2011] and reefs [e.g. 

Hardy and Young, 1996], and only to a small extent with the offshore wave height. 

Hence, the wave forcing was larger during high tide at the instrument sites on the 

shoreward portion of the reef platform (i.e. they were closer to the breakpoint). At the 

same time, the offshore directed pressure gradients as well as the onshore directed 

cross-reef mean flow also increased with increasing offshore wave height and water 

levels. This is consistent with the model by Symonds et al. [1995], which predicts an 

increase in cross-reef velocity with increasing depth. This is because the incident wave 

forcing scales with the water depth in a saturated surf zone until the water becomes so 

deep that wave breaking is no longer saturated. On the reef patch to the north, setup 

increased simultaneously so that the pressure gradient remained constant and impeded 

an increase in the flow towards the north. In contrast, between the central reef platform 

and the southern lagoon the pressure gradient increased with increasing offshore wave 

height as water could drain more easily through the southern lagoon. This turned the 

flow on the reef platform increasingly southward with increasing wave height. In the 

channel, flow velocities only responded to offshore wave height variations and were not 

dependant on tidal water level variations. Combined these results suggest that the 

overall flow discharge over the reef increases with larger offshore wave heights and that 
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the location of flow bifurcation moves further offshore so that the velocities near the 

shoreline salient remain constant. As the local wave height on the reef platform is 

dependent upon the water depth the velocities near the shoreline salient are only 

modified by water level variations. 

Although the momentum balances derived from the field data could only be 

assessed close to the shoreline salient, the analysis provided valuable insight into the 

relevant processes on the reef platform. As in other reef systems, wave forcing and 

pressure gradients were the main drivers of flow over the shallow reefs [Symonds et al., 

2011; Taebi et al., 2012]. However, these terms alone could not explain the momentum 

dynamics over the reef platform and it was crucial to include the nonlinear advection 

terms that became large towards shore (compare Figure 3-7a, b).  

3.5.1 The role of flow advection  

On the reef platform, the bottom shear stress and advection were equally important to 

balance the residual between the wave forcing and the pressure gradient. The friction 

coefficient established to close the momentum balance was cf  ~ 0.024 and thus within 

the typical range of values reported for reef environments [see Rosman and Hench, 

2011 for a review], but much higher than the typical values for sandy beds [e.g. 

Feddersen et al., 1998].  

While the role of advection was important at this location on the reef platform 

in the field results, analysis of the momentum balances over key transects using the 

numerical model revealed that the importance of advection varied throughout the 

system. Across the reef platform, advection was only important approximately 50 m 

within the shoreline (or approximately half the cross-shore width of the reef platform). 

On the seaward portion of the reef platform, where the residual forcing provided by 

waves and wave setup was largest, bottom stresses remained a dominant term. In the 

alongshore transect (across the reef and through the lagoon) as well as along the channel 

axis, advection was again the dominant term to balance the pressure gradients.  
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On beaches, the effect of the nonlinear advection terms has been observed to 

shift the maximum velocities spatially with respect to the maximum forcing [Long and 

Özkan-Haller, 2005; Hansen et al., 2015]. For more complex flow patterns as over 

small-scale and shore-attached reef structures, the advection terms were key to close the 

momentum balance and to estimate a physically sensible bottom friction coefficient. 

Linear models for cross-reef flow such as the one presented by Symonds et al. [1995] 

thus have a limited applicability for these types of rocky reefs. The momentum balances 

have important implications for the nearshore circulation patterns that are generated in 

the lee of these rocky reef structures. This in turn would have an important influence on 

the shoreline behaviour of beaches fronted by these reefs.   

 

Figure 3-15. Conceptual model of the momentum balance terms throughout the reef 

system. 

The conceptual model in Figure 3-15 summarises the importance of the 

individual momentum balance terms throughout the reef system. Wave forcing is only 
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relevant on the seaward portion of the reef platform, where it is balanced by bottom 

stresses. On the shoreward portion of the reef platform, flow decelerates (advection) as 

it flows towards the shoreline and against a seaward directed pressure gradient. The 

alongshore pressure gradient is balanced by advection and to a lesser extent by bottom 

stresses and drives an alongshore flow away from the reef. Along the channel, the setup 

difference between the shoreline and the offshore water drives an offshore directed 

current. This pressure gradient is exclusively balanced by advection, because the depth-

averaged bottom stresses are small in the deep channel.  

3.5.2 Sensitivity towards variable offshore wave heights 

In a number of additional simulations, it was investigated how the momentum balances 

were affected by different offshore wave heights. Across the reef platform, larger 

offshore wave heights induced stronger wave forcing, which was mostly balanced by 

increased wave pressure gradients (thick lines, Figure 3-16d). The bottom stress term 

only increased with small (Hm0 = 0.8 m) to moderate waves (Hm0 = 1.6 m), but not for 

very large waves (Hm0 = 2.4 m). Close to the shoreline (at R2), the cross-reef flow 

velocity did not increase with increasing wave height (Figure 3-16a). Here, increased 

pressure gradients were balanced by greater advection due to flow deceleration (thick 

lines, Figure 3-16a). This is somewhat analogous to the stagnation point in flow around 

a cylinder. In front of the cylinder flow must decelerate, so that the momentum balance 

becomes primarily a balance between advection and a pressure gradient [e.g. Nakayama 

and Boucher, 1999].  

In the alongshore direction, the increase in pressure gradient from the reef 

platform to the lagoon was balanced by increasing bottom stresses and advection terms 

due to flow acceleration (thick lines, Figure 3-16f). This is in agreement with the field 

observations of the flow turning increasingly southward during the large wave event 

(Figure 3-6d). This means that for large waves, the alongshore bottom stresses and 

alongshore advection increase, which could also have a role in shoreline erosion. In the 

channel, the pressure gradient driving the offshore flow and the counter-balancing 
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advective terms increased with increasing wave height (Figure 3-16e), which is in 

agreement with the strong correlation between offshore wave height and flow velocities 

in the channel (Figure 3-6c). 

 

Figure 3-16. Top: Along-transect velocity a) across the reef, b) along the channel centre 

axis and c) along the lagoon. Bottom: Wave forcing (black), pressure gradients (grey), 

advection (red) and bottom stresses (blue) along the same transects. The thickness of the 

lines indicates the wave height Hm0 = 0.8 m (thin lines), 1.6 m and 2.4 m (thick lines) 

that the model was forced with at the offshore boundary.  

3.6 Conclusions 
This study presents new insight into the flow dynamics in the presence of shore-

attached rocky reefs that are common features along coastlines. Radiation stress 

gradients and pressure gradients due to wave breaking provided the main forcing 

mechanism that drove the circulations. On the central reef platform, the outer edge of 

the surfzone moved shoreward (seaward) at high (low) tide. This increased the flow at 

high tide at the measurement sites on the reef platform close to the shoreline salient. 
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During large wave events the wave setup within the reef-lagoon system increased. 

However, in the southern lagoon, setup increased less and water drained off the 

platform into the lagoon and southern channel. In the channel, flow magnitudes only 

varied on sub-tidal timescales due to changes in offshore wave heights and remained 

unchanged by tidal water level fluctuations. On the shoreward portion of the reef 

platform, the nonlinear advection terms due to decelerating flow were essential to close 

the momentum balance consistent with the balances determined in beach environments 

with spatially variable forcing. Only on the seaward portion of the reef platform did the 

bottom stress balance the residual between wave forcing and pressure gradients.  
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 FLOW RE-ENTRAINMENT IN COASTAL REEF SYSTEMS 1 

4.1 Introduction 
The circulation of water within reef systems controls the exchange of dissolved and 

particulate material between reefs and the surrounding deeper ocean, and thus 

substantially influences ecosystems of both tropical coral reefs [see Lowe and Falter, 

2015 for a review] and temperate rocky reefs . For example, the influx of water to reefs 

from the surrounding ocean often has higher nutrient concentrations and is cooler [Lowe 

and Falter, 2015; Morgan et al., 2016]. As the water flows over shallow reefs, nutrients 

in various forms are taken up by reef communities at rates influenced by local water 

motion [Falter et al., 2004]. Furthermore, this water influx contributes to the regulation 

                                                 
1 This chapter is adapted from: Winter, G., B. Castelle, R.J. Lowe, J.E. Hansen, R. McCall (accepted 
pending revision), Flow re-entrainment in coastal reef systems, submitted to Journal of Geophysical 
Research: Oceans. 
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of reef water temperatures, which due to the relatively shallow water depths, can either 

heat or cool relative to the surrounding ocean [Zhang et al., 2013]. As this water exits 

from the reef system, it can also take with it suspended sediments [e.g. Storlazzi et al., 

2004], larvae [e.g. Lugo-Fernández et al., 2001] as well as contaminants (e.g., due to 

terrestrial discharge).  

Reef circulation can be driven by a combination of different processes 

including tides [Black et al., 1990], buoyancy differences [Herdman et al., 2015], wind 

stresses [Tartinville et al., 1997] and breaking waves [Lowe et al., 2009; Hoeke et al., 

2011; Taebi et al., 2011]. However, many reef systems that fringe coastlines are 

exposed to wind (sea-swell) wave energy that provides the main forcing to reef 

circulation. For these wave-exposed reefs, radiation stress gradients [Longuet-Higgins, 

1962] that originate from wave dissipation on the forereef or reef crest generate 

variations in the mean water level over the reef flat and cross-reef currents. In the 

absence of reef channels (i.e., a one-dimensional, cross-shore system) the setup over a 

coastal reef is maximum near the shoreline and the net depth-averaged cross-reef mass 

flux is zero [Vetter et al., 2010; Buckley et al., 2016]. When the reef flat is intersected 

by reef channels, the forcing, which is the residual difference between radiation stress 

and setup gradients, drives a net cross-reef onshore flow that is countered by bed 

friction [Symonds et al., 1995]. The return flow in the channel may also be fed directly 

by alongshore flows entering the channel laterally from the reef platform.  The relative 

contribution of water entering the channel from the lagoon or directly from the reef 

depends on the relative importance of flow resistance across the reef and along the 

lagoon, which depends on the roughness properties as well as geometry of the system 

[Monismith, 2013].  

In many reef studies, water that exits through a reef channel is assumed to have 

left the reef system and to be replaced by ‘new’ offshore water [Lowe et al., 2010; Taebi 

et al., 2011; Herdman et al., 2015]. While this approach allows ocean-reef exchange 

rates to be more easily quantified from fixed (Eulerian) measurements, it does not 

account for water that has initially flowed out through the channel and then returns back 
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into the reef-lagoon system, which will effectively increase the flushing time of the 

system. While water exchange and flow re-entrainment in wave-dominated reefs have 

been previously estimated from numerical simulations, these have typically been done 

for either a specific reef system [e.g. Zhang et al., 2013] or for cases where the wave 

forcing was not modelled explicitly [e.g. Herdman, 2012]. Thus, a systematic approach 

to flow re-entrainment in wave-dominated reef environments that incorporates the 

impact of different oceanic forcing and reef geometry is currently lacking, and this 

motivates the present study. 

The aim of this chapter is to identify the parameters that govern flow re-

entrainment in wave-dominated coastal reef systems. To assess the hydrodynamic 

response to different parameters, I validate the numerical model XBeach [Roelvink et 

al., 2009] with field observations from moored instruments and Lagrangian drifters in a 

coastal reef system. The model is then extended to test the effects of wave forcing and 

along-shelf currents as well as geometric parameters on flow re-entrainment in an 

idealized wave-dominated reef system. The specific objectives of this study are to: (1) 

investigate the variability of flow re-entrainment, (2) identify the governing parameters 

that drive this variability and (3) to assess the implications of variable flow re-

entrainment on flushing time estimates for coastal reef systems, more generally.  

Section 4.2 provides background on water exchange processes between the 

nearshore and the open ocean and variations on how it is quantified. Section 4.3 

describes the field experiment and observations. In Section 4.4, a numerical model of 

the field site is presented that has been used to test the sensitivity of flow re-entrainment 

to variable hydrodynamic forcing and reef geometry. Section 4.5 discusses the physical 

processes that change with the tested parameters and the impact of the re-entrainment 

rate on flushing time estimates.   

4.2 Background: Quantifying water exchange 
Water exchange between a coastal basin (e.g., an estuary) and the surrounding open 

ocean is typically quantified in terms of a flushing time. This time scale is often 
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estimated as the average time (Tf) it takes for the entire volume (V) of water inside the 

basin to be replaced by ‘new’ water and can be estimated as [Fischer et al., 1979]: 

 𝑇𝑓 = 𝑉
𝑄

(4-1) 

where Q is the flux of water into the basin. Importantly, Eq. (4-1) assumes that the 

outflow from an enclosed water body is not re-entrained across defined boundaries as it 

exits the basin [Monsen et al., 2002].  

 For tidally-flushed systems, Eq. (4-1) has been extended to include a re-

entrainment fraction b that accounts for water that exits the basin and subsequently re-

enters the system at a later time [Sanford et al., 1992]:  

 Tf = V
(1 − b)Q

(4-2) 

In prior studies of reef systems, re-entrainment is usually assumed to be zero (b = 0 in 

Eq. (4-2)) [Kench, 1998; Kraines et al., 1999; Coronado et al., 2007; Lowe et al., 2010; 

Taebi et al., 2011]. Such a flushing time will therefore represent the minimum time for 

flushing to occur. However, Herdman [2012] found re-entrainment rates in a large-scale 

tropical coral reef system in Moorea (Polynesia), where circulation is driven by 

buoyancy and waves, to be 23-50% suggesting that re-entrainment would substantially 

increase the true flushing time.  

Accurate estimates of b in Eq. (4-2) can be difficult to obtain because flow re-

entrainment can only be directly measured in a Lagrangian reference frame where flow 

pathways are tracked. To overcome this, it is common to evaluate re-entrainment using 

Lagrangian approaches (such as GPS-tracked drifters or dye), which has been 

frequently applied in the study of rip currents along beaches [Spydell et al., 2007; 

Reniers et al., 2009; Austin et al., 2010; MacMahan et al., 2010b; Hally-Rosendahl et 

al., 2014; Brown et al., 2015]. These sandy beach environments are often characterized 

by sand bars, over which water moves shoreward, and defined channels, through which 

water returns seaward [Dalrymple et al., 2011; Castelle et al., 2016]. In these studies, 

the cross-shore exchange has typically been expressed in terms of an exit rate (or its 
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opposite property, the retention rate). This exit (or retention) rate is defined by the 

number of drifters leaving (or remaining within) the surf zone indefinitely, relative to 

the total number of drifters initially seeded [see Castelle et al., 2016]. Thus, drifters that 

recirculate and ultimately remain inside the surf zone are accounted for in this 

definition. In beach environments, the exit rate has been found to correlate with the so-

called ‘exit parameter’, which is a function of the surf zone width and the incident wave 

forcing [Reniers et al., 2009]. This exit rate can be enhanced by geomorphic features 

such as headlands [Castelle and Coco, 2013; McCarroll et al., 2014] and by 

infrequently spaced rip channels and rip head shoals [Castelle et al., 2014], but can be 

reduced due to the presence of alongshore currents and obliquely incident waves 

[Winter et al., 2014; Spydell, 2016].  

While the nearshore circulation patterns of barred beaches have some analogies 

to the flows in fringing reef systems, there can be a number of key differences, for 

example: (1) reef systems can have much larger spatial scales [see Falter et al., 2013], 

so that the impact of parameters that describe the reef geometry, such as channel 

spacing, may differ; (2) bed roughness over reefs [Reidenbach et al., 2006] as well as 

bathymetry gradients are often much greater than over sandy bottoms; and (3) incident 

waves break on a forereef, which has typically a steeper slope than a sandy beach, so 

that the width of the surf zone can be much narrower and less variable [Symonds et al., 

1982]. It remains unclear how these differences will affect ocean-reef water exchange 

rates.  

4.3 Field Experiment 

4.3.1 Site description 

A two-week field study was conducted during the austral winter (May-June) of 2014 

along a 600 m stretch of Garden Island in southwestern Australia (Figure 4-1a). The 

beach is fronted by several ~1 m deep limestone reefs, which is typical for much of the 

southwest coast of Australia. A shore-attached reef platform is located near the centre of 
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the site and is flanked to the south by another reef and by a deeper (2-3 m) lagoon 

(Figure 4-1c). To the north this group of reef platforms is bounded by a channel and to 

the south by a more pronounced and deeper channel, which is orientated in a 

southwesterly direction. The bathymetry of the region was surveyed in 2009 using aerial 

bathymetric LiDAR with 5 m horizontal resolution and ±0.45 m uncertainty in the  

 

Figure 4-1. a) Location of the Garden Island study site within southwestern Australia, b) 

aerial image (Google Earth) of the field site and the locations of the Acoustic Wave and 

Current meters (AWAC) A1 and A2, c) locations of velocity profilers (red dots), 

velocimeters (blue dots) and the wind anemometer (black dot) as well as drifter release 

locations in the southern and northern channel (stars). Dark shaded areas in c) indicate 

submerged reef structures. 
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vertical [Department of Transport, 2009]. In addition a detailed bathymetric survey was 

conducted during the experiment using a single beam echosounder and RTK-GPS 

system by small boat and a backpack mounted RTK-GPS system near the shoreline with 

an estimated uncertainty in the vertical of 0.1 m [MacMahan, 2001] and 0.05 m, 

respectively [Barnard et al., 2012]. The dimensions of the reef platforms and the lagoon 

are typical of many rocky coastlines as well as many nearshore fringing coral reefs, but 

smaller than those of some previously studied coral reef systems [e.g. Herdman, 2012; 

Zhang et al., 2013]. The effect of reef scale on flow re-entrainment is discussed in 

Section 4.5.1. 

The southwest coast of Australia is a micro-tidal environment so that tidally 

induced currents are negligible. Alongshore currents outside the reef on the inner 

continental shelf (depth up to 20 m) are instead predominantly driven by a balance 

between local wind stresses and regional alongshore pressure gradients [Zaker et al., 

2007]. The currents can become particularly strong (up to 0.3 m  s-1) during the summer 

months due to persistent southwesterly winds [Gersbach et al., 1999]. Episodic 

fluctuations in the shelf-scale pressure gradients due to coastally trapped waves and 

eddies can enhance the variability, and episodically reverse the along- and cross-shore 

currents on the inner shelf [Ruiz-Montoya and Lowe, 2014]. 

4.3.2 Instrument Layout 

Surf zone exit and re-entrainment rates were quantified using Lagrangian drifters, 

similar to the design by Schmidt et al. [2003], over 8 days during the experiment. When 

floating freely, all but the uppermost ~5 cm of the drifter bodies were submerged. Based 

on a similar drifter design, wind drift was estimated at 1% of the wind speed measured 

0.5 m above the water surface [Schmidt et al., 2003] and therefore is not expected to 

affect the drifters during this experiment (expected drift due to windage < 0.05 m s-1). 

Drifter positions were recorded at 10 Hz by a Qstarz BT-Q1000eX GPS logger placed 

in the top of each drifter. For each of the 8 deployment days, 12 to 15 drifters were 

released for two to four hours at a time (Table 4-1). Drifters were deployed in clusters 



CHAPTER 4  FLOW RE-ENTRAINMENT IN COASTAL REEF SYSTEMS 

84 

mostly inside the southern lagoon (8 of the11 deployments) with the remaining 

deployments inshore of the northern channel (yellow stars in Figure 4-1c). This chapter 

focuses primarily on the deployments in the southern lagoon because the lagoon 

connects to the better defined southern channel. During each deployment, any drifters 

that beached or exited the reef-system were retrieved and redeployed at the initial 

release location. On the inner shelf (site A1 in 11 m water depth, Figure 4-1b), an 

Acoustic Wave and Current meter (AWAC) recorded offshore waves and currents. 

Drifter deployments were conducted at similar tidal water levels of 0.25 m above 

Australian Height Datum (AHD, approximately mean sea level) during falling tide 

Table 4-1. Drifter deployments: Number of drifters deployed on each day, total duration 

of each drifter deployment, offshore wave conditions, observed return flow regime 

(only in the southern channel) and deployment location. 
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1 12 3:40 1.66 14 266 1.00 0.04 
Re-
entrainment 

South 

2 15 4:24 1.49 13 265 0.99 0.05 
Re-
entrainment 

South 

3 15 2:28 1.48 14 262 0.96 -0.02 Combination 
South and 
North 

4 15 1:46 1.24 14 268 1.21 -0.06 Exiting South 

5 15 2:56 1.31 13 261 1.21 -0.1 Exiting 
South and 
North 

6 15 3:58 1.13 12 261 1.11 -0.05 
Re-
entrainment 

South 

7 15 3:22 1.24 18 267 1.09 -0.05 Exiting South 

8 14 2:47 1.40 15 266 1.06 -0.02 
Re-
entrainment 

South and 
North 
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Figure 4-2. Site A1: a) Tidal water level relative to AHD, b) significant wave height at, 

c) peak wave period at A1, d) peak wave direction at A1, e) cross- and alongshore 

currents in the most upper 1 m of the water column at A1. Site W1: f) cross-shore and 

alongshore wind speed measured at W1 (thick lines) and by the Bureau of Meterology 

[2014] (thin lines). Positive cross-shore (u) and alongshore (v) velocities are directed 

shoreward and northward, respectively. Grey shaded areas denote the times of drifter 

releases and the numbers from 1 to 8 denote the day of drifter deployment. 
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(Figure 4-2a). During the deployments the incident significant wave heights at A1 

ranged from Hm0 = 1.0–1.8 m, peak periods from 12–18 s and directions from 260–270º 

(Figure 4-2b–d). Wind was measured on the dune near the salient with an ultrasonic 

anemometer (Young 85106) that sampled average wind speeds at 10 s intervals (see 

also Section 3.2.2). During the deployments, wind speeds varied between 2–5 m s-1 and 

came from a range of directions (Figure 4-2f). 

Data recorded by the GPS loggers were initially averaged in 1 Hz blocks to 

remove noise. Short wave motions were then removed by applying a moving average 

filter of 25 s so that only infragravity and slowly-varying mean current motions were 

preserved in the recorded drifter tracks. The low-pass filtered positions were 

numerically-differentiated to determine the velocities of the drifters. In addition to the 

drifters, acoustic Doppler velocimeters and profilers measured velocities and wave 

conditions throughout the experiment at six sites (Table 3-1 and Figure 4-1c). For 

instruments in the shallow reef-lagoon system (depths <5 m), the velocities were low-

pass filtered to remove short and infragravity wave motions shorter than 15 minutes, 

and in the case of the velocity profilers, the velocities were depth-averaged. On the 

inner shelf (sites A1 and A2, in 11 and 8 m water depth respectively), the hourly mean 

velocities were averaged over the uppermost 1.5 m of the water column, where they 

were usually strongest. At site A1, the surface currents varied between -0.1 m s-1 and 

0.05 m s-1 during the deployments (Figure 4-2e). 

4.3.3 Field Observations  

The drifter pathways displayed two main patterns over the course of the study: (1) 

complete drifter re-entrainment (Figure 4-3a, b), (2) complete drifter ejection offshore 

(Figure 4-3c, d), and a combination of pattern (1) and (2). In flow pattern (1), drifters 

released in the southern lagoon drifted southward parallel to the shore, turned sharply 

seaward in the middle of the embayment and then floated offshore along the edge of the 

channel. Most of the drifters turned north outside the channel and re-entered over the 

reef to the north of the channel in a tight circulation cell. In flow pattern (2), drifters  
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Figure 4-3. Examples of observed drifter trajectories that become re-entrained on a) Day 

1 and b) Day 2 and drifters that exit the reef system on c) Day 5 and d) Day 7. The 

colours indicate time in hours since individual drifter deployment and the vectors are 

mean velocities obtained from the model. The pink line marks the outer edge of the surf 

zone defined as the cross-shore position where the roller energy exceeds 10%, which 

was derived from the XBeach results. The surf zone has been interpolated across the 

channels where no wave breaking occurred. 
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floated seaward along the centre of the channel and exited in a southwesterly direction. 

Drifters typically left the reef system within an hour or less after their deployment 

inside the southern lagoon (see colours in Figure 4-3c, d). In contrast, re-entrained 

drifters remained within the reef lagoon system for 3 hours or more (Figure 4-3a, b). 

The eight drifter deployments were classified into predominantly exit or re-entrainment 

flow patterns. The re-entrainment pattern dominated when wave heights were large, 

water levels were low and alongshore velocities were directed northward and thus 

favouring drifters returning over the reef to the north of the southern channel (Table 

4-1).  

Over the duration of the field experiment, the in situ measurements over the 

reef, inside the lagoon and in the southern channel indicated that wave heights, cross-

shore and alongshore velocities varied with the offshore water level and wave height 

(Figure 3-10a). Offshore of the reef (R7) and in the southern channel (CS4) the wave 

heights increased with increasing offshore wave heights whereas over the reef (R2) and 

inside the lagoon (S7) the wave heights were depth-limited and thus only varied with 

the water level (Figure 3-10b). Inside the lagoon (S7), the cross-shore velocities were 

negligible and the alongshore velocities varied both with the offshore wave height and 

water level (blue line in Figure 3-10c, d). In the channel, the velocities varied 

predominantly with the offshore wave height (green line in Figure 3-10c, d). 

These qualitative observations of drifter behaviour and flow patterns motivated 

a numerical sensitivity study of re-entrainment in an idealized reef to understand and 

predict the response to varying wave height, alongshore current and variable reef 

geometry (Section 4.4.4).  

4.4 Numerical Model 

4.4.1 Model description 

The general influence of reef geometry parameters and offshore hydrodynamic 

conditions on water exchange rates were further investigated using the numerical model 
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XBeach configured in a short wave-group (surf beat) mode (refer to Roelvink et al. 

[2009] for details of the model). This model couples the time-varying wave group 

module with the shallow water wave module to include wave-current interactions and 

has been successfully used in other two-dimensional reef studies [van Dongeren et al., 

2013] as well as numerical experiments on drifter retention on rip channelled beaches 

[Castelle et al., 2014].  

The analysis of the model output was conducted in two stages. Firstly, to gain 

confidence that the model is capable of accurately reproducing drifter exits and 

retention, hindcast simulations of the drifter observations were performed based on the 

bathymetry of the field site at Garden Island. The configuration of this model is 

presented in Section 3.4.1. In the second stage of the analysis, the bathymetry was 

simplified to isolate the impact of various hydrodynamic parameters and reef 

geometries on flow re-entrainment. For this analysis, the bathymetry at Garden Island 

was schematized with rectangular reefs that were intersected by regularly spaced 

 

Figure 4-4. Schematized reef dimensions: a) top view and b) cross-sectional view. The 

default values for channel width, reef length and depth as well as lagoon length and 

depth were WC = 100 m, LR = 150 m, hR = 1.5 m, LLag = 150 m and hLag = 3 m, 

respectively. 
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channels (Figure 4-4). This geometry was similar to the reef-fringed lagoon to the south 

of the platform, where most of the drifters were deployed. In a series of simulations, 

parameters of the idealized reef system (channel spacing and reef friction) and 

hydrodynamic forcing (offshore wave height and along-shelf current) were co-varied, 

while other parameters were kept constant. The model reef was 150 m wide in the 

cross-shore and was located 150 m from the shoreline. The lagoon and channel were 

3 m deep and connected to a beach face with a concave profile /  [Dean, 1977; 

González et al., 1999], where x is the cross-shore coordinate, and B was set to 0.15. All 

simulations were forced at the offshore boundary by waves comprised of a JONSWAP 

spectrum of normally incident waves with a peak period of Tp = 14 s (the average 

observed during the experiment at Garden Island), a peak enhancement factor of 

γjonswap = 3.3 and a directional spreading of σ = 25º. Simulations with the same wave 

height were forced by identical time series. After a one-hour spin-up time, 2121 

uniformly spaced drifters were seeded as passive particles inside the reef-lagoon system 

and their tracks were simulated for three hours using Lagrangian particle tracking.  

Table 4-2. Parameters (see also Figure 4-4) and parameter values used in the sensitivity 

test. Parameter values for the default case are highlighted in bold. 

Parameter Values
Variable 
Channel spacing λ 300, 400, 500, 600, 700 m
Reef friction cf,R  0.003, 0.01, 0.03, 0.1
Significant offshore wave height Hm0 1.0, 1.5, 2.0, 2.5 m
Alongshelf current valong 0, 0.05, 0.10, 0.15 m s-1
Constant 
Reef length LR 150 m
Reef depth hR 1.5 m
Channel width WC 100 m
Forereef slope m 1:40
Lagoon length LLag 150 m
Lagoon depth hLag 3 m
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The reef parameters (channel spacing and reef friction) and hydrodynamic 

forcing (offshore wave height and along-shelf current) were varied independently 

according to Table 4-2, resulting in a total of 320 simulations. The choice of 

hydrodynamic parameters was motivated by the field observations (see Section 4.3.3) 

and the reef parameters were chosen based on initial parameter tests and also varied to 

cover a range of typical fringing reef dimensions with channel spacing from 300 m to 

700 m [Falter et al., 2013] and roughness values, which have been previously reported 

to range from cf = 0.009 to 0.027 [Rosman and Hench, 2011].  

4.4.2 Quantifying re-entrainment 

To provide a quantitative measure of flow re-entrainment, the exchange rate between 

lagoon and ocean waters was determined using two different definitions of the exit rate, 

based on either excluding or including the effect of re-entrainment. The first exit rate 

definition (E1) is based on the commonly used minimum flushing time described by Eq. 

(4-1) and is defined as the ratio of the number of drifters that cross the offshore 

boundary of the reef-lagoon system in seaward direction (Ldr) and the total number of 

drifters initially seeded (Ndr), i.e. 

 (4-3) 

The offshore boundary of the reef-lagoon system is defined as the cross-shore position 

where the alongshore-averaged roller energy exceeded 10% of the maximum roller 

dissipation in accordance with studies on rip-channelled beaches [e.g. Reniers et al., 

2009].  

The second exit rate definition (E2) accounts for re-entrainment and thus 

corresponds to a more realistic estimate of the flushing time. The exit rate E2 is defined 

as the ratio of drifters retrieved outside the reef-lagoon system at the end of the 

deployment over the total number of drifters released within the reef system (Ndr). The 

total number of drifters outside the reef-lagoon system is the difference between the 
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number of drifters that float seaward through the channel (Ldr) and the number of 

drifters that re-enter the reef-lagoon system (Bdr): 

 (4-4) 

This definition is similar to the definition used in surf zone exchange studies on beaches 

[MacMahan et al., 2010a]. When the drifters were released in the model, the number of 

drifters that exited the system typically decreased before the system approached an 

equilibrium state (typically after ~1 hr). Once in equilibrium, the number of drifters 

retained within the reef-lagoon system tended to slowly fluctuate around a constant 

number as groups of drifters simultaneously exited and re-entered the reef-lagoon 

system. To eliminate the effect of these fluctuations, the exit rate E2 was averaged over 

the last two hours of each three-hour simulation similar to the time averaged values 

used by Castelle et al. [2014], Castelle and Coco [2013] and Reniers et al. [2009]. It is 

noted that this exit rate definition E2 still does not distinguish between re-entrained 

drifters and drifters that remained inside the reef-lagoon system and is thus not a 

suitable measure to quantify the return flow regime of water that exits the channel.  

A parameter that specifically describes the return flow regime is the flow re-

entrainment b (Eq. (4-2)), which is defined as the number of re-entrained drifters (Bdr) 

divided by the number of drifters that have exited the channel ( 𝑑𝑟), and was quantified 

by combining Eqs. (4-3) and (4-4):  

 (4-5) 

We note that water exiting the channel may be mixed with the surrounding 

ocean water through lateral dispersion and that b may also be smaller than estimated 

from Lagrangian drifter measurements or simulations. However, numerical modelling 

indicates that sub-grid mixing using the Smagorinsky [1963] model accounted for less 

than 5% of the advection terms in the momentum balance equation and was hence 

negligible.  
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4.4.3 Hindcast Model Results 

Additionally to the time series comparison of the model results at the fixed instrument 

sites (Section 3.4.2), the model results were also compared spatially to the observed 

drifter tracks. The model produced a circulation cell to the north of the channel, which 

is in agreement with the observed drifter re-entrainment (Figure 4-3a, b). However, the 

modelled re-entrainment cell had a somewhat wider radius than in the field 

observations, which is most likely due to the combination of bathymetry and model 

resolution not being able to capture the very steep bed level gradient from the channel to 

the reef. This resulted in a flow that was directed slightly more alongshore in the model 

(compare also Figure 3-10c and d), despite the total velocity magnitude being predicted 

well (not shown). The model also reproduced the southwesterly trajectory of flow 

exiting the southern channel (Figure 4-3c, d). Overall, the model was able to replicate 

the flow magnitudes, directions and patterns with reasonable accuracy and was able to 

predict the relative trends in the re-entrainment process. 

4.4.4 Effect of hydrodynamic and reef geometry parameters  

The primary goal of the numerical model was to assess how flow trajectories change 

under different scenarios in order to assess the principal mechanisms responsible for re-

entrainment. For each simulation with varying reef geometry and hydrodynamic forcing 

the exit rates E1 and E2 (Eqs. (4-3) and (4-4), respectively) and re-entrainment b (Eq. 

(4-5)) were calculated. The drifter re-entrainment increased with increasing wave height 

(Figure 4-5a) and increasing alongshore current outside the reef (Figure 4-5b). Re-

entrainment also increased with decreasing channel spacing (for spacing up to 500 m, 

Figure 4-5c). Large bed roughness is a characteristic feature of many (or most) reefs 

that distinguishes these systems from analogous rip-channelled beach environments. 

However, reef friction only had a small influence on the re-entrainment of the drifters 

(Figure 4-5d). While the exit rate E1 (defined as the number of drifters crossing the 

seaward surf zone edge) was consistently between 60–70% across all simulations, the 
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exit rate E2 that accounted for re-entrained drifters varied between 7–60% and re-

entrainment varied between 7–73% (Figure 4-5e).  

4.5 Discussion 
The dynamics of wave-driven flows in reef environments and ocean-reef exchange has 

been predominantly studied in an Eulerian reference frame that quantifies the incoming 

water flux across the reef platform and the offshore flux exiting the reef channels [e.g. 

Hench et al., 2008; Lowe et al., 2009; Hoeke et al., 2011; Taebi et al., 2011]. This study 

provides additional insight into how the circulation patterns within a reef-lagoon system 

can control the proportion of water that re-enters a reef for a range of reef geometries 

and forcing conditions.  

Field observations suggest that re-entrainment can vary substantially due to 

variations in hydrodynamic forcing conditions alone (incident wave heights and along- 

 

Figure 4-5. Re-entrainment b as a function of variations in a) wave height, b) 

alongshore current outside the reef, c) channel spacing, d) lagoon length and e) the exit 

rates E1 and E2. In a)-d) the circle marks the mean value of all simulations and the black 

bar indicates the range in which 50% of the simulation results fall within. 



4.5  DISCUSSION 

95 

shelf currents). This is consistent with the numerical model that assessed the effect of a 

range of reef geometries along with a larger range of variable hydrodynamic conditions, 

so that re-entrainment varied between 7% and 73%. Importantly, these results 

demonstrate that the definition of the exit rate E1 (Eq. (4-3)), which ignores the effect of 

re-entrainment and counts all drifters that flow seaward through the channel as exiting, 

varied less over the range of tested parameters. This definition is analogous to flushing 

time estimates commonly used with Eulerian velocity measurements obtained using 

fixed (moored) instruments [e.g. Taebi et al., 2011].  

4.5.1 Influence of hydrodynamic and reef geometry parameters on flow 
dynamics 

To further investigate how the physical mechanisms responsible for re-entrainment are 

controlled by reef geometry parameters and hydrodynamic forcing conditions, the 

momentum balances (Eq. (3-3)) were first assessed across the reef-lagoon system for 

the default simulation that was forced with 1.5 m waves. The channels were spaced 

400 m apart and no alongshore current was imposed outside the reef (Table 4-2). In this 

case, 71% (E1) of all seeded drifters floated offshore through the channel and 43% (E2) 

remained outside of the reef-lagoon system. Of the drifters that floated offshore 40% (b) 

were re-entrained back into the reef system. For this case, the wave forcing induced by 

wave breaking on the forereef and the reef platform (Figure 4-6a) was balanced mostly 

by cross-shore pressure gradients (Figure 4-6b). The net forcing, which is referred to as 

the sum between pressure gradient and wave forcing, was directed offshore in the 

channel and onshore over the reef platform (Figure 4-6c), where it drove the cross-reef 

current that contributed to a relevant bottom shear stress over the shallow and rough 

reef (Figure 4-6e). Along the channel edges, the net forcing was balanced by advection 

(Figure 4-6d) and generated the counter-rotating eddies (Figure 4-6f) that, together with 

the onshore flow over the reef, were responsible for re-entrainment. The following 

Section 4.5.1 assesses how this momentum balance changes, particularly the strength of 

the net forcing term, when hydrodynamic forcing or reef geometry are altered.  
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Figure 4-6. Simulated magnitude and direction of the momentum terms (cross- and 

alongshore, see Eq. A1-2) for the default case. From top left to bottom right, the 

contributions from: a) wave forcing, b) pressure gradient, c) sum of wave forcing and 

pressure gradient, d) non-linear advection, e) bottom shear stress and f) mean velocity 

with Stokes drift (vectors) and vorticity (colours). Viscosity terms were negligible and 

are not shown. Black contour lines indicate the -2.5 m and -1 m isobaths. For clarity 

only every third vector is shown in cross- and alongshore direction. 

Wave height 

In both the field observations and the numerical model, re-entrainment increased with 

larger offshore wave heights. Larger waves generate stronger wave forcing and larger 

pressure (setup) gradients over the reef crest. The net forcing is stronger inside the 

channel and across its edges (Figure 4-7a), because the larger setup generated by larger 

waves increases the alongshore pressure gradients from the reef to the channel. The 

more intense wave breaking generates a stronger onshore mass flux just offshore from 

the reef edge. This along with the stronger net forcing enhance the strength of the 
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channel vortices (Figure 4-7b), which ultimately re-entrain water back into the reef-

lagoon system. Therefore, although larger waves drive a stronger seaward flow out the 

channel, which was also observed at the field site (r2 = 0.89 between offshore waves 

and seaward flow velocities) and other reef sites [e.g. Lowe et al., 2009], larger waves 

also enhance flow re-entrainment.  

The increase of drifter retention within the reef-lagoon system is consistent 

with field observations and modelling studies on rip-channelled beaches, which have 

linked increased re-entrainment to: (1) increased onshore flow over the sand bars, which 

transports drifters back towards shore [Scott et al., 2014], and to (2) wider surf zones 

[Reniers et al., 2009]. However, the surf zone width depends largely on the forereef 

slope and is expected to vary less on steep forereefs. An increase of re-entrainment with 

larger waves implies that large storm waves may be increasingly less efficient in 

flushing costal reef systems. 

 

Figure 4-7. a) Net forcing as the sum of the pressure gradient and wave forcing for a 

simulation during small waves (Hm0 = 1.0 m,  = 24%, red arrows) and the default case 

(Hm0 = 1.5 m, b = 38%, blue arrows). b) Difference in vertical vorticity between the two 

simulations. 
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Alongshore current 

As the current exits the reef through the channels, it is redirected towards the downdrift 

direction in the presence of an alongshore current. The cross-shore current locally 

blocks the alongshore current resulting in a local increase in the water level updrift of 

the channel and a local decrease in the water level downdrift of the channel (Figure 

4-8b). The modified pressure gradient, and thus the net forcing, are redirected towards 

the downstream reef (Figure 4-8a). This allows water to be transported towards the reef 

and then shoreward back into the wave-driven cross-reef flow. This is consistent with 

the field observations at Garden Island where drifters returned via the reef to the north 

of the channel when the alongshore current outside the reef was directed northward. 

Herdman [2012] also observed similar dynamics at a large scale coral reef where it was 

found that more drifters returned over a downdrift reef in the presence of an increasing 

alongshore current. Similar observations have also been made on rip-channelled 

 

Figure 4-8. a) Net forcing as the sum of the pressure gradient and wave forcing for a 

simulation with strong alongshore current (v0 = 0.15 ms-1, b = 62%, red arrows) 

compared to the default case (without alongshore current, b = 38%, blue arrows). b) 

Setup difference between those simulations (red colours indicate greater setup in the 

simulation with strong alongshore current). 
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beaches where drifter re-entrainment increased in the presence of alongshore currents 

associated with tidal flows [Winter et al., 2014]. 

Channel spacing 

As the channel spacing increases, the ratio of channel width to alongshore reef extent 

decreases. As the volume of water flowing into the reef-lagoon system across the reef 

equals the volume of water flowing out through the channel, the seaward velocity in the 

channel needs to increase for larger channel spacing (Figure 4-9, blue arrows). Hence, 

water is advected further offshore rather than back towards the reef. Drifter retention 

also increases with decreasing channel spacing on rip-channelled beaches [Castelle et 

al., 2014]. However, this study shows that this effect weakens with larger channel 

spacing until a limit is reached where re-entrainment becomes approximately constant 

(i.e. in larger-scale reef systems, re-entrainment becomes insensitive to the channel 

spacing). Within the parameter space that was tested, this limit was ~500 m. This is 

consistent with less re-entrainment in large reef systems as observed at Moorea, where  

 

Figure 4-9. Velocity including  Stokes drift (Generalized Lagrangian Mean velocity) for 

a simulation with small channel spacing (λ = 300 m, b = 45%, red) and the default 

simulation (λ = 400 m, b = 38%, blue). 
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reef channels are 4 to 5 km apart and re-entrainment was less than 50% [Herdman, 

2012]. Thus, large-scale reef systems appear to be much less likely to experience large 

re-entrainment rates. 

4.5.2 A predictor for re-entrainment and its implications for flushing times 

Based on the sensitivity of re-entrainment b to the tested reef geometry and 

hydrodynamic parameters, a re-entrainment predictor variable R is defined as: 

 (4-6) 

Here the ratio of the offshore significant wave height to the water depth over the reef 

( / ) provides an indication of the intensity of wave dissipation on the reef; 

whereas the ratio of the channel width to the channel spacing ( / ) provides a 

measure for the relative cross-sectional areas available for onshore and offshore mass 

transport. Although the alongshore current enhances re-entrainment (similar to R), it is 

considered separately here because the re-entrainment mechanism is fundamentally 

different (see Section 4.5.1). Re-entrainment (b) increases with increasing values of R 

and plateaus with high values of R following a logarithmic function. In the absence of 

an alongshore current, b and the logarithm of parameter R are correlated (r2 = 0.69). 

With increasing alongshore current outside the reef the correlation between R and b 

reduces, i.e. when the current outside the reef is 0.15 m s-1, the correlation coefficient 

drops to r2 = 0.21 (Figure 4-10). The alongshore current outside the reef then dominates 

the re-entrainment process. For large values of R (>0.4), re-entrainment is less sensitive 

to the alongshore current outside the reef and the re-entrainment rates converge for all 

tested alongshore current magnitudes. To summarize, R and the alongshore current both 

increase re-entrainment, but when the alongshore current is strong it reduces the 

sensitivity to variations of R and vice versa.  

To demonstrate the implications of the large variability in re-entrainment (b) 

for reef flushing times, the flushing was calculated time with (Eq. (4-2)) and without re-

entrainment (Eq. (4-1)). In many simulations, the inclusion of b in the estimate 
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substantially increased the flushing time compared to an estimate without re- 

entrainment: for 58% of the simulations the flushing time increased by more than a 

factor of 1.5 and in 17% of the simulations by more than two. The largest increase 

(greater than three times) was observed for the simulations with large R (a combination 

of short channel spacing λ = 300 m and wave heights of Hm0 > 2 m) and strong 

alongshore currents. In contrast, there was little difference between the two flushing 

times in simulations with small R (channel spacing λ > 500 m and Hm0 = 1 m) and no 

alongshore current.  

 

Figure 4-10. Re-entrainment b versus the re-entrainment prediction parameter R for all 

simulations. The different marker colours denote variable alongshore currents outside 

the reef. 
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4.6 Conclusions 
This study examined the processes responsible for re-entrainment in wave-dominated 

reef systems. Drifter observations in a wave-dominated rocky limestone reef in 

southwestern Australia illustrated two distinct flow patterns of either complete drifter 

ejection or drifter re-entrainment. These observations motivated a numerical study that 

also investigated the effect of reef channel spacing and reef roughness along with 

offshore wave height and alongshore currents on flow re-entrainment. The model 

supported the trends observed in the field data that large waves and strong alongshore 

currents outside the reef enhance flow re-entrainment. The model results further 

demonstrated that large reef channel spacing reduces flow re-entrainment, while the reef 

roughness had minimal effect. A single re-entrainment prediction parameter R is 

proposed, which incorporates the effect of wave forcing and reef geometry. For large 

values of R (i.e. large offshore wave height and small channel spacing) and strong 

alongshore currents outside the reef the effect of flow re-entrainment may increase 

flushing times by up to three times. Large wave heights can dominate the re-

entrainment mechanism and reduce the positive effect of the alongshore current outside 

the reef on re-entrainment and vice versa.  

The present study demonstrates that re-entrainment rates can be significant and 

highly variable among reefs, and thus should be included when assessing flushing times 

and material exchange of reef systems with the surrounding ocean. This is particularly 

important for reefs that are frequently intercepted by channels and reefs that are exposed 

to large waves and strong alongshore currents outside the reef, where re-entrainment 

would be consistently high. This may limit the ability of a reef to exchange material 

with both the surrounding ocean and other reef systems, and thus further emphasizes the 

need to accurately quantify flow re-entrainment to make robust estimates of, for 

example, larval dispersal and reef connectivity [Cowen et al., 2000; Teske et al., 2016] 

and reef water quality [Falter et al., 2013; Lowe and Falter, 2015].   
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 SYNTHESIS 

5.1 Thesis overview 
The aim of this thesis was to investigate the hydrodynamics along rocky reef-fringed 

coastlines with complex bathymetries. These environments are often characterized by a 

highly irregular bathymetry with steep slopes and patchy rock platforms, often with 

bathymetric features of much smaller scale than in well-studied coral reef systems. To 

study how these distinct bathymetries affect wave propagation, nearshore currents and 

cross-shore water exchange, a field experiment was conducted on a rocky reef-fringed 

coast in southwestern Australia. This experiment consisted of two components: (1) 

Eulerian measurements of wave heights, water levels and flow velocities across an array 

of fixed instrument sites and (2) Lagrangian measurements of flow patterns with regular 

surfzone drifter releases. Additional numerical experiments to complement these 

measurements were performed using the nearshore hydrodynamic model XBeach. 
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This chapter synthesises the overall conclusions drawn in the individual 

chapters to address the research questions presented initially in Chapter 1 and proposes 

recommendations for future work that would help further enhance our knowledge of 

hydrodynamics in complex bathymetries beyond the present thesis. 

5.2 Discussion 
i. How does the highly irregular bathymetry of coastal rocky reefs affect wave 

propagation patterns? 

Short and infragravity wave heights were analysed under a range of wave conditions 

during the field experiment. Incident short waves were dissipated as they propagated 

onto the shallow reef platforms, where the local water depth over the reef platforms 

limited the height of short waves reaching the shoreline (Chapter 2 and 3). In contrast, 

infragravity waves increased over the shallow reef platform towards the shore and were 

maximum near the shoreline salient (Chapter 2). On the reef platform, infragravity 

waves were of similar height or larger than the short waves during storm conditions, 

which is similar to observations in other coastal environments such as beaches [e.g. 

Guza and Thornton, 1985; Ruessink, 1998], coral reefs [Pomeroy et al., 2012] and rock 

platforms [e.g. Beetham and Kench, 2011; Marshall and Stephenson, 2011; Ogawa et 

al., 2015]. Most of the infragravity waves were observed to reflect at the beach resulting 

in a persistent cross-shore standing wave pattern across all transects over the reef 

platforms and inside the channel. This has also been commonly observed on beaches 

[e.g. Suhayda, 1974] and over coral reefs [e.g. Péquignet et al., 2009; Becker et al., 

2016] that tend to have alongshore uniform bathymetries.  

A particular focus of this research question was to assess how the finite 

alongshore and cross-shore dimensions of the nearshore reef platforms contributed to 

the spatial infragravity wave patterns. The alongshore variable water depth led to 

infragravity wave focusing over the reef platform, so that during a storm event, 

infragravity wave heights reached up to ~0.6 m at the shoreline in the lee of the central 

reef platform close to the salient. At the same time, the wave setup was ~0.15 m and the 
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storm surge was ~0.1 m. When combined these water level fluctuations are consistent 

with the high wave runup on the beach that was visually observed during the event 

(Figure 5-1).  

The refractive wave focusing caused the alongshore components of the 

infragravity waves to propagate in opposing directions on the reef, which created an 

alongshore standing wave pattern that persisted throughout the entire experiment. These 

alongshore standing waves are similar to standing edge waves observed, for example, at 

pocket beaches bounded by obstacles such as headlands [Özkan-Haller et al., 2001]. 

However, edge waves follow the edge wave dispersion relationship [Ursell, 1952] and 

have amplitudes that follow a Laguerre polynomial away from the shoreline. The 

infragravity waves observed over this irregular bathymetry were most likely a 

superposition of refracted and reflected waves whose amplitudes follow a sinusoidal 

form in the cross-shore. The observed alongshore standing wave pattern was equally 

energetic as the cross-shore wave pattern at higher infragravity frequencies 

(>0.017 Hz). These findings emphasize the importance of alongshore infragravity 

processes over irregular bathymetries, which have often been ignored in studies on 

large-scale reef structures, i.e. fringing reefs where the wave dynamics are assumed to 

be quasi-alongshore-uniform.  

 

Figure 5-1. View over the field site during a) low wave and b) storm wave conditions. 

Note the difference in wave runup. 
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ii. What are the spatial and temporal variations of wave-driven circulations 

over small-scale rocky reef bathymetries? 

The dynamics of the wave-driven circulation in a small-scale reef were investigated 

using field data and numerical model hindcasts in XBeach (Chapter 3). The response of 

flow magnitudes and directions to offshore wave heights and water levels was tested. 

Waves and setup due to wave breaking provided the main forcing mechanism that drove 

the circulations. On the shallow reef platforms, the breaker position moved shoreward 

(seaward) at high (low) tide. This caused the flow to increase at high tide at the 

measurement sites on the reef platform close to the shoreline salient. During large wave 

events, the wave setup within the reef-lagoon system increased, but to a lesser extent in 

the southern lagoon, so that the water on the central reef platform drained 

predominantly via the lagoon and southern channel. In the channel, flow magnitudes 

only varied on sub-tidal timescales due to changes in offshore wave heights.  

A particular focus was the contribution of nonlinear advection terms to the 

momentum balances, which are expected to be more important over small-scale 

(O(10m)) nearshore bathymetric features and easier to measure over fixed bathymetries 

(due to their persistence). On the shoreward portion of the reef platform, the nonlinear 

advection terms due to decelerating flow were essential to close the momentum balance, 

similar to flow around a cylinder approaching the stagnation point upstream from the 

obstacle [Nakayama and Boucher, 1999]. Only on the seaward portion of the reef 

platform was the residual between wave forcing and wave pressure gradients balanced 

primarily by bottom stresses. In this part of the reef system, the momentum balances 

were thus similar to the ones in large-scale reef systems and offshore patch reefs 

[Symonds et al., 1995; Lowe et al., 2009; Symonds et al., 2011; Taebi et al., 2012]. 

Momentum balance terms were also the major balancing term in the reef channel. The 

importance of the nonlinear advection terms in many parts of the reef system 

demonstrates that circulations in small-scale reef systems share more characteristics 

with rip currents on barred beaches, where flow acceleration and velocity shear also 
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substantially contribute to the momentum balance [Haller et al., 2002; Schmidt et al., 

2005].  

 

iii. What parameters control flow re-entrainment in coastal reef systems and 

how does it affect flushing? 

 The flow patterns and re-entrainment of passive drifters were measured as part of the 

field experiment and modelled in XBeach (Chapter 4). The drifter behaviour was 

observed to be highly variable over the course of the field experiment ranging from 

complete ejection to complete re-entrainment of all drifters (Figure 5-2). The 

Lagrangian measurements demonstrated that large waves and strong alongshore 

currents offshore of the reef enhance flow re-entrainment. Studies on larval dispersion 

in the nearshore zone have also suggested that the morphology has a larger impact on 

cross-shore exchange than the wave conditions [Nickols et al., 2013; Morgan et al., 

2016].  

The field observations were augmented with a numerical study in XBeach that 

investigated more broadly the response of the nearshore circulation to varying wave 

height, alongshore currents, reef channel spacing and reef roughness. The numerical 

study confirmed that large offshore wave heights and strong alongshore currents tend to 

favour flow re-entrainment. In addition, the numerical study demonstrated that large 

reef channel spacing reduces flow re-entrainment, while large reef roughness tends to 

increases flow re-entrainment. For large offshore wave heights, strong alongshore 

currents and small channel spacing, the effect of flow re-entrainment may increase 

flushing times by up to three times relative to an estimate of the flushing time that is 

purely based on the discharge across the reef or within the channel and the volume of 

water within the reef. Strong alongshore currents outside the reef and large wave 

heights both enhance flow re-entrainment; however, large wave heights tend to have a 

more dominant influence on the re-entrainment mechanism and reduce the positive 

effect of the alongshore current on re-entrainment. Vice versa, strong alongshore 
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currents can dominate the re-entrainment mechanism reducing its sensitivity to variable 

wave heights.  

The nearshore circulation patterns in these rocky reefs share some 

characteristics with rip current circulation on barred beaches (Chapter 3 and 4). At 

various rip-channelled beaches in micro- or meso-tidal settings with moderate wave 

energy, retention rates were consistently high (~20% [MacMahan et al., 2010a]). 

However, in a more recent field study in a macro-tidal environment and a wide range of 

wave conditions Scott et al. [2014] reported lower retention rates of as little as 27%. 

Flow re-entrainment has been observed to increase on beaches with alongshore currents 

outside the surf zone [Winter et al., 2014; Spydell, 2016], denser spaced rip channels 

[Castelle et al., 2014] and increasing wave height [Reniers et al., 2009; Scott et al., 

2014]. Exchange between rocky-reef systems and the open ocean thus displays 

analogous trends to beaches.  

However, the processes that facilitate higher retention rates are likely different 

on beaches than over reefs. On beaches, densely spaced channels reduce the size of the 

circulation cells and large waves increase the width of the surf zone. In both cases, the 

rip current circulation cell is more likely to be contained within the surf zone. At this 

rocky reef study site, the surf zone did extend seaward with larger waves over the 

central reef platform (Chapter 3), but the southern reef patch, over which the drifters 

recirculated, rises vertically from ~5 to ~1 m depth. Consequently, the cross-shore 

location of wave breaking is constant on the reef patch, over which the drifters 

recirculated. The increase in flow re-entrainment with larger waves at this rocky reef 

was associated with a stronger shoreward directed wave-driven flow over the reef that 

recirculates water back into the reef-lagoon system. For widely spaced reef channels, 

the cross-sectional area available for the onshore return flow over the reef is large 

compared to the area available for offshore flow in the channel. This decreases the 

onshore flow velocities over the reef compared to the offshore flow velocities in the 

channel. As a result, water is advected further offshore and less likely to be re-entrained. 
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This is also consistent with observations in a large-scale coral reef in Moorea (French 

Polynesia), where re-entrainment rates never exceeded 50% [Herdman, 2012].  

This study demonstrated that flow re-entrainment can be extremely variable 

among reefs, and thus should be considered carefully when assessing flushing times and 

material exchange of reef systems with the surrounding ocean. This is particularly 

important for reefs that are frequently intercepted by channels (small-scale reefs) and 

reefs that are exposed to large waves and strong alongshore currents outside the reef, 

where re-entrainment would be consistently high. The latter finding emphasises that it is 

important to have accurate knowledge of the hydrodynamic processes on the inner shelf. 

High re-entrainment rates may limit a reef’s ability to exchange material with both the 

surrounding ocean and other reef systems, and thus further emphasizes the need to 

accurately quantify flow re-entrainment to make robust estimates of, for example, larval 

dispersal and reef connectivity [Cowen et al., 2000; Teske et al., 2016] as well as reef 

water quality [Falter et al., 2013; Lowe and Falter, 2015]. The results of this study help 

to inform a physics-based parameterization of the coastal boundary layer, which are 

included in regional scale models to improve simulations of population connectivity 

[Nickols et al., 2015].  

 

Figure 5-2. In the foreground: Drifter floating seaward through the reef channel. In the 

background: Drifters returning shoreward over the southern reef patch. 
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5.3 Recommendations for future research 

5.3.1 Infragravity wave generation and dissipation over complex 
bathymetries 

Several studies have addressed the relative importance of the bound-wave forcing 

[Hasselmann, 1961] and the moving breakpoint [Symonds et al., 1982] for infragravity 

wave generation [Baldock, 2012; Contardo and Symonds, 2013]. Once generated, 

infragravity waves can be dissipated due to bottom friction [Pomeroy et al., 2012], 

nonlinear energy transfers back to the short waves [Henderson et al., 2006; Thomson et 

al., 2006; Péquignet et al., 2014], infragravity wave breaking [Battjes et al., 2004; van 

Dongeren et al., 2007; de Bakker et al., 2014] or a combination of nonlinear energy 

transfers and breaking [Ruju et al., 2012]. Current knowledge on infragravity wave 

generation and dissipation has been based on studies over one-dimensional laboratory or 

alongshore uniform bathymetries. Following from this study, I recommend investigating 

infragravity wave generation and dissipation over irregular bathymetries. However, 

studying infragravity wave generation and dissipation over alongshore non-uniform 

bathymetries requires a dense array of velocity measurements in cross-shore and 

alongshore direction. While this thesis research used a dense array of pressure sensors, 

velocities were only available at a small number of sites. A dense array of velocity 

measurements is essential to separate infragravity waves into their incident and reflected 

components. Importantly, incident and reflected waves may not be aligned due to 

refraction over the irregular bathymetry and variable reflection off the curved coastline.  

5.3.2 The impact of infragravity wave processes on the development of 
rocky reef-fringed shorelines 

A parallel study of the morphodynamics at the Garden Island field site has found that 

erosion and accretion patterns oscillate in alongshore direction [Segura et al., 

submitted]. This is in contrast to the typical cross-shore sediment movement on sandy 

beaches, where bars move offshore during storm and onshore during mild conditions 
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[Wright et al., 1984]. When the existence of edge waves was first demonstrated in the 

field, it was believed that energetic edge waves form alongshore rhythmic 

morphological patterns such as beach cusps [Bowen and Inman, 1971] and rip channels 

[Bowen and Inman, 1969; Huntley and Bowen, 1975]. Guza and Inman [1975] 

suggested that these waves would cause at least initial bed perturbations, which would 

gradually deepen due to positive feedback between the nearshore circulations and beach 

morphology through self-organisation. However, it was later argued that edge waves are 

not persistent enough in time to erode rip channels and the theory of self-organization 

was favoured [Coco et al., 2003; Reniers et al., 2004]. Standing edge waves are 

infragravity waves characterized by a similar alongshore standing wave pattern 

observed in this study, which was present over the entire experiment at various energy 

levels. This is because on rocky reef-fringed coastlines alongshore standing waves are 

linked to the underlying non-erodible bathymetry and thus may be persistent enough to 

impact shoreline development. It is recommended to investigate the impact of 

alongshore non-uniform infragravity wave patterns on the shoreline development 

behind reefs. 

5.3.3 Cross-shore exchange 

This thesis examined the time-averaged near surface and depth-averaged exchange 

between reef waters and the open ocean. The results demonstrated the importance of 

inner shelf processes such as alongshore currents outside the reef for this cross-shore 

exchange. The following research themes would expand the findings from this thesis: 

(1) The interaction of wave-driven reef circulation and a variety of different inner shelf 

processes including among others continental shelf waves, wind-driven currents [Ruiz-

Montoya and Lowe, 2014] and depth-dependant processes such as stratification and 

boundary layer streaming; (2) episodic cross-shore exchange due to flow fluctuations on 

the timescale of minutes. The latter includes flow pulsations and oscillations at very low 

frequencies (VLF). On sandy shorelines, the flow induced by wave groups [MacMahan 

et al., 2004a] coupled with the underlying bathymetry has been observed to cause the 
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offshore flow in the channels to pulsate at VLF frequencies [Smith and Largier, 1995; 

MacMahan et al., 2004b; MacMahan et al., 2010b]. These pulses are suggested to 

control the retention and ejection of surf zone material [Reniers et al., 2010], as they 

modulate Lagrangian coherent structures (LCS) on the timescale of minutes [Olascoaga 

and Haller, 2012], which describe zones of flow divergence and convergence. It is 

recommended to test whether this mechanism also affects flow retention in reef 

systems. If so, it would be of particular interest to identify the horizontal reef scales at 

which LCS are important.  
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A. Detection of standing or progressive leaky infragravity and 
edge waves 
Infragravity waves may either be progressive or standing and can occur in the form of 

leaky waves or edge waves. Edge waves are generated when obliquely incident 

infragravity waves are refractively trapped on a sloping bottom. The dispersion 

relationship between the angular frequency 𝜔 and the alongshore wavenumber k for the 

n-th mode of a refractively trapped edge wave on an alongshore uniform beach with 

constant slope is [Ursell, 1952]  

 𝜔2 = 𝑔𝑘 sin[(2𝑛𝑒𝑑𝑔𝑒 + 1)𝛽] (A-1)

where 𝑔  is the gravitational acceleration and 𝛽  the beach slope. The dispersion 

relationship for a leaky wave depends on the depth ℎ and is given by: 

 𝜔2 = 𝑔𝑘 tanh 𝑘ℎ (A-2)

Standing waves can be identified in the cross-shore and alongshore based on 

the phase between signals at instruments located in the same cross-shore or alongshore 

array. Progressive infragravity waves cause the phase difference between two sensors to 

constantly change with frequency, which creates a saw-tooth shaped phase versus 

frequency plot. Standing infragravity waves cause the signals at both instruments to be 

either in phase or antiphase over a wide band of frequencies [Suhayda, 1974; Péquignet 

et al., 2009]. The signals are in phase when an even number of cross-shore nodes lies 

between the sensors or in antiphase when an odd number of nodes lies between the 

sensors. Cross-shore nodes can either be features of standing leaky waves or edge 

waves and the nodal structure is indistinguishable for these wave types (except edge 

wave mode 0) [Holman, 1981]. 

The presence of leaky and edge waves may be referred from measurements at a 

single location or a cross-shore array [Huntley and Bowen, 1973]. In the following the 

phase relationships between surface elevation and horizontal velocities, which are 

summarized in Table 2-2, are derived for both types of waves.  
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Leaky infragravity waves that are progressive in the cross-shore and 

alongshore direction are described by the following velocity potential: 

 𝜙𝑙𝑒𝑎𝑘𝑦,𝑝𝑟𝑜𝑔𝑟 =
𝑎𝑛𝑔
𝜔

sin(𝑘𝑥𝑥 + 𝑘𝑦𝑦 − 𝜔𝑡) (A-3) 

where 𝑎𝑛 is the wave amplitude and 𝑘𝑥 (𝑘𝑦) the cross-shore (alongshore) wavenumber. 

Given 𝑢 = 𝜕𝜙
𝜕𝑥, 𝑣 = 𝜕𝜙

𝜕𝑦 and 𝜂 = 𝜕𝜙
𝜕𝑡 , progressive infragravity waves follow the 

form 

 𝑢(𝑥, 𝑦, 𝑡) ~cos(𝑘𝑥𝑥 + 𝑘𝑦𝑦 − 𝜔𝑡) (A-4) 

 𝑣(𝑥, 𝑦, 𝑡)~ cos(𝑘𝑥𝑥 + 𝑘𝑦𝑦 − 𝜔𝑡) (A-5) 

 𝜂(𝑥, 𝑦, 𝑡)~ cos(𝑘𝑥𝑥 + 𝑘𝑦𝑦 − 𝜔𝑡) (A-6) 

Consequently, the horizontal velocity components and surface elevation at one 

measurement location are in phase (0º) for progressive infragravity waves. 

The velocity potential of a cross-shore standing and alongshore progressive 

wave is the sum of the velocity potentials of a shoreward and seaward propagating wave 

(±x): 

 𝜙𝑙𝑒𝑎𝑘𝑦,𝑥 = 2
𝑎𝑛𝑔
𝜔

cos(𝑘𝑥𝑥) sin(𝑘𝑦𝑦 − 𝜔𝑡) (A-7) 

The velocity potential for progressive edge waves is similar and given by: 

 𝜙𝑒𝑑𝑔𝑒,𝑥 =
𝑎𝑛𝑔
𝜔

𝐿𝑛(2𝑘𝑥𝑥)𝑒−𝑘𝑥𝑥 cos(𝑘𝑦𝑦 − 𝜔𝑡) (A-8) 

where Ln is the Laguerre polynomial of mode nedge. Cross-shore standing and alongshore 

progressive leaky waves and progressive edge waves only differ in their cross-shore 

amplitude, which follows a sinusoidal form for a leaky wave and a Laguerre polynomial 

Ln for a progressive edge wave. The forms of alongshore and cross-shore velocities as 

well as surface elevation for both wave types are given by [see also Huntley, 1976]: 

 𝑢(𝑥, 𝑦, 𝑡)~ cos(𝑘𝑦𝑦 − 𝜔𝑡) (A-9) 

 𝑣(𝑥, 𝑦, 𝑡)~ sin(𝑘𝑦𝑦 − 𝜔𝑡) (A-10) 

 𝜂(𝑥, 𝑦, 𝑡)~ sin(𝑘𝑦𝑦 − 𝜔𝑡) (A-11) 

Cross-shore velocity and alongshore velocity as well as cross-shore velocity and surface 

elevation are in quadrature (±90º), while alongshore velocity and surface elevation are 
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in phase (0º) for leaky cross-shore standing infragravity waves and progressive edge 

waves.  

The velocity potential for a cross-shore as well as alongshore standing wave is 

obtained as the sum of the velocity potential of two obliquely incident cross-shore 

standing waves, whose alongshore components propagate in positive and negative 

alongshore direction (±y):  

 𝜙𝑙𝑒𝑎𝑘𝑦,𝑥,𝑦 = −4
𝑎𝑛𝑔
𝜔

cos(𝑘𝑥𝑥) cos(𝑘𝑦𝑦) sin(𝜔𝑡) (A-12)

Similar, the velocity potential of standing edge waves is: 

 𝜙𝑒𝑑𝑔𝑒,𝑥,𝑦 =
𝑎𝑛𝑔
𝜔

𝐿𝑛(2𝑘𝑥𝑥)𝑒−𝑘𝑥𝑥 cos(𝑘𝑦𝑦) cos(𝜔𝑡) (A-13)

The horizontal velocities and surface elevation for cross-shore as well as alongshore 

standing waves and standing edge waves are proportional to: 

 𝑢(𝑥, 𝑦, 𝑡)~ cos(𝑘𝑦𝑦) sin(ωt) (A-14)

 𝑣(𝑥, 𝑦, 𝑡)~ sin(𝑘𝑦𝑦) sin(𝜔𝑡) (A-15)

 𝜂(𝑥, 𝑦, 𝑡)~ cos(𝑘𝑦𝑦) cos(𝜔𝑡) (A-16)

For these wave types cross- and alongshore velocities are in phase or antiphase 

(0º/±180º) and the cross-shore velocity and surface elevation as well as the alongshore 

velocity and surface elevation are in quadrature (±90º).  





B.  DRIFTER TRAJECTORIES OBSERVED IN THE FIELD 

143 

B. Drifter trajectories observed in the field 

 

Figure B-1. Observed drifter tracks that feature predominantly drifters that are retained 

within the reef system on day 1, 2, 6 and 8 (a-d). Trajectories from all deployments on 

each day are plotted and the colours indicate drifter velocities in m s-1. 
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Figure B-2. Observed drifter tracks that feature predominantly drifters that exit the reef 

system on day 3, 4, 5 and 7 (a-d). The colours indicate drifter velocities in m s-1. 




