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ABSTRACT 
 

An understanding of hydrodynamics in nearshore regions is critical for coastal management 

and decision making. By having a comprehensive knowledge of hydrodynamics and shoreline 

behaviour on a coastal area, appropriate policies and strategies can be developed to diminish 

the impact of coastal hazards due to natural and/or anthropogenic activities. Until recently, 

most literature has focused on nearshore dynamics of relatively alongshore uniform sandy 

beaches with mild slopes. This is despite beaches with complex alongshore variable bathymetry 

being ubiquitous worldwide. In Western Australia, the coastline features numerous rocky and 

coral reefs as well as areas of seagrass and other aquatic vegetation resulting in few locations 

having traditional straight sandy beaches. Also, many beaches are bound by headlands or other 

geologic features that influence the nearshore hydrodynamics and morphological changes. 

Southwestern Western Australia is exposed to persistent waves from the Southern Ocean and 

influenced by the poleward flowing Leeuwin Currents whose variability strongly impacts 

coastal sea level.  

This thesis investigates the dynamics of waves, currents, and beach morphology of a reef-

fringed pocket beach at Gnarabup Beach in Southwestern Western Australia. A 20-month field 

study was conducted at Gnarabup Beach using a series of in-situ wave and water level 

observations, topographic surveys, and video shoreline monitoring. This also included a month 

of high-resolution monitoring involving 22 instruments deployed across the study area. 

Chapter 2 analyses the video derived shorelines and links the shoreline variability to the 

recorded offshore waves and water levels. The results indicate the beach as a whole (alongshore 

averaged) was stable with no significant erosion or accretion. However, substantial spatial 

variability of the local shorelines was found in response to offshore wave and water levels 

across a range of time-scales (from individual storms to the seasonal cycle). Moreover, within 

cells partitioned by headlands and offshore reefs, the beach was observed to rotate locally. The 

shoreline response was also dictated by the combination of offshore waves and water level that 

varied seasonally, with the shoreline generally retreating with lower water levels for the same 

wave height. Despite the contrasting responses in different alongshore locations of the beach, 

the overall beach volume of the pocket beach was in general conserved. 

In Chapter 3, the dynamics of the waves and currents at the study were investigated in detail 

through numerical modeling using the non-hydrostatic phase-resolving model SWASH. The 

model was evaluated against observations collected over 17 distinct hour periods from the 

detailed observations collected at 22 sites that were representative of a range of conditions. 
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Model calibrations showed the best agreement using a spatially uniform bottom friction 

coefficient (cf), which was within the range of other studies on reef hydrodynamics. The 

modelled sea-swell (SS) waves (periods 5-25s), infragravity (IG) waves (periods 25-600 s), 

and wave setup exhibited moderate to good comparison (quantified using the “Wilmott Skill” 

metric) to the observed parameters across the model domain. The mean currents, which were 

highly-spatially variable across the study site, were more poorly predicted at most locations. 

Model agreement with the observations tended to be the worst in the areas with the most 

uncertain bathymetry (due to limited bathymetric survey data) consistent with previous studies. 

The nearshore sea-swell, infragravity waves, and setup were strongly modulated by the 

offshore waves. However, the headlands and offshore reefs had a strong impact on the 

nearshore hydrodynamics within the lagoon (created by the reefs) by dissipating much of 

offshore sea-swell wave energy. Wave dissipation on the reef platforms generated strong mean 

currents that flowed onshore and circulated back through the channels between reefs and 

headlands with the offshore flow in the channels increasing with larger waves. The results 

demonstrate that at sites with complex bathymetry the phase-resolving model SWASH is able 

to produce realistic predictions of waves and currents. 

Chapter 4, a sequel of the previous chapter, focused on the infragravity wave dynamics within 

the lagoon at Gnarabup Beach using the previously validated numerical model from Chapter 

3. Due to the complexness of the bathymetric profile, an initial analysis to estimate the natural 

frequencies (periods) and IG wave patterns was carried out using a model with an idealised 

bathymetry that was representative of the real bathymetry. The result indicates that within the 

lagoon there is a mix of free IG wave energy and cross-shore standing waves at the frequencies 

for mode 0 (fundamental mode) and mode 1. However, the model shows little evidence of 

significant alongshore IG motions including edge waves. The idealised methods and results 

were then applied to the real bathymetry which resulted in similar patterns of IG waves to that 

of the idealised model. From both models, it is exhibited that the oscillation patterns are also 

influenced by the existence of fringing reefs and various offshore forcing. 

Overall, this thesis provides an additional description on the behaviour of shoreline and hydro- 

dynamics within a complex beach. This thesis also provides confidence in the ability of a phase 

resolving models to be used at such complex sites.    
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1 Introduction 
 

1.1 Background  

Shallow reef features are common across the globe and can be made of various types of rocks 

or living corals (e.g., Hopley et al., 2010; Neil, 1999). Coral reefs are formed from colonies of 

reef-building organisms, and they are mostly located where sea temperatures are between 18° 

to 30°C. Rocky reefs composed of submerged rocks are widely spread across the world from 

tropical to high latitudes. Reefs are important for coastal communities as they provide 

numerous ecosystem services in the form of fishing, tourism, and recreation (Brander et al., 

2012; Pandolfi et al., 2011; Speers et al., 2016). Reefs also provide critical habitat for a range 

of living organisms (Bellwood et al., 2003; Callum et al., 2002; Leprieur et al., 2016). 

Like other coastal environments, the hydrodynamic processes (i.e., waves and currents) 

along coastlines with reefs play a key role in regulating coastal processes and water quality, as 

well as shoreline dynamics. For example, nutrient-rich water from the ocean can be pumped 

into isolated reefs region by wave-driven currents (Green et al., 2019). Wave driven flows can 

determine larval (Vermeij et al., 2010) and plankton (Wang et al., 2007) dispersal that shapes 

reef ecology. Wave-driven currents are also primary factors driving sediment transport on reef 

fronted beaches and thus can play a significant role in beach erosion or accretion (e.g., Gallop 

et al., 2015). Reefs can also provide natural shoreline protection similar to artificial coastal 

structures that dissipate wave energy approaching the coast and reduce coastal flooding and 

mitigate hazards.  

Across the globe, many beaches are bounded by (natural) headlands forming 

embayments or pocket beaches (Short, 1999)The sediment that makes up these beaches varies 

in grain size and composition (Calhoun and Field, 2008; Yann et al., 2014). Although many 

studies do not distinguish the difference between embayed and pocket beaches (e.g., Hardaway 

and Gunn, 2010), embayed beaches have been described in some literature (e.g., Moghaddam, 

2014; Woodroffe, 2002) as having shorter headlands (relative to the length of the beach) 

compared to those of pocket beaches which causes more greater incident waves reaching the 

shoreline. Here we use the terminology pocket beach to describe the study site, as the headlands 

sufficiently limit transport with adjacent areas, but the processes at pocket and embayed 

beaches are similar in many instances. Given that the headlands bounding pocket beaches limit 

alongshore sediment transport, these beaches are generally treated as closed sediment cells and 

thus isolated from excessive erosion or sedimentation from adjacent beach cells (Klein et al., 

2010). In many locations, pocket beaches are also fronted by reefs offshore (Brooks et al., 
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2013; Sanderson et al., 2000). The headlands and reefs form a semi-closed lagoon, and thus 

these sites experience differing dynamics compared to pocket beaches not fringed by reefs. 

Despite being relatively common globally, reef-fringed pocket beaches have not been 

studied in detail (Jeanson et al., 2013). As a result, there is limited knowledge on the nearshore 

hydrodynamics processes at reef-fringed pocket beaches and the linkages with conventional 

sandy beach processes. Detailed knowledge of nearshore hydrodynamics is necessary for 

effective coastal management and can provide useful information for engineers and 

policymakers to predict possible hazards, and further develop strategies to minimize coastal 

hazards, e.g., flooding and excessive beach erosion. In this thesis, a detailed analysis of the 

hydrodynamics and shoreline dynamics of a reef-fringed pocket beach at Gnarabup Beach, 

Western Australia is conducted.  

 

1.2 Nearshore processes 

 

1.2.1 Reef hydrodynamics 

Hydrodynamic processes at reefs have been studied for decades. In a pioneering study, Munk 

and Sargent (1948) found wave breaking over reefs drove the dominant circulation patterns 

within an atoll system. In general, the physical mechanism underlying the hydrodynamic 

process on reef beaches is somewhat similar to that of other coastal environments, including 

sandy beaches. In the offshore ocean where winds directly generate waves (e.g., in storms), 

ocean waves in the form of wind-sea conditions with short periods tend to dominate (3-12s) 

(e.g., Holthuijsen, 2007). Over long durations, ocean waves with longer wave lengths /periods 

(swell waves, up to 25 s), are generated and rapidly travel away from the generating area 

(Hanafin et al., 2012). The wind-sea and swell, termed as sea-swell (SS), then propagate 

onshore, while undergoing dispersion based on their period, in which the swell with longer 

periods travels faster than the wind-sea. Moreover, waves (at a given period) have a larger 

phase speed at deeper water than that of shallower water (Pond and Pickard, 2014; Whitham, 

1967; Whitham, 1974). In the shoaling region near the coast, their wavelength becomes shorter, 

and they generally increase in height. When the ratio between the wave height and water depth 

reaches a critical limit, the waves will break and dissipate their energy (e.g., Massel and 

Gourlay, 2000).  

Despite the similarity on the drivers of hydrodynamics processes between reefs and 

conventional sandy beaches, for example, due to breaking waves (e.g., Taebi et al., 2011), wind 

stresses (e.g., Luick et al., 2007) and tides (e.g., Lowe et al., 2015), hydrodynamics processes 
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on reefs can be more complex as a result of the typically higher roughness and steeper slopes. 

Wave breaking on the reefs induces radiation stress gradients can drive onshore water mass 

movement (Taebi et al., 2012). Radiation stresses can also generate an increase in the mean 

water depth behind the reef structures in the form of wave setup that can be very significant 

during extreme conditions (Gourlay, 1996).  

The complexity of reef hydrodynamics is also influenced by the increased roughness 

associated with the reefs, with larger bottom friction causing waves to be considerably 

dissipated (Lowe et al., 2007; Symonds et al., 1995). For example, Lowe et al. (2005) and 

Monismith et al. (2015) found that bottom friction was the primary dissipation mechanism on 

some reefs. In nearshore fringing reefs with channels (gaps) in the reef, the increased water 

level on the reefs due to the breaking (setup) creates pressure gradients that drive local 

alongshore currents in the lagoon that allow water to flow seaward trough the channel between 

reefs back to the ocean (Lowe et al., 2010). 

Although short waves are largely dissipated on reefs, some research has shown the 

prevalance of IG waves in the area behind the reefs. In deep water, IG waves are generated by 

the nonlinear interactions between SS waves in wave groups (Longuet-Higgins and Stewart, 

1964). These bound waves travel with the wave group and then are ‘released’ when the SS 

waves break (e.g., Baldock, 2012). IG waves can also be generated by the time-varying 

breakpoint of SS waves caused by wave groups (Symonds et al., 1982). 

Near the shoreline, IG waves can reflect, dissipate their energy through breaking 

(Battjes et al., 2004; van Dongeren et al., 2007) or transfer energy to higher frequency through 

non-linear processes (Henderson et al., 2006). When IG wave dissipation is weak, reflection at 

the shoreline can be significant and these waves propagate offshore as so-called leaky waves.  

The reflected IG waves can interact with incoming IG waves and result in standing waves in 

the cross-shore direction with their maximum amplitude typically located near the shoreline 

(Buckley et al., 2018; Péquignet et al., 2014). The characteristic of cross-shore standing waves 

corresponds to the number of antinodes along the propagation direction, in which the mode 0 

tends to be dominant. In some reef enviroments, the periods at which IG waves resonate in 

cross-shore direction at different modes could be estimated based on the correlation between 

the length of the reef flat and the water depth (Cheriton et al., 2016).  

The reflected IG waves can also be refracted and trapped alongshore forming edge 

waves. On beaches with relatively alongshore uniform profiles, the existence of edge waves 

can be detected from frequency-alongshore wavenumber (f-ky) spectra that cooincide with the 

energy at IG bands aligning the edge-wave dispersion lines for different modes (Huntley et al., 
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1981). Yet, for nearshore systems with highly irregular profiles like reef environments, 

standard f-ky spectra are not applicable due to the lack of an analytical solution for the 

dispersion lines for each mode (Winter et al., 2017). However, as outlined by Winter et al. 

(2017), edge waves can be identified by an analysis of the phase lags between locations along 

alongshore transects.  

 

1.2.2 Pocket beach hydrodynamics 

Beaches bounded by headlands forming pocket (embayed) beaches can exhibit different 

hydrodynamic behaviour compared to that of the open straight beaches principally as a result 

of alongshore transport being constrained by the headlands. Pocket beaches are generally 

thought to be dominated by cross-shore processes (Blossier et al., 2017b; Harley et al., 2011), 

as the headlands limit the influence of offshore waves approaching the beach from high angles 

relative to the shoreline (Daly et al., 2014). The more widely-space the headlands (Davidson-

Arnott, 2010) and their geometric variation (Fellowes et al., 2019), the more the beach 

susceptible to wide range of wave directions and tidal regimes. 

 Offshore waves that approach pocket beaches with a direction perpendicular to the 

coastline or are otherwise not blocked by the headlands have the capacity to generate cross-

shore dominated currents with similar processes to that of the open beaches. Due to the 

headlands acting as an obstruction, the onshore directed currents can result in the formation of 

rip currents trapped against the headlands (Castelle and Coco, 2012). However, when waves 

oblique to the gaps between the headlands, alongshore currents will be generated mainly 

outside the shadow area. The behaviour of nearshore currents is also influenced by the width 

of pocket beaches and tide variability (Horta et al., 2018; Miot da Silva et al., 2012; Silva et 

al., 2010).  

The possible periods of IG waves to resonate in the cross-shore direction on a pocket 

beach is limited by the offshore extent of the headlands and location of wave breaking relative 

to the headlands (Mendes et al., 2017; Rabinovich, 2009). At pocket beaches, IG waves have 

the potential to not only resonate in cross-shore direction but due the existence of headlands 

where waves can reflect, they could also resonate in the alongshore direction. The structure of 

IG oscillation on a beach can be approximated from idealised shapes of basins, i.e., rectangular 

and circular, as a function of length and depths of the beach (Rabinovich, 2009). However, this 

approach may not be accurate at beaches which irregular shapes like the study site, Gnarabup 

Beach, desribed in this thesis.  
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1.3  Morphodynamics of pocket beaches 

On headlands-enclosed beaches, sediment transport is often assumed less dynamic as 

alongshore exchange can be limited by the headlands that prevent excessive net sediment 

transport within the system (Daly et al., 2014). Some studies also suggest that long-term 

shoreline evolution at pocket beaches is less (Klein et al., 2010; Short et al., 2014). However, 

over short time frames (e.g. storms), pocket beaches may experience severe erosion (e.g., de 

Santiago et al., 2013; Gallop et al., 2020). Moreover, the dynamic of pocket beaches also 

determined by the embayment area and indentation, as well as the orientation of headlands 

(Fellowes et al., 2019). 

Wave-induced currents can also drive beach rotation at pocket beaches. The rotation is 

mainly associated with alongshore transport induced by oblique waves (Gallop et al., 2020; 

Short and Trembanis, 2004), yet on a wider pocket beach, alongshore variable cross-shore 

sediment transport may also induce beach rotation (Harley et al., 2011). Rotation can occur 

over a range of time periods, from single storm events (Harley et al., 2014; Ojeda et al., 2010) 

that may also impact the upper part of the beach including the dunes (Harley et al., 2015), or 

in longer term that occur seasonally (Dolphin et al., 2011) or over the years due to the climate 

(Ranasinghe et al., 2004). While waves play the primary role in controlling sediment transport, 

transport may also be influenced by wind and tide (Dehouck et al., 2009).  

 

1.4 Morphodynamics of reef-fringed pocket beaches  

Literature on the hydrodynamic behaviour and morphological evolution of reef-fringed pocket 

beaches is relatively scarce. Of the existing studies, Jeanson et al. (2013) indicated that the 

hydrodynamics of pocket beaches fronted by reefs have similar features to typical (unbounded) 

reef beaches where inside the lagoon, wave energy could be dissipated by up to 90% by the 

reefs. Furthermore, Norcross et al. (2002) investigated a reef-fringed pocket beach in Hawaii 

and concluded there was limited sediment transport along the beach, with alongshore patterns 

of seasonal behaviour indicating rotation similar to pocket beaches without reefs. They also 

found a relationship between the beach volume change calculated from a time series of cross-

shore beach profiles and seasonal wave forcing.  

The morphological response of the coastline behind (rocky) reef environments is 

controlled by complex interactions between the offshore hydrodynamics, the geometry and 

roughness of the reef structure and bottom sediments forming the beach. As summarised above, 

reefs significantly modify nearshore circulation patterns affecting sediment transport within 

the system that in turn induce the change of overall beach morphology which could have 
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different responses to that of the open beaches (Gallop et al., 2011b). A series of observations 

by Ruiz de Alegria-Arzaburu et al. (2013) showed that the elevation of the reef crest plays an 

important role on reducing wave energy in which the increase of reef freeboard (i.e., the 

distance between reef crest and surface water) enables greater transmission of wave energy, 

which in turn increases the rate of sediment transport behind the reefs. Even though the 

existence of reefs on a beach can be considered as offering natural protection, like coastal 

structures that dissipate wave energy approaching the coast reducing erosion hazard (e.g., 

Cuttler et al., 2018; Lowe et al., 2005; Reguero et al., 2018), some studies have revealed highly 

variable shoreline changes behind reefs suggesting these typical environments are still 

vulnerable to large offshore waves (e.g., Velegrakis et al., 2016) 

At beaches with fringing reefs, the nearshore circulation can consist of ‘cells’ where 

flows can converge behind the reef and deposit sediments forming salient or tombolo (Black 

and Andrews, 2001; Duarte Nemes et al., 2019). This natural phenomenon mainly occurs 

during summer when wave energy is lowest (e.g., Segura et al., 2018a). In contrast, during 

winter with energetic waves, the circulation behind the reefs tends to diverge and erode the 

salient (Segura et al., 2018a). Moreover, during high water level due to tides (e.g., Brander et 

al., 2004) or storm surge and wave setup (e.g., Hoeke et al., 2015), the reef submergence 

increases resulting in more wave energy reaching the shoreline, which may cause beach 

changes (Sheppard et al., 2005; Storlazzi et al., 2011). 

 

1.5 Numerical modelling of reef hydrodynamics 

Numerical models used to study reefs hydrodynamics have been mainly based on phase-

averaged and phase-resolving models that were primarily developed for sandy beaches with 

mild slopes (Sheremet et al., 2011). Phase-averaged models are based on solving the spectral 

wave energy evolution of waves in the SS band using linear wave theory, which includes 

empirical formulations to parameterise nonlinear physics including wave breaking. To obtain 

predicted wave-driven mean flows, phase-averaged wave models must be coupled with flow 

models. However, by excluding IG motions, phase averaged models are less suitable for 

shallow region of reef environments where IG waves often compose a large fraction of the total 

wave energy particularly following breaking of the short waves on the reefs. Some phase 

averaged models (e.g., XBeach, Roelvink et al. (2012)) resolve SS motions at wave-group 

scales, but they still do not resolve the individual shape or dissipation of SS waves. 

Phase-resolving models (e.g. non-hydrostatic and Boussinesq type models) by 

resolving the individual waves include non-linear energy transfers and thus capture both SS 
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and IG dynamics. However, some processes, for example breaking, still need to be 

parameterized. Despite their advantages, the use of phase resolving models has remained 

limited due to the much larger computational expense compared to phase-averaged models 

(e.g., Buckley et al., 2014).  

As computation power continually is increasing, the ability to use phase resolving 

models over larger scales and in greater detail, including the application for reef studies is 

increasingly possible. Previous research has applied phase resolving models to simulate wave 

dynamics in reef environments either using cross-shore (1D) or spatial (2D or 3D) models. 1D 

phase resolving wave models are applicable in certain situations with alongshore uniform reef 

bathymetry where cross-shore processes dominant, much like in scaled wave flume 

experiments (e.g., Masselink et al., 2019a; Nwogu and Demirbilek, 2010; Sheremet et al., 

2011). In more complex cases, where both alongshore and cross-shore processes are important, 

the use of 2D (horizontal) models with multiple layers (3D), is more suitable. Roeber and 

Bricker (2015) and Su and Ma (2018) modelled the behaviour of low frequency waves over 

reef beaches using Boussinesq scheme. They found the model could simulate processes during 

extreme conditions, including the dominance of IG waves behind the reefs and the variation of 

wave-current fields related to the reef morphology. In addition, using 2D non-hydrostatic 

XBeach model, Quataert et al. (2020) successfully reproduced wave runup of a reef dominated 

beach of an island in the Pacific Ocean. 

 

1.6 Study Site 

Gnarabup Beach (Figure 1-1, Figure 2-1), located in Southwestern Australia, faces the 

Southern Ocean, which has one of the most energetic wave climate in the world with unlimited 

fetch (e.g., Hemer et al., 2008; Sterl and Caires, 2005). Coastlines in Southwestern Australia 

are influenced by regional atmospheric and ocean forcing, including Southern Ocean storms; 

the position of the subtropical ridge; and an energetic sea breeze cycle, that together cause the 

region to experience seasonal wave climate variations (Wandres et al., 2018). In winter, the 

wave climate is dominated by features west to southwest waves from the Southern Ocean, 

whereas during summer, while Southern Ocean swells still occur the climate, is more dictated 

by the prevailing south  to southwest winds (Li et al., 2009). The significant wave heights of 

the study area during observation periods were 2.3 m on average (average summer of 1.8 and 

winter of 2.9) that during large events, the offshore waves reached ~8 m. These conditions were 

also identified by other research across Western Australia that found the offshore waves have 

a monthly averages of 1.5 to 3.5 m in which during winter, the offshore significant wave height 
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may reach 8.9 m (Li et al., 2012; Roncevich et al., 2009). Hegge and Masselink (1999) recorded 

storms within the region which occurred 30 times annually on average, with the highest 

occurrence in July are associated with mid-latitude low pressure systems. Moreover, in 

summer, the Southwest of Australia experiences significant sea breeze conditions that occur 

over two-thirds of summer days between November to February impacting local wind wave 

generation (Pattiaratchi et al., 1997).  

The tides at Gnarabup Beach are micro-tidal, with a mean tidal range of 0.36 m and a 

maximum tidal range of ~1.25 m. During winter, offshore water levels increases (up to 0.2 m) 

due to variations in the strength of the Leeuwin Current (Feng et al., 2003). 

Gnarabup Beach is highly dynamic with erosion and accretion patterns occurring 

throughout the year (Figure 1-1) in spite of the natural protection from the direct impact of 

large offshore waves (Figure 2-1). Emphasis is given to understanding the dynamics of sea-

swell (SS, i.e., short waves with periods of 5-25 s) and infragravity (hereafter IG, i.e., low-

frequency waves with periods of 25-600 s) waves, mean (over many wave periods) wave-

driven currents, and the resulting responses of shoreline variability.  

 

Figure 1-1. Dune erosion at Gnarabup Beach in winter 2017. The insert at top right corner shows the 

location of Gnarabup Beach at the southwest coast of Western Australia 

 

1.7  Aims and Objective 

The overall objective of this thesis is to provide an improved understanding of the wave and 

current dynamics and the resulting shoreline evolution on a reef-fringed pocket beach. 

Specifically, the objectives are: 
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i. Quantify the shoreline variability and investigate the physical drivers of shoreline 

changes over a range of time-scales (daily to seasonal) at a reef-fringed pocket 

beach (Chapter 2). 

Compared to open coast sandy beaches, reef-fringed pocket beaches combine the 

impact of nearshore reefs on the incident waves and hydrodynamics as well as the 

impact of headlands on limiting alongshore movement of sediments and protection 

from oblique waves. In Chapter 2, we use 20 months of beach topography 

measurements (from beach surveys and video) and in situ measurements of waves and 

water levels to understand the behaviour of the beach with relation to the observed 

waves and water levels, including determining which conditions were most conducive 

to erosion or accretion.  

ii. To assess the suitability of a non-hydrostatic wave model to simulate wave and 

currents dynamics at a reef-fringed pocket beach (Chapter 3). 

In this chapter, we assess the ability of SWASH, a non-hydrostatic wave model that 

was initially developed for sandy beaches with mild slopes, to simulate nearshore the 

SS and IG waves, setup and currents, at Gnarabup Beach which features complex 

bathymetry including steep slopes and large bottom roughness. The ability of a non-

hydrostatic model, like SWASH, to make robust predictions as such a site has not yet 

been documented. We calibrate and further validate the model with a set of detailed 

measurements from June-July 2017 consisting of 22 instruments deployed across the 

model domain to measure waves, water levels and currents. Moreover, the model is 

used to understand the wave and circulation dynamics along the beach during different 

wave and water level conditions. 

iii. Identify the patterns of infragravity wave motions within a reef-fringed pocket 

beach (Chapter 4). 

Infragravity waves often dominate the wave spectrum at the shoreline in many coastal 

environments and thus understanding their behaviour is important in predicting coastal 

erosion and flooding. We use the validated model from Chapter 3 to quantitatively 

assess the infragravity wave motions at Gnarabup Beach, including standing waves in 

the cross-shore and alongshore direction. Given the complex bathymetry of Gnarabup 

Beach, we initially conduct simulations using idealised bathymetry that represents the 

real bathymetry, then later apply the analysis and results from the idealised case to the 

real bathymetry.  
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2 Shoreline variability at a reef-fringed pocket beach 
 

2.1 Introduction  

Pocket beaches, in which a stretch of sandy shoreline is bounded by headlands or other features 

that impede alongshore sediment transport, occur globally across a wide range of wave 

exposure regimes. Due to how these beaches are bound by barriers to sediment transport, they 

are often considered to be largely closed systems. Pocket beaches can be dominated by both 

cross-shore transport processes, that are primarily controlled by the incident wave energy 

(Blossier et al., 2017b; Harley et al., 2011), or alongshore transport that may cause beach 

rotation (Daly et al., 2014; Dehouck et al., 2009). In addition to limiting or preventing broad-

scale alongshore transport, headlands or other bounding structures can introduce alongshore 

wave energy gradients (e.g., by shadowing obliquely incident waves), and act as wave 

reflectors particularly in the case of low frequency (infragravity waves) which can result in 

standing edge waves (e.g., Masselink et al., 2004; Özkan-Haller et al., 2001) along the pocket 

beach. Most research has focused on pocket beaches that are located along open coastlines 

(e.g., Horta et al., 2018; Vousdoukas et al., 2009). However, pocket beaches are also commonly 

fringed by coral or rocky reefs that create a semi-protected lagoon, which may have a 

significant influence on the beach morphodynamics processes.  

For reef-fronted beaches, the general physical mechanisms that drive the hydrodynamic 

processes can be similar to those in other coastal environments in which wave breaking results 

in wave-driven currents (Monismith et al., 2013). These wave-driven currents are generated by 

radiation stress gradients dominated by wave breaking, resulting in wave setup gradients across 

the reef that can drive onshore mass fluxes over the reef if a lagoon is present (e.g., Gourlay 

and Colleter, 2005; Lowe and Falter, 2015; Taebi et al., 2011). While these same processes 

occur in open coast sandy beaches, reef environments also have additional complexity 

associated with steep slopes and high bottom roughness that can modify the nearshore 

hydrodynamics.  

Along reef-fringed beaches, the importance of low-frequency infragravity (IG) waves 

with periods between 25-600 s has been highlighted in a number of studies (e.g., Buckley et 

al., 2018; Hardy and Young, 1996; Péquignet et al., 2009; Pomeroy et al., 2012). This is mostly 

a result of the dissipation of groups of sea-swell (periods <25 s) waves by the shallow reef that 

leads to the generation of IG waves through both a breakpoint forcing mechanism (Symonds 

et al., 1982) and the “release” of incident bound waves (Baldock, 2012). Due to their long wave 

lengths and typically smaller amplitudes than incident sea-swell,  IG waves generally do not 
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break and thus can have a significant influence on shoreline water level variability, including 

being a potential primary driver of beach erosion (Becker et al., 2016; Ford et al., 2013). 

The dynamics of both sea-swell and IG waves along reef-fronted coastlines depend 

strongly on the submergence depth of the reef, which modulates the amount of depth-induced 

breaking over the reef and causes less dissipation (more transmission) occurring with greater 

submergence (e.g., Lowe et al., 2009a). Any (offshore) process that alters water levels relative 

to the reef depth can, in turn, regulate the amount of wave energy that reaches reef-fringed 

coastlines. Reef-fringed shorelines can be exposed to a range of sources of offshore water level 

variability over a range of time scales. These include processes such as tides and atmospheric 

surges, as well as seasonal to longer-term changes in sea level. For example, in micro-tidal  

Southwestern Australia, water level fluctuations associated with the strength of the Leeuwin 

Current (a poleward flowing eastern boundary current) result in seasonal and interannual sea-

level variations with a range of 10s of cm, which is of the same order of magnitude as the 

microtidal tidal range of the region  (Feng et al., 2003; Pattiaratchi and Eliot, 2008; Smith et 

al., 1991). At a reef-fringed beach of South West Australia (~200 km from the study site 

descried here), Segura et al. (2018a) found that these seasonal and inter-annual sea-level 

fluctuations were the dominant factor that determined the seasonal variability of the shoreline.  

Similar to other coastal environments, in coastal regions with complex morphology that 

provides natural protection from offshore hydrodynamic forcings, strong sea breeze activity 

may have an important role driving locally generated wind waves (Balsells et al., 2020). The 

sea breeze is influenced by atmospheric pressure gradient and the occurrence on an area 

depends on its latitude, in which different latitudes showed variable Corriolis force affecting 

sea breeze circulation (Hong Yan and Anthes, 1987). Southwestern Australia has one of the 

strongest sea breeze cycles in the world that consistently occurs  during summer (period 

between December to January) with speed exceeding 20 m/s. Different to other sea breeze 

system that blows perpendicular to shorelines, the diurnal sea breeze unusually blows parallel 

to the shoreline (due to the positon of the subtropical ridge and Coriolis) and it considerably 

affects the variability of nearshore SS waves and the resulting shoreline dynamics (Masselink 

and Pattiaratchi, 2001; Pattiaratchi et al., 1997).  

Despite pocket beaches influenced by reef systems being relatively common globally 

(Short, 1999), only a limited number of studies have investigated the processes governing 

morphodynamic changes within such sites, such that it still remains unclear how pocket beach 

shorelines generally behave relative to other classes of beaches (Jeanson et al., 2013; Norcross 

et al., 2002). Here we quantify the shoreline variability at Gnarabup Beach, a reef-fringed 

pocket beach in the Margaret River region of Southwestern Australia, using a sequence of 
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topographic measurements and daily video derived shorelines spanning a period of 

approximately 20 months between November 2015 and July 2017. Using this detailed data set, 

we investigate the processes that drive the shoreline variability along this reef-fringed pocket 

beach over a range of time-scales (from storm to seasonal), including the influence of large 

swell from the Southern Ocean and offshore water level fluctuations.  

 

2.2 Field observation and methods 

 

2.2.1 Description of the study area  

Gnarabup Beach is a 1.5 km long pocket beach located in Southwestern Australia (Figure 2-1). 

The beach is fronted by limestone reefs that are located ~600 m offshore and become partially 

exposed at low water levels forming a semi-protected lagoon; hereinafter, just referred to as 

‘lagoon’ (see Figure 2-1a). Two channels (up to 8 m deep) separate the reefs from the headlands 

and each other. Together, the reefs occupy approximately one-third of the length between the 

headlands that bound the pocket beach. The study site experiences variable hydrodynamic 

conditions over the seasonal cycle from the austral summer (November-February) to winter 

(June-September). The site is exposed to consistent swell year-round from the Southern Ocean 

with offshore significant wave heights averaging ~2.3 m but can occasionally exceed 8 m 

during large conditions (especially during austral winter months). The tides at the site are 

micro-tidal, with a mean tidal range of 0.36 m and a maximum spring tidal range up to ~1.25 

m observed during the study period. Offshore water levels vary seasonally (up to 0.2 m) due to 

variations in the strength of the Leeuwin Current (Feng et al., 2003). The beach is composed 

of medium to coarse carbonate sands. The lagoon seafloor consists of a mix of carbonate sands, 

seagrass, and patchy limestone outcrops (particularly onshore of the two main reefs).  

 

2.2.2 In situ observations 

In situ observations of waves and water levels were collected at nine locations for a total of 16 

months between November 2015 and August 2017. Observations were made almost 

continuously for the 15 months between November 2015 and January 2017, and for another 

month from end of June to July 2017. Pressure sensors (sampling continuously either at 1 or 2 

Hz) were deployed at eight sites (depths ranging from ~1.7 to 3.6 m, see Table 2.1) within the 

lagoon and were organized into one alongshore and two cross-shore transects (Figure 2-1a). 

Offshore of the southern reef (in ~18 m depth), a Nortek AWAC recorded wave conditions 

incident to the study area. The instruments were bottom-mounted on aluminium frames 
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weighed down with lead and were serviced approximately every three months based on battery 

life.  

Among the 15 months of nearly continuous data, there were some occasional gaps in 

the instrument records; for example, between April to May 2016 when the AWAC was 

overturned due to a large storm. The AWAC was also not deployed from February to June 

2017. To provide a continuous estimate of the wave conditions at this site, data were 

approximated using empirical relationships derived between observations from a directional 

wave buoy operated by the Western Australia Department of Transport (DoT) deployed in 48 

m depth offshore of Cape Naturaliste approximately 50 km NW of the study site. During 

overlapping periods, the wave heights at the two sites were strongly correlated (Figure 2-2a, 

RHs-Gna=0.93), which allowed us to fill data gaps based on a linear relationship observed 

between the buoy and AWAC,  

𝐻𝑠,𝐺𝑛𝑎 = 0.8952𝐻𝑠,𝑁𝑎𝑡 − 0.0978,       (2.1) 

where Hs,Gna is offshore wave height at Gnarabup Beach and Hs,Nat is offshore wave height at 

Cape Naturalist.  

 
Figure 2-1 (a) Aerial photo of the study area with 2 main offshore reefs around 600 m from the shoreline. 

The red star denotes the location of the AWAC, the red circles denote locations of the pressure gauges. 

The red rectangle is the coverage area of video camera. The insert at top right corner shows the location 

of Gnarabup Beach at the southwest coast of Western Australia. (b) The coverage area at the south of 

the beach from the image rectification process (red box in Figure a) used in this study and the 2 parts, 

i.e. A and B, at Cell 3 (see Figure 2-7b for the description) separated by a black line that represents the 

location of a node (centre of beach rotation). The red dashed lines denote the border of 5m farthest 

points used to identify shoreline rotation in Figure 2-7c). The coordinate system is in UTM (Universal 

Transverse Mercator) Zone 50. 
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Datum-referenced tidal and non-tidal water levels were recorded by a tide gauge 

operated by DoT located in Port Geographe, approximately 45 km north of the study site. Gaps 

in the offshore Gnarabup water levels (when the AWAC was not properly functioning or not 

deployed) were estimated from the Port Geographe tide gauge based on a linear correlation 

observed between these sites (Figure 2-2b, RWL-Gna=0.93):  

𝑊𝐿𝐺𝑛𝑎 = 0.9753𝑊𝐿𝐺𝑒𝑜 − 0.0515,       (2.2) 

where WLGna and WLGeo are water level fluctuations at Gnarabup Beach and Port Geographe, 

respectively. 

Table 2-1. Site names, instrument type, and approximate mean depth during the study period 

Site 

Name 

Instrument 

type Nov 

2015-Jan 

2017 

 

Date range 

Mean 

depth 

(m) 

Offshore Nortek 

AWAC 

D1=12/11/15-2/11/16, D2=27/6/17-20/8/17 18.0 

Lagoon    

A1 RBR solo D1=11/11/15-24/1/16, D2=9/2/16-20/7/16,  

D3=14/9/16-6/1/17, D4=28/6/17-25/7/17 

3.5 

A2 RBR solo D1=11/11/15-20/1/16,D2=14/9/16-11/1/17, 

D3=28/6/17-25/5/17 

2.7 

A3 RBR solo D1=11/11/15-30/1/16,D2=9/1/16-23/7/16, 

D3=13/9/16-2/2/17,  D4=27/6/17-20/7/17 

1.7 

A4 RBR solo D1=11/11/15-25/1/16, D2=9/2/16-2/7/16,  

D3=14/9/16-30/12/16, D4=27/6/17-21/7/17 

2.5 

A5 RBR solo D1=11/11/15-24/1/16,D2=14/9/16-20/1/17,  

D3=27/6/17-21/7/17 

2.6 

A6 RBR solo D1=11/11/15-30/1/16, D2=9/2/16-4/7/16,  

D3=13/9/16-2/2/17, D4=27/6/17-22/7/17 

3.0 

C1 RBR solo D1=11/11/15-21/1/16, D2=9/2/16-18/7/16,  

D3=13/9/16-2/2/17, D4=28/6/17-25/7/17 

3.6 

C2 RBR solo D1=11/11/15-27/1/16, D2=12/2/16-6/6/16,  

D3=13/9/16-2/2/17, D4=28/6/17-25/7/17 

3.4 

Note: the D1-D4 refers to the deployment periods in between servicing  

 

Wave statistical properties at the AWAC site were determined based on 2400 sample 

burst recorded at 1 Hz every other hour. AWAC measurements were processed using the 

Nortek Storm software, which calculates the wave spectrum based on the acoustically tracked 

sea surface, pressure fluctuations, and near-surface velocity signals. At the lagoon sites with 

pressure sensors, spectral estimates of the sea-swell (SS, periods<25 s) and infragravity (IG, 

periods 25-600 s) wave height and frequency were made using hourly records (3600 or 7200 

samples based on instrument sampling frequency) using linear wave theory. Non-tidal water 
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level variations at frequencies longer than the tides (i.e., subtidal water levels) were obtained 

by low-pass filtering hourly averaged water level signal using a PL66TN filter with a half-

power cut-off period of 33 hours (Beardsley et al., 1983). Additionally, wave setup at the 

lagoon sites was estimated by comparing the depth difference between the sensors located at 

the reef and the one offshore, as described in (e.g., Beetham et al., 2016; Mory and Hamm, 

1997), 

�̅� = ℎ̅ − (ℎ̅0 +Δℎ),       (2.3) 

where 𝜂 ̅ is the wave setup at the lagoon sites; ℎ̅ is the mean depth at the lagoon site; ℎ̅0 is the 

depth at the offshore AWAC (with overbars indicating hourly averaging); and Δℎ is the 

difference in elevation between the offshore sensor and the lagoon sensors. The depth 

difference was calculated assuming a flat sea surface during periods with minimal incident 

wave energy and periods with small tidal residual (see Section 2.2.4).  

 

2.2.3 Video shoreline detection 

At the southern end of the beach, an elevated camera was installed to quantify the shoreline 

variability. The video system consisted of a Point Grey Blackfly 5 MP video camera with 12.5 

mm fixed-focal-length lens that was mounted on a light pole 15.9 m above mean sea level. 

Every other hour during daylight, the system collected 10 minutes of video recording at 1.5 

Hz. Time exposure (timex) images were produced by averaging the 900 video frames 

recordings from which the average shoreline position could be extracted (see Holman and 

Stanley, 2007). Between November 2015 and July 2017, there were 3390 timex images 

collected by the video system from which ~97% were useable for shoreline detection.  

The timex images were transformed onto a horizontal plane and rectified by taking into 

account the tidal level to increase the accuracy of the shoreline position on the rectified images 

(Blossier et al., 2017a; Bryan et al., 2008). Rectification was based on 9 Ground Control Points 

collected across the image including both on the beach and in water (using a buoy) (not shown). 

Due to the decrease in pixel resolution with increasing distance from the camera, the usable 

area of the rectified images was 112 m in the cross-shore and 250 m in the alongshore (indicated 

by the red rectangle on Figure 2-1a). 

Numerous algorithms have been developed to detect shoreline position from timex 

images automatically (e.g., Almar et al., 2012; Simarro et al., 2015; Uunk et al., 2010). At 

Gnarabup, the white sand and clear water, coupled with the variability in atmospheric 

conditions and lighting, resulted in no single methodology from those available in the published 

literatures working optimally for all images. As a result, we relied on an algorithm that 
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sequentially adopted four methods; the maximum grayscale intensity (Holland et al., 1997), 

the colour channel divergence method that identifies the difference between red and blue 

channels (Turner et al., 2004), pixel intensity clustering which is based on the hue saturation 

value (Aarninkhof, 2003), and the Otsu method that works on the black and white colour model 

(Otsu, 1979). Each method was applied to the cross-shore array of pixels of each image and 

the predicted shorelines from each method were evaluated using a multi-criterion analysis (e.g., 

Longley et al., 2005). 

The shoreline of an image was selected among the four detection methods based on the 

following criteria. First, the cross-shore difference in the detected shoreline position between 

adjacent shoreline points was calculated. If the difference between adjacent shoreline points 

was greater than 5 m, the detected shoreline was automatically discarded. This approach was 

designed to capture erroneous shorelines in which points of the detected shoreline were either 

anomalously too far offshore or inland. Second, of the remaining shorelines that were not 

removed due to the first criterion, the shoreline was selected whose alongshore averaged 

position was the closest to the alongshore averaged position of a reference shoreline. The 

reference shoreline was the average shoreline position of a random sampling of 150 hand 

digitized shorelines spanning all weather conditions. In some cases, often during low light, 

none of the four automatically detected shorelines met the above criterion, in these cases, the 

shoreline was digitized manually. The multi-criterion analysis showed almost all of the 

shorelines (~90%) were predicted using HSV, RGB and grayscale methods (i.e., each method 

could predict ~30% of the total shorelines), and the remaining shorelines were predicted using 

Otsu method. Overall, the combined algorithm was able to accurately detect 76% of the 

shorelines from the 3277 images, the remaining shorelines required assistance from manual 

digitization. All of the automatically detected shorelines were also manually checked to ensure 

their quality 

 

2.2.4 Intertidal beach morphology 

As the shoreline recorded from a timex image reflects the position of the waterline with all 

water level contributions included (tidal and non-tidal), any shoreline position change between 

successive timex images does not necessarily reflect changes in the beach morphology. To 

estimate the position of the daily (datum-based) shoreline, the horizontal excursion of the 

shoreline in combination with the recorded water levels, were used to reconstruct the intertidal 

beach morphology. Datum-based water levels recorded by the pressure sensors were estimated 

by determining the deployment depth of the sensor relative to the Australian Height Datum 
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(AHD, representing approximately mean sea level). This was done by comparing the measured 

hourly-averaged water levels at site A3, which was close to shore and had the longest recorded 

time series, with the hourly average water levels recorded at the Port Geographe tide gauge that 

were referenced to AHD. To minimize the contribution of wave- and/or wind-driven setup and 

other non-tidal water levels, the comparison was made only for hours when the tidal residuals 

measured at Port Geographe were less than 0.1 m and the offshore waves recorded by the 

AWAC were less than 1.5 m. As the deployment location and depth varied slightly between 

each deployment, this analysis was conducted independently for each deployment period 

lasting several months. For instances when the water level data was not available from site A3 

(e.g., February-June 2017), the water level at that position was estimated from the AWAC 

water level, given that this water level was found to be well correlated with the water level 

measured at A3, RWL-A3= ~0.84 (Figure 2-2c). 

 

 

Figure 2-2. Relationships between (a) offshore wave heights at Cape Naturaliste (HNat) and Gnarabup 

(HGna), (b) offshore water level elevations at Busselton (WLBus) and Gnarabup Beach (WLGna), and (c) 

offshore water level at Gnarabup Beach (from AWAC and Busselton tide station) and inside the lagoon 

at A3. 
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The deployment depth (relative to AHD) for each instrument was estimated from the 

average bottom elevation (tide removed) from all periods where the tidal residuals and wave 

heights were less than a threshold (less than 0.1 and 1.5 m, respectively). This resulted in a 

total of 22 estimates of the instrument depth (with a standard deviation of 0.17 m) for the four 

deployments (for which the tidal residual ranged from 0.02-0.1 m and incident wave height 

ranged from 0.54-1.37 m). The AHD shoreline elevation from each timex image in between 

November 2015 to July 2017 was assumed to be equivalent to the recorded AHD elevation 

from the hourly water level at site A3. The daily intertidal beach morphology was then 

reconstructed by linearly interpolating the horizontal and vertical positions of the hourly 

shorelines. From the reconstructed beach morphology, the location of the 0 m AHD contour 

was extracted for each day and used in all subsequent analysis (Figure 2-3a). This approach 

was acceptable for 488 of the 504 days. For the remaining 16 days, none of the video derived 

shorelines spanned the 0 m AHD contour (i.e., water levels never exceeded or dropped below 

0 m). For these days, the shoreline position was estimated by extrapolating the beach slope 

estimated from the range of elevations covered. The regression models used in the beach 

extrapolation were generated from monthly cross-shore profiles and the corresponding 

elevations as illustrated in Figure 2-3b. The modelled curves were used to extend the shape of 

daily intertidal bathymetry to obtain a shoreline position at a reference elevation (0 m).  

 

Figure 2-3. (a) Daily intertidal bathymetry on 16 November 2015, the red line represents the shoreline 

at 0 m and the dashed black line is the location cross section profile at figure b. (b) A modelled cross-

section profile at S 6237.4 km in November 2015 (blue line), red dots are the corresponding shoreline 

positions recorded during the month 
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In addition to the video-derived shorelines, seven topographic beach surveys were 

conducted between December 2015 and July 2017 using a backpack-mounted Differential 

Global Navigation Satellite System (DGNSS) receiver. Following the method of Segura et al. 

(2018a), for each survey the complete 1.5 km beach was traversed by foot in a series of cross- 

and alongshore lines each spaced ~30 m apart and spanning -0.5 to 5 m AHD. The points from 

the DGNSS receiver (collected at 2 Hz) were organized into a Triangular Irregular Network 

(TIN) and subsequently interpolated onto a 2 m regular grid. The sub-aerial beach volume from 

each survey was estimated using trapezoidal integration (e.g. Roy, 2010) with 2 m grid cell 

size calculated over 49,485 m2 of beach area with -1 m AHD as the lowest elevation. To 

evaluate the quality of the video derived shorelines we compared the daily 0 m contour 

shorelines extracted from the video system with those estimated from the DGNSS backpack 

survey for four days during which both data sets were available. The average (across the four 

surveys) root mean square error (RMSE) calculated over the 250 m alongshore stretch of beach 

common to both data sets was 1.71 m (average bias of 3.82 m). The difference between the 

shorelines is potentially a result of image rectification errors (e.g., Girard, 2018; Tian et al., 

2002) as well as interpolation of the survey data (to extract the 0 m contour) which was 

produced from cross-and alongshore transects spaced ~30 m apart. 

 

2.3 Results  

 

2.3.1 Hydrodynamic conditions 

During the study period, the offshore significant sea-swell (SS) wave heights at the offshore 

AWAC averaged 2.3 m (Figure 2-4a), with a mean direction from the southwest and west. 

Wave heights were lower (higher) during the austral summer (winter) months, with episodic, 

high-energy winter storms causing large wave events (i.e., reaching up ~8 m in July 2016). 

From the wave spectrum at the AWAC between November 2015 and July 2017 (Figure 2-5a) 

the incident waves were dominated by sea-swell waves with peak periods of 5-20 s. We 

identified 75 days of energetic wave events (daily average Hs higher than 3.5 m) that mainly 

occurred during winter with maximum daily average Hs of 6.9 m on 31 July 2016. Stormy days 

also occurred in spring and autumn for example two consecutive days of storm in the beginning 

of October 2016 (see Figure 2-4a). The hourly offshore mean water level reached a maximum 

of 1.05 m above AHD, with a range of 1.62 m over the study period (Figure 2-4b). The offshore 

non-tidal water level variations reached a maximum value of up to 0.62 m above AHD and a 

minimum of -0.17 m AHD. The two reefs shelter the beach creating a semi-protected lagoon, 
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and the daily-averaged significant wave height never exceeded 1.5 m within the lagoon, even 

when the offshore waves reached 8.4 m (Figure 2-4d). 

Inside the lagoon, as wave energy within the SS band dissipated, the wave spectrum 

became increasingly dominated by IG waves, particularly at site A6 in the protected southern 

corner of the lagoon (see Figure 2-5b-d). Similar to other reef environments, SS waves were 

mostly depth-limited in the lagoon (Lowe et al., 2009) with the breaking index (the ratio 

between wave height and local water depth) of ~0.4 for all sites (Figure 2-6a). In contrast, the 

IG waves in the lagoon did not appear to display any depth limitation on water depth over the 

study period (Figure 2-6b). The IG waves were typically less than 0.5 m and showed less spatial 

variability among sensors inside the lagoon (Figure 2-4e). Within the lagoon, the IG waves 

made a significant contribution to the total wave energy, especially at the most protected area 

at the south (site A6) where the SS waves were smallest (Figure 2-4). Both the SS and IG wave 

heights were strongly correlated with the offshore waves (RSS=0.83 and RIG=0.81, 

respectively). 

 Time-series of wave setup at site A3 are shown in Figure 2-4g. Note that there were 

only small differences in setup between site A3 and the other lagoon sites with a maximum 

standard deviation of 0.048 m and 0.099 m for the respective daily and hourly setup across the 

observation period. This is likely because the setup in the lagoon was dictated by breaking on 

the offshore reefs rather than breaking inside the lagoon, with maximum RMSE among sites 

relative to A3 of only 0.016 m with maximum bias of less than 1 cm (% error among sites 

relative to A3 of 7.7-31.5%, highest at A1) over the study period (not shown). The maximum 

daily wave setup over the 15 months (November 2015 to January 2017) reached 0.32 m at site 

A3, which coincided with a large wave event on 1 October 2016 when the daily significant 

wave height at the AWAC site was 5.8 m. Wave setup at all sites was very strongly correlated 

(Rη of ~0.85 to ~0.95) with the offshore wave height squared (proportional to the incident wave 

energy) (Table 2.2).  
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Figure 2-4. Daily average (solid black line) and hourly (solid grey line) (a) offshore significant wave 

height. (b) Non-tidal (solid black line, filtered using PL66TN with a half-power cutoff period of 33 hr) 

and hourly water level (solid grey line) variations. (c) East (u, blue line) and north (v, red line) 

components of daily wind speed. (d) Daily sea-swell (SS) and (e) infragravity (IG) wave heights at site 

A3, chosen to represent the conditions inside the lagoon. (f) Ratio between IG and SS at selected 

observation points. (g) Daily wave setup at A3. Grey lines and green areas at figure d, e and g denote 

the range of value among the sensors inside the lagoon. Transparent red and blue regions denote periods 

of the austral summer and winter, respectively. 
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Figure 2-5. Time series of normalized energy density spectra (against the maximum value of each 

hourly spectra) at (a) offshore, (b) A1, (c) A3, and (d) A6 (see Figure 2-1a for site descriptions) with 

spectra resolution of 0.0005 Hz. The horizontal white line on the figures represents the separation 

frequency (fsplit of 0.04 Hz) for the short‐wave and infragravity bands. Blank parts on the figures denote 

the periods without observation. 

 
Table 2-2. Summary of correlation coefficient between offshore wave energy (~H2) and setup at 

observed locations for all observation period and every season. N/A shows when the data is not available 

Seasons A1 A2 A3 A4 A5 A6 C1 C2 

All 0.92 0.92 0.91 0.92 0.95 0.85 0.92 0.91 

Summer 2016 0.84 0.94 0.78 0.77 0.90 0.60 0.87 0.90 

Fall 2016 0.95 N/A 0.96 0.96 N/A 0.96 0.96 0.94 

Winter 2016 0.88 N/A 0.92 0.91 N/A 0.90 0.90 0.75 

Spring 2016 0.97 0.98 0.98 0.98 0.98 0.63 0.96 0.98 

Summer 2017 0.88 0.98 0.97 0.96 0.95 0.92 0.94 0.97 
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Figure 2-6. Correlation between water depth and (a) sea-swell significant wave heights as well as (b) 

infragravity significant wave heights at all observed points inside the lagoon. The red dashed line in (a) 

represents a sea-swell wave height to depth ratio (γ) of 0.39. 

 

2.3.2 Beach dynamics   

Sub-aerial beach dynamics were quantified using the daily video-derived shorelines, which 

supplemented by less frequent DGNSS backpack-based surveys of the entire 1.5 km beach. 

While the video-derived shorelines were available almost every day, they only captured the 

southern 250 m of the beach. As a result, the complete topographic surveys of the beach, while 

being much less frequent, provide valuable additional context to the video shorelines.  

 

2.3.2.1 Topographic beach surveys   

Over the 20 months (from December 2015 to July 2017), the total sub-aerial beach volume 

averaged over the entire 1.5 km beach was largely conserved (Figure 2-7a, the blue line). 

Relative to the initial total beach volume (in December 2015) of ~195,000 m3 (calculated over 

49,485 m2 of beach area with -1 m AHD as the lowest elevation), the maximum total beach 

volume changes were ~23,100 m3 (~15.4 m3/m), which is equivalent to ~11.8% of the total 

initial beach volume (Figure 2-7a). However, despite the total beach volume being mostly 

conserved, there was considerable alongshore variability in the seasonal erosion and accretion 

patterns over the study period (Figure 2-8).  
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To investigate these erosion/accretion patterns in further detail, we divided the beach 

into three cells based on the patterns in the beach elevation changes (Figure 2-8, with 

boundaries generally aligning with the alongshore locations of the reefs). The volume changes 

indicate that each cell is semi-closed, as evident by small volume within Cell 1 to Cell 3 in 

Figure 2-7a, with a local out of phase erosion/accretion response within each cell (Figure 2-8). 

The elevation changes over the two summer seasons within the study period (Figure 2-8a, d) 

showed similar patterns, characterized by sand deposition at the northern and southern corners 

of the beach, accretion of the salient that formed where the northern reef attaches to the coast 

at the boundary between Cell 1 and 2, and erosion of the salient that formed where the southern 

reef attaches to the coast at the boundary between Cell 2 and 3.  

The beach evolution in transitional seasons (spring and autumn), showed different 

behaviour. During spring between September to November 2016 (Figure 2-8c), both the 

northern salient (the boundary between Cell 1 and 2) and the corners of the beach near the 

headlands accreted; whereas the southern salient (the boundary between Cell 2 and 3) eroded. 

The sand volume during the period decreased by ~3,500 m3 (around -2.4 m3/m or -1.8% of 

total beach volume, Figure 2-7a), which is likely related to the high wave heights in October 

to November 2016 that reached 5.8 m (see Figure 2-7d). In contrast, between February to June 

(autumn) 2017, the beach exhibited erosion at both salients and deposition at all embayments 

(Figure 2-8e). The autumn profile showed a slight decrease (-0.87%) of the total beach volume 

(Figure 2-7a).  During autumn 2017, the daily wave heights were relatively higher (average of 

2.3 m), compared to that of the summer (average of 2.1 m). 

The winter (June to August) beach elevation patterns (Figure 2-8b and f) showed an 

opposite response to the summer patterns (Figure 2-8a, and d). Sediment accumulated in the 

southern portion of each cell, with erosion on the northern ends; during this period there was 

additional ~18,000 m3 (9.3%) of sand added to the overall beach volume, mostly deposited on 

the lower beach between 0 and -1 m elevations, thus indicating some flattening of the beach.  

 



 

26 

 

 

Figure 2-7. (a) Volume change of the beach between successive topographic surveys in 2015-2017, 

relative to the initial beach volume in December 2015. The respective primary and secondary y-axis 

show the beach volume change in percentage relative to initial total beach volume and in 1000 cubic 

meters (b) Daily shoreline positions (colours) relative to the mean position over the entire observation 

period along the 250 m alongshore stretch of beach. A white horizontal line shows the boundary 

between Cell 3A and B. (c) Daily (thin) and monthly averaged (bold) shoreline positions at 5m farthest 

points from the node of part A (blue) and B (red) which refer to dashed red lines at Figure 2-1. Gaps in 

B and C are the periods when video images were unavailable. (d) Daily average (solid black line) and 

hourly (solid grey line) offshore significant wave height. Transparent red and blue regions as the vertical 

black dashed lines denote periods of the austral summer and winter, respectively. 
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Figure 2-8. Beach elevation changes from December 2015 to July 2017 separated into 3 cells (Cell 1-

Cell 3) based on the position of anti-nodes located behind the offshore reefs (red-dashed lines). The 

yellow box in figure (a) is the area covered by the video camera system. 

 

2.3.2.2 Video shoreline observations 

The video monitoring captured daily shoreline movements in the central and northern portion 

of Cell 3 where images were obtained (see Figure 2-1a, red box). Consistent with the 

topographic surveys, the video observations indicated shoreline rotation within Cell 3, and we 

thus used the nodal point (derived from the topographic beach surveys) to divide the cell into 

two sections within the camera’s field of view (hereinafter referred to Cell 3A and Cell 3B, 

Figure 2-1b, note the camera’s field of view only captured the northern portion of Cell 3B close 

to the nodal point). The temporal mean shoreline position averaged over the 20 month period 
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was removed from the daily shoreline position yielding daily relative shoreline positions 

(Figure 2-7b). The shoreline movements were characterized by short term oscillations over 

days-to-weeks, which were superimposed on longer time-scale (seasonal) cycle (Figure 2-7b-

c). Given that the data from the topographic surveys indicated that similar beach rotation 

patterns occurred over the entire beach (Figure 2-8), we would expect both Cells 1 and 2 to 

show rotational responses that were similar to Cell 3.  

The shoreline rotation signal within Cell 3 becomes even more apparent (Figure 2-7c) 

within time-series of the monthly-averaged northern and southern limits of the shoreline 

positions within the cell.  In the rectified images, these locations coincide with y=0-5m (Cell 

3B) and y=245-250 m (Cell 3A) (see red dashed lines in Figure 2-1b). The offshore wave and 

water level conditions (Figure 2-4) influenced the change of shoreline positions, resulting in 

both an in-phase (uniform) and out-phase (rotational) response at the extreme ends of Cell 3A 

and Cell 3B (Figure 2-7c). In December 2015-February 2016 (summer), the wave energy was 

the lowest of all the seasons over the study period (with daily Hs0 of 1.6 m on average), and the 

shoreline across both Cells 3A and 3B was accreted (except for in the very early summer where 

Cell 3B was eroded), with larger accretion in Cell 3A suggesting northward alongshore 

transport (Figure 2-7c). In December 2016-February 2017 (Summer), most of the shoreline 

was consistently eroded across both Cells 3A and B with greater erosion at Cell 3A (~ -4m) 

compared to that of Cell 3B, which could be due to some southward alongshore sediment 

transport. The subtle differences in the shoreline responses during the summers of 2016 and 

2017 appears to be due to the differences in the average offshore wave conditions between 

these years. Compared to the summer of 2016, the summer of 2017 experienced larger waves 

(average Hs of 2.1 m versus 1.6 m in the summer of 2016). This could be partially attributed to 

stronger local wind conditions in 2017 (average of 7.7 m/s) than the average value of 7.0 m/s 

in 2016 (Figure 2-4a, and c).  

During the winter (June-August) seasons, the shoreline responded more consistently at 

Cells 3A and 3B, with both sub-cells showing rapid erosion and recovery (Figure 2-7b and c). 

The shorelines showed a slight counter-clockwise rotation at the beginning of the winter of 

2016 and then demonstrated an in-phase (uniform) response during the remainder of the winter 

of 2016 before the shoreline began to rotate counter-clockwise after July 2016 (Figure 2-7b 

and c). 

The shoreline patterns in autumn (March-May) were opposite to that of spring (August-

November) in which during both periods, the daily offshore wave height was moderate (2-4 

m). Shoreline patterns in autumn 2016 showed the shoreline rotated clockwise, in which Cell 
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3B was more accreted than Cell 3A. However, during spring (around September to early-

October 2016), when the daily wave heights decreased, the sediment tended to move back to 

Cell 3A; as a result, Cell 3B became eroded and the shoreline rotated anti-clockwise (Figure 

2-7c).  

During large wave events (defined as days with offshore Hs> 3.5 m), which mainly 

occurred during winter months but also occasionally in other seasons (Figure 2-4a), the entire 

shoreline in Cell 3 mostly retreated up to 10 m. But it often quickly recovered as wave energy 

decreased; for example, during the storms on 31 July 2016 with average daily offshore wave 

height of 5.8 m (Figure 2-4a). During some storm events, we observed a rotational response, 

i.e., accretion within one portion of Cell 3 while the other portion became eroded; however, 

there were inconsistent responses in shoreline rotation to individual storms. Examples include 

the days of 16 May (Hs=5 m) and 7 June 2016 (Hs=4.6 m) where Cell 3A accreted, whereas 

on 15 March (Hs=4.6 m) and 13 July 2017 (Hs=4.6 m) Cell 3B accreted. Over the full record 

correlations between Hs>3.5 m and shoreline at 3A-3B were very weak with R<0.1 (p >0.05). 

The shoreline positions during the observation period were very weakly correlated to 

the main offshore hydrodynamic forcing, including wave height and direction as well as 

subtidal water level (that modulates wave transmission across the reefs) (|R|<0.3, p <0.05). 

However, if the correlations were computed between the shoreline positions and wave heights 

from each season independently, we found greater correlations. This especially occurred during 

summer and winter, with R=-0.55 and -0.48 at Cell 3A as well as R=-0.55 and -0.42 at Cell 3B 

(with all p <0.05), respectively. Similarly, correlation coefficients with the offshore water level 

were larger in summer (Cell 3A of ~0.26 and Cell 3B of ~0.37, all p < 0.05) but slightly weaker 

in winter (Cell 3A of 0.16 p > 0.05 and Cell 3B of 0.32 with p < 0.05). During transitional 

seasons, autumn and spring, the shoreline positions were weakly correlated with the offshore 

hydrodynamics. Correlations remained low between shoreline position and offshore wave 

direction over the entire data set or by seasons (R < 0.14 for entire years and seasonal, p <0.05 

at Cell 3A for all years and spring). Although there were appreciable fluctuations in the 

shoreline position at individual locations, overall, there was a balance between erosion and 

accretion indicating the beach is in dynamic equilibrium with no significant net trend in erosion 

or accretion (Figure 2-7c).  

Given the role of offshore water level in modulating wave breaking over reef platforms 

(e.g., Lowe et al., 2005), it is expected that the offshore water level fluctuations at the site 

would have an impact on the shoreline dynamics. To examine the shoreline response to both 

offshore waves and water levels, the shoreline position from the northern and southern 5 m of 
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the camera’s field of view (thin lines in Figure 2-7c) were organized into 0.2 m bins of daily 

averaged offshore wave height and 0.1 m bins of daily averaged offshore water level. All daily 

shoreline positions that occurred with the corresponding wave and water level bins were 

averaged within each bin (Figure 2-9). While there was significant scatter, in general, we see a 

trend of greater erosion for the same wave height, with lower water level, and vice-versa. The 

greatest shoreline accretion occurred at the higher water levels. For example, in both Cells 3A 

and B for offshore wave heights between 2 and 2.5 m, we generally observed shoreline 

accretion during high water levels and erosion for low water levels. By further relating the 

erosion and accretion patterns of Cell 3A and B to larger offshore wave heights (>3.5 m) and 

the corresponding subtidal water levels across study period, we found that accretion at both 

Cells 3A and B mostly occurred during high subtidal water levels (average of 0.32 m); for 

example, on 1 October 2016 (daily Hs ~5.8 m and subtidal water level ~0.3 m). In contrast, 

when the subtidal water level was lower (average of 0.21 m), erosion occurred across the entire 

shoreline, for example, on 9 August 2016 (daily Hs ~4.2 m and subtidal water level ~0 m).  

During intermediate subtidal water levels (in between 0.21 and 0.32 m), we identified a 

rotational response with accretion at one of the cell followed by erosion at the other cell. 

 

2.4 Discussion 

This study investigated the shoreline and beach elevation changes at a reef fronted pocket beach 

at Gnarabup Beach in Southwestern Australia. The site receives substantial offshore wave 

energy. Strong wave breaking occurs over the reefs, where significant energy is generated at 

the infragravity frequencies. Infragravity waves contribute to a large portion of the total wave 

energy inside the lagoon, similar to what has been found at coral reef sites (e.g., Péquignet et 

al., 2014; Taebi et al., 2011; Torres-Freyermuth et al., 2012) and other rocky reefs in 

Southwestern Australia (e.g., Gallop et al., 2011b; Masselink and Pattiaratchi, 1998). The site 

also features substantial seasonal non-tidal water level variability, with fluctuations which can 

be as large as the tide.  

At Gnarabup Beach, similar to other pocket beaches, seasonal shoreline changes mostly 

consisted of beach rotation as a response to offshore forcing with differing areas of the 1.5 km 

pocket beach experiencing in and out of phase patterns of erosion and accretion represented by 

beach surveys (Figure 2-7a and Figure 2-8) and also the video analysis (Figure 2-7b, c). The 

video derived shorelines for the southern portion of the beach showed considerable temporal 

and spatial variability. Similar to the research conducted by Norcross et al. (2002) at a reef-

fringed pocket beach in Hawaii, we also found weak bivariate correlations between the 
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observed hydrodynamic forcing (waves and water levels) and shoreline position. This was 

potentially caused by the complexity of beach geometry whereby the presence of the reefs and 

headlands caused a non-linear response of the shoreline to the offshore forcing. As such, the 

video records indicate the shoreline positions had no consistent relationship with the offshore 

forcing conditions (see Figure 2-9).  

The different wave (Figure 2-4a) and wind (Figure 2-4c) conditions, as well as erosion 

deposition patterns (Figure 2-7b-c), between the two consecutive summers during the 

observation period suggested the influence of sea breeze activity across the study area. Stronger 

sea breeze in 2017 induced more energetic nearshore waves that in turn affected higher 

shoreline variability than during the summer of 2016. This was also found by other research 

within Western Australia where the variability of erosion and deposition was also influenced 

by the magnitude of winds (e.g. Gallop et al., 2011b; Masselink and Pattiaratchi, 1998; Segura 

et al., 2018b).  

While in many cases the shoreline was in an eroded state during low subtidal water 

level, we also found during larger wave events (>3.5 m) the shorelines showed variable erosion 

and accretion patterns at different subtidal water levels. Considering Gnarabup Beach is a 

pocket beach with minimum sediment exchange between the beach and adjacent areas; the 

shoreline accretion (instead of the expected erosion) at all of the sub-regions during larger wave 

events could be explained as follows. Energetic waves with high subtidal water level occurring 

mainly during winter would likely contribute to beach flattening and/or dune erosion as the 

waves erode a higher part of the beach and further deposited the eroded material seaward. As 

evidence of that, beach topography surveys collected around winter indicated additional sand 

within the system instead of erosion (see Figure 2-7a), which could have potentially come from 

the upper beach area. Evidence of beach flattening is also seen in the topographic beach surveys 

in Cell 3 (blue colour in Figure 2-8d, f), where the upper part of the beach was eroded. 

The patterns of beach erosion and recovery, as observed in both the beach surveys and 

video shoreline data, indicate that seasonal beach rotation occurs within the study area. This is 

similar to what was found by Jeanson et al. (2013) for another reef fronted pocket beach. 

Instead of the whole beach rotating in a pattern that commonly occurs in pocket beaches (e.g., 

Castelle and Coco, 2012; Do et al., 2016; Ranasinghe et al., 2004), at this reef-fringed pocket 

beach the rotation occurred in clusters (cells) causing each cluster has different rotation 

patterns. This is associated with the presence of offshore fringing reefs that partly connected to 

the shore, creating quasi-headlands within the pocket beach that could partially-impede the 

alongshore sediment transport. The partial rotation that occur across the beach could be 
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associated with variable locations of erosion-accretion patterns at each cell, in which at 

Gnarabup Beach, these phenomena could be seen in the variety of salients and embayments 

formations along the beach impacting the adjacent dunes and existing infrastructures. 

 

Figure 2-9. Offshore subtidal water level (bin size 0.1 m, y-axis) and significant wave height (bin size 

0.2 m, x-axis) compared to average shoreline positions at (a) Cell 3A and (b) 3B. The colours denote to 

the averaged shoreline position of all daily shorelines within each respective bin or the shoreline 

position in the event only one daily shoreline position fell within a bin. 

 

Furthermore, the existence of fringing reefs creates a narrow offshore gap, i.e., the 

width between the southern headland and the southern fringing reefs is only ~230 m, protecting 

the beach which can likely explain why the beach was not very sensitive to changes in the wave 

direction. While literature on open-coast beaches has often identified a strong influence of 

offshore wave direction on shoreline rotational response (e.g., Daly et al., 2015; Luccio et al., 

2019; Turki et al., 2013), at Gnarabup Beach the beach rotation was more strongly controlled 

by the interaction between the offshore hydrodynamic conditions and the reef morphology. 

This was also identified by Gallop et al. (2015) through time series aerial photos at Yanchep 

Beach which is located within similar region to the study site 

Results from this study provide knowledge of the shoreline dynamics at a reef-fringed 

pocket beach, sites which have not been previously explored widely. This knowledge should 
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be broadly relevant not only to similar sites throughout SW Australia but also reef-fringed 

pocket beaches found globally, thus  aiding coastal managers in their efforts to mitigate the 

impacts from rising sea levels which will likely reduce the wave energy dissipation by the reefs 

due to increased submergence.  

 

2.5 Conclusions  

A series of field observations over 20 months were used to assess the behaviour of an embayed 

pocket beach fringed by rocky reefs in Southwestern Australia. Despite the high incident wave 

energy at the site, most of the incoming wave energy was dissipated by the shallow reefs, 

resulting in relatively low wave energy conditions along the shoreline. Seasonal beach surveys 

over the entire 1.5 km of the beach and daily video derived shorelines over the southern 250 m 

of beach indicate the shoreline shows both patterns of rotation as well as uniform erosion and 

accretion. Over the entire study period, the beach experienced large (up to 10 m) erosion caused 

by storms, yet, the erosion events were quickly followed by recovery that caused the shoreline 

position was largely stable. The video derived daily shorelines also reveal differing shoreline 

response based on the combination of offshore waves and water levels (which vary as a result 

of seasonal variations in the Leeuwin Current). In general, at comparable wave height 

conditions, the beach tended to be more eroded during low water levels compared to during 

high water levels. This pattern, while somewhat counterintuitive, may have resulted from both 

beach flattening and rotation of the shoreline. The study showed the complexity of beach 

dynamics within a reef-fringed pocket beach whereby the wave energy at the shoreline is 

strongly modulated by offshore wave conditions but also reef submergence.  
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3 Assessing the ability of a phase-resolved non-hydrostatic 
model to simulate waves and currents at a reef-fringed pocket 
beach  

 

3.1 Introduction 

Coral and rocky reefs are common features in nearshore environments worldwide. The physical 

mechanism underlying the hydrodynamic process at reef fronted beaches can be similar to 

sandy beaches; however, the presence of the reefs introduces key differences. For example, 

infragravity (IG) waves (with periods of 25-600 s) have been shown to often account for a 

considerable portion of the total wave energy (e.g., Buckley et al., 2014; Drost et al., 2019) and 

thus are key to developing an understanding of the hydrodynamic processes. Reefs are often 

also detached from the shoreline and/or are discontinuous in the alongshore thus introducing 

two-dimensionality in the waves and the resulting wave-driven mean currents. This two-

dimensionality is often accompanied by large bottom roughness and steep slopes formed by 

the reef morphology. While an increasing body of research has been conducted on the 

hydrodynamics of coral reefs (e.g., see Lowe and Falter, 2015; Monismith, 2007 for reviews), 

less research has been conducted at sites that include smaller scale (O(100 m)) reef structures 

that are particularly common along temperate rocky coastlines (e.g., Gallop et al., 2012; Winter 

et al., 2020).  

Numerical models used to study reef hydrodynamics have been based on phase-

averaged and phase-resolving models that were generally originally developed for sandy 

beaches with mild-slope assumptions and smaller bottom roughness features (Filipot and 

Cheung, 2012; Sheremet et al., 2011). Phase-averaged wave models attempt to model the 

statistical evolution of the sea-swell portion of the wave spectrum (SS, periods of 5-25 s) based 

on linear wave theory with empirical parameterizations to describe nonlinear physics (e.g., 

wave breaking and bottom friction dissipation). For phase-averaged models to simulate wave-

driven mean flows, they must be coupled to a separate circulation model. Phase-averaged 

models (in nearly all cases) also do not attempt to resolve the low-frequency or infragravity 

(IG, periods of 25-600 s) portion of the wave spectrum that results from nonlinear energy 

transfers. However, at many reef studies, infragravity waves have been shown to contain a 

considerable fraction of the total energy (e.g., Buckley et al., 2014; Drost et al., 2019). To 

incorporate the dynamics of IG waves, ‘surf-beat’ models (e.g., XBeach by Roelvink et al. 

(2018)) resolve the IG motions at wave-group scales. They have increasingly been used to 

understand hydrodynamics in reef environments (e.g., Van Dongeren et al., 2013). However, 
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although ‘surfbeat’ models account for energy in the IG portion of the frequency spectrum, 

they do not account the individual shape of sea-swell waves.  

Phase-resolving models (non-hydrostatic or Boussineq-type) models have the 

advantage that by resolving the individual waves at the scale of SS waves, they natively account 

for dispersion and energy transfers across the spectrum and can thus be used for studies of 

wave breaking and runup that are not possible with phase-averaged wave models (e.g., Jeschke 

et al., 2017; Zijlema and Stelling, 2008). While phase-resolving models can also capture 

aspects of the breaking of individual waves, details of the breaking process (e.g., involving the 

overturning of the free surface) are still mostly parameterized – for example, see (Kazolea and 

Ricchiuto, 2018) and (Madsen et al., 2002). While phase-resolving models generally benefit 

from directly incorporating more of the physics, the main disadvantage is the additional (and 

often significant) increase in computational cost. Therefore, for relatively large field-scale 

simulations of reef hydrodynamics (e.g., scales of kilometres or larger), phase-averaged models 

have been much more commonly applied.  

Continuous advances in computational performance, especially over the past decade, 

has increasingly enabled the application of surf-beat and phase-resolving models to conduct 

detailed investigations of nearshore hydrodynamics at field scales, including for reef 

environments. For example, (Van Dongeren et al., 2013) successfully used the surf-beat 

version of XBeach with calibrated bottom friction coefficients to model the spatial variability 

of IG wave dynamics at Ningaloo Reef, Western Australia. Some studies on reef environments 

(not limited to field scales) have also applied the surf-beat approach with promising results 

(e.g., Lashley et al., 2018; Pomeroy et al., 2012; Quataert et al., 2015).  Most phase resolving 

models are categorized based on their underlying equations. Non-hydrostatic models solve the 

basic conservation equations for mass and momentum (e.g., Ma et al., 2012; Zijlema et al., 

2011), and Boussinesq-type wave models solve weakly dispersive and (weakly) nonlinear 

forms of these basic equations (e.g., Brocchini, 2013; Lynett, 2006; Madsen et al., 2002). Non-

hydrostatic and Boussinesq models have demonstrated skill in predicting wave transformation 

in reef environments in several studies (Masselink et al., 2019b; Roeber and Cheung, 2012; Shi 

et al., 2018; Wei and Jia, 2014). 

Despite the increasing use of phase-resolving models in reef environments, most 

applications have been limited to sites that do not include considerable two-dimensionality in 

the cross- and alongshore directions. Here we aim to assess the suitability of the non-

hydrostatic wave model SWASH (Zijlema et al., 2011) to simulate hydrodynamic processes at 

a rocky reef-fringed pocket beach (Gnarabup Beach) in the southwest of Western Australia 
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(Figure 3-1). SWASH has previously been used to model open coast sandy beaches (e.g., 

Nicolae Lerma et al., 2017; Rijnsdorp et al., 2015) and reef environments with rough bottom 

profiles (e.g., Sous et al., 2020; Torres-Freyermuth et al., 2012). However, compared to the 

sites where SWASH (and other analogous phase-resolving models) have previously been 

applied, Gnarabup Beach tends to be more three-dimensionally complex due to the large spatial 

gradients in bathymetry combined with frequent exposure to large waves (including exceeding 

5 m during this study). The site features two rocky reefs that front a pocket beach bound by 

rocky headlands (Figure 3-1). The model is compared to an extensive set of in situ observations. 

The model is then used to understand the wave and circulation dynamics along the beach during 

different wave and water level conditions.  

 

3.2 Methods  

 

3.2.1 Study site and field observations 

The study focused on Gnarabup Beach in the southwest of Western Australia (Figure 3-1 and 

Chapter 2). The beach is a 1.5 km long pocket beach that is fronted by two limestone reefs 

located ~600 m offshore. The reefs become partially exposed at low water levels (see Figure 

3-1a), forming a semi-protected lagoon (hereinafter referred to as ‘lagoon’ for simplicity). The 

area behind the reefs has depths ranging from 2 to 5 m with the seabed consisting of a mix of 

medium to coarse carbonate sands, seagrass, and scattered limestone rocks. With exposure to 

the Southern Ocean, the offshore wave conditions consist of mostly swell, with offshore 

significant wave heights averaging ~2-3 m but can reach ~8 m during storm conditions 

(Chapter 2). The tides at the site are micro-tidal with average and maximum tidal range during 

the study period of 0.36 m and ~1.25 m, respectively. 

A 4-week field study was conducted in June-July 2017 to quantify the transformation 

of waves from offshore to the beach and to record the circulation dynamics within the lagoon 

as reported in Chapter 2. During the study, an array of 22 instruments were deployed offshore 

and inside the lagoon (Figure 3-1a). Two Nortek AWACs were placed outside the lagoon at 

~19 and ~21 m depth directly offshore of each reef. Inside the reef system, 8 current meters (4 

Nortek Aquadopp Profilers, 2 Nortek Vectors, and 2 Teledyne RDI Acoustic Doppler Current 

Profilers (ADCP) and 12 RBRsolo pressure sensors were situated in cross-shore and 

alongshore arrays to record the waves, water levels and currents (Figure 3-1a, Table 3-1).  

Directional wave spectra from the offshore AWAC sensors (S0 and C0) were computed 

with the Maximum Likelihood Method using the Nortek Storm software. Inside the lagoon, 

wave spectra (converting from the pressure spectra using linear wave theory) were calculated 
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at each sensor location from hourly records of pressure collected at 1 or 2 Hz (3600 or 7200 

samples, see Table 3-1) using Welch’s averaged periodogram method with a Hamming window 

of 50% overlap to reduce spectral leakage. The wave spectra were integrated within sea-swell 

with periods of 5-25 s (0.2-0.04 Hz) and infragravity (IG) with periods 25-600 s (0.0017-0.04 

Hz) to compute significant wave heights within each band. The observed wave setup for the 

lagoon sensors was estimated from depth difference between the sensors located at the reef and 

offshore (Beetham et al., 2016; Mory and Hamm, 1997; Chapter 2),  

�̅� = ℎ̅ − (ℎ0
̅̅ ̅ +Δℎ),         (3.1) 

where �̅� is the wave setup at the lagoon sites; ℎ̅ and  ℎ̅0 are the mean depth obtained 

from the recorded pressure time series at the lagoon site and at the offshore AWAC-C0 

respectively, obtained from the recorded pressure time series with the overbars indicating 

hourly averaging; and Δℎ is the difference in elevation between the offshore sensor and the 

lagoon sensors. In this study, we neglected setup calculations at 3 sensors, i.e., C1, C4 and S7, 

due to evidence of some drift in the setup estimates, possibly caused by either sensor drift or 

the instruments settling during the deployment.  

The velocity profiles recorded by the acoustic current profilers were depth-averaged 

and then time-averaged (hourly). Also, we assumed the velocity information from the Nortek 

Vectors, which provided point velocity measurements at the sensor located ~1 m above the 

bottom, to be comparable to depth averaged currents due to the relatively shallow depths (2.5-

3 m, see Table 3-1). 

In this study, we focused on swell events (Tp>~10s, see Figure 3-2a) that occurred 

between 30 June to 3 July 2017 during which time the significant wave heights Hs recorded by 

AWACs ranged between 2.4 and 5.0 m (mean Hs 3.4 m, Figure 3-2a) and the hourly-mean 

water levels ranged from -0.15 to 0.19 m. 

 

3.2.2 Numerical model description 

SWASH numerically solves the Reynolds-averaged Navier-Stokes (RANS) equations for an 

incompressible fluid (see Zijlema et al., 2011, and references therein for details regarding the 

numerical implementation). For a three-dimensional flow field in the x (cross-shore), y 

(alongshore), z (vertical) directions, the governing equations of the model are: 
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t is time, ζ is surface elevation measured from still water level d, h=ζ+d is the total water depth, 

u , v and w are the respective flow velocities in x-, y- and z- direction (with capitals indicating 

depth-averaged velocities), g is the acceleration due to gravity, q is the non-hydrostatic 

pressure, and τ represents the turbulent stress terms. 

At the bottom boundary, a quadratic friction law was included to model the stress 

induced by the seabed on the flow, 

𝜏𝑥𝑧|𝑧=−𝑑 = 𝑐𝑓
𝑈√𝑈+𝑉

ℎ
,         (3.6) 

in which cf is a dimensionless friction coefficient. For the turbulent stresses, separate eddy 

viscosities are used for horizontal and vertical mixing (see Rijnsdorp et al., 2017 for details). 

The horizontal eddy viscosities in this work were computed from a Smagorisnky type 

formulation (with default parameters), and a constant vertical viscosity was used to enhance 

vertical mixing (1x10-5 m2/s). 

 

3.2.3 Model set-up 

SWASH was used to simulate the hydrodynamic conditions at Gnarabup Beach that occurred 

between 30 June and 3 July 2017 during 17 distinct hourly periods that were representative of 

the range of wave and water level conditions (i.e., average, minimum and maximum, see Figure 

3-2). This approach was used to balance capturing a wide range of conditions with the highly 

resolved (temporally and spatially) simulations over the large domain; continuous simulations 

over the entire period were not computationally feasible even using the high performance 

computing resources available (more detail in Appendix A). The numerical domain for 

Gnarabup Beach was constructed using a uniform rectangular computational grid with 3 m 

resolution in the cross-shore and 4 m in the alongshore, which was rotated 11.7° clockwise to 

align with the dominant direction of the coastline. This grid size was determined through 

sensitivity analysis to grid resolution described in Appendix A. Bathymetry for the area was 

obtained through the Western Australia Department of Transport, with a majority of the area 

covered by a multi-beam survey collected in 2016 and some areas only covered by single beam 

survey from 1995 (refer to the spatial coverage of the available bathymetry in Figure 3-1b). 

Beach topography data were obtained from a backpack-based differential GPS survey collected 

in February 2017 (see Figure 3-1b). While there was generally good bathymetry coverage over 

much of the study area, bathymetry data was not available for the very shallow areas over the 

reefs and headlands. The depths in these areas were estimated at 0 m (relative to the Australian 
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Height Datum, AHD, approximately mean sea level) for the areas that appeared exposed on 

aerial imagery collected during low water conditions. Adjacent areas were approximated with 

depths of -1 or -0.5 m based on the estimated submergence from the aerial imagery. The 

surveyed bathymetry and topography were linearly interpolated onto a 1x1 m grid, which was 

then used to generate the bathymetry within the model domain (Figure 3-1c). The offshore 

open boundary was located ~500 m offshore from the AWAC position, which includes a region 

with a constant water depth of 25 m AHD (to ensure stable wave generation) and a gradual 

transition to the observed bathymetry.  

 

Table 3-1. Site label, instrument configuration and location 

Site label Instrument type Approximate 

depth (m) 

Sampling 

Frequency (Hz) 

Location 

Northern area 

N1 RBR Solo 3.5 2 Lagoon 

N2 RBR Solo 2.5 2 Lagoon 

Central area 

C0 AWAC/RBR 21.3 1 Offshore 

C1 RDI Workhorse 7.9 1 Channel 

C2 RBR Solo 4.7 1 Channel 

C3 RBR Solo 4.0 2 Channel 

C4 RDI Workhorse 4.0 1 Lagoon 

C5 RBR Solo 2.1 2 Lagoon 

C6 Nortek Aquadopp 3.4 1 Lagoon 

C7 RBR Solo 3.0 2 Lagoon 

C8 RBR Solo 2.6 2 Lagoon 

Southern area 

S0 AWAC/RBR 19.0 1 Offshore 

S1 RDI Workhorse 7.6 1 Channel 

S2 RBR Solo 5.5 2 Channel 

S3 RBR Solo 3.6 2 Channel 

S4 RBR Solo 2.9 2 Lagoon 

S5 RBR Solo 2.9 2 Lagoon 

S6 Nortek Aquadopp 2.1 1 Lagoon 

S7 Nortek Vector  3.3 2 Lagoon 

S8 RBR Solo 2.3 2 Lagoon 

S9 Nortek Vector 2.55 2 Lagoon 

S10 Nortek Aquadopp 2.3 1 Lagoon 
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Figure 3-1. (a) Aerial image and instrument locations (see inset for location in Australia). The red line is the position of the cross-shore transect used for the 

1D model (Appendix A). Dashed yellow lines separate the lagoon into 3 area behind the offshore reefs. (b) Bathymetry survey data used to generate the 

bathymetry grid. (c) Numerical domain (the red box with solid lines, the left side of the box indicates the offshore boundary) and 1x1m grid interpolated 

bathymetry used in the model.  The red dashed box indicates the area of the model output shown in subsequent figures Source of the aerial image is 

www.nearmap.com 
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Figure 3-2. Hourly field observation of offshore conditions at site C0: (a) significant wave heights, (b) 

peak periods, (c) directions, and (d) mean water level. Vertical red lines indicate the 17 scenarios 

simulated in SWASH. 

 

Cyclic boundary conditions were applied along the lateral boundaries and were placed 

~700 m away from the headlands that enclosed the pocket beach (see Figure 3-1c). With this 

approach, the model domain was continuous in the alongshore direction. To ensure that the 

bathymetry is repetitive without alongshore discontinuities, the domain was extended with a 

300 m gradual transition between the northern and southern lateral boundary. The final model 

domain was 1.8 km by 3.0 km, resulting in a spatial grid of 600x762 points with minimum and 

maximum bottom elevations of -25 m and 6.5 m, respectively. 

At the offshore boundary, the 17 hourly scenarios were simulated that are part of a four 

day period (30 June to 3 July 2017) that include a wide range of offshore wave conditions (Hs 

from ~2 to 5 m) and variable water levels, i.e., low, average and high water  (Figure 3-2a-d). 

In this study we used hourly directional wave spectra estimated from the AWAC at C0, which 

was imposed uniformly along the offshore open boundary. The wave spectra measured at 

AWAC C0 were back-refracted and de-shoaled to the location of the wavemaker following the 

approach of (Feddersen et al., 2011). Based on the directional wave spectra, short-crested sea 

states were generated in the model using a weakly reflective wavemaker including a second-

order correction to include bound infragravity waves (Rijnsdorp et al., 2015). 

The initial time step (∆t) within the computation was set to 0.025 s to satisfy 

0.3>CFL<0.8, with SWASH internally modifying the time step thereafter. Two vertical layers 
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were used, (i.e., each layer occupied 50% of the local water depth), which is sufficient to 

capture the dispersive characteristics of the considered sea states. We used the hydrostatic front 

approximation to capture the initiation of wave breaking (Smit et al., 2013) given the coarse 

vertical resolution. 

For each of the 17 wave and water level conditions considered (Figure 3-2a-d), the 

model was run for 60 minutes plus an additional 30 minutes to allow for model spin-up. The 

spin-up period was defined based on examining the evolution of the integrated kinetic energy 

(KE), potential energy (PE) and enstrophy (Z, i.e., the integral of vorticity-Ω squared) over the 

model domain  

𝐾𝐸 = ∫ ∫
1

2
ℎ(𝑈2 + 𝑉2)𝑑𝑥𝑑𝑦

𝐿𝑥

0

𝐿𝑦

0
,       (3.7) 

𝑃𝐸 = ∫ ∫
1

2
𝑔𝜁2𝑑𝑥𝑑𝑦

𝐿𝑥

0

𝐿𝑦

0
,        (3.8) 

𝑍 = ∫ ∫
1

2
𝛺2𝑑𝑥𝑑𝑦

𝐿𝑥

0

𝐿𝑦

0
,        (3.9) 

where Ly and Lx are the cross-shore and long-shore lengths of model domain, respectively 

(Figure 3-3). The model was assumed to be in ‘steady state’ when these variables fluctuated 

about a steady mean (see Feddersen et al., 2011, for detailed explanation).  

 

Figure 3-3. Calculated Kinetic energy (KE), potential energy (PE) and enstrophy (Z) integrated over the 

model domain versus simulation time. 

 

Output variables consisted of surface water level elevation and depth-averaged 

velocities (U and V), which were saved at 2 Hz over a 4x4m grid. To minimize the overall 

computational time (including output generation), variables were only saved for an area of 1 
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km (cross-shore) x 1.8 km (alongshore) covering the area of interest (red dashed lines Figure 

2-1c). Time series output were also saved at the location of each instrument within the domain 

(i.e., 22 instrument locations).  The SS-IG waves and mean currents of the modelled output 

were calculated using the same methods applied to the field data in Section 2.1. An example 

of the modelled hydrodynamic spatial output (instantaneous free surface elevations, SS and IG 

wave heights, and mean currents) are shown for one of the scenarios in Figure 3-4, with the 

estimated mean setup in Figure 3-5a.  

Considering the scale of the model setup, all simulations in this study were carried out 

on supercomputing facilities of Pawsey Supercomputing Centre (Western Australia). Each one 

hour simulation took about 20 h to complete on 48 cores.  

 

Figure 3-4. Snapshot of (a) modelled sea surface elevation, (b) hourly SS significant wave height, (c) 

IG significant wave height and (d) averaged currents fields for a scenario with averaged wave input 

during field observations (Hs of 3.14, Tp of 3.14 and water level of -0.18m). The current vectors are in 

logarithmic scale. Black lines at a,b, and c are the depth contours 
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3.2.4 Model performance 

Model performance was assessed against the observations at each of the 22 instrument sites 

using the Willmott Skill (e.g., Hansen et al., 2015; Lowe et al., 2009b; Willmott, 1985) which 

is computed as 

𝑊𝑆 = 1 −
∑|𝑋𝑚𝑜𝑑−𝑋𝑜𝑏𝑠|2

∑(|𝑋𝑚𝑜𝑑−𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅|+|𝑋𝑜𝑏𝑠−𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅|)2
,      (3.10) 

where Xmod is a model prediction, Xobs is an observation, and overbars indicate averaging over 

the 17 scenarios. Willmott Skill (WS) was computed at each site for various bulk wave and 

flow parameters for all 17 hourly scenarios (N=17), with the over-line indicating averaging 

over the 17 scenarios. Good model performance is considered when WS ≥ 0.6, moderate 

performance when WS is 0.3 to 0.6, and poor when WS < 0.3. In addition to the WS, we also 

computed the root mean square error (RMSE) and the mean Bias to assess the model 

performance, 

𝑅𝑀𝑆𝐸 = √
∑ (𝑋𝑚𝑜𝑑−𝑋𝑜𝑏𝑠)

2𝑁
𝑖=1

𝑁
,        (3.11) 

𝐵𝑖𝑎𝑠 =
𝑋𝑚𝑜𝑑−𝑋𝑜𝑏𝑠

𝑁
,         (3.12) 

 

Figure 3-5. (a) Mean setup of the scenario with averaged wave height during observation. (b) Mean 

setup averaged over 17 scenarios 
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3.3 Results 

 

3.3.1 Model calibration  

The model was calibrated for a single sea-state that represented relatively moderate conditions 

during the considered study period (Hs = 3.4 m with a Tp = 13.4 s at AWAC C0). The 

calibration process focused on assessing the performance to variations in the empirical 

breaking parameter α (Smit et al., 2013) and bottom friction coefficient cf based on the 

comparison of the modelled and observed waves, mean water levels and currents at the 22 

instrument sites. Changing the breaking parameter, α, over a range from 0.04 to 3 did not 

impact the model skill significantly (not shown), so we used the default value of α =0.6 within 

SWASH. We next focused on the sensitivity of the model output to the uniform bottom friction 

coefficient (cf) to reproduce the hydrodynamic parameters within the model domain. While 

other drag formulations are available in SWASH (e.g. Manning), we adopted a constant friction 

coefficient that is commonly applied, including in reef environments (e.g., Pearson et al., 2017; 

Torres-Freyermuth et al., 2012). We varied the cf over a range from 0.01 to 0.08 across the 

domain in intervals of 0.01 for the first eight simulations and higher intervals 0.02 from 0.08 

to 0.16 and 0.05 from 0.16 to 0.3. As we describe in section 3.4, we also attempted a spatially-

varying cf but did not find improved results for the cf values considered.  

A summary of the RMSE and mean Bias between observation and model for SS and 

IG wave heights, setup �̅�, and currents (magnitude, u and v components) for various bottom 

friction coefficients is shown in Figure 3-6, in which the sensors were grouped according to 

their location within the study site (offshore, channel and lagoon, Figure 3-1a). For each area, 

we present the average RMSE and Bias as well as the standard deviations across the sites within 

each grouping (with the exception of the offshore sites as there were only 2 sensors). At the 

offshore sites, the error and Bias (yellow lines in Figure 3-6) were small (consistent with these 

sites being used to derive the boundary forcing). For shallower depths, i.e. in the channels 

(green lines) and the lagoon (red lines), as cf initially increased the results in general improved 

for wave heights, setup and currents, reached an optimum level of performance, and then often 

deteriorated for higher values of cf. Across the range of cf values considered, the overall model 

errors across all variables (SS and IG wave heights, setup, and currents) were lowest using a cf 

of 0.05 (Figure 3-6). The estimated cf value is within the range of other studies comparing from 

reef sites (typically of order 0.01-0.1, e.g., Lowe et al., 2008; Pequignet, 2012; Rosman and 

Hench, 2011; Van Dongeren et al., 2013). Thus, the cf value of 0.05 was subsequently applied 

to the full suite of scenarios. 
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Figure 3-6. The influence of friction coefficient (cf) variability to the average (across each grouping of 

sensors, offshore, channels, and lagoon) RMS error (left panels) and bias (right panels) of modelled 

hydrodynamics within the study area, see Figure 3-1 to refer the sensor locations. The green and red 

vertical lines represent the standard deviations whereas the black lines represent cf of 0.05. 

 

3.3.2 Model application  

Following selection of an optimal bottom friction coefficient (cf) based on a typical (moderate) 

wave condition, we evaluated the model for all 17 scenarios over the 4-day period. The 

predicted SS and IG wave heights, current velocities (u and v vectors, as well as the magnitude) 

and wave setup are compared against the observations. Similar to the analysis in the previous 

section, the results were grouped into 3 different zones of offshore, channels and lagoon. We 

also divided the lagoon into northern, central and southern areas based on the position of each 

instrument within the lagoon relative to the reefs (see yellow dashed lines in Figure 3-11a). 

The northern portion of the lagoon is deeper and relatively exposed to offshore waves 

(compared to the other parts) with scattered rocks near the shoreline (Figure 3-4). The central 

area is located behind two offshore reefs and influenced by strong currents due to wave 

breaking on the reefs. The southern area is the most protected part of the lagoon and typically 

has low SS wave energy and weak currents due to protection from the rocky headland.  
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3.3.2.1  Wave height and setup   

Across 17 scenarios, SWASH predictions showed the typical wave transformation processes 

within a coastal region. SS waves shoaled and subsequently broke on the reefs (Figure 3-4a 

and Figure 3-4b). The dissipation of SS waves at the fringing reefs coincided with an increase 

of the IG wave heights (Figure 3-4c). Inside the lagoon, similar to observation, SS wave heights 

were significantly smaller than offshore, and the ratio between IG and SS waves was high 

(often greater than 0.6), and especially near the shoreline, indicating the importance of IG 

waves in dictating shoreline water levels (see Figure 2-6). Within the surf-zone, (primarily over 

shallow reef areas), SWASH simulated breaking on the reefs and refraction/diffraction in their 

lee (Figure 3-4a). Mean water levels are lower in the offshore region where wave shoaling 

occurs (i.e., causing set down), and elevated due to wave setup on the reefs and near the 

shoreline (Figure 3-5) coinciding with regions of strong wave breaking.  

The performance of SWASH in predicting the observed waves and currents within each 

area of the study site is summarized in Figure 3-7, Figure 3-8, and Table 3-2. The model 

performed well at reproducing the SS wave heights at the offshore site (WS≥0.6) Bias< 5 cm 

(Table 3-2). In the channels (Figure 3-7b), we noticed that for most of the 17 scenarios the 

model overpredicted the SS wave heights (e.g. at site C1 see the blue dashed line and green 

dots in Figure 3-8a) and S1 (not shown), resulting in moderate skill at Central channel (WS of 

0.55) but good skill at the southern channel (WS of 0.64) with a Bias at both locations of ~0.5 

m. The SS wave heights shoreward of the southern channel (S2 and S3) tended to be better 

predicted (WS≥0.6, Bias <~5cm) than those shoreward of the central channel (C2 and C3, with 

WS ~0.3 and Bias>0.2m). Within the lagoon, SWASH predicted the SS wave heights in the 

area behind the southern offshore reefs with good accuracy (C8 and almost all sensors at the 

south part) with WS fluctuating from ~0.64 to ~0.85 and Biases ranging from 0.01 to 0.25 m. 

The individual lagoon sites with poor skills (WS below 0.3) mostly occurred at sites behind the 

northern reefs and the adjacent area (i.e. northern (N3) and central (C5-C6) parts), except at C4 

that was located near the northern fringing reef where WS ~0.85. We note that regions with 

poor SS wave height model performance generally tended to be related to regions where there 

was the most uncertainty in the bathymetry; for example in the northern portion of the lagoon, 

the available bathymetry data was limited (see Figure 3-1b). 

Scatter plots between the observed and modelled IG wave heights (Figure 3-7d-f) 

showed good agreement between the IG wave heights with WS ranging from 0.62 to 0.9 at all 

of the sites, with maximum Bias of ~0.1 m as summarized in Table 3-2. The RMSE of modelled 

IG wave heights across three areas (northern, central and southern) were relatively small, 
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ranging from 0.03 to 0.12 m for all sensors. At deeper areas, i.e., the AWAC sensors (C0 and 

S0), the predicted IG waves tended to be less accurate (over-predicted) during larger wave 

events (Figure 3-7d-e and Figure 3-8e), causing the overall WS score at these sensors to be 

around ~0.6 to ~0.7. Inside the lagoon, the IG wave predictions at all sensors showed WS≥0.6 

with Biases less than 0.05 m. By comparing the IG waves at all sensors, we found that the IG 

waves showed less spatial variability across the sites (Figure 3-7f and Figure 3-8f-h), which 

indicates the IG waves were less impacted by the variable water depths in the lagoon.  

Setup was, in general, well predicted with good WS (≥0.6) at most sensors with slight 

over-prediction by the model compared to the observations, with a mean Bias of 0.05 m across 

all sites (Table 3-2). Despite the slight over-prediction of setup at all locations (Figure 3-7g 

and Figure 3-7h), the model showed fairly consistent Bias and tracked the variations in the 

observed setup (Figure 3-8i-k). Further comparison between observation and model for each 

sensor showed that predicted setup in the northern and central areas (which are deeper and 

more exposed to offshore waves) was more accurate (WS>0.8) than that in the more protected 

southern. This is in contrast with the SS wave heights for which the model performed better 

(on average) in the southern portion of the lagoon (Table 3-2).  

 

3.3.2.2 Depth-averaged currents  

We compared the modelled mean (hourly) currents of 17 scenarios with the coinciding 

observations from the 10 sites that measured velocity located offshore (C0 and S0), in the 

channels (C1 and S1), as well as central and southern parts of the lagoon (C4, C6, S6, S7, S9, 

and S10) (Figure 3-1a). The observed currents across the 17 wave conditions showed a broad 

variability of flows within the study area, ranging from very weak currents inside the lagoon at 

the southern corner of the beach (S10) with average of 0.018 m/s (maximum of 0.03 m/s) to 

relatively strong currents (compared to other sites) recorded in the channel sites (e.g., with 

average of 0.74 m/s, maximum of 1.02 m/s, at S1). Evaluation of the mean currents indicated 

that SWASH tended to under-predict the mean current magnitudes (Figure 3-9a), except at C6 

and S10 where the model over-predicted the current magnitudes. At all sites, we found that the 

Bias in the current magnitude was less than 0.1 m/s (Table 3-2). The model skills for each 

locations were moderate (0.3-0.6) for predicting currents at most sites, except at site C1 and S1 

(channels) where there was good skill (WS≥0.6) and one site with poor skill at S7, as shown in 

Table 3-2. 
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Figure 3-7. Comparison between observed and modelled SS waves (a-c), IG waves (d-f), and setup (g-

h), for 17 scenarios using constant bottom friction cf 0.05. Green, black and red colours on the figures 

represent the respective North, Central and South parts of the lagoon (see Figure 3-1a). Numbers on the 

subplots represent average values of the respective Willmott Skills, RMSEs and Bias (refer to Table 

3-2).  
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Table 3-2. Summary of Willmott Skill (WS), RMSE and Bias of SWASH predictions calculated at each sensor averaged across the 17 scenarios  

Sensor 

location 

SS wave heights IG wave heights Setup Current magnitude Current direction 

WS RMSE  Bias  WS RMSE Bias WS RMSE Bias WS RMSE Bias WS RMSE Bias 

North 

N2 0.79 0.13 0.11 0.85 0.06 0.04 0.84 0.05 0.04 N/A N/A N/A N/A N/A N/A 

N3 0.29 0.23 0.23 0.88 0.03 0.02 0.89 0.04 0.04 N/A N/A N/A N/A N/A N/A 

Central 

C0 0.92 0.29 -0.02 0.62 0.08 0.06 N/A N/A N/A 0.47 0.09 -0.07 0.52 132.8 -65.91 

C1 0.55 0.61 0.59 0.83 0.08 0.07 N/A N/A N/A 0.66 0.16 -0.06 0.25 45.23 -43.77 

C2 0.34 0.37 0.36 0.9 0.04 0.03 0.88 0.04 0.04 N/A N/A N/A N/A N/A N/A 

C3 0.3 0.21 0.21 0.87 0.03 0.00 0.85 0.05 0.05 N/A N/A N/A N/A N/A N/A 

C4 0.85 0.06 -0.04 0.86 0.03 -0.01 N/A N/A N/A 0.54 0.04 0.00 0.25 66.41 -58.91 

C5 0.27 0.26 0.25 0.87 0.04 0.00 0.86 0.05 0.05 N/A N/A N/A N/A N/A N/A 

C6 0.29 0.21 0.20 0.84 0.04 0.00 0.88 0.05 0.04 0.32  0.03 0.02 0.78  131.8 130.55 

C7 0.49 0.13 0.13 0.84 0.04 -0.01 0.85 0.05 0.05 N/A N/A N/A N/A N/A N/A 

C8 0.77 0.06 0.05 0.82 0.04 -0.01 0.77 0.07 0.07 N/A N/A N/A N/A N/A N/A 

South 
S0 0.96 0.23 -0.04 0.73 0.09 0.08 N/A N/A N/A 0.46 0.08 -0.07 0.44 128.55 -105.02 

S1 0.64 0.58 0.55 0.77 0.12 0.10 0.38 0.06 0.05 0.61 0.33 -0.30 0.14 23.64 -23.42 

S2 0.85 0.13 -0.05 0.87 0.04 0.02 0.83 0.05 0.05 N/A N/A N/A N/A N/A N/A 

S3 0.85 0.08 0.00 0.86 0.04 0.01 0.78 0.07 0.06 N/A N/A N/A N/A N/A N/A 

S4 0.68 0.08 0.04 0.81 0.06 0.04 0.84 0.05 0.05 N/A N/A N/A N/A N/A N/A 

S5 0.82 0.06 0.01 0.83 0.05 0.02 0.79 0.06 0.06 N/A N/A N/A N/A N/A N/A 

S6 0.71 0.06 -0.01 0.85 0.04 -0.01 0.87 0.05 0.04 0.39 0.11 -0.09 0.57 103.49 40.19 

S7 0.77 0.07 -0.03 0.82 0.05 -0.01 N/A  N/A N/A 0.29 0.06 -0.05 0.22 83.93 78.43 

S8 0.8 0.06 -0.01 0.84 0.05 -0.01 0.76 0.07 0.07  N/A N/A N/A  N/A N/A N/A 

S9 0.8 0.06 -0.02 0.84 0.04 -0.01 0.62 0.11 0.10 0.43 0.04 -0.03 0.11 89.28 88.47 

S10 0.35 0.18 0.18 0.72 0.05 -0.02 0.76 0.07 0.07 0.35 0.02 0.02 0.42 73.29 -62.45 

*N/A represent when the comparison is not available, either due to unavailability or errors on the sensors. Negative bias in current directions are counter 

clockwise. Colours in the table represent the skill of model at each sensor location where green is good, orange is moderate and red is poor skill, 

respectively.  
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Figure 3-8. Time series comparison of SS wave (a-d), IG wave heights (e-h), and wave setup (i-k) 

between the model (circles) and observations (lines) at the various locations that represent North, 

Central and South part of the site.  

 

The model also demonstrated moderate (at C0, S0, S6, and S10) and good skill (C6) in 

predicting current directions, even though the other sites exhibited poor skill (Table 3-2). Note 

that at some points, the discrepancies between observed and predicted current directions could 

be very large due to phase wrapping (e.g., >300°) resulting poor skill, even though the 

comparison (Figure 3-9a) showed the directions did not differ too much. Hence, for these 

conditions, we considered the adjustment in direction by 360° to account for phase wrapping. 

At the channel sensors (C1 and S1, with poor WS at both sites), the modelled outflow had a 

more southerly direction compared to the observations. At the offshore sensors the model did 

not capture the observed northern flows, which is likely explained by larger scale flows that 

are not captured within the model. Despite these discrepancies, the model captured the overall 
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flow patterns within the lagoon system, with weak flows in the lagoon and strong outflow 

through the channels (Figure 3-9a).  

Figure 3-10 shows the comparison between the observed and modelled currents at the 

channels (C1 and S1) and inside the lagoon (C4, C6, S6, S7, S9, S10) for each of the 17 

scenarios. This comparison shows that the model generally under-predicted the currents 

(Figure 3-10a, and Figure 3-10c). At the channel sensors, the model captured increasing current 

strengths for more energetic waves inside the channels (Figure 3-10a), although current 

directions were off by about 25° (Figure 3-10b). The current predictions were found to be in 

better agreement for larger offshore wave conditions energy, with the incident wave directions 

were relatively constant across all wave conditions (the mean incident wave directions was 

251±3°, see Figure 3-2c).  

 

3.3.3 General circulation dynamics 

Despite the wave heights varying significantly over the study period (from 2.4 m to nearly 5 

m), the observed wave directions were relatively consistent (247 to 255°; see Figure 3-2c) due 

to the persistent arrival of Southern Ocean swell along this portion of coastline. While the 

magnitudes varied, we observed similar circulation patterns over the 17 scenarios (Figure 

3-9b). From the model results, we observed that wave breaking over the two reefs resulted in 

large setup on the reefs (up to 0.46 m) which drove onshore flows into the lagoon where setup 

was lower (Figure 3-5b). Towards the outer edges of the reefs, the modelled currents diverged 

directly into the channels resulting in lower mass flux into the shallower portions of the lagoon. 

Modelled currents along the shoreline (up to ~200 m offshore) were generally weak (averaging 

<0.06 m/s) in the central and southern portions of the lagoon as a result of the divergence of 

the flow from the reefs directly into the channels. In the deeper northern portion of the lagoon, 

the modelled currents were overall stronger along the beach, likely due to a combination of 

higher wave penetration into the lagoon and the larger gap between the northern reef and 

northern headland, as well as the increased depths compared to that of the central and the 

southern area (Figure 3-9b). Overall, the model revealed that current magnitudes near the 

shoreline were the largest in the northern portion of the lagoon and weakest in the central 

portion of the lagoon (Figure 3-9). The model also indicated some drainage of water from the 

central portion to the northern portion of the lagoon through the gap between the northern reef 

and shoreline (Figure 3-9b), associated with an alongshore pressure gradient (lower setup in 

northern part lagoon, Figure 3-5b). In the channels, the flow out of the lagoon was 

approximately proportional to the wave height indicating the larger onshore mass flux into the 

lagoon and channels during larger wave conditions (Figure 3-11). 
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Despite the reefs not offering complete alongshore coverage (only ~one-third of the 

distance between the headlands) they still provide effective protection to the beach areas by 

reducing more than 80% of offshore wave energy, especially in the southern and central 

portions of the lagoon. The model and observations show that the IG wave heights were less 

than 1 m across the study area. The IG waves dominate the portion of total wave energy across 

the lagoon with more uniform wave heights (Chapter 2 and Figure 3-7f).  

 

3.4 Discussion 

In this study, we assessed the ability of SWASH to simulate the hydrodynamics of a complex 

nearshore site, with rocky reefs fronting a pocket beach bounded by rocky headlands. The 

model performance varied depending on the hydrodynamic processes that were simulated and 

spatial location within the study site. SWASH accurately predicted the IG waves (good skills, 

low RMSE, low Biases) at all the observed locations for 17 (hour) scenarios. It was found to 

reproduce the SS waves and setup well at the majority of the sensors (see Table 3-2). When 

predicting the mean wave-driven currents, SWASH exhibited a wider range of skill (poor to 

good, 0.29 to 0.66), with relatively small RMS error (average of 0.096 m/s) and Bias (average 

of 0.07 m/s).  

In our study, we identified possible factors that potentially influence the accuracy of 

the model. The specific locations where the SS waves were most poorly predicted were mainly 

located on the northern and central parts of the beach (WS of 0.26 – 0.92, see Table 3-2). This 

is not surprising, as the quality of the bathymetry in the northern and central parts of the beach 

is lower quality due to less survey coverage (see Figure 3-1b), and given this area is influenced 

by a very shallow area (< ~1 m) in which the depths were only roughly estimated based on the 

locations of shallow reefs estimated from aerial images. In addition, this region features a 

number of small patch reefs (finer than grid cell of 3 x 4 m) that are scattered within the domain 

(mainly at the northern part) could not be fully resolved in the model. As a result, this may 

cause SS waves not to break at the desired locations and due to alter dissipation rates, thus 

likely contributing to the speed and direction of the resulting wave-driven flows (e.g., Gomes 

et al., 2016). In contrast, wave setups were less accurately predicted on the southern part of the 

beach which was potentially caused by the complexness of bottom profile of higher quality 

bathymetry that resulted inaccuracy of SWASH to predict setup (Gomes da Silva et al., 2020; 

Nicolae Lerma et al., 2017). Moreover, the predicted setup on the southern part (Figure 3-8k) 

exhibited constant overprediction of around 0.06 m from the measured setup, which was 

possibly due to measurement errors, e.g., the device during the period shifted from its original 

position. 



55 

 

 

Figure 3-9. Observations (red colour) and model (black colour) results of (a) time‐averaged current vectors computed over 17 (hour) scenarios with grey lines 

are contours at 5 to 15 depth (see the labels). (b) Average current magnitude and directions obtained from 17 scenarios of SWASH model. The current vectors 

in figure b are plotting using a logarithmic scale. 
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Figure 3-10. Comparison between observed and modelled currents magnitude and direction, with colours 

denoting the offshore significant wave heights at C0 (colours). Observations (a and b) in the channels and 

(c and d) in the lagoon.  Circles and triangles on the figures denote Central and South part respectively.  

 

Other possible factors that potentially control the accuracy of modelled SS waves (WS 0.3 

to 0.96) and setup (WS 0.38 to 0.89) is fully resolving the fine-scale bathymetric variability within 

the computational grid used in the model. In this study, we used a structured rectilinear grid with 

a 3 (cross-) x 4 (alongshore) m grid resolution. The main drawback of such a structured grid with 

a relatively coarse grid resolution is the limited flexibility to capture multiscale features of complex 

bathymetry (Fringer et al., 2019). As a result, the model likely did not capture all the details of the 

complex bathymetry of Gnarabup Beach. Furthermore, phase-resolving models like SWASH 

require fine resolutions to capture higher frequency waves (e.g., Buckley et al., 2014). However, 

the use of finer grid sizes in this study, which greatly increases computational cost, did not 

significantly improve the results, as shown in Appendix A. This may reflect that to gain the benefits 

of higher resolution computations requires having sufficiently high-resolution bathymetry at these 

fine-scales, which was not available in this study. Presently SWASH also only allows uniform 
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wave conditions (based on single directional spectrum) to be imposed on the offshore boundary. 

At the study site the AWACs offshore of each reef demonstrated slightly different wave conditions 

which could not be accounted for in the model (which was forced uniformly with the conditions 

observed at site C0). 

 

Figure 3-11. Correlation between wave heights at the AWAC (observation) and the corresponding modelled 

mean (hourly) current velocity at South (S1), Central (C1) and North (N1) channels (refer to Figure 3-1a 

for the locations).   

 

When comparing the IG waves, the model exhibited stronger IG energy dissipation and 

weaker nearshore currents in shallower area (channels and lagoon) as the friction increased (Figure 

3-6). The impact of various cf values to IG waves and mean currents has been identified by in a 

number of reef hydrodynamic studies (e.g., de Bakker et al., 2014; Henderson and Bowen, 2003; 

Zijlema et al., 2011). In the present study, the best model performance for IG waves occurred when 

a uniform cf of 0.05 was applied across the entire domain (Figure 3-6).  

While SS waves, IG waves and setup were predicted with moderately to good skills, 

predictions of the mean driven currents were often less accurate. At Gnarabup beach with complex 

bottom profile consisting a mix of carbonate sand, seagrass and patchy limestone reefs, the bottom 

friction (cf ) could vary from smooth (sandy) to rough (rocky reefs) resulting variable wave energy 

dissipation rate across study area. Area with higher density of reefs would experience higher 

dissipation rate that imply on weaker flows as it was observed by Monismith et al. (2015) at a reef 
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environment. Accordingly, applying a spatially uniform cf  for simulating flows at complex 

environments such as Gnarabup beach would not be suitable.  

To investigate whether this could be caused by using a spatially uniform cf, we considered 

a simulation with a spatially variable cf to investigate its impact on the skill of modelled 

hydrodynamics (Figure 3-12a). The cf values of different locations within the domain were 

determined from visual estimation of aerial images. Sand was assigned cf = 0.002 (based on 

Feddersen et al., 1998), 0.02 for macro-algae vegetation (e.g., van Rooijen et al., 2016) and 0.05 

for reef (e.g., Pomeroy et al., 2017). We also identified some areas dominated by a mix of sand 

and vegetation, in which we defined the cf value of 0.01. The offshore forcing for this simulation 

was the moderate wave scenario with Hs = 3.4 m with a Tp= 13.4 s at AWAC C0. We compared 

the result of bulk waves at SS-IG bands, and mean currents (magnitudes and directions) at the 22 

observed points, between the spatial cf and the uniform cf scenarios. At the offshore sites, there 

were effectively no differences between the compared variables of both scenarios that also 

suggested the bottom friction has no impact on the waves and currents at deep water. However, in 

shallower depths (i.e. channels and lagoon), the spatially-varying cf simulations exhibit higher 

magnitudes of all modelled waves heights and currents than that of the uniform cf (Figure 3-12b-

e). Overall, using the spatially variable cf resulted in worse model performance overall than using 

a spatially uniform cf  (Figure 3-12). While it is possible a different set of combinations of cf values 

may have resulted in better performance, the computational effort in obtaining the best possible 

combination of cf values would likely outweigh the incremental improvement in model 

performance.  

The results showed the SWASH was applicable for a beach with complex bathymetry and 

considerable wave energy in Western Australia which could potentially be applied to similar sites 

to understand a range of processes. Based on the skill of the model in predicting the IG waves at 

the study site (WS≥0.6, see Table 3-2), the SWASH model is a suitable tool to further investigate 

the spatial dynamic of IG motions as described in Chapter 4. 
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Figure 3-12. (a) Spatial variability of bottom profile (cf) which was estimated from aerial images. The 

comparison between data-model with uniform and spatially-variable cf for (b) SS waves, (c) IG waves, (d) 

current magnitude and (e) direction. 

 

3.5 Conclusions 

This study evaluated the performance of the non-hydrostatic phase-resolving wave flow model 

SWASH that was applied to a reef fronted pocket beach with complex bathymetry. The SWASH 

model was applied to the study site and was used to assess the performance against the observed 

waves, setup, and currents at 22 instrument sites that spanned the offshore, channels, and lagoon 

over 4 days with persistent swell ranging in height from 2.4 to 5.0 m. Despite the complex 

bathymetry, the model generally reproduced the observed waves (both at SS and IG bands), setup 
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and currents throughout the domain relatively well. The largest errors were associated with the 

mean currents. A spatially uniform friction coefficient of cf = 0.05 was found to best reproduce the 

observations, which is within the range of value found in many other reef studies. An attempt to 

use spatially variable friction coefficients representing the different bottom types found at the site 

(sand, aquatic vegetation, reef) did not improve results. In general, the model performed best in 

areas where the most accurate bathymetry was available (closest to survey lines), indicating that 

in complex nearshore reef environments such as at Gnarabup Beach, very high resolution 

bathymetry (order 1-10 m survey resolution) is necessary to properly resolve the nearshore 

hydrodynamics, independent of physical processes incorporated within the model.  

The headlands and rocky reefs were found to have major influence on the nearshore 

hydrodynamics of Gnarabup Beach. The observation (Chapter 2) and numerical model (Chapter 

3) show the existence of natural structures modifying offshore waves and the resulting currents 

within the lagoon. Even though the natural structures only partially protect the beach forming semi-

protected lagoon, they effectively dissipate most (more than 80%) of the offshore SS wave energy. 

Near the shoreline, and in particular the area behind the reefs, the wave motions were dominated 

by waves in the IG band with maximum height less than 1 m that are less influenced by the 

variability water depth. Moreover, wave setup within the lagoon was strongly dependent on the 

offshore waves. Wave energy dissipation processes also generated strong onshore directed currents 

that flow onshore over the reefs and circulate back offshore through the channels.  
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4 Numerical modelling of infragravity standing wave dynamics at a 
reef-fringed pocket beach  

 

4.1 Introduction 

Reef fronted beaches are commonly found in all parts of the world, with various rock types or reef-

building corals forming the reef structure (Hopley et al., 2010; Paduan et al., 2007; Peacock and 

Sanderson, 1999). The presence of reefs often introduces steep slopes and large bottom roughness 

that governs wave transformation and dissipation (Lowe et al., 2009a; Yao et al., 2019). Nearshore 

reefs also often provide shelter to the shorelines dissipating wave energy through wave breaking 

and bottom friction some distance offshore (e.g., Klaver et al., 2019; Masselink et al., 2019b). 

Another feature of many reefs is the relative importance to infragravity (IG) waves (periods of 25-

600 s) that have been shown to make up a considerable portion of the overall wave energy, 

especially towards the shoreline where the cumulative sea-swell wave dissipation becomes most 

pronounced (e.g., Buckley et al., 2014; Péquignet et al., 2009; Scott et al., 2020; Van Dongeren et 

al., 2013; Winter et al., 2017) . 

IG wave generation in the surf zone is typically attributed to either the “release” of bound 

waves, generated from sea-swell (SS, periods <25 s) wave groups (Baldock, 2012), or the break-

point forcing mechanism due to the time variable shift in position of the break point of wave groups 

(Symonds et al., 1982). Within reef environments, when the free IG waves propagate toward shore, 

IG waves often become an increasingly dominant source of water motion as they propagate across 

reefs and approach the shore (e.g., Beetham et al., 2016). At the shoreline, IG waves may then 

reflect back offshore and form standing wave patterns in cross-shore direction (Winter et al., 2017) 

or may be trapped along the shore as edge waves (Guza and Davis, 1974). 

For semi-enclosed coastal areas, such as pocket beaches, bays or harbours, if the IG forcing 

matches the natural frequencies of the basin, resonance can occur and substantially increase the 

amplitude of IG waves. When resonance occurs, this can result in extreme water level fluctuations 

and strong horizontal currents within the basin (Rabinovich, 2009). The natural frequencies that 

govern the conditions when resonance will occur are closely related to the geometry and the depth 

of the basin. While there is a large body literature that has investigated resonance in harbours (with 

relatively simple shapes and uniform depths) (Magdalena et al., 2020; Nwogu, 2001; 

Thotagamuwage and Pattiaratchi, 2014) or at fringing-reef sites with relatively along-shore 

uniform bathymetry (Buckley et al., 2015; Péquignet et al., 2009), limited knowledge has been 
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developed for IG resonance of natural embayments with irregular geometries and more complex 

bottom profiles in spite of their abundant existence across the globe.  

In this study, we investigated the patterns of infragravity motions at a reef-fringed pocket beach 

at Gnarabup Beach in Western Australia using the phase resolving wave-flow model SWASH 

(Zijlema et al., 2011). Understanding IG motions is important for assessing erosion and flood risk 

at coastal sites (e.g., Muller et al., 2016; Roelvink et al., 2009). The model has been previously 

calibrated and verified using extensive field measurements at the same site (Chapter 3). Due to the 

complex and alongshore irregular bathymetry at the site, it is initially challenging to directly 

analyse the model results with real bathymetry, hence we first investigate the IG motions using 

idealised bathymetry representative of the real bathymetry in order to investigate the primary 

interactions of the IG waves with the overall site geometry (reefs and headlands). The analysis 

techniques and results from the idealised case are then applied to the real bathymetry, where we 

demonstrate that similar characteristics of the IG wave dynamics occur.  

 

4.2 Methodology 

 

4.2.1 Study site 

Gnarabup Beach is a 1.5 km long pocket beach fronted by fringing reefs located in Southwestern 

Australia (Figure 4-1a). The beach is bound by rocky headlands, with rocky fringing reefs located 

~600 m offshore of the shoreline that are partially exposed forming a semi-protected lagoon 

(hereinafter, just referred to as ‘lagoon’) and two channels each with depth up to 8 m separating 

the reefs from the headlands and each other. Behind the reefs, the depths of the lagoon ranges from 

2 to 5 m. The site is exposed to consistent swell from the Southern Ocean with hourly offshore 

significant wave heights sometimes exceeding 8 during winter m (recorded two times on 31 July 

2016). Due to wave breaking on the reefs, SS waves inside the lagoon are much smaller with 

heights up to 1.3 m during large wave conditions (Hs0>3.5 m). However, wave breaking on the 

reefs also results in IG waves up to 0.5 m in height within the lagoon (Chapter 2). The beach is 

composed of medium to coarse carbonate sands and the lagoon seafloor consists of a mix of 

carbonate sands, sea grass, and patchy limestone outcrops (particularly onshore of the two reefs). 

Tides in the area are micro-tidal (maximum tide range of ~1.2 m); however, Southwestern 

Australia also experiences non-tidal water level fluctuations (up to ~0.4 m) over a range of time 

scales with the largest (non-storm surge) being related to geostrophic adjustment of the Leeuwin 

Current . 
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Figure 4-1. (a) The bathymetry of Gnabarup Beach (colours) showing the SWASH model domain (red 

rectangle) superimposed on an aerial image of the study area. The red dashed line is the reference points to 

calculate the phase difference of the modelled parameters. The black lines (A1-A4) are cross-shore transects 

at north, reefs, central, and south respectively. Red dots represent the sampling points mentioned in 

Appendix B. (b) Bathymetry of idealised case. The red dashed line at the offshore side is the reference 

points to calculate the phase difference of the modelled parameters. The black lines (B1-B4) are cross-shore 

transects at north, reef, central, and south respectively. The blue line is the alongshore transect for f-ky 

spectra computation.  

 

4.2.2 Numerical model description 

In this study, we applied the phase resolving numerical wave-flow model SWASH that solves the 

Reynold-averaged Navier-Stokes equations. Considering a body of water with constant density, in 

x (cross-shore), y (alongshore), z (vertical direction, positive upward), and t is time, the three-

dimensional flow field are governed by: 
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where ζ is surface elevation measured from still water level d, h=ζ+d is the total water depth, u , v 

and w are the flow velocities in the x-, y- and z- direction (with uppercase indicating depth-

averaged velocities), g is the gravitational acceleration and q is the non-hydrostatic pressure, and 

τ is a turbulent stress component. For a full description of the model refer to Zijlema et al. (2011).  

Here we extended the SWASH model that was developed and applied in Chapter 3. Only 

a brief summary of the model is included here, with further details on the model configuration, 

calibration and validation in Chapter 3. The model grid resolution was 3 m in the cross-shore and 

4 m in the alongshore, and the grid was rotated 11.7° clockwise to such that the mean shoreline 

orientation was perpendicular to x-axis in the model domain. SWASH was configured with two 

equidistant vertical layers to capture the dispersive characteristics of the considered sea states. For 

the model with the real bathymetry, hereafter called the ‘real model’, the bathymetry was obtained 

from the Western Australian Department of Transport who completed a surveys in 1995 (single-

beam) and 2006 (multi-beam) covering the area below 0 m. Beach topography is from a 

Differential-GPS survey conducted in February 2017. Some shallow areas near the reefs were not 

covered by the bathymetric surveys and depths were estimated as being -0.5 to 1 m from a series 

of aerial images. The offshore open boundary was located ~1600 m offshore from the shoreline of 

Gnarabup Beach. At the open boundary, a region of constant water depth of 25 m AHD with and 

a gradual transition to the observed bathymetry was applied to ensure stable wave generation. 

Cyclic boundary conditions were applied along the lateral boundaries. To get the depths along the 

lateral boundaries to match, the domain was extended 300 m over which the bathymetry was 

smoothly varied to match along the boundaries. The total size of the real model domain was 1801 

x 3049 m with minimum and maximum bottom elevation of -25 m and 6.5 m, respectively (Figure 

4-1a). 

The bathymetry of Gnarabup Beach is very complex, consisting of an irregular bottom 

profile with patchy rocky reefs, sand, and vegetation. Given the complexity of the bathymetry, to 

complement the real model simulations we also considered SWASH simulations using idealised 

bathymetry, hereafter referred to as the ‘idealised model’, which was based on the major 

representative features of the real bathymetry (Figure 4-1b). The idealised bathymetry consisted 

of two headlands separated by 1450 m that extend 350 m offshore. Two 130 m wide reefs were 

placed in-line with the headlands with 400 m between them. Each idealised reefs (see Figure 4-1b) 

had a total cross-shore length of 200 m that consisted of reef front (facing offshore) of 80 m with 
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slope of 0.01, a reef flat with a uniform depth of 0.5 m below surface, and 140 m of the back reef 

with a constant slope from the reef flat connected to the lagoon at 3.4 m depth. The channels in 

between the reefs and headlands had gradual depth from 8 m to 3 m. From the shoreline to 3.5 m 

depth, the bathymetry was an alongshore uniform profile of 1/500 slope. Outside of the lagoon the 

depth was linearly interpolated from 8 to 25 m over a distance of 1400 m. On either side of the 

embayment, the domain extended for 800 m with an alongshore uniform linear profile from 6 to -

25 m elevation (Figure 4-1b). Similar to the real model, the idealised model had a domain size of 

1.8 km by 3.0 km with the horizontal resolution is set to 3 by 4 m and vertical resolution of two 

equidistant layers.  

For both models, the bottom friction coefficient (cf) was uniformly set to 0.05, which was 

found to most accurately reproduce the hydrodynamic processes across the domain, including IG 

waves, as described in Chapter 3. The initial time step of the model was set to 0.025 s with 

0.3>CFL<0.8, with the SWASH time step internally adjusted to satisfy the given CFL. 

 

4.2.3 Wave and water level conditions 

As a default scenario, at the offshore boundary we imposed the two-dimensional spectra 

corresponding to the average offshore conditions during the observation period between June to 

July 2017 (more detail in Chapter 2) with significant wave height (Hs0) of 3.14 m and peak period 

(Tp) of ~13 s, and peak wave direction normal to coastline (Figure 4-2). The water level was set to 

-0.16 m. These conditions represented the average wave and mean sea level conditions during the 

observation period in June-July 2017 (see Chapter 3). To investigate the response of the IG wave 

patterns to varying wave conditions and water levels, additional scenarios were carried out (see 

Table 4-1). A simulation was also carried out for a large wave event (Hs0 ~5m). Two scenarios 

with different initial water levels were also assessed, which represented the highest and lowest 

water level condition at study area based on 18 months of measurement data from November 2015-

August 2017 (see detail in Chapter 2). Moreover, we also simulated two scenarios with ±15° peak 

wave directions from the default scenario. To capture robust statistics at IG bands, each scenario 

was simulated for 2 hours (excluding spin-off time of 30 minutes) with a 1-hour cyclic period of 

the wavemaker (i.e., the forcing signal of the wavemaker repeats itself every hour). Given the 

focus of the study on waves at IG frequencies, to reduce the size of model output files, model 
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results of water levels and velocities were output at 0.5 Hz on a 4x4 m grid. In Appendix B, we 

show that use of lower frequency model output had a negligible influence on the results.  

 

Figure 4-2. Directional wave spectra (Scenario 1) imposed into real and idealised models. Note that the 

direction was rotated 11.7° to align SWASH coordinates. 

 
Table 4-1. SWASH scenarios 

Scenario Hs0 [m] Tp [s] Dp [°] WL [m] Remarks 

SC1 3.14 13.4 253 -0.16 Average Hs with wave direction 

perpendicular to coastline 

SC2 5.6 15 253 -0.16 Maximum Hs 

SC3 3.14 13.4 253 1.05 Maximum water level (WL) 

SC4 3.14 13.4 256 -0.56 Minimum water level 

SC5 3.14 13.4 270 -0.16 Wave direction +15° from SC1 

SC6 3.14 13.4 238 -0.16 Wave direction -15° from SC1 

 

4.2.4 Analysis 

In this study, we focused on identifying the spatial and temporal patterns of IG standing waves 

within the lagoon, including the modes of propagation and whether resonant forcing of standing 

IG waves occurred. Emphasis was initially on the analysis of scenario SC1 (that represented the 

average hydrodynamic conditions) using the idealised model to identify cross-shore and 

alongshore IG standing and/or progressive waves, as well as the estimated natural frequencies 

(periods) from the distribution of IG heights and their phasing.  
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Wave spectra were estimated from time series (2 hour duration) of modelled water levels 

using Welch’s averaged periodogram method with a Hamming window of 50% overlap to reduce 

spectral leakage. The bulk significant wave heights (Hs) were computed from the wave spectra as 

𝐻𝑠 = 4√∫ 𝑆(𝑓)𝑑𝑓
𝑓ℎ𝑖

𝑓𝑙𝑜
,          (4.5) 

with flo and fhi are lower and upper limit of wave spectra frequency respectively. Sea-Swell (SS) 

waves are defined with frequency of 0.04 to 0.2 Hz (periods 5-25 s), whereas IG waves were 

defined as having frequencies between 0.0017 to 0.04 Hz (periods 25-600 s). In other literature 

(e.g., Cheriton et al., 2016), IG waves were defined at 0.004-0.04 (periods 25-250s) with 

frequencies lower than 0.004 (periods >250 s) were considered to be very low frequency IG 

motions. However, here we consider all waves with periods between 25 and 600 s as being IG 

waves to capture some part of very low frequency portion of IG waves within the study area which 

could generate standing patterns (e.g., Bellafont et al., 2018; Nakai and Hashimoto, 2009). Mean 

setup across the domain was estimated by averaging the modelled water levels within each grid 

cell of the domain.  

 

4.2.4.1 Natural frequencies  

Any semi-enclosed basin, e.g., pocket beaches or harbours, has discrete natural frequencies based 

on the geometry and depth profile. For simple profiles or basins, analytical solutions exist to 

calculate the natural frequencies (e.g., Rabinovich, 2009).  However, in our study, the linear profile 

of the offshore slope coupled with the reefs complicates this, such that we estimated the 

frequencies from the phase lag (see next section for more detailed explanation) of cross-shore 

transects. The cross-shore transects were located at the north, central, south, and behind the reefs 

(Figure 4-1b, B1-B4 black solid lines). Mode 0 was defined at the frequencies where a node was 

located at the offshore end of transects and a single antinode was shown at the shoreline. Mode 1 

was identified when two nodes (one was at the offshore and the other was at shallow region 

onshore-ward of the offshore) and two antinodes (one was at shallow region and the other was at 

the shoreline) exist along the transects, and so forth for higher modes. Moreover, according to 

Henderson et al. (2001) and Winter et al. (2017), IG wave nodal patterns would appear at 

frequencies with jumps in the phase labs between water levels at two locations in cross-shore 

directions. Phase jumping is identified by a sudden shift of the phase lag, i.e., from ~180° to ~-

180° or vice versa, at IG frequencies across the investigated frequencies. In our case the phase 
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jumping was determined from two points at the offshore (the red dashed lines, depth 4.3 m) and 

shoreward limits (the black dashed lines, depth 0.1 m) of four cross-shore transects (the black solid 

lines, see Figure 4-1b). 

 

4.2.4.2 IG propagation analysis 

The overall movement of IG wave energy in the cross- and alongshore directions was calculated 

from wave energy fluxes across the study area as (e.g., Henderson et al., 2006; Rijnsdorp et al., 

2015), 

𝐹𝑥(𝑓) = 𝑔𝑑𝐶𝑜(𝜁𝐼𝐺,𝑢𝐼𝐺) + 𝑔𝐶𝑜(𝜁𝐼𝐺,𝐽𝑥),       (4.6) 

𝐹𝑦(𝑓) = 𝑔𝑑𝐶𝑜(𝜁𝐼𝐺,𝑣𝐼𝐺) + 𝑔𝐶𝑜(𝜁𝐼𝐺,𝐽𝑦),       (4.7) 

𝐽𝑥 = 𝜁𝑆𝑆𝑢𝑆𝑆 ,           (4.8) 

𝐽𝑦 = 𝜁𝑆𝑆𝑣𝑆𝑆,           (4.9) 

where Fx is the cross- shore wave energy flux, Fy is the alongshore wave energy flux, and Co is 

the cross-spectra. Jx and Jy are the respective mass fluxes in x- and y- direction. Note that the 

subscripts SS and IG represent the sea-swell and infragravity signals of the parameters that were 

band-pass filtered using a 4th order Butterworth filter (Roberts and Roberts, 1978). 

 To assess the spatial pattern of the cross-shore IG standing waves within the reef-lagoon 

region, we applied two different methods. The first method was phase lag (Φ) analysis of time 

series IG water levels that was filtered using 4th order of Butterworth filter. The phase lag was 

calculated from two different cross-shore locations with fixed points as the reference outlined in 

Winter et al. (2017). In our study, the reference points were located immediately inshore of the 

reefs (see the red dashed line in Figure 4-1a and Figure 4-1b) to minimize the impact of the depth 

variations due to the reefs, whereas the other points were located onshore of the reference points 

up until the shoreline. The phase lags for each cross-shore grid cell was calculated from the real 

(Cij) and imaginary (Qij) parts of cross-spectrum, with i denoting a reference point just onshore of 

the reef and j are points located onshore ward,  

Φ𝑖𝑗(𝑓) = 𝑡𝑎𝑛−1 [
−𝑄𝑖𝑗(𝑓)

𝐶𝑖𝑗(𝑓)
],         (4.10)  

where cross-shore IG waves nodal structure was identified based on where the phase lag (Φ) at 

specific bandwidth is near 0° and ±180° representing nodes and antinodes, respectively. The spatial 

patterns of cross-shore standing waves were then generated from the phase lags across the lagoon 
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at the frequencies where nodal structure with different modes were present at four cross-shore 

transects (see Section 4.2.4.1). 

The second method to assess the spatial IG wave pattern was by calculating the variance 

of bandpass filtered water levels (using Butterworth filter order 4) that correspond to the bandwidth 

of natural frequencies obtained from the 1D phase lag analysis. The locations within the lagoon 

with low (high) variance provide an indication of nodes (antinodes) in the cross-shore direction.  

For the idealised case with alongshore uniform bathymetry near the shoreline, we also 

computed the f-ky spectra analysis (Huntley et al., 1981) from the alongshore time-series of IG 

water levels (bandpass filtered using Butterworth filter order 4) at a depth of 0.1 m (the blue line 

near the shoreline, Figure 4-1b) to assess the presence of edge waves. The edge waves within the 

lagoon would be identified from the presence of high energy at the analytical edge-wave dispersion 

curves (Contardo et al., 2019), that was defined as, 

𝜔2 = 𝑔𝑘(2𝑛 + 1)𝛽,          (4.11) 

where ω is the radial frequency, k is alongshore wave number, n is the mode (0,1,2,…), and β is 

the beach slope (~0.023). 

 

4.3 Results 

 

4.3.1 Idealised model 

This section presents the results of the SWASH simulations from the idealised model; however, it 

is first useful to compare the general wave height and water level patterns of the idealised and real 

bathymetry model outputs. The simulated SS and IG wave heights and setup for the idealised and 

real bathymetry model are shown in Figure 4-3 and Figure 4-4, respectively, for scenario SC1. 

Note that the geographic coordinates in the real bathymetry were transformed to local Cartesian 

system for easier comparison to the idealised bathymetry. In both cases the offshore SS waves (~3 

m) are reduced to less than 1 m in height within the lagoon near the shoreline while IG waves are 

the largest on the reefs and more uniform in height across the lagoon compared to the SS wave 

heights. These phenomena were also identified during observation as shown in Figure 2-4e and f. 

Setup is largest on the reefs and at the shoreline (Figure 4-3c, Figure 4-4c). For the real bathymetry 

(Figure 4-4) where the northern lagoon is deeper increased wave penetration is seen (and lower 

setup in deeper water). However, the patterns of the resulting hydrodynamic between the idealised 

and real bathymetry case are sufficiently similar (for example SS wave heights within the lagoon 
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were less than 1 m with the increase of IG waves with height up to ~1 m, see Figure 4-3 and Figure 

4-4) to provide confidence that the idealised simulations are providing an overall representation of 

the large scale patterns in the waves and water levels associated with the headlands and reefs. 

 

Figure 4-3. (a) SS wave height, (b) IG wave height, and (c) mean setup from Scenario 1 with idealised 

bathymetry.  

 

 

Figure 4-4. (a) SS wave height, (b) IG wave height, and (c) mean setup from Scenario 1 with Gnarabup 

Beach bathymetry.  
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4.3.1.1 Cross-shore infragravity wave nodal structures 

The phase lags between the offshore and inshore ends of the four transects (see the locations in 

Figure 4-1b) are used to identify the cross-shore nodal patterns (including their frequency and 

bandwidth) of any standing waves in the lagoon.  The cross-shore nodal pattern was identified 

from phase jumps (around -180 to 180°) between the inshore and offshore ends of the transects 

Figure 4-5. For the range of frequencies where the phase changes linearly, this indicates a partially 

standing and partially progressive wave (Winter et al., 2017). Phase lags of water levels across the 

entire transect (where the water level at the offshore point was compared to all other points) were 

computed to further estimate the natural frequencies, bandwidth, and modal structure across the 

lagoon (Figure 4-6). All cross-sections had similar phase lag patterns. At frequencies <0.005 Hz, 

no discernible patterns are evident across the four transects (see Figure 4-6). At higher frequencies 

(>0.008 Hz), we identified cross-shore locations with phase lags close to 0° (bluish) and ±180° 

(yellowish) suggesting the presence of nodes and antinodes. Mode 0 was identified where there 

were 0° phase lag near the offshore reference and ±180° near the shoreline. Mode 1 was identified 

where there was 2 nodes (0° phase lag located near the offshore reference and middle of the 

lagoon), and 2 antinodes (±180° phase lag located middle of the lagoon and near shoreline) across 

the transects as seen in Figure 4-6. From both Figure 4-5 and Figure 4-6, we estimated the 

frequency range for mode 0 to be 0.0056-0.0077 Hz (100-180s), and 0.03-0.0357 Hz (28-33 s) for 

mode 1 (see red background on Figure 4-5 and Figure 4-6). Modes higher than 1 were not evident 

in the phase diagrams. The same analysis was completed with the minimum and maximum water 

levels (scenarios SC3 and SC4) revealed the same nodal structure and frequency ranges (not 

shown). 

 

4.3.1.2 Alongshore infragravity motions 

To identify the presence of edge waves along the shoreline we computed the f-ky spectra at 0.1 m 

depth along the idealised domain (Figure 4-7). A majority of the IG energy was distributed at the 

centre of the plot suggesting leaky waves were dominant within the lagoon (e.g., Contardo et al., 

2019). Only minimal energy was found along the edge wave dispersion curves. Unlike the case 

described in Özkan-Haller (2001) where standing edge waves were shown for a pocket beach (not 

fringed by reefs), in the idealised case representing Gnarabup Beach, we could not see significant 

evidence of edge waves (standing or progressive). Moreover, the calculated IG wave energy flux 

(Equation 4.6 and 4.7) across the lagoon also showed significantly less alongshore energy flux in 
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the lagoon than in the cross-shore (Figure 4-8) supporting our suggestion of significant propagation 

of IG waves in the alongshore direction. 

 

Figure 4-5. Phase difference between surface elevations of two points (offshore and near the shoreline) 

located at the ends of four cross-shore transects (see Figure 2 for the location of each transects). Red 

transparent area represent the location of phase jumping suggesting cross-shore standing waves. 

 

Figure 4-6. Phase lags along each cross-shore transect for the idealised model. The phase lag is calculated 

between the surface elevation at offshore end of the transect and all other points along the transect  (a) B1-

north, (b) B2-reef, (c) B3-central, and (d) B4-south (see Figure 2 for description). Red transparent areas 

represent estimated natural frequencies with different modes (see the labels on the figure).  
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Figure 4-7. Normalized f-ky spectra (normalized by the maximum value) located near the shoreline in 0.1 

m depth. The blank areas have values less than 0.001. 

 

 

Figure 4-8. (a) cross‐shore and (b) alongshore wave energy fluxes.  
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4.3.1.3 Spatial variability in cross-shore standing waves 

From the estimated bandwidth of modes 0 and 1, we generated spatial plots of phase lag and 

normalized band-pass filtered variance (by the maximum value over the domain) from the various 

wave and water level scenarios that demonstrated the response of the standing wave motions across 

different hydrodynamic conditions (Figure 4-9 and Figure 4-10).  The spatial phase lag of mode 0 

exhibited relatively consistent patterns alongshore within the lagoon, with a node region (bluish 

colour) at the offshore side of the lagoon and the antinode region (yellowish colour) near the 

shoreline (Figure 4-9a-f). However, behind the reef, the phase patterns were noticeably different 

with the progressive change in phase to ±180° indicating an antinode less evident (Figure 4-9a-f). 

Albeit less clear, these patterns could also be identified in Figure 4-10a-f with smaller IG water 

level variance behind the reefs compared to the other area inside the lagoon. This pattern was likely 

a result of some refraction of the IG waves by the reefs. During large wave events, the difference 

between nodes and antinodes patterns of mode 0 along the beach was less clear (Figure 4-10b), 

with high variance at most area within the lagoon Figure 4-10b). In addition, the increase of initial 

water level imposed to the model domain caused the IG standing pattern of mode 0 to be more 

visible (Figure 4-9c and Figure 4-10c) relative to that of the low water level (Figure 4-9d and 

Figure 4-10d). Moreover, the modelled mode 0 patterns seemed to be sensitive to the change of 

wave directions with various patterns of phase lag and variance reflecting some effect of sheltering 

by the reefs and headlands (Figure 4-9e-f and Figure 4-10e-f). 

Unlike mode 0 that showed some variations in alongshore patterns of nodes and antinodes, 

the phase lag of mode 1 patterns across 6 scenarios exhibited more uniform node and antinode 

positions within the lagoon with some variability at the area behind the reefs. The antinode 

positions behind the reefs seemed to shift slightly onshore (Figure 4-9g-l). The nodes within the 

lagoon were consistently located at x= ~1500-1550 m and x= ~1650-1690 m, whereas the 

antinodes are located x= ~1570-1630 m and near shoreline at x= ~>1700 m. The difference of 

mode 1 patterns among the scenarios were also visible using bandpass filtered normalized water 

level variance showing similar patterns to mode 0 where the area behind the reefs, in general, had 

less variance compared to the northern and southern end of the lagoon (Figure 4-10g-l).  
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Figure 4-9. Estimated mode 0 (upper) and mode 1 (lower) phase differences at each location relative to 

the offshore end of the domain as each cross-shore location for each wave and water level scenario for the 

idealised model (Table 4-1). 

 

4.3.2 Model application to Gnarabup Beach (real bathymetry) 

The result of the idealised model showed the applied analysis technique was able to identify the 

IG dynamics within the domain. Hence, the knowledge obtained from the idealised model was 

applied to the case using the real bathymetry for Gnarabup Beach with more complex bottom 

profile variation (O(10 m)) than that of the idealised model. Similar to the idealised analysis, we 

investigated cross-shore phase lags at 4 cross-shore transects at north, reef, central, and south reef 

area (Figure 4-1a) to estimate the frequencies and bandwidth of the IG wave patterns at each mode. 

All aspects of analysis were the same with the exception that we did not calculate the f-ky spectrum 

due to the irregular bathymetry that precluded the ability to calculate the predicted edge wave 

dispersion curves. Given the lack of evidence of edge waves in the idealised case from the f-ky 

plot, we assumed the results were similar for the real bathymetry case.  
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Figure 4-10. Estimated mode 0 (upper), and mode 1 (lower) water level variance normalized by the 

maximum value within the domain for the idealised model for each wave and water level scenario (Table 

1). 

 

The reference points for the cross-shore phase analysis were set just onshore of reefs as 

seen in Figure 4-1a. As expected, due to the irregularity of the bathymetric profile, the cross-shore 

phase lags (Figure 4-11) showed more variations compared to the idealised model (Figure 4-6). 

The estimated bandwidth of mode 0 using the real bathymetry was similar to that of the idealised 

model, i.e., 0.0056-0.0077 Hz (130-180 s compared to 100-180s for the idealised model). 

However, the mode 1 frequencies of the real model seemed to be shifted lower than the mode 1 

frequencies of the idealised model, i.e., 0.0256-0.0285 Hz (35-39 s, versus 28-33 s for the idealised 

case). Evidence of IG energy at the natural frequencies was also noticeable by calculating the 

energy spectra near the shoreline (0.1 m depth) at each of the four transects. Apart from the transect 

onshore of the reef (A2), the spectra at all other transects showed peaks within the natural 

frequency range that was identified by the phase diagrams (Figure 4-12). While there were distinct 
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peaks at the natural frequencies, the majority of the energy was broadly distributed across 

frequencies indicating free waves. 

 

Figure 4-11. Phase lags along each cross-shore transect for the idealised model. The phase lag is calculated 

between the surface elevation at offshore end of the transect and all other points along the transect  at (a) 

A1-north, (b) A2-reef, (c) A3-central, and (d) A4-south (see Figure 4-1b for locations). Red transparent 

patches represent estimated natural frequencies with different modes (see the labels on the figure). Note 

that x-axis of every plot is different due to the variability of transect lengths. 

 

The spatial patterns of the phase lags across the entire lagoon (Figure 4-13) at modes 0 and 

1, for the range of wave and water level cases, were similar to the idealised case. The spatial 

patterns (Figure 4-13) showed some variations across the wave and water level scenarios but 

generally showed an anti-node at the shoreline and node at the offshore end for mode 0 (with this 

pattern was less clear onshore of the northern reef) (Figure 4-13a-f). For mode 1 (Figure 4-13g-l), 

similar to the idealised case, there were antinodes (180°) at the shoreline and in the middle of the 

lagoon as well as nodes at the offshore end and at x=~1550 m, with this pattern was less clear 

onshore of the reefs (y= ~1100 m and y=~1500m).  
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Figure 4-12. IG wave energy spectra near the shoreline at the end of (a) A1-north, (b) A2-reef, (c) A3-

central, and (d) A4-south (see Figure 4-1 for locations). 

 

The sensitivity of IG wave patterns at modes 0 and 1 to various offshore wave and water 

level conditions was compared in Figure 4-14, in which the band passed filtered water level 

(normalized by the maximum value in the domain) is shown. In general, the mode 0 patterns are 

comparable to those from the idealised simulations, with higher variance near the shoreline and 

lower variance on the offshore side (Figure 4-14a-f). Higher variance was also found near the 

offshore reefs, mainly during the low water level scenario (Figure 4-14d). The variations on peak 

wave directions in the model exhibited to influence the distribution of IG wave variance along the 

shore. For scenarios SC5 and SC6 with the maximum and minimum direction the mode 0 antinode 

structure as visible from the normalized variance is shifted north or south corresponding to the 

shift in the incoming wave direction (Figure 4-14e, f). The bandpass filtered normalized variance 

maps for mode 1 (Figure 4-13g-l), however, showed less clear patterns of compared to the idealised 

simulations (especially in the deeper northern portion of the lagoon). This is at least partially likely 

due to increased refraction over the highly variable bathymetry that would be more pronounced 

(in terms of spatial variability) for the higher frequency mode 1 waves. 
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Figure 4-13. Estimated mode 0 (upper) and mode 1 (lower) phase differences at each location relative to 

the offshore end of the domain as each cross-shore location for each wave and water level scenario for the 

real bathymetry model for each wave and water level scenario for the idealised model (Table 4-1). 

 

4.4 Discussion 

A phase resolving model SWASH was used to investigate IG wave spatial pattern in a pocket 

beach with offshore reefs at Gnarabup Beach, Western Australia. Previous studies at Gnarabup 

Beach have focused on shoreline observations (Chapter 2) and evaluation of the SWASH 

numerical model in such a complex environment (Chapter 3). Chapters 2 and 3 together reveal the 

role of the reefs in modulating the sea-swell energy in the lagoon and the protection they offer the 

shoreline. The dissipation of SS waves on the reefs results in release/generation of IG waves that 

were considerably more spatially uniform across the lagoon than the SS waves. This was possibly 

due to IG waves had low steepness (i.e., long wave length with low amplitude) that caused them 

to be less affected by variable bottom profiles within the lagoon, which was also found by Winter 
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et al. (2017) through observation of wave transformation over a rocky reef platform. In this study, 

we first used an idealised model to represent the large-scale bathymetric features of the site (i.e. 

the reefs and headlands) to understand the role of the bathymetry in shaping the IG dynamics in 

the lagoon. We then extended these methods and results from the idealised case to simulations 

with the real bathymetry, with both cases showing similar patterns of standing IG waves in cross 

shore. In neither case did we see strong evidence of considerable IG motions propagating in the 

alongshore direction.  

 

Figure 4-14. Estimated mode 0 (upper), and mode 1 (lower) water level variance normalized by the 

maximum value within the domain for the real bathymetry model for each wave and water level scenario 

(Table 4-1). 

 

The results showed that the lagoon features cross-shore standing IG waves at mode 0 and 

1. The spatial of the cross-shore IG wave oscillations (for both the idealised and the real models 

case) were relatively uniform under different wave and water level conditions (Figure 4-9, Figure 

4-10, Figure 4-13, Figure 4-14). Due to the limited size of the embayment, the IG frequencies 
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available to form standing patterns within the beach were limited (i.e. based on wave length), 

which was also found by Özkan-Haller et al. (2001). While the spatial patterns of the IG waves in 

the lagoon were less pronounced that for SS waves the areas behind the reefs did exhibit somewhat 

different spatial patterns compared to other areas, particularly for mode 0 (Figure 4-9, Figure 4-10, 

Figure 4-13, Figure 4-14). For the real bathymetry, the patterns of IG motions for mode 0 and 

mode 1 behind the northern and southern reefs were different (see Figure 4-13). At the northern 

reef, the antinodes of mode 0 were not as clear compared to behind the other parts of the lagoon 

(Figure 4-13a-f). The mode 1 pattern behind the north reefs also showed a cross-shore shift of the 

central anti-node onshore x ~1500 to 1550 m (Figure 4-13g-l). This was likely a result of the 

variability in depth between the northern and southern reefs, in which the northern reef is 

shallower.  

While the spatial pattern of the mode 0 IG oscillations could be identified from the variance 

of the band-pass filtered water level, mode 1 for both the idealised and real models was less clear 

showing unexpected high variance at offshore side and low variance at shallower depth. The 

estimated frequency for mode 1 was relatively high (28-33 s for idealised model and 35-39 s for 

real model) such that this band still was likely influenced by SS waves. For example, the cross-

shore pattern of the normalized variance for the band-pass filtered water level between 20 and 25 

s was very similar (not shown). The higher frequency of the mode 1 waves also likely subjects 

them to much more dissipation approaching the shoreline. Wave dissipation in the IG band has 

been examined in previous literature, with higher rates of dissipation found at higher frequencies 

(e.g., Guedes et al., 2013; Inch et al., 2017). As expected, this phenomenon was also found in our 

result. Cross shore IG wave dissipation rates calculated following Inch et al. (2017) at the middle 

of the lagoons (the central transects i.e., A3 and B3) showed the rate of dissipation was higher at 

higher frequencies for both models (Figure 4-15a and b). The IG wave dissipation of the idealised 

model (Figure 4-15a) exhibit higher dissipation closer to the shoreline (at 600-800 m) than that of 

the real bathymetry at 300-500 m (Figure 4-15b). This difference was potentially due to the 

location of wave breaking (van Dongeren et al., 2007), in which the wave breaking on idealised 

model was further onshore compared to the real model.  



 

82 

 

 

Figure 4-15. Cross shore IG wave dissipation rate (normalized with the maximum value at each 

frequency) of (a) idealised and (b) real model located at the middle of the model domain (A3 and B3, see 

Figure 4-1 for the description)  

 

The characteristics of IG waves near the shoreline has an important role in detemining 

wave runup(e.g., Fiedler et al., 2018). Previous research has identified the role of IG waves in 

runup (e.g., Fiedler et al., 2018; Lashley et al., 2019) and indicated that they play a key role in 

determining overwash that can transport sediment inland (Cheriton et al., 2016; Matias et al., 

2012). IG waves have also been reported to affect the generation of rip currents (e.g., Greenwood 

et al., 2011; Symonds and Ranasinghe, 2001), that in turn influence nearshore suspended sediment 

transport (Scott et al., 2014). At some reef environments, some of the IG wave energy may become 

trapped (based on the reef geometry) and induce resonance near the shoreline to cause larger runup 

heights (Ning et al., 2019; Nwogu and Demirbilek, 2010) that during extreme conditions can 

causesevere inundation. In this study there was no evidence of energy trapping and a considerable 

portion of the IG energy spectrum was also outside of bands identified as associated with modes 

0 and 1. Future research could be focused at linking the observed IG motions within the lagoon to 
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runup at the beach including identifying the contributions of the mode 0 and 1 signals to the total 

runup.  

 

4.5 Conclusion 

This study investigated the spatial patterns of infragravity waves at a reef-fringed pocket beach at 

Gnrabaup Beach in Western Australia using the SWASH phase resolving model. Initially with 

idealised bathymetry, we estimated the natural frequencies of the lagoon and identified cross-shore 

standing IG waves at mode 0 and 1. The methods and results from the idealised runs were then 

applied to the real bathymetry of Gnarabup Beach resulting in comparable cross-shore standing 

patterns. Due to the sites cross-shore extent, the IG wave patterns was limited to mode 0 and mode 

1 (i.e. the mode 1 frequencies were just within the IG band). The cross-shore standing pattern was 

also mostly consistent in both the idealised and real bathymetry cases across a range of wave and 

water level conditions. Our analysis did not reveal significant fluxes of IG energy in the alongshore 

direction despite the presence of headlands that should be highly reflective.  

This study also demonstrated the role of site geometry in defining the spatial patterns of IG 

motions. In this case the layout of the headlands and fringing reefs regulating the spatial patterns 

of IG motions. Similar to their impact on the dissipation of SS waves, the reefs also modify the 

patterns of IG standing waves that in turn may impact patterns of wave run-up.   
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5 Synthesis  

 

5.1 Summary  

The overall objective of this research was to provide an improved understanding of the nearshore 

hydrodynamics and the shoreline behaviour of a pocket beach fronted by fringing reefs. Until now, 

the underlying physical processes occurring at these types of beaches, which are common globally, 

have been poorly understood with limited scientific literature focusing on these nearshore systems. 

Moreover, this research aimed to evaluate a phase resolving numerical model at a reef-fringed 

pocket beach to assess the ability of this type of model to predict waves and currents at such a site 

with complex morphology. The understanding developed through this thesis will be useful for 

identifying the causes of beach changes at reef-fringed pocket beaches and similar environments, 

and will further improve prediction of wave and current patterns that are the primary drivers of 

coastal flooding and erosion.  

To investigate the relationship between shoreline variability and hydrodynamic forcing 

(Chapter 2), a series of field experiments was carried out at Gnarabup Beach, Western Australia 

(WA) using in-situ measurements and remote sensing (video) techniques. The field dataset was 

also used to develop a phase-resolving wave-current numerical model (SWASH) of the study area, 

which was validated with the extensive field observations (Chapter 3). The numerical model 

developed in Chapter 3 was then applied to investigate the infragravity wave dynamics and 

standing wave patterns at the site (Chapter 4). This chapter synthesises the overall findings, 

provides a general discussion and delivers recommendations for further research. 

 

5.2 General discussion  

This thesis highlights the importance of natural reef structures and their interactions with offshore 

hydrodynamic forcing to determine nearshore physical processes. Like many places in the world, 

beaches in Southwestern Australian exhibit a range of complex morphologies, with many rocky 

reefs and headlands intermixed with sandy beaches (Sanderson et al., 2000; Short, 2005). The 

regional offshore wave and tidal conditions are characterised by high wave energy at the sea-swell 

band arriving from the Southern Ocean throughout the year, exceeding 8 m in the winter, and with 

tide range less than 1 m ( micro-tidal) (e.g., Moritz et al., 2017; Pattiaratchi et al., 1997). Gnarabup 

Beach, the study site for this thesis, is located around 300 km south of Perth and has a highly 
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irregular geometry and complex bottom profiles that is representative of many beaches in the 

region that are influenced by rocky reefs. The beach consists of a 1.5 km beach that is bound by 

rocky headlands and is fronted by two main offshore rocky reefs. Despite the existence of 

headlands and rocky reefs, these features do not fully cover the beach forming semi-protected area 

(lagoon). As a consequence, both the field observations (Chapter 2) and numerical model (Chapter 

3) showed large wave dissipation on the reefs through breaking. Inside the lagoon, as the SS waves 

dissipated with heights less than 1 m, the IG waves and setup were also generated that strongly 

impacted the water level, reaching maximum height for both parameters of around 0.4 m near the 

shoreline (Chapter 2, 3 and 4).  

In Chapter 2 daily shoreline variability was quantified using video imagery (e.g., Holland 

et al., 1997) and a series of topographic beach surveys. These measurements of shoreline 

variability were linked to offshore waves and water level variations over a period of 20 months. 

Shoreline variations were not uniform along the beach, with different patterns in the beach changes 

behind the offshore reefs as a response of combined effect of offshore waves and non-tidal water 

level fluctuations. During large wave events (Hs0 more than 3.5 m), the beach experienced severe 

erosion up to 10 m from its previous position, which quickly recovered within days after the storm. 

The shoreline fluctuation patterns were influenced by longer (seasonal) water level variation linked 

to the strength of the Leuuwin Currents that drives seasonal and inter-annual water level variability 

along Western Australia (e.g., Feng et al., 2003). Moreover, the daily shoreline patterns suggested 

the contribution of strong sea breeze during summer that has also been identified along the coasts 

of Western Australia (e.g., Gallop et al., 2011a; Masselink and Pattiaratchi, 1998; Pattiaratchi et 

al., 1997; Segura et al., 2018b). The shoreline observations revealed, counter-intuitively, that in 

general the shoreline tended to erode more during storms (with Hs0 >3.5 m) coincident with low 

water levels (average of 0.21 m) than during high water levels. The measurements also showed 

shoreline accretion (up to 10 m, see Figure 2-7) that resulted from dune erosion during which dune 

sediments were eroded onto the beach, which may have been important in limiting the erosion of 

the shoreline during higher water level conditions (Figure 1-1). 

Similar to other pocket beaches (e.g., Castelle and Coco, 2012; Ranasinghe et al., 2004), 

at Gnarabup Beach, the shoreline often seasonally rotated. However, instead of rotating over the 

full length of the beach, the rotation occurred in ‘cells’ whose boundaries were determined by the 

locations of the offshore reefs. Variable beach rotation within alongshore segments of an 
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embayed/pocket beach was also reported for an embayed beach with complex headlands on the 

UK (Wiggins et al., 2019). The possible explanation for the rotation was the offshore fringing reefs 

at Gnarabup Beach where the reefs connect to the beach limit alongshore transport and result in 

partial sand trapping accounting for the rotation. While the shorelines also fluctuated rapidly (daily 

and weekly, e.g., during storm events), the data over 20 months indicated that the beach was 

relatively stable with no noticeable net erosion or accretion. This condition is common for pocket 

beaches where the beach geometry and headlands limit the net sediment transport.  

To further investigate the spatial dynamic of waves and currents at Gnarabup Beach during 

various conditions, a numerical model was applied. At reef environments with complex 

bathymetry, like the study site, IG waves make up a significant fraction of the total wave energy 

(e.g., Buckley et al., 2015; Gallop et al., 2011b; Péquignet et al., 2009; Thotagamuwage and 

Pattiaratchi, 2014). Hence, the use of phase resolving models that resolve the low-frequency 

(infragravity (IG), periods of 25-600 s) portion of the wave spectrum are required to capture the 

dynamics of low frequency motions within the study area (e.g., Drost et al., 2019; Van Dongeren 

et al., 2013). For this purpose, the suitability of a phase-resolving non hydrostatic wave-flow model 

SWASH (Zijlema et al., 2011) was assessed in Chapter 3.  

The numerical model SWASH demonstrated good skill in reproducing the nearshore sea-

swell (periods <25 s) and IG waves and setup at Gnarabup Beach (Willmott Skills (WS) of more 

than 0.6 at most sites), but showed less accuracy in predicting the mean wave-driven currents in 

some areas with Willmott Skills ranging from 0.29-0.66 and 0.14-0.78 for the respective current 

magnitudes and directions. While SWASH was originally developed for sandy beaches with mild-

slopes (e.g., Rijnsdorp et al., 2015), our result showed the model was able to simulate important 

processes within the model domain. SWASH accurately predicted (WS≥0.6) the wave 

transformations, including the SS wave dissipation (shoaling and breaking) and an increase of the 

IG wave heights near the offshore reefs, and spatial patterns of wave setup. Moreover, SWASH in 

general, was able to reproduce the overall patterns of nearshore circulation where the lagoon had 

weaker flows and the channels had stronger outflow. 

The accuracy of the modelled parameters was mostly influenced by the (uniform) bottom 

friction coefficient used in the model. Large bottom friction reduced the modelled SS and IG 

waves, currents as well as the setup at shallow water depths (lagoon). Simulations using a range 

of bottom friction coefficients (cf of 0.01 to 0.3) were conducted with the best agreement found 
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with the observations (across SS and IG waves, setup, and currents) with a cf value of 0.05 which 

is within the range of other research in reef environments (e.g.,  Lowe et al., 2008; Pequignet, 

2012; Rosman and Hench, 2011; Van Dongeren et al., 2013). Limited simulations using a spatially 

variable cf value to incorporate differences in roughness due to the different bottom types at the 

site (reef, sand, aquatic vegetation) produced worse results than a spatially uniform value. Similar 

to other SWASH studies (e.g., Gomes et al., 2016), the performance of the model was also 

determined by the quality of bathymetry data across the domain. The modelled parameters at areas 

with more accurate bathymetry (i.e., areas with multi-beam survey data) were found to be more 

accurately predicted than those with sparse bathymetry (i.e. from single-beam sounding or depths 

estimated from aerial imagery). 

 Using the model, we could identify the spatial patterns of offshore SS wave energy, and 

how this relates to IG waves, wave setup and mean flows within the lagoon. Wave dissipation on 

the offshore reefs, resulted in the generation of wave setup that reached a maximum on the reefs. 

The water level (setup) over the reefs resulted in a pressure gradient due to the lower water level 

on the deeper area nearby the reefs (e.g., the channels). As a result, strong shoreward flows water 

into the lagoon and channels. These findings are consistent with other studies on coral reefs (e.g., 

Buckley et al., 2016; Gourlay, 1996; Vetter et al., 2010). The majority of mean currents were 

moderately predicted by the model at most of sensor locations. The nearshore currents diverged 

behind the offshore reefs, whereas the flow at the headlands was onshore driving alongshore 

currents that converged and flowed back seaward trough the channels (Chapter 3).  

The dissipation of the offshore waves by the reefs was also followed by the generation of 

IG waves that was shown to dominate the energy at parts of the lagoon that were protected by the 

offshore reefs. This phenomenon was also found in other beaches within Western Australia region 

(e.g., Pomeroy et al., 2012; Segura et al., 2018a; Winter et al., 2017). Similar to the SS waves, the 

IG wave heights were influenced by the offshore waves. Our analysis (observations and models, 

Chapter 2 and 3) showed the IG wave heights were typically less than 0.5 m, yet near the reefs 

where there were no field measurements, the model results indicated these heights could locally 

be higher.  

Beaches within semi-enclosed basins often have natural forcing frequencies, and when the 

frequencies of the SS or IG waves match those of the basin (or are an integer multiple), standing 

and resonant motions can be excited in both the cross and alongshore directions (Rabinovich, 
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2009). Chapter 4 investigated the patterns of IG motions across the study area using the validated 

model from Chapter 3. Due to the highly irregular bathymetry, an initial model using idealised 

bathymetry representing Gnarabup Beach was carried out, in which the analysis techniques and 

results were then applied to the real bathymetry. To estimate the natural frequencies of standing 

waves within the lagoon for different modes, a phase lag analysis was adopted from Winter et al. 

(2017) rather than using analytical expressions which cannot account for the irregular shape of the 

lagoon and reefs. The results of the phase lag analysis suggested only mode 0 to mode 1 cross-

shore standing wave motions were present due to the geometry of the reefs and lagoon. Calculation 

of the alongshore frequency wave number (f-ky) spectra and alongshore energy fluxes indicated 

little evidence of edge waves or alongshore IG motions.  

The presence of fringing reefs, other than dissipating SS waves, influenced the spatial 

patterns of the IG waves and standing waves compared to areas not behind the reefs (Chapter 4) 

which was also identified by Thotagamuwage and Pattiaratchi (2014) at a reef beach in Western 

Australia. The (anti) nodes of mode 0 and 1 behind the fringing reefs were found to shift resulting 

in less clear standing patterns. Also, the offshore reefs seemed to obstruct the generation of 

alongshore standing IG waves by refracting some of the incoming IG energy. 

 

5.3 Research implications  

This thesis provides new insight into the behaviour of shorelines and hydrodynamics within 

a complex beach environment influenced by rocky reefs. Prior to this study, the knowledge on the 

interaction between hydrodynamics and shorelines at reef-fringed pocket beaches has been limited. 

The limited existing studies have also relied on shorter, less intensive, periods of data collection 

compared to the present work (e.g., Jeanson et al., 2013; Norcross et al., 2002). Through intensive 

observation of approximately 20 months, the research provides valuable knowledge on the impact 

of rocky reefs and headlands on wave energy dissipation and the resulting beach morphological 

evolution behind the reefs. The observation specifically reveals the contribution of Western 

Australia regional forcing, including the seasonal variability in waves and water levels and the sea 

breeze cycle, to the shoreline variations at Gnarabup Beach. Given the same oceanographic and 

atmospheric conditions are experienced over much of Southwestern Australia it is expected our 

results are relevant to many beaches including those with similar morphology and conditions 

globally. Moreover, the phase-resolved numerical model provided a detailed view of the wave and 
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current dynamics at the site. Using the model, the vulnerability of the beach due to nearshore waves 

and currents could be further identified. Hence, the findings in this research could be used as 

valuable information for coastal engineers and policymakers to develop coastal management 

strategies and to quantify flooding and erosion risk for reef-fringed beaches, in Western Australia 

and beyond.  

This thesis demonstrates the effectiveness of video observation as a relatively low cost and 

reliable tool for continuous shoreline monitoring. While providing only a 2-dimenisonal view of 

the beach the ability to get shoreline observations several times per day makes it a powerful tool 

compared to more labour and /or cost intensive techniques (e.g., DGPS topographic surveys). 

Using an algorithm that combines shoreline detection approaches, based on the lighting and 

sand/water colour at Gnarabup Beach, the method produced excellent results which are likely 

applicable to other Western Australian beaches.  

This thesis also demonstrated the ability of a phase resolving model, SWASH, to simulate 

wave and current dynamics of a reef-fringed pocket beach (Chapter 3 and 4). Phase averaged 

models are more common among coastal numerical models, due to their computational efficiency, 

yet their application in areas with a considerable fraction of IG energy is inappropriate. In contrast, 

phase resolving models resolve the necessary physics, including accounting for nonlinear energy 

transfers and IG waves, but this comes at a considerable cost of increased computational time. 

However, it was demonstrated here that phase-resolving model SWASH could be successfully 

applied at a site with complex bathymetry and significant SS and IG energy. This provides 

confidence that such a model can be applied to other areas with reefs or other complex features.  

 

5.4 Recommendations for future research  

This study provided new knowledge on the hydrodynamic and beach processes at a reef-fringed 

pocket beach. However, there remain a number of knowledge gaps around the prediction of 

nearshore circulation and beach evolution based on this thesis. It is recommended that future 

research focus on the following areas: 
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Optimising hydrodynamic models for predicting mean currents at complex beach 

environments  

In Chapter 3, the SWASH model showed good skill at predicting SS and IG waves and setup across 

the study area. However, the mean currents (magnitudes and directions) were less accurately 

predicted. Future research could focus on improving the accuracy of current prediction without 

sacrificing the quality of other parameters. In this study, similar to previous results, the currents 

were sensitive to the input bathymetry such that when applying such a model at a complex site 

care needs to be taken to ensure the resolution of the bathymetry matches the resolution of the 

model. Furthermore, to optimise the numerical simulations, rather than a rectilinear grid of 

constant resolution across the domain, variable resolution or a curvilinear grid could be used. The 

grid could be made coarser in the offshore areas to save computation time and finer at the channels 

and lagoon to capture more detailed bottom profile information. Another possible way to improve 

the result of currents is by fine-tuning the bottom friction. An attempt was carried out to improve 

the predicted currents by applying various spatially-variable bottom friction coefficients estimated 

from aerial images. For the range of bottom friction values considered in Chapter 3 the results 

were worse than using a spatially uniform bottom friction value. Better results could possibly be 

obtained using different ranges of bottom friction values matched to a more detailed survey of the 

sea floor bottom types.  

 

Swash and runup dynamics with complex beach morphology  

The existence of IG waves near the shoreline has an important role in determining wave runup and 

swash dynamics. At reef environments, the reef geometry can sometimes enhance IG wave 

motions (Buckley et al., 2018). Large runup can cause erosion of beaches and flooding, and at 

Gnarabup Beach in our study, large runup during storms was observed to erode the upper beach 

and dunes. The video cameras described in Chapter 2 recorded 10 minutes of video at 2 Hz each 

hour during daylight. Here the video was averaged to produce a times image indicating the average 

shoreline position. However, if the shoreline were to be extracted from each frame a runup time 

series could be produced and linked to the wave and water level conditions. These data could be 

useful to further studies of swash dynamics and their contribution to shoreline variability.  
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Morphodynamic modelling of a fringed reef pocket beach  

Understanding sediment transport process is an important step to assess and optimise measures to 

reduce erosion problems at beaches. At Gnarabup Beach, our study examined the correlation 

between nearshore hydrodynamics and waves, and the change in shoreline position and beach 

volumes (Chapter 2). However, the underlying sediment transport processes were still not fully 

explored. In order to study sediment transport at a complex beach like Gnarabup Beach, further 

research should include morphodynamics models that incorporate IG waves  (which are important 

at the study site) to simulate beach evolution. To date, there are some morphodynamics models 

have mostly been applied to phase-averaged wave and flow models (e.g. Delft3D) but new research 

including sediment transport formulation within phase-resolving models like SWASH is needed 

especially to understand the sediment dynamics at sites where IG waves are important like 

Gnarabup Beach. 
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A.  The selection of grid cell size for the SWASH model 

To determine the grid cell size for this study, we conducted a series of sensitivity analyses to find 

the largest grid cell size that produced suitable results. Given the relatively large (for a phase 

resolving model) size of the domain (1.8 km by 3 km domain), determining the coarsest possible 

grid size will also minimize the computational time required for each run. A series of models was 

first run in 1D using various grid size of 1 to 5 m to identify the suitable cross-shore grid size. This 

was done by comparing the resulting wave height and mean cross-shore (u) currents of the coarser 

grid resolution to the result from the 1 m grid as the reference. The cross-shore profile used in the 

1D models is from the southern reef (red line in Figure 3-1a). Each simulation was run for 30 

minutes (excluding the spin-up time of 15 minutes) with two equidistant vertical layers and a single 

wave condition of Hs of 3.14 m and Tp of 13.4 with JONSWAP spectrum that corresponded to 

the average wave height during the observation period. The RMSE of modelled significant wave 

height (Figure A-1a) and cross-shore velocity (Figure A-1c) parameters between 1m grid size and 

coarser grids showed the difference between SWASH output with 2 m and that of 3 m was not 

significant. i.e., less than 1 cm and 1cm/s for Hs and cross-shore currents respectively, yet the error 

considerably increased when we used grid size ≥ 4m. Hence, we considered cross-shore grid 

resolution of 2 or 3 meters to be suitable for the study. 

The optimal alongshore grid size was determined by comparing modelled Hs and velocity 

components in 2D to a reference grid of 1x1 m. For this purpose, we carried out 7 simulations with 

similar model setting to that of the 1D model in different sizes (cross-shore size of 1-3 m and 

longshore size of 2-4 m, see Figure A-1d) and compare the result among them. The result showed 

for all the 2D grids, the errors between the tested grids and the reference of 1x1m for Hs and 

currents (magnitude) parameters were not higher than ~0.05 m and ~0.04 m/s respectively (Figure 

A-1b, d). We also identified grid sizes with a larger ratio between the cross- and alongshore 

dimension (i.e., 1x3 and 2x4 m) had larger errors. Despite relatively small differences among the 

tested 2D grid resolutions, there was a large difference among the simulation time needed to finish 

the simulations as shown in Figure A-2. 

The simulation with a grid size of 3x4 m had the lightest computation need of 137.28 core-

hour for 90 minutes simulation (i.e., 1 hour simulation and 30 minutes spin-up), 3.5 times faster 

than the 2x3 m grid which we considered to be the best result. Considering the small difference of 

output error (with the desired accuracy), and the computational time among tested grid resolutions, 
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we concluded the size of 3 m (cross-shore) x 4 m (alongshore) would be the optimum grid for the 

2D simulation and used in this study. 

 

Figure A-1. RMSE in wave height (a, b) and cross-shore velocity magnitude (c, d) of a range of grid cell 

sizes relative to the reference case with 1 m resolution. The left panels (a, c) are for the 1D case and right 

(b, d) for the 2D case. 

 

Figure A-2. Normalized (to the coarsest grid 3x4 m) computational cost   
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B. The selection of output frequency for the SWASH model 

To capture IG motions over the largest range of frequencies, longer simulations were needed than 

would be required if the focus was on SS waves. As such, each simulation was run over 2 hours 

(after spin up). In addition to the simulation length, the writing of model output is a key factor that 

can impact simulation time and the size of output files. Initial testing revealed for a one-hour 

simulation with a grid cell of 3x4 m, required around 20 hours to complete (including spin-up 

time) using Magnus at the Pawsey supercomputing centre (see details in Chapter 3). Hence, to 

accommodate longer simulation, we reduced the frequency of output across the entire domain 

which was set at 2Hz. To maintain the output accuracy within the IG band (25-600 s), the reduced 

output frequency must have similar ‘quality’ to that of the original output frequency. 

To assess the impact of the output time step on the IG wave spectra we ran a 1 hour 

simulation with the default scenario SC1 (Table 4-1) and examined a range of output variables at 

different intervals to find the largest output time step that maintained the same results as higher 

output intervals. We conducted this analysis at two points located offshore and inside the lagoon 

(see red dots in Figure 4-1) with output increments of 1s (1Hz), 2 s (0.5Hz), 3 s (0.33Hz), 4 s (0.25 

Hz) and 5 s (0.2 Hz). From the time series water levels, we calculated the bulk wave parameters 

(total wave height, SS and IG waves) and examined the shape of spectra at IG bands, and compared 

them to that of a reference simulation with 2 Hz output as presented in Figure B-1 to Figure B-4. 

The result showed the IG wave heights and the IG spectrum at the 2 analysed points were similar 

for an output time step of 1 and 2 s. Therefore, is the output was set to 2 s (0.5 Hz). This resulted 

in a 2 hr simulation (including spin up) taking around 8 hours on Magnus at the Pawsey 

Supercomputing Centre. 
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Figure B-1. Offshore (a) total significant wave height, (b) SS wave height, and (c) IG wave height versus 

output time step in seconds. See location of sampling in Figure 4-1 

 

Figure B-2. Offshore IG spectra from various output frequencies. See location of sampling in Figure 4-1. 
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Figure B-3. Lagoon (a) total significant wave height, (b) SS wave height, and (c) IG wave height versus 

output time step in seconds. See the location of sampling in Figure 4-1 

 

Figure B-4. Lagoon IG spectra from various output frequencies. See the location of sampling in Figure 4-1. 
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