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Abstract

At beaches fronted by offshore and nearshore reefs the morphodynamics and governing phy-

sical drivers can strongly differ to those observed at beaches without reefs, due to how these

structures modify nearshore waves and currents. Despite representing a substantial percen-

tage of the world’s coastline, including in Australia, the behaviour of reef-fronted beaches have

been much less studied than open coast sandy beaches and thus questions remain about the

real impact that reefs exert on the morphological responses of reef coastlines. This thesis is

focused on quantifying the impact that offshore and nearshore reefs have on the short-term and

long-term morphodynamic processes that shape beaches in their lee. To achieve this, two con-

trasting beaches in southwestern Western Australia were selected: Secret Harbour, a low-energy

beach partly sheltered from ocean swell by distant reefs located ∼5 km offshore; and Garden

Island which contains nearshore and shore-attached reefs. At Secret Harbour, attenuation of

swell wave energy by offshore reefs causes the beach morphology to be more sensitive to waves

locally-generated by storms and sea-breeze cycles. Thus, the shoreline variability demonstrates

temporal variability driven by storms and recovery periods during autumn-winter and daily

cycles driven by sea-breeze events in summer. During recovery periods, the beach exhibited the

formation and alongshore migration of megacusps that controlled the short-term response. At

Garden Island, the influence of reefs on the dynamics of nearshore waves, currents and sediment

transport generated an alongshore–variable beach response with the largest erosion/accretion

changes located in the regions where the reefs attach to the shoreline. The responses of these

regions were out-of-phase with the response of adjacent areas lacking reefs suggesting that along-

shore currents and sediment transport were dominant. The seasonal beach response at Garden

Island was driven by the seasonal variation in swell energy and by the seasonal and inter-annual

variation in the sub-tidal water level which reflects the dependency of the nearshore hydrody-

namics and sediment transport on the wave energy and water level within reef systems. These

results clearly show that beaches fronted by offshore and nearshore reefs can exhibit complex

and different morphodynamics, compared to exposed sandy beaches.
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Chapter 1

Introduction

1.1 Beach morphodynamics and physical drivers

It is well known to anyone who has visited a beach prior, during, and after a large storm how

rapidly beach morphology can change. In many cases beach elevations can change by a meter

or more in a matter of a few hours during a large storm, with beach recovery then taking

place over longer periods (days or months). In general, the morphology of beaches constantly

changes in response to variable oceanic conditions, but the specific response also depends on

the local sediment properties and geological framework. Coasts composed of finer sediments

tend to feature mildly-sloping beaches with wide surf zones, and for this reason these beaches

are often referred to as ‘dissipative’ (Wright and Short, 1984). Conversely, beaches composed

of relatively coarser sediment tend to exhibit ‘reflective’ morphologies, characterised by steeper

beach faces and narrow surf zones (Wright and Short, 1984). Reflective and dissipative are just

two types of beaches among a spectrum of possible morphologies that can exist. Other more

complex states can feature alongshore uniform or variable sand bars (sand accumulation in the

surf zone) and alongshore oscillations at the shoreline (Wright and Short, 1984, Lippman and

Holman, 1990) (Fig. 1.1).

The natural evolution of beaches through different morphological states, through what is re-

ferred to as beach morphodynamics, can be driven by different hydrodynamic processes resulting

from the incident wave conditions (periods ∼4-20 s, heights ∼1-5 m) and how they transform as

they approach shallow waters. Among these processes are infragravity waves (periods ∼30-300

s, heights ∼10 cm) which can dominate the wave field during storms (Holman, 1981) and thus
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Figure 1.1: Beach states. Examples of beach morphological states at Secret Harbour beach in
southwestern Australia. a) September 2013, the beach displays an alongshore uniform sandbar (lo-
cated where the waves are breaking). b October 2013, alongshore oscillations (megacusps) at the
shoreline of length ∼ 170 m.(c) November 2013, the beach exhibits alongshore oscillations of smaller
length length (∼ 30 m) known as beach cusps.

play a significant role in controlling the sediment transport during such events (Aagaard and

Greenwood, 1995, 2008).

Additionally, the striking similarity between the alongshore wavelengths of some infragravity

waves and that of beach cusps (oscillations at the shoreline) have motivated the idea that

these features can be created from standing infragravity wave motion (Guza and Inman, 1975,

Aagaard, 1985). An alternative and more widely-accepted model known as self-organization

model ascribes beach cusp formation as a result of chaotic feedback between small perturbations

in the morphology and water motions (Werner and Fink, 1993, Coco et al., 2003). This approach

has been also utilized to explain the origin of larger undulations in the shoreline known as

megacusps (Fig. 1.1) that can have wavelengths of several kilometres and amplitudes of tens

of meters thus largely impacting the shoreline variability (Coco and Murray, 2007, Falqués and

Ribas, 2017). However, neither of these theories has conclusively been linked to the formation

of beach cusps or other rhythmic features in the shoreline, and likely their importance also

varies on a case-by-case basis.
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Nearshore circulation in the form of rip currents, alongshore flows and undertow are also ge-

nerated from the transformation and dissipation of incident waves in the surf-zone. As waves

enter shallow waters, differences in the excess of momentum flux (or radiations stress) carried

by the waves arise which in turn can cause gradients in the sea surface elevation (wave setup

and setdown) (Longuet-Higgins and Stewart, 1964, Bowen et al., 1968). These surface gra-

dients can ultimately drive depth-averaged flows from higher to lower elevations generating

nearshore currents. For instance, alongshore gradients in wave setup can promote the forma-

tion of rip current cells consisting of onshore directed flows that converge and escape offshore

trough the regions of lower sea surface which form the rip currents (Haller et al., 1997, MacMa-

han et al., 2005). Rip currents can reach velocities of more than 1 m s−1 and thus can largely

contribute in the offshore transport of water and sediments generating changes in the beach

morphology (Brander and Short, 2000, Bruneau et al., 2009). Features such as megacusps have

been proposed to be the result of shoreline erosion by rip currents which creates the megacusp

embayments separated by lengths approximately matching the rip currents spacing (Thornton

et al., 2007, Orzech et al., 2011, Castelle et al., 2015). Another type of circulation are along-

shore currents which can be the result of alongshore radiation stress gradients generated due

to oblique waves approaching a coastline (Longuet-Higgins, 1970). Alongshore currents can be

very strong (∼ 1 m s−1) and also drive morphological changes in the nearshore (Pattiaratchi

et al., 1997, Galal and Takewaka, 2008). It has been suggested that alongshore circulation

promote transitions in beach morphology from alongshore-variable to uniform sandbars (Price

and Ruessink, 2011, Contardo and Symonds, 2015) and also contribute in the alongshore mi-

gration of megacusps (Galal and Takewaka, 2008) and rip channels (Ranasinghe et al., 2000,

Orzech et al., 2010). Along with rip currents and alongshore flows, cross-shore transport by

undertows can also shape the nearshore morphology. This seaward current occurs near the

seabed and compensates the onshore-directed mass flux transported by the waves in the surf-

zone (Svendsen, 1984, Faria et al., 2000). During storms, large breaking waves drive strong

undertow currents that carry sediment seaward resulting in beach erosion and the formation

and offshore migration of sandbars (Thornton et al., 1996, Gallagher et al., 1998). In contrast,

small waves can foster onshore sandbar migration and beach accretion, a phenomena that has

been suggested to result from onshore skewed acceleration patterns of waves entering shallow

waters (Elgar et al., 2001).

Overall, beach morphodynamics at any given time can be the result of different physical pro-

cesses acting at different spatial and temporal scales. Identifying which processes generate a

particular change in morphology has been a challenge due to the complex and often non-linearly
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interacting hydrodynamic processes in the nearshore, as well as the continuous feedback be-

tween these hydrodynamics and the morphology. Although several explanations have been

proposed, more research is required to further clarify which physical mechanisms dominate the

morphodynamics and their temporal and spatial scales, including for coastal systems across a

wide range of environments and wave climate regimes. By expanding our knowledge in coastal

processes, a better management and preservation of the natural sediment fluxes of beaches can

be achieved in order to avoid situations of coastal erosion or over-sedimentation. Additionally,

improved understanding of beach processes can help to predict the coastal behaviour due to

higher sea levels that will occur as a result of climate change (Church et al., 2004).

1.2 Seasonal and short-term response:

high-energy vs low-energy beaches

The physical processes driving beach morphodynamics can occur over different periods of time

ranging from hours to years, with the resulting beach response likewise reflecting these temporal

scales. For instance, at high energy beaches (e.g. with annual mean wave heights > 2 m) the

seasonal decrease and increase in wave energy has been traditionally ascribed to produce a

seasonal cycle in the beach response characterized by wider reflective beaches during summer

while winter conditions feature narrow dissipative beaches with offshore sandbars (Aubrey,

1979, Wright and Short, 1984, Quartel et al., 2008). At beaches with geological or artificial

boundaries such as groynes and headlands, seasonal reversing in the direction of alongshore

currents have been linked to drive a response known as beach rotation which consist of a

cycle of erosion at one end accompanied by accretion at the other end that reverses seasonally

(Muñoz-Pérez and Medina, 2010, Miller and Dean, 2007b, Loureiro et al., 2012). Shorter time-

scales (∼hours, ∼days) cycles can occur due to storm events and consecutive recovery periods of

low swell but are generally smaller relative to the seasonal cycles (Yates et al., 2009, Hansen and

Barnard, 2010). During recovery periods, high-energy beaches usually recover by undergoing

a progression from dissipative states with alongshore uniform sandbars and shorelines to more

intermediate states featuring rhythmic sandbars, rip currents and megacusps (Wright and Short,

1984, Ranasinghe et al., 2004b). The formation of megacusps can dominate the short-term

beach response by generating shoreline changes of up to tens of meters over a few days during

their formation (Thornton et al., 2007, Orzech et al., 2011, Birrien et al., 2013) and also during

their alongshore migration (Galal and Takewaka, 2008).
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The dominant processes driving the morphodynamics can be very different at low-energy

beaches (e.g. with annual wave height < 1 m) that tend to occur in sheltered and/or fetch-

limited environments such as within bays, estuaries and in the lee of offshore islands or reefs

(Hegge et al., 1996, Jackson et al., 2002, Sanderson et al., 2000, Goodfellow and Stephenson,

2005, Freire et al., 2009). Due to the natural sheltering, these sites receive less energy from in-

coming waves and hence their morphological response can be more sensitive to locally-generated

waves such as those produced during sea-breezes and local storms rather than to seasonal va-

riations in swell wave energy (Nordstrom, 1980, Jackson, 1995, Pattiaratchi et al., 1997). It has

been observed that during strong sea-breeze cycles, a daily morphological cycle is generated

consisting in significant beach erosion during the sea breezes and a fast accretion afterwards

(Pattiaratchi et al., 1997, Masselink and Pattiaratchi, 1998b). Similarly, episodic storms can

also generate large erosive changes, followed by a much slower recovery of the beach which has

been ascribed to the absence of low swell waves contributing to beach accretion (Nordstrom,

1980, Nordstrom and Jackson, 2012). Thus, the level of exposure to swell may determine if

the beach response is dominated by cycles of storm erosion and recovery instead of by seasonal

cycles as typically observed at some high-energy beaches (Nordstrom, 1980, Nordstrom and

Jackson, 2012). However, due to the few long-term observations collected at low energy sites it

is still not clear what are the contributions of local storms events and sea-breeze cycles to the

beach response and over which temporal and spatial scales they dominate. Additionally, al-

though rip currents and megacusps can control the short-term response at high-energy beaches,

their effect at low-energy beaches has not been quantified despite evidence that they can form

at these environments (Aagaard, 1988, Goodfellow and Stephenson, 2005).

1.3 The role of geological framework in beach

morphodynamics: offshore and nearshore reefs

Beach morphodynamics over short- and long-term periods can be strongly influenced by the

surrounding geological framework especially the presence of submerged rocky reefs or coral

reefs. These natural reef structures display a wide range of morphologies, ranging from offshore

atolls and barrier reef systems (located 1 – 100 km offshore) to fringing reefs either attached to

the shoreline or separated by a shallow lagoon (located 10 m – 1 km offshore) (Kennedy and

Woodroffe, 2002, Davis and Fitzgerald, 2004). Reefs can strongly dissipate the incoming wave

energy by both depth-limited breaking and bottom friction due to their large roughness which
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can often lead to wave reductions of 80% or greater (Lugo-Fernández et al., 1998, Brander et al.,

2004, Lowe et al., 2005, Ferrario et al., 2014). This attenuation in wave energy can lead to the

formation of low-energy environments at the lee of offshore barrier reefs (Hegge et al., 1996,

Sanderson et al., 2000) resulting in beaches more sensitive to locally – generated waves rather

than to remote swell waves as discussed in the last section. During the dissipation of incident

waves over reefs the normal component of the energy dissipation is primarily transferred into an

increase in the sea level (wave setup) (Tait, 1972, Gerritsen, 1980, Gourlay, 1994). Spatial gra-

dients in wave set up cause presure gradients that can drive cross-shore flows over the reefs that

strongly affect the circulation dynamics and sediment transport within the reef environment

(Tait, 1972, Symonds et al., 1995, Gourlay, 1996, Storlazzi et al., 2004, Taebi et al., 2011), effects

that can in turn impact the morphological behaviour of beaches fringed by reefs. Comparisons

between profiles at reef-fringed beaches and beaches without reefs have shown that their mor-

phological behaviour can be very different even under the same wave conditions (Muñoz-Pérez

and Medina, 2010, Gallop et al., 2011) and also that the equilibrium beach profiles can vary

between beaches with and without reefs (?Bernabeu-Tello et al., 2002). Additionally, obser-

vations of reef-fringed beaches in Hawaii (Norcross et al., 2002, Eversole and Fletcher, 2003),

the Caribbean (Alegŕıa-Arzaburú et al., 2013) and at southwestern Australia (Gallop et al.,

2013, 2015) have suggested that at these sites the beach response can be primarily controlled

by alongshore sediment transport that generates simultaneous zones of erosion and accretion,

a phenomenon rather different from the typical cross-shore exchange observed in sandy high-

energetic beaches without reefs. However, despite these observations, it is still largely unknown

exactly how submerged reef structures modify nearshore sediment transport processes, and to

what extent they change the morphodynamics of beaches in their lee. Additionally, although

studies have ascribed the seasonal variation in swell wave energy as the main process driven the

seasonal response at reef-fringed beaches (Norcross et al., 2002, Alegŕıa-Arzaburú et al., 2013),

there are other processes that can also contribute such as seasonal variations in water level. Due

to the dependence of wave dissipation on total water depth, water level variations can strongly

impact wave heights and setup over reefs and the resulting nearshore currents. In most cases,

this dependency on water level has been observed during different tidal stages with high-tide

conditions promoting larger wave heights and onshore currents (Brander et al., 2004, Storlazzi

et al., 2004) and smaller wave setups over reefs (Lugo-Fernández et al., 1998, Taebi et al., 2011,

Becker et al., 2014). The alongshore sediment transport at shorelines fringed by reefs seem to

increase with higher water levels according to numerical simulations (Alegŕıa-Arzaburú et al.,

2013, Grady et al., 2013) but not have been rigurously assessed with field observations. Despite

of these studies, it is unclear how variability of the nearshore hydrodynamics induced by water
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level can influence the morphological response of beaches in the lee of reefs especially if there

are significant sustained sea-level changes (days-weeks vs hours such in the case of tides) that

permit the beach to develop a response. As significant changes in water level over fringing reefs

are projected to occur due to sea-level rise driven by climate change, it is important to under-

stand the effect of variations in water level changes in the morphological response of reef-fringed

beaches in order to better prepare these environment for future coastal hazards. The majority

of the existing knowledge on beach morphodynamics has been obtained from observations of

open-coast sandy beaches directly exposed to offshore waves. This knowledge, however, cannot

be directly applied to low-energy beaches or reef-fringed beaches since at these environments

the dominant processes driving the morphological response can be very different due to the

presence of the reefs. Although there is no a precise estimation of the amount of the global

coastline that can be classified as low-energy or reef-protected, it is substantial. For example,

approximately 75% of the world’s coastline is rocky (Davis and Fitzgerald, 2004), which may

include rocky reefs and islands sheltering the coast. It is therefore important to expand our

knowledge in coastal processes occurring in beaches within low-energy environments and/or

with reefs.

1.4 Assesing morphodynamic responses of reef-fronted

beaches along southwestern Australia

The southwest coast of Western Australia (WA) provides an excellent case study to investigate

the morphodynamics of low-energy and reef-fringed beaches under different physical processes,

including storm – recovery cycles, sea-breeze events and seasonal variations in wave energy and

offshore sub-tidal water levels. Along portions of the southwestern WA coast (Fig. 1.2), a large

number of low-energy beaches exist due to the sheltering of islands and extensive chains of

offshore limestone reefs (Hegge et al., 1996, Sanderson et al., 2000). These features dissipate

up to 40% of the incoming swell wave energy (Masselink and Pattiaratchi, 2001b) creating

numerous low-energy beaches in their lee (Hegge et al., 1996). In southwestern WA, the wave

climate exhibits a seasonal variation characterized by swell waves coming from the Southern

Ocean with seasonally varying wave heigths as well as waves generated locally during winter

storms (Lemm et al., 1999). Additionally, in summer the coast experiences strong sea breezes

(wind speeds >∼ 10 m s−1) coming from the south-southwest and thus roughly parallel to the

coastline (Masselink and Pattiaratchi, 2001a). During the onset of the sea breeze (during late-
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Figure 1.2: Study sites. Map showing a portion of the southwest coast of Western Australia (WA)
and the two study sites that were chosen in this thesis to analyse beach morphodynamics. The study
site 1 is located at Secret Harbour beach and consists of a ∼300 m beach stretch which is partly
sheltered from ocean swell by reefs located at ∼5 km (not shown). The study site 2 is located at the
western coast of Garden Island and consists of 1.2 km stretch of beach which is not sheltered from the
ocean swell as study site 1. This beach exhibits shore-attached reefs and others reefs located ∼100 –
200 m offshore.
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morning to early-afternoon) the wave climate is modified by increasing short-period wind sea

energy and by a veering of the peak wave direction to a more southerly direction (Masselink and

Pattiaratchi, 2001a, Gunson and Symonds, 2014). These rapid changes in the wave conditions

can result in strong alongshore currents (up to 1 m s−1), due to both the increase in wave

energy and angle of incidence (Clarke and Eliot, 1983, Pattiaratchi et al., 1997).

Although there have been some studies analysing the shoreline variability along southwestern

WA over short-term events such as sea breeze cycles and storms (Eliot and Clark, 1986, Pa-

ttiaratchi et al., 1997, Masselink and Pattiaratchi, 1998b, Gallop et al., 2011) and over longer

periods such as seasonal cycles (Masselink and Pattiaratchi, 1998a), studies that investigate the

relative influence of these processes are still missing. Additionally, although nearshore rocky

reefs are prevalent features throughout the region (Short, 2005), there have been very few stu-

dies analysing the effect of reefs in the short-term and long-term beach response (Gallop et al.,

2011, 2013, 2015).

Along the coast of WA, there is a strong seasonal cycle of the sub-tidal water level with the

amplitude of the variations reaching up to 0.2 m in some years (Pariwono et al., 1986). This

seasonal variation has been linked primarily to seasonal changes in the strength of the Leeuwin

Current, a warm water eastern boundary current that flows south along the coast of WA

(Godfrey and Ridgway, 1985). The geostrophic transport of the Leeuwin Current increases

from March to June, generating higher sea surface heights in the coastal region of WA, which

decreases from August as the current transport diminishes (Smith et al., 1991, Feng et al.,

2003). In addition to the seasonal variation, the coastal sea levels also exhibit an inter-annual

variation which has also been linked to inter-annual changes in the strength of the Leeuwin

Current due to the El Niño Southern Oscillation (ENSO) (Pariwono et al., 1986, Pearce and

Phillips, 1988). In general, during La Niña years the Leeuwin current tends to be stronger

generating higher coastal sea levels while during El Niño years the current is weaker and the

sea levels are anomalously lower (Pariwono et al., 1986, Feng et al., 2003). In southwestern

WA, the influence of tides is small (tidal range < 0.5 m) which makes it an ideal site to

study the effect of existing seasonal and inter-annual variability of the sub-tidal sea level in the

morphological responses of reef-fringed beaches.
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1.5 Aims and Objectives

The principle aim of this thesis is to identify the physical processes driving the short-term and

seasonal morphodynamics of shorelines sheltered by offshore and by nearshore reefs, using two

beaches in southwestern WA as a case study. Specifically, the objectives are:

1. Quantify the morphological behaviour and hydrodynamic forcing at a low-energy sandy

beach fronted by an offshore reef system (Study Site 1, Fig. 1.2) with extensive field

observations in order to identify the contributions to the beach response and physical

processes generated by over seasonal terms and short-term events such as storms events

and diurnal sea-breeze cycles.

2. Analyse the morphodynamics at a beach fringed by nearshore and shore-attached reefs

(Study Site 2, Fig. 1.2) in order to identify the impact of these structures on the seasonal

and short-term beach response and physical processes.

3. Investigate the effect of seasonal and inter-annual variations of sub-tidal water level and

wave energy in the morphological response and physical processes of a beach fringed by

nearshore and shore-attached reefs (Study Site 2, Fig. 1.2).

1.6 Outline

This thesis was prepared as a series of papers for peer-reviewed journal publication. Therefore,

there is some repetition between chapters in the description of the study site and methodology,

particularly in Chapter 3 and 4 that share the same study site.

The chapters are outlined as follow:

� Chapter 2: Shoreline variability at a low-energy beach fronted by an offshore

reef

In this chapter we present the results of a field campaign held at Secret Harbour Beach,

a low-energy beach partly sheltered by an offshore reef (Study Site 1, Fig. 1.2). Data

collected during two weeks of strong sea breezes consists of coastal images, topographic

surveys and wave and current observations that were used to identify the principal beach
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changes and their relation with the hydrodynamics generated during sea-breeze cycles.

Additionally, a longer dataset (∼two years) of coastal images and waves allowed us to

quantify the effect of storm and recovery cycles and seasonal cycles in wave energy in the

beach morphological response.

� Chapter 3: The impact of fringing reefs on coastal erosion and accretion cycles

Here we focus on the results of a field campaign held at a beach fringed by nearshore reefs

located at Garden Island (Study Site 2, Fig. 1.2). The observations consist on 35 to-

pographic surveys collected over 18 months and Lagrangian drifter experiments collected

over 4 days. The shorelines and beach volume calculated from these data permitted us

to quantify the impact of nearshore reefs in the seasonal beach response. Additionally,

beach volume change calculations along with the trajectories from drifters were used to

identify the dominant physical processes driving the beach response.

� Chapter 4: Shoreline changes induced by mean water level variability at reef-

fringed beaches

In this chapter we investigate the effect of seasonal and inter-annual variations in sub-

tidal water level on the morphodynamics of a beach fringed by nearshore reefs located at

Garden Island (Study Site 2, Fig. 1.2). The data consists of 44 high-resolution images of

the beach collected over seven years and 19 topographic surveys collected over 18 months.

� Chapter 5: Discussion and conclusions

This final chapter provides a general discussion and conclusions from the thesis.

1.7 Publications

The corresponding papers resulting from this thesis are:

� Segura, L.E., Hansen, J.E., Lowe, R.J., Symonds, G., Contardo, S. Shoreline variabi-

lity at a low-energy beach: Contributions of storms, megacusps and sea-breeze events.

Submitted to Marine Geology.

� Segura, L.E., Hansen, J.E., Lowe, R.J., Winter, G. The impact of fringing reefs on

coastal erosion and accretion cycles. Submitted to Science Advances.
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� Segura, L.E., Hansen, J.E., Lowe, R.J., Seasonal shoreline variability induced by sub-

tidal water level fluctuations at reef-fringed beaches. Submitted to Journal of Geophysical

Research - Earth Surface.

Other peer-reviewed papers resulting from this thesis which were not included as chapters:

� Contardo, S., Symonds, G., Segura, L.E., Hansen, J.E., Lowe, R.J. Observation of edge

and leaky wave response to wind-sea and swell forcing on a barred beach. To be submitted

to Journal of Geophysical Research - Oceans.
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Chapter 2

Shoreline variability at a low-energy

beach

The temporal and spatial variations in shoreline position were analysed at a low-energy beach in

southwestern Australia fronted by an offshore reef to examine the relative contributions of storm

cycles and sea-breeze events to the beach morphological responses. While low-energy beaches

are often considered less dynamic than high-energy coasts, with limited progression through

beach states, our observations showed a dynamic beach dominated by storm and recovery cycles

that generated fluctuations of ∼10 m in the shoreline position. During recovery periods of low

swell, the beach developed megacusps that migrated alongshore, which overall tended to lead to

beach accretion. In most cases, megacusp embayments coincided with locations of rip currents

suggesting that rip currents might contribute to formation of megacusps. Additionally, high-

frequency measurements collected over strong sea-breeze cycles typical of the site demonstrated

that the erosive impact due to sea breezes was much smaller than that observed during storms

despite wave heights often reaching similar heights during the events. The erosive impact linked

to sea breezes was quickly exceeded by the accretion occurring under the low-energy swell that

usually prevailed after the sea breezes. Thus, over periods of several days with strong sea-

breezes, the shoreline net change was still generally positive.
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2.1 Introduction

Shoreline variability along sandy coasts is driven by physical processes that occur over temporal

scales spanning hours to decades and spatial scales ranging from meters to many kilometres. At

high-energy beaches (e.g. experiencing annual mean wave heights > 2 m) seasonal variations

in incident wave energy drive a seasonal cycle that is often characterized by wide reflective

beaches during summer that often evolve to narrow dissipative beaches with offshore sandbars

during winter (Aubrey, 1979, Wright and Short, 1984, Quartel et al., 2008). On shorter time-

scales (hours, days), shoreline variations can be driven by individual storm events and post-

storm recovery periods but these are generally smaller relative to the seasonal cycles (Yates

et al., 2009, Hansen and Barnard, 2010). Energetic waves generated by storms can induce

strong cross-shore transport that can erode a beach face in a matter of hours, often moving

the sediment offshore and creating shore-parallel sandbars (Thornton et al., 1996, Vousdoukas

et al., 2012). During post–storm periods when smaller waves are present, a beach usually

accretes and the sandbars migrate onshore a process that has been linked to the asymmetry

in swell wave orbital accelerations (Gallagher et al., 1998, Elgar et al., 2001). The recovery

process can be very dynamic at high-energy coasts, with beach morphology transforming from

being dominated by alongshore uniform sandbars to states featuring rhythmic sandbars and

rip currents as the wave energy decreases (Wright and Short, 1984, Ranasinghe et al., 2004b).

When rip currents are present, megacusp formations (alongshore wave-like undulations in the

shoreline) can occur with alongshore wavelengths ranging from 100 m to 1 km, approximately

matching the spacing of rip currents (Ranasinghe et al., 2000, Orzech et al., 2011, Birrien et al.,

2013). These megacusps can dominate the short-term beach response at a given location on a

coast by generating shoreline changes of up to tens of meters in the matter of days (Thornton

et al., 2007, Orzech et al., 2011, Birrien et al., 2013).

In contrast, at low-energy beaches (e.g. with annual wave height < 1 m) the dominant processes

driving the beach morphodynamics can be very different. Low-energy beaches tend to occur

in sheltered and/or fetch-limited environments such as within bays, estuaries and in the lee

of islands or submerged reefs (Hegge et al., 1996, Sanderson et al., 2000, Jackson et al., 2002,

Goodfellow and Stephenson, 2005, Freire et al., 2009). Due to this reduction or absence of

incident swell waves, low-energy beaches can be more sensitive to locally-generated wind waves

such as those produced during strong sea breezes and local storms (Nordstrom, 1980, Jackson,

1995, Pattiaratchi et al., 1997, Freire et al., 2009). It has been observed that strong sea-

breeze cycles can induce rapid morphological changes that include erosion of the beach face
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and deposition on the lower foreshore (Pattiaratchi et al., 1997, Masselink and Pattiaratchi,

1998b); whereas, episodic storms can generate large erosive changes, followed by much slower

recovery periods, which has been ascribed to the near absence of low swell waves contributing

to onshore sediment transport (Nordstrom, 1980, Nordstrom and Jackson, 2012). Thus, the

level of exposure to low ocean swell may determine if the beach response is dominated by cycles

of storm erosion and post-storm accretion rather than the seasonal cycles typically observed at

some open-coast beaches (Nordstrom, 1980, Nordstrom and Jackson, 2012). However, due to

the few long-term observations collected at low-energy sites it is still not clear to which extent

storms-recovery cycles or even sea-breeze cycles can really dictate the shoreline variability at

these sites. Additionally, although rip currents and megacusps can control the short-term

response at high-energy beaches, their effect at low-energy beaches has not been quantified

despite evidence that they can form in these environments (Aagaard, 1988, Goodfellow and

Stephenson, 2005).

Portions of the southwest coast of Western Australia (WA) coast provide an excellent case

study of the dynamics of low-energy beaches, where the effects of strong sea-breeze cycles,

episodic storms and megacusp formation can be important in driving the shoreline variability.

Here, a large number of low–energy beaches exist due to the sheltering of extensive chains

of limestone reefs and offshore islands which dissipate up to 40% of incoming swell energy

(Sanderson et al., 2000, Masselink and Pattiaratchi, 2001a). This coast is characterized by

a seasonally-varying swell wave climate coming from the Souther Ocean with larger waves

during winter and smaller during summer (Lemm et al., 1999). The southwest WA coast also

experiences strong sea breezes during summer (wind speeds often reaching > 10 m s−1) coming

from the south-southwest and thus roughly parallel to the coastline (Masselink and Pattiaratchi,

2001b). During the onset of the sea breeze (during late-morning to early-afternoon) the wave

climate is modified by increasing short-period wind sea energy and by a veering of the peak

wave direction to a more southerly direction (Gunson and Symonds, 2014). These rapid changes

in the wave conditions can result in strong alongshore currents (up to 1 m s−1), due to both the

increase in wave energy and angle of incidence (Clarke and Eliot, 1983, Pattiaratchi et al., 1997),

which also have been suggested to generate a daily morphological cycle consisting of beach

erosion during the sea breeze followed by accretion when the sea breeze relaxes (Pattiaratchi

et al., 1997, Masselink and Pattiaratchi, 1998a). On the other hand, the southwest WA coast

experiences a large number of storms that generate energetic wind seas and swell waves (Lemm

et al., 1999), and also exhibits a large number of beaches with rip currents and therefore

with potential formation of megacusps (Short, 2005). However, the effect of these processes in
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driving shoreline changes has not been well-quantified and compared with those generated by

sea-breeze cycles or by longer-term processes.

In this study we investigate the seasonal and short - term (hours to days) response of a low-

energy beach in southwestern WA in order to quantify and compare the different contributions

of storm events, post-storm recovery periods, megacusp dynamics and sea-breeze cycles to the

overall shoreline variability. We use a two-year data set consisting of ARGUS coastal images

and wave measurements to analyse the daily and monthly beach response. This data set was

augmented by intra-day observations of nearshore waves, currents and topographic surveys

collected during two weeks of strong sea-breeze events. The high frequency and temporal

extension (∼hourly to ∼years) of the morphological and wave observations in combination

with the large spatial scale (∼500 m) of the measurements allowed us to assess the contribution

of the different processes to the daily and longer-term beach response.

2.2 Study Site

Two years of observations were collected at Secret Harbour in southwestern Australia (Fig.

2.1a) to investigate the beach morphodynamics from short (hours to days) to seasonal time-

scales occurring at this low-energy beach. The beach is oriented 35°anti-clockwise from north

and is partly sheltered from open ocean swell by a mostly continuous offshore reef located ∼5

km from shore with a typical minimum depth of ∼-5 m (Fig. 2.1b). Due to this sheltering, the

annual wave height at Secret Harbour is less than 1 m and thus it is classified as a low-energy

beach (Hegge et al., 1996). In addition, Secret Harbour is characterized by a microtidal diurnal

regime (tidal range < 0.5 m) and by a wave climate consisting of swell waves (larger in win-

ter) arriving remotely from the Southern Ocean and locally-generated wind waves produced by

strong sea breezes predominantly during summer and local storms in winter (Lemm et al., 1999).

These incident waves approach the shoreline of Secret Harbour at an oblique angle, with swell

waves tending to come from the west-southwest and summer wind seas from south-southwest

directions (Gunson and Symonds, 2014). The beach morphology is usually characterized by

the presence of a straight sandbar during summer and by an alongshore-variable sandbar du-

ring winter that is located approximately 100 m offshore throughout the year (Contardo and

Symonds, 2015). Additionally, rhythmic features, such as beach cusps of length ∼30 m and

megacusps of length 100 – 200 m, are often present at the shoreline. During winter, the beach

cusps are generally eroded during storm events; however, they quickly reappear during low
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Figure 2.1: (a) Location of Secret Harbour at the southwest coast of Western Australia (WA). (b)
The beach is sheltered by an offshore reef of mean depth -5 m. (c) A Coastal Station equipped with
Argus Cameras and an AWAC measured the beach shoreline and wave dynamics from January 2012
to March 2014.

wave conditions, making them a quasi-permanent feature at Secret Harbour.

2.3 Field observations and methodology

The morphodynamics of Secret Harbour beach were investigated using observations collected

between 2012 and 2014 that consisted of in-situ observations of waves and georectified coastal

imagery. These data were augmented by an intensive period of short-term observations to

assess diurnal beach variability during a two-week field experiment carried out in February

2014 when strong sea breeze cycles representative of the austral summer period at the site were

present. The intensive experiment included observations of wind, nearshore waves (14 sites)
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and currents (4 sites), as well as topographic beach surveys that were collected every other

hour between 8 am and 6 pm for 5 consecutive days and daily for another 5 consecutive days.

The analysis of these long- and short-term data sets are summarised below.

2.3.1 Intra-annual observations: Wave and wind measurements and

coastal images

From May 2011 to March 2014 the nearshore wave conditions at Secret Harbour were measured

by a Nortek Acoustic WAve and Current (AWAC) instrument deployed ∼550 m offshore in 8 m

of water (Fig. 2.1c). The hourly significant wave height HS were derived from the variance in

surface elevations obtained by the acoustic surface tracking (AST, at 2 Hz during 34 min every

hour), which was computed as HS = 4
√
m0 where m0 is the zeroth-moment of the spectral

energy density smoothed with a 512-point Hamming window over the frequency band 0.05 Hz

– 0.4 Hz. Significant wave heights were also separately decomposed into swell (HS Swell) and

wind sea (HS Wind) by integrating the energy within the frequency bands 0.05 – 0.25 Hz and

0.125 – 0.25 Hz, respectively. Hourly mean water levels were obtained by calculating the mean

water level (over the period May 2011-March 2014) and subtracting it from the acoustic surface

tracking recorded by the AWAC.

During the periods May-September 2012 and May-December 2013 no data was available from

the AWAC. To obtain some estimates of the wave conditions during these gaps, wave heights

obtained by a wave buoy located offshore of Rottnest Island (∼50 km north) and the water level

measured by a tide gauge at Fremantle (∼30 km north) were empirically related to those at the

study site. During overlapping periods the wave height observed by the AWAC was correlated

with that measured by the Rottnest buoy (R2 = 0.73, with the significant wave height at the

AWAC equivalent to HS AWAC = 0.28HS Rottnest + 0.09 m). Similarly, a strong correlation was

found between the water elevation observed by the AWAC and that measured at Fremantle

(R2 = 0.95) with a linear relationship giving by: WLAHD = WLAWAC + 0.16 m. Here, the first

term refers to the water level observed at Fremantle which is referred to the Australian Height

Datum (AHD, defined as the mean sea level during the period 1966-1968) and the second term

refers to the water level recorded by the AWAC. This equation was used to transform the water

level measured at the AWAC to AHD units. In addition to waves and water levels, one-minute

averages of wind speed and direction were recorded by an anemometer installed at an onshore

“Coastal Station”(Fig. 2.1c) located on top of a dune ∼18 m above mean sea level.
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Figure 2.2: (a) Shoreline and surf-zone seaward limit extraction from timex images. (b) The shoreline
position was detected as the largest gradient of the “blue minus red” layer while the surf-zone seaward
limit was estimated as the peak of the value (luminosity) layer which location was the farthest from
the shoreline. (c) The rip channels alongshore locations were detected by looking for the minimum
values of the mean luminosity profile (averaged between the surf-zone and shoreline).

Intra-annual beach morphology changes were quantified using data from georectified video

obtained by six ARGUS cameras (Lippmann and Holman, 1989) that were installed at Secret

Harbour from January 2012 to March 2014. The cameras were deployed at the Coastal Station,

again mounted at a height of∼18 m above mean sea level (Fig. 2.1c), and provided a 200 degrees

view of the beach spanning 1 km alongshore. Each camera collected 10 min of video every other

hour during daylight from which a timex (mean) image was produced and rectified (Holland

et al., 1997). The georectified images from all six cameras were merged and transformed into a

reference system in which the origin was at the Coastal Station and the axes corresponded to

the mean cross-shore and alongshore directions respectively (x, negative offshore and y, positive

in the northerly direction alongshore, Fig. 2.2a). The images extended from y = -600 m to y

= 400 m; however due to diminishing resolution at the extremes of the images, our analysis
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focuses on data collected between y = -500 m to y = 300 m (Fig. 2.2a). In total, the cameras

collected almost 3000 hourly timex images between January 2012 and March 2014. However,

approximately one-third of the images were not used due to the failure of one or more cameras

or poor image quality. For the remaining images (∼2000 in total during ∼603 different days)

the shoreline position was extracted by detecting the maximum gradient between the red and

blue layers of the images (Fig. 2.2b).

In order to compare the shoreline movement over time without the effect of tides, a new dataset

of shorelines referenced to approximately the same elevation was generated. This procedure

started by reconstructing a daily intertidal beach profile (spanning from high to low water level

positions) using the shorelines from the same day and the hourly mean water level measured at

the AWAC (referred to AHD) taken as the shoreline elevations (Fig. 2.3a). From the intertidal

beach profile, the contour with elevation 0.16 m was interpolated and defined as the shoreline

representing that day (Fig. 2.3a). This elevation corresponded to the mean water level over

the period January 2012 – March 2014 as recorded by the AWAC and converted to AHD units.

Given the requirement for image-derived shorelines from the same day to span elevations above

and below 0.16 m, this analysis only produced interpolated shorelines representing 266 days

(from the 603 days with available data) which were used to compare the shoreline position over

the two-year period. Although this approach neglects water level differences between the AWAC

and the shoreline (e.g. setup), it will be shown that due to the generally low energy conditions

at Secret Harbour the setup is small (< 0.1 m) relative to the tidal range (∼0.5 m). In addition

to the interpolated shorelines, a set of alongshore “bandpass filtered”shorelines were calculated

to identify the formation of megacusps at the shoreline. In general, the megacusps observed in

the image derived shorelines appeared with similar characteristics (length, amplitude) across

the entire tidal range and thus the shorelines coinciding with the lowest water level from each

of the 603 days available were used to calculate the filtered shorelines. In order to create this

dataset , two new sets of shorelines were obtained: one based on smoothing the shoreline in the

alongshore direction with a running mean of 50 m (to remove the small features such as beach

cusps) and another with shorelines smoothed using a running mean of 200 m (to remove the

larger oscillations such as megacusps) (Fig. 2.3b). The subtraction of the 200 m-smoothed set

from the 50 m-smoothed set resulted in a bandpass-filtered set of shorelines in which the band

coinciding with megacusps was isolated (Fig. 2.3b).

To assess the relationship between the formation of megacusps and the presence of rip currents,

the alongshore location of rip currents were extracted following the approach of Ranasinghe

et al. (2004b), which identifies the rip channels as the alongshore location of minima in the
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Figure 2.3: (a) Intertidal bathymetry reconstruction using the shorelines detected from the same day.
The contour at elevation of 0.16 m was interpolated to represent the shoreline for that day. Additiona-
lly, one megacusp horn and one embayment are shown. (b) The “bandpass filtered” shorelines (grey)
were generated by removing the 200 m – smoothed shorelines (orange) from the 50 m – smoothed
shorelines (black) in order to isolate the megacusps’ signal. Here, the amplitude of the megacusps
(scale on right) was defined as the maximum difference between a horn and an embayment.

cross-shore mean luminosity of the surf-zone (Fig. 2.2c). In order to extract those minima, the

red-blue-green layers of the timex images were first converted to the hue-value-saturation colour

system to obtain the luminosities (value) within the image. The surf-zone seaward limit was

extracted by identifying the most offshore maximum in the luminosity layer (Fig. 2.2a-b). The

area bounded by this seaward limit and the shoreline was defined as the surf-zone and was used

to calculate the mean of the luminosity in the cross-shore direction (Fig. 2.2c). The minima

in the resulting alongshore profile were considered as probable locations of rip channels. In our

set of images, the minima in the surf-zone luminosity were detected and cross-checked visually

only in pictures where well-defined rip channels were already formed such, as in Fig. 2.2a.

Thus images showing incipient formation of rip channels and/or with poor contrast between

the luminosities of the rip channels and the rest of the surf-zone could not be utilized.

21



2.3.2 Intra-day beach observations: February 2014 field study

The intra-annual observations at Secret Harbour were complemented by intensive field measure-

ments of wind, surf-zone waves and currents and topographic surveys obtained between 4-17

Feb 2014, which focused on quantifying the intra-day nearshore hydrodynamics and beach res-

ponse to successive diurnal sea breeze cycles. For the experiment, a 400-m alongshore array of

RBR Virtuoso pressure sensors and a cross-shore array of four Nortek Vector acoustic Doppler

current meters (ADV) were deployed in the surf zone (Fig. 2.4a-b). The alongshore array,

nominally along the 1 m depth contour, was primarily designed to quantify the infragravity

wave dynamics at the site as is described in a companion study by Contardo et al. (2016) while

the ADVs were used to measure the nearshore currents. Two of the ADVs, V1 and V2 were

positioned shoreward of the bar crest, at about 50 m and 55 m from the shoreline at elevations

of 0.91 m and 0.95 m respect to the seabed whereas the vector V3 was located right at the bar

crest and V4 seaward of the crest at about 70 and 90 m from the shoreline and at elevations

of 0.63 m and 1 m respect to seabed (Fig. 2.4c). The wave heights at the pressure sensors and

ADVs (sampling rates 1 and 2 Hz for 59 min each hour respectively) were calculated by con-

verting the pressure measurements to surface elevations using linear wave theory and adopting

a similar approach and wave height definitions as the AWAC described in section 2.3.1.

This intensive field study also included a bathymetric survey and 43 topographic surveys of

the study area. The bathymetric survey was conducted on 3 Feb and extended 1 km in the

alongshore direction and between ∼1 m and ∼10 m depth contours using a Personal Water

Craft equipped with a single beam echo-sounder and a Differential Global Navigation Satellite

System (DGNSS) receiver. The sub-aerial topographic surveys were repeatedly collected during

daylight hours to resolve the impact of sea-breeze cycles in the beach morphology and obtained

using a push cart over a 450 m stretch of beach (y = -180 m to y = 270 m, Fig. 2.4a). A DGNSS

receiver, logging positions and elevations at 2 Hz, was mounted atop a push cart. Differential

corrections were logged at an adjacent base station located at the Coastal Station and then

applied to the measurements collected by the DGNSS receivers for both the topographic and

bathymetric surveys resulting in estimated uncertainties in the horizontal and vertical positions

of 0.05 m for the topographic surveys and 0.1 m for the bathymetric survey. The topographic

surveys, consisting of around 7000 points, took place every two hours during daylight from 5-11

Feb and daily from 12 -17 Feb and also during the first day of the experiment (4 Feb). Data

from the topographic and bathymetric surveys were rotated 35 degrees counter-clockwise and

translated in order to coincide with the cross- and alongshore (x, y) reference system of the

22



Figure 2.4: (a) Locations of the different instruments deployed during the field campaign 4 – 17 Feb
2014. (b) Interpolated model of the bathymetry (collected on 3 Feb) and topography (collected on
4 Feb) of Secret Harbour. (c) Cross-shore profile at y = -118 m showing the location of the current
meters.

ARGUS images (Fig. 2.4a). The elevations of survey points were referenced to the Australian

Height Datum and then interpolated using a Triangulated Irregular Network (TIN) in order to

generate a 1 m x 1 m grid surface of the subaerial beach and bathymetry (Fig. 2.5). Other

interpolation methods (e.g. Nearest Neighbour) produced similar surfaces and our results were

insensitive to the interpolation method.

For each topographic grid, the shoreline was defined as the +0.5 m elevation contour. Lower

elevations were generally submerged during the peak of the sea-breeze cycles and thus difficult

to measure with the push cart. The total sub-aerial volume of each topographic grid was

calculated between 0.5 m and 1.2 m elevation which encompassed a beach width of 10-15 m. A

strong correlation (R2 = 0.8) was found between the mean sub-aerial volume changes and mean

shoreline changes (averaged over the alongshore extent of the surveys, from y = -180 m to y =

23



Figure 2.5: (a) Projection of the Image-Derived shorelines over topographic surveys for the same
time to estimate the elevation. (b) Correlation between the mean shoreline elevation (averaged over
y = -180 m to y = 270 m) and the water level measured at the AWAC referred to AHD.

270 m). Hence we use the mean shoreline changes as a proxy for overall variation in the sub-

aerial beach. For the period 4-17 Feb it was possible to estimate the elevation of the ARGUS

image-derived shorelines by projecting each video derived shoreline onto the elevation model

produced by the topographic grids from the same day/time (Fig. 2.5a). A strong correlation

(R2 = 0.93) was found between the mean elevation of the ARGUS shorelines and the water

level at the AWAC from the same time, indicating that the temporal variation in the elevation

of image-derived shorelines was principally due to tidal water level fluctuations (Fig. 2.5b).

2.4 Results

2.4.1 Seasonal variability and the response to storm and recovery

cycles

In southwest WA the dominant synoptic weather pattern results in winds with a southerly

alongshore component that varies seasonally (stronger in summer), however during storms the

alongshore component of the wind is predominantly from the north (Fig. 2.6a). The observed

wave heights (in 8 m depth) ranged from ∼0.5 m in summer to ∼1-1.5 m in winter (Fig. 2.6b).

During the austral autumn and winter (March – September) most of the storms occurred
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(defined as wave heights > 1 m persisting for one or more days) occasionally generating waves

of up to 2 m. In contrast during the summer (December – February) the wave climate was

characterized by lower energy waves (defined as wave heights < 1 m) although waves of up

to 1.5 m were episodically generated during sea-breeze cycles. The alongshore mean shoreline

position (averaged from y = -400 m to y = 300 m) over the ∼two-year period does not indicate

a well-defined seasonal pattern and instead exhibits shorter-term fluctuations (i.e. days to

weeks) related to storm events followed by recovery periods of low-energy waves (Fig. 2.6c). In

both years (2012 and 2013), these fluctuations in the shoreline position commenced with the

first storms in April-May, producing erosive changes of up to 18 m during individual events at

rates ranging from -2 m to -6 m day−1 (Fig. 2.7). In general, the beach always eroded during

storm events with the resulting mean shoreline change only weakly correlated with the storm

wave height (R2 = 0.2) and duration (R2 = 0.1), as can be seen for instance in two events

on 5 May 2012 and 8 May 2013. These two initial storms of 2012 and 2013 exhibited similar

maximum wave heights (1.8 m) and duration (2 days), however each drove a very different

shoreline change (11 m and 18 m respectively). Following storms, periods of low waves led to

the recovery of the shoreline at rates of up to 2 m days-1 (Fig. 2.7) taking from few days to

weeks for the shoreline to regain its pre-storm position (Fig. 2.6c).

The largest shoreline changes (> 10 m) at Secret Harbour occurred during storm events that

followed periods of low waves suggesting that when the beach exhibited an accreted state the

storm impact was more prominent as can be observed during the events that brought about the

largest shoreline changes (2012: 5 Apr, 5 May, 28 Sep, 1 Dec and 2013: 8 May, Jul 15) with each

occurring after periods of approximately more than 5 days of low waves. In contrast, during

periods when storm events were more frequent (<∼ 5 days between events) such as during

August and September 2012, the mean shoreline erosion was much smaller (Fig. 2.6c) despite

of exhibiting large changes at some sections of the beach due to the presence of megacusps (Fig.

2.6d).

2.4.2 Megacusp dynamics and their contribution to shoreline

variability

As evident in the alongshore variability in the filtered shorelines (Fig. 2.6d), megacusps were

present throughout most of the study period with a tendency to be more pronounced during

winter and spring when they reached amplitudes (maximum difference between embayments
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Figure 2.6: (a) Alongshore component of the wind at Secret Harbour. The positive and negative
values indicate the northwards and southwards components respectively (respect to reference system
x, y). The orange areas denote the austral summer months (December – February) and the blue areas
the austral winter months (June – August). (b) Significant wave height measured at the AWAC or
the equivalent from the Rottnest wave buoy. (c) Time series of the mean shoreline (averaged over y
= -500 m to y = 300 m) and standard deviation. (d) Times series of filtered shorelines (see section
2.3.1 for details). The white areas represent gaps in the shoreline data set of more than 15 days.
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Figure 2.7: Mean rate of shoreline change (averaged over y = -500 m to y = 300 m) for seven periods of
three days with a storm event, low swell waves and daily sea-breeze cycles. In addition, seven periods
of three days with megacusps formation are also shown. For the megacusps, the shoreline rates were
not averaged in the alongshore but the values at two transects were selected (one at one megacusp’s
horn and the other at the adjacent embayment). In general, the megacusps’ horns and embayments
experienced the largest changes over three days and thus this period was selected to calculate the rate.
For consistency, three days were also used to evaluate the rates of the other processes.

Figure 2.8: (a) Significant wave height measured at the AWAC or the equivalent from the Rottnest
wave buoy. The yellow/black dashed lines indicate “reset events” in which the beach morphology
changed to an alongshore-uniform state. (b) Filtered shorelines and the approximate rip channel
locations (white circles).
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Figure 2.9: Different days with megacusps at the shoreline and rip channels. The approximate
positions of the rip channels are denoted by the black arrows. The megacusps’ embayments can be
observed at the lee of the channels.

and horns, see Fig. 2.3b) of up to 8 m. In contrast, during the summer and autumn months,

the megacusps exhibited much smaller amplitudes (∼2 m). During the formation of megacusps,

the mean shoreline position either increased or remained around the same location (Fig. 2.6b)

suggesting that these features contributed to the overall recovery or stability of the beach.

However, when megacusps were forming the shoreline erosion rates at the embayments reached

up to ∼-3 m/day (Fig. 2.7) which are similar to those observed during storm events. In most

cases megacusps formed very rapidly (∼three days) after a storm event, with the megacusp

embayments coinciding with locations of rip channels, as can be seen clearly in the period

shown in of Fig. 2.8 (August 2012 – January 2013) and the three cases shown in Fig. 2.9. Once

formed, the megacusps survived for up to several weeks and eventually disappeared mostly

due to storm events that reset the shoreline to a mostly alongshore uniform state. In several

instances the megacusps were also removed by an extended period of low energy waves, as

occurred during the period 10 Nov – 1 Dec 2012 (Fig. 2.9b). From 1 Dec 2012 to Jan 2013, the
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megacusps tended to drift northward at rates of 10 and 20 m day−1 (Fig. 2.9b), a behaviour

observed not only during this period but also during the summer months of 2013 and 2014

which is consistent with the northerly directed alongshore current that is generated by the

southerly sea-breeze (see next section). During the remainder of the study period (i.e. outside

summer), alongshore migration was uncommon, as only one migration event occurred from 10

to 20 Sep 2012 where megacusps located near y = -300 m migrated northward at a rate of 5 m

day−1.

2.4.3 The influence of sea-breeze cycles on nearshore

hydrodynamics and beach response

The mean rates of shoreline change shown in Fig. 2.7 suggest that over periods with sea breezes

lasting several days, the net change in the beach response is small or accretive with change

rates smaller than periods with storms and megacusp formation. In order to investigate the

impact of sea-breeze cycles at a higher temporal resolution (intra-daily), an assessment of the 43

topographic surveys and hydrodynamics collected during the intensive field study during 4-17

Feb 2012 was performed. Conditions during the experiment consisted of six consecutive days of

strong sea-breezes (5-11 Feb) and six consecutive days of weak to moderate sea-breezes (12-16

Feb). During the first six days the alongshore wind speeds during sea-breeze cycles reached up

to 10 – 15 m s-1 between 3 pm and 5 pm (Fig. 2.10a) generating wind waves of up to 1 m

height (Fig. 2.10b) with an oblique direction of ∼260°(relative to north of reference system x,

y, (Fig. 2.10c). Small background swell was consistently present throughout the study, with

heights ranging from 0.2 to 0.5 m (mean 0.4 m) and coming from directions (measured at the

AWAC) around 270°- 290°(Fig. 2.10c). The tidal range changed slightly during the experiment,

from 0.3 m during neap tides (4-7 Feb) to 0.6 m during the spring tides (9-16 Feb) (Fig. 2.10d).

In the nearshore zone the waves showed transformation typically observed over barred-beaches,

shoaling offshore of the bar (location of V4) followed by a reduction due to a combination of

wave breaking on the sandbar and de-shoaling over the trough (locations of V1 and V2) (Fig.

2.10e). The obliquely-approaching wind waves produced strong alongshore currents up to 1.2

m s−1 (Fig. 2.10f, positive means northward and negative southward) that increased almost

linearly with wave height (R2 = 0.9, p < 0.05) and that were stronger close to the sandbar

trough consistent with observations at other barred beaches (Howd et al., 1992). In the case of

the cross-shore currents, there was not a consistent pattern between the different instruments

as in the alongshore currents although a change to more positive values occurred around 8 Feb
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Figure 2.10: (a) Wind alongshore component (positive northwards, negative southwards) and cross-
shore component (positive eastwards, negative westwards), (b-d) wave conditions and water level
(AWAC) at Secret Harbour during the field campaign 4 – 17 Feb. The wave direction is relative
to the North direction of system (x, y). (f) Significant wave heights at current meters and AWAC
and (g-h) alongshore currents (positive northwards, negative southwards) and cross-shore currents
(positive onshore, negative offshore) measured at the current meters.
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Figure 2.11: (a) Shorelines for the four days in which the beach morphology experienced the largest
changes. (a) Time-series of four “bandpass filtered”shorelines (normal shorelines minus the 50 m-
smoothed shorelines) to better appreciate the beach cusp system (b) Spatial location of the 50 m-
smoothed shorelines, the maximum width location (dots) and definition of beach sections.

for V1, V2 and V3 (Fig. 2.10g, positive means onshore and negative offshore).

The beach morphology during the study was characterized by a small amplitude sandbar (∼1

m depth) located about 100 m from the shoreline (Fig. 2.4b,c), which is typical during summer

months (Contardo and Symonds, 2015). Beach cusps of average wavelength 35 m were present,

and displayed daily variability in their amplitudes (range 1 - 4 m) and alongshore positions (Fig.

2.11a). In addition, a megacusp migrated into the study region by 8 Feb and became more

defined by the end of the experiment as its horn (maximum amplitude) accreted (Fig. 2.11b).

The presence of the megacusp introduced alongshore variability in the shoreline behaviour

and therefore the beach was divided into three sections with internally similar response (South,

Middle and North), as defined in Fig. 2.11b. During the initial sea-breeze events (5-7 Feb) (Fig.

2.12a), the mean shoreline position averaged over each section exhibited variable behaviour,

generally accreting overnight and sometimes in the morning prior to the sea-breeze and then
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Figure 2.12: (a) The wind speed and significant wave height at Secret Harbour during the period
4-17 Feb. (b) Time series of the shoreline position extracted from topographic surveys and averaged
over the three different sections defined in Fig. 2.11a.

eroding throughout the afternoon during the sea-breeze (Fig. 2.12b). The largest shoreline

change in all sections was on 5 Feb, the first day of a strong sea-breeze following 3 days without

sea breezes and with low waves. The erosion was more pronounced at the South and North

sections where the shoreline retreated up to 3.5 m, while in the middle section the beach

the shoreline eroded about 2 m(Fig. 2.12b). Despite the strong erosion as the sea breeze

intensified during the day, the beach recovered each night when the sea-breeze subsided (the

wind generally decreased to < 5 m s−1 between 11pm and 3am, Fig. 2.12a), as indicated by

the positive difference between the shorelines of the 6 pm and 8 am surveys. From 7 to 12 Feb,

the formation of the megacusp increasingly dominated the beach response resulting in a greater

accretion in the Middle section of +1.1 m day−1 (Fig. 2.12b). From 12 Feb onwards the beach

continued to accrete in the North and Middle sections while showing little change in the South
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section (Fig. 2.12b). The large change in shoreline growth at the North section (Fig. 2.12b)

was linked to the alongshore migration of the megacusp, in which the horn position (maximum

amplitude) shifted 20 m northwards from 12 to 17 Feb (Fig. 2.11b).

2.5 Discussion

The two year observational data set from Secret Harbour reveals that the shoreline variability

is dominated by periodic storm events and the formation and migration of megacusps. The

shoreline did not exhibit a defined seasonal signal, with the shoreline position appearing as

accreted in winter in some instances as in summer (Fig. 2.6c), characteristic that can be attri-

buted to the protection of Secret Harbour by offshore reefs (Fig. 2.1b), which considerably

dampens the seasonal signal in the offshore wave height (Fig. 2.6b) and increases the relative

importance of locally generated wind seas during sea-breeze cycles and storms. The shoreline

was generally more eroded in winter but this was primarily a result of the greater frequency

of storms during winter months. The erosive impact was much more pronounced if the storm

occurred after a period (> 5 days) of low waves in which the beach usually recovered which

agrees with observations of shoreline change during consecutive storm events at other locations

where the first event often generates the largest change due to the beach profile being further

from the equilibrium profile associated with the storm conditions (Yates et al., 2009, Lageweg

et al., 2013). After storms, the recovery process observed at Secret Harbour was much more

dynamic than that reported at other low-energy sites (Nordstrom, 1980, Jackson, 1995, Nord-

strom and Jackson, 2012) with the beach generally exhibiting megacusps which formation and

alongshore migration often led to shoreline changes as large as those generated by storms. In

some cases, the megacusps embayments formed at the lee of rip currents suggesting that rip

circulation likely contributed to the formation of megacusps as have been documented at other

open-coast beaches (?Galal and Takewaka, 2008, Orzech et al., 2011).

The progression from beach morphologies with alongshore – variable features such as megacusps

to morphologies with more alongshore-uniform shorelines have been primarily observed on

exposed beaches under waves larger than 2 m (Ranasinghe et al., 2004b, Galal and Takewaka,

2008, Lageweg et al., 2013). However, our results from Secret Harbour indicate that such

transitions can also exist during much lower wave conditions as changes to alongshore-uniform

shorelines occurred under storms with wave heights of ∼1 m (Fig. 2.8b). Observations of

sandbar transitions to alongshore-uniform states during low oblique waves have attributed
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such transitions to the presence of alongshore currents (Price and Ruessink, 2011, Contardo

and Symonds, 2015), further suggesting that high waves are not required to develop more

alongshore–uniform states in the nearshore beach morphology. Alongshore currents have been

also suggested to contribute to the alongshore migration of megacusps (Galal and Takewaka,

2008) and rip channels (Ranasinghe et al., 2000, Orzech et al., 2010) which is likely the case at

Secret Harbour given that alongshore movement of megacusps were observed to occur only in

summer when alongshore currents due to sea–breeze cycles are very strong.

During summer, the intra-day beach response was dominated by sea-breeze events, which gene-

rated a cycle of erosion during intensification of the sea breeze and accretion during the evening

when the sea breeze relaxes, as has been reported previously (Pattiaratchi et al., 1997, Masselink

and Pattiaratchi, 1998b). However, we found that the magnitude of this cycle depended upon

the ordering of the sea-breeze events. The first sea-breeze cycle of the week (5 Feb) generated

the largest erosion while the subsequent cycles did not have the same effect despite the waves

being larger (Fig. 2.12). It can be interpreted that after several days without sea-breeze events

and low waves the beach profile on 5 Feb was further from the equilibrium profile associated

with sea-breeze cycles making the erosive impact of the event on 5 Feb the most noticeable

(Fig. 2.12) just as occurred with the impact of storms that followed periods of low waves.

After this event, the trend in the shoreline position was generally positive due to the formation

and alongshore migration of the megacusp which from 8 Feb exceeded the sea-breeze erosive

impact at different extents along the beach (larger at the middle, smaller at the south). Thus,

although the sea-breeze cycles have been largely attributed to have an erosive effect along the

southwestern Western Australian coast (Pattiaratchi et al., 1997, Masselink and Pattiaratchi,

1998b, Gallop et al., 2011) our observations suggest that this effect can be easily overwhelm by

changes in the shoreline due to formation and alongshore migration of megacusps.

2.6 Conclusions

At Secret Harbour, storm events caused the largest shoreline changes (>10 m) followed by the

changes produced by the formation and alongshore migration of megacusps. These features

dominated the short-term (∼days) beach response during post-storm periods of low swell ge-

nerating shoreline changes of up to 3 m day−1 during their formation and alongshore migration

especially in summer when they moved at rates up to 20 m day−1. During summer, the intra-

day beach response was dominated by sea-breeze cycles which generated a morphological cycle

34



consisting of erosion during the sea breezes and accretion afterwards. The magnitude of this

cycle depended on the ordering of the sea-breeze events with the first event (following a period

of low swell without sea breezes) causing the largest erosion. Additionally, the magnitude of the

erosive/accretive cycle can be highly alongshore-variable due to the simultaneous formation of

megacusps, fact that highlights the importance of measuring a stretch of beach larger than the

megacusp wavelength (∼200 m) in order to account for the overall erosion/accretion behaviour.

The recovery trend observed during megacusps formation can overwhelm the erosive impact of

sea-breeze cycles after several days and hence controlling the short-term shoreline variability

during summer.
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Chapter 3

The impact of fringing reefs on coastal

erosion and accretion cycles

The conventional view, based on decades of global observations of exposed open coast sandy

beaches, is that larger wave conditions drive beach erosion whereas smaller waves promote

accretion (Sonu and Beek, 1971, Aubrey, 1979). Undertow and rip currents caused by large

breaking waves drive offshore transport of beach sediment, while onshore transport occurs via

asymmetric wave orbital velocities under smaller non-breaking waves (Thornton et al., 1996,

Hoefel and Elgar, 2003, MacMahan et al., 2006). However, a considerable portion of the

world’s coastline is fringed by rocky or coral reefs (Spalding et al., 2001, Davis and Fitzgerald,

2004). The modification to waves and currents caused by nearshore reefs results in reef-fringed

shorelines behaving entirely differently compared to exposed beaches that have been historically

studied. Contrary to the sediment dynamics documented at exposed sandy beaches, shoreline

variability at reef-fringed sandy systems can be dominated entirely by alongshore transport. At

the representative reef-fringed beach we describe, alongshore sediment exchange creates an out-

of-phase erosion and accretion pattern between reef-fronted and adjacent exposed shorelines,

leaving the sub-aerial beach volume conserved despite large local shoreline changes. We develop

a process-based conceptual model accounting for the observed shoreline variability applicable

to a myriad of sandy shorelines fringed by nearshore reefs. This new knowledge will be valuable

in understanding shoreline changes owing to rising sea levels, especially important for low-lying

coasts across the globe.
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3.1 Introduction

Reefs, broadly defined as natural submerged rocky and coral structures, display a wide range

of morphologies, ranging from offshore atolls and barrier reef systems (scales of km) to fringing

reefs either attached to the shoreline or separated by a shallow lagoon (scales of 10 m - 1

km) (Kennedy and Woodroffe, 2002). While no precise quantitative estimates of the amount

of the global coastline fringed by rocky or coral reefs are available, approximately 75% of

the world’s coastline is rocky (Davis and Fitzgerald, 2004), which may include reefs and one-

third of the world’s tropical coastlines feature coral reefs (Spalding et al., 2001) in which the

majority are classified as fringing reefs (Hopley, 2005). Despite their abundance globally, the

dynamics of reef-fringed shorelines have received much less attention compared to exposed

sandy beaches that have been the focus of a majority of historical research (Sonu and Beek,

1971, Aubrey, 1979, Thornton et al., 1996, Hoefel and Elgar, 2003, Harley et al., 2015). At

these exposed sandy beaches, morphological changes are caused primarily by cross-shore sand

exchange between beaches and offshore sandbars (Sonu and Beek, 1971, Aubrey, 1979, Thornton

et al., 1996, Hoefel and Elgar, 2003), or by beach rotation driven by alongshore variable cross-

shore transport (Harley et al., 2015) or seasonally reversing alongshore currents (Masselink and

Pattiaratchi, 2001b, Ranasinghe et al., 2004a).

At reef-fringed sites a more complex sediment exchange than found at purely sandy beaches

has been observed due the interaction of the reef structures with incoming waves (Norcross

et al., 2002, Eversole and Fletcher, 2003, Alegŕıa-Arzaburú et al., 2013). Reefs strongly modify

incident wave fields (wave periods < 25 s) via refraction and wave breaking. Not unlike the

spatial variability in waves and resulting surf zone currents caused by an ebb-tidal delta (Shi

et al., 2011), submarine canyon (Apotsos et al., 2008), or variable surf zone bathymetry such

as sandbars (Haller et al., 2002), reefs can similarly generate strong spatial variations in the

nearshore currents and corresponding sediment transport. The hard structure of reefs also

allows for these irregular surf-zone flows to be persistent features (Gourlay, 1996); something

generally not common at sandy beaches due to the constantly evolving mobile seabed (Wright

and Short, 1984). As a result of these physical differences between exposed sandy beaches and

reef-fringed shorelines the knowledge that has been developed along purely sandy coasts cannot

be directly applied to reef-fringed beaches.

Due to the large number of reef-fringed coasts globally, understanding the physical mechanisms

that shape these environments is vital to predict how a large number of shorelines will respond
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Figure 3.1: a Map showing the location of the study area at Garden Island, Western Australia. The
location of the tide gauge from which the wave data was obtained is also shown (black point). b)
Image of the study site obtained on June 2014. The shallow reefs are highlighted in the image of the
beach by areas with breaking waves.

to storms and sea-level rise over the coming decades. Prior research has documented the

formation of shoreline salients (seaward protrusions in the shoreline) in the lee of fringing reefs

and found that the ratio of a reef’s alongshore length to its distance offshore can often predict

if a salient is likely to be present and its scale (Sanderson and Elliot, 1996, Black and Andrews,

2001). However, this empirical analysis has only described the equilibrium shoreline position

without accounting for the physical processes that dictate the shoreline position and seasonal

dynamics. Here we present observations of the seasonal behavior of a section of coast where

reefs with scales of ∼100 m fringe a relatively straight sandy shoreline (which is a common type

of fringing reefs found globally, Smithers (2011)) thus serving as an ideal case study of how

reefs can fundamentally modify shoreline dynamics.
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Figure 3.2: (a) Change in beach elevation at Garden Island between January and June 2014 (austral
summer to winter), and (b) between June 2014 and January 2015 (austral winter to summer). (c)
Offshore significant wave height (5 and 30 days running means) collected off Rottnest Island ∼30 km
north of the site (grey areas represent the autumn-winter months). (d) Sub-aerial beach volume (per
unit of shoreline length, left axis) and shoreline change (right axis) at two transects corresponding
to the red and blue lines shown in (b). In (d), both the volume and shoreline change are expressed
relative to the temporal mean over the survey period.

3.2 Study Site and Methods

The study domain consists of an approximately 1-km-long section of beach at Garden Island

in micro-tidal southwestern Australia (Fig. 3.1), featuring two shore-attached limestone reefs

with alongshore lengths of ∼ 100 m each flanked by sandy embayments (Fig. 3.2a-b). Wave

height variations at the site typically range from 1 m in summer to 3 m during winter (Fig.

3.2c). The sub-aerial beach response to the seasonally changing wave climate was quantified

from 24 topographic surveys conducted over 20 months beginning in January 2014 and also

from 35 georectified aerial images spanning over six years (2010-2015). The topographic beach

surveys were conducted at roughly one-month intervals between January 2014 and August

2015 (Fig. 3.2d) by using a Differential Global Navigation Satellite System receiver logging
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positions and elevations at 2 Hz, that was mounted atop a survey backpack and traversed along

a grid pattern over 1.2 km of beach between two rocky outcrops (Fig. 3.2a-b). Differential

corrections were logged at an adjacent reference station and applied to the measurements

by the survey receiver. Uncertainty in the differentially corrected positions is estimated to

be 0.05 m (Morton et al., 1993), with each survey consisting of approximately 10,000 points

collected between the dune vegetation line (which is stable) and ∼-0.25 m water depth. The

repetitive surveys captured nearly identical upper- and lower-elevation limits due to the micro-

tidal diurnal tide (∼0.4 m). The points from each survey were interpolated using a Triangulated

Irregular Network and converted to a 1 m cell-size grid surface of the sub-aerial beach. Our

results and conclusions were unchanged using different gridding techniques (e.g. Kriging and

Nearest Neighbor interpolation). Each survey grid was rotated 11 degrees counter-clockwise

such that the horizontal axes corresponded to the mean cross- and alongshore directions (x and

y, respectively, see Fig. 3.2a-b)). The total sub-aerial volume of each survey grid was calculated

between 0.2 m relative to Australian Height Datum (AHD, defined as the mean sea level during

the period 1966-1968) and the vegetation line. Volume changes were estimated by subtracting

the rotated grid surfaces from successive surveys. The beach was divided into two sub-cells

(Fig. 3.3a-b), each consisting of one shore-attached reef with adjacent embayments, allowing

the volume change to be quantified at each reef individually. Additionally, the shoreline was

defined as the 0.2 m AHD contour.

The analysis time-frame was extended using 35 high-resolution (0.075 m/pixel) georectified

aerial photographs from Nearmap (Nearmap Pty. Ltd., 2009) collected on average every ∼2

months between March 2010 and July 2015. From each aerial photograph, the shoreline (defined

as the location of the visible beach step) was digitized using ArcGIS. Prior to 2013, imagery

of part of sub-cell 2 (northern) (Fig. 3.3a-b) was of a lower resolution and therefore was ex-

cluded from our analysis. While the exact elevation of the shoreline extracted from the aerial

photography is unknown, the microtidal range and steep beach produced shoreline change esti-

mates that were comparable to the change in the 0.2 m contour extracted from the topographic

survey grids for the overlapping time period (Fig. 3.4). Wave heights were obtained from the

Western Australia Department of Transport wave buoy located off Rottnest Island (about 30

km north of Garden Island, Fig. 3.1). The strong correlation (R2 = 0.8) between the wave

height at Rottnest and the wave height measured at 3 km offshore from Garden Island during

four months (December 2014 – March 2015) allows us to consider the seasonal changes in wave

height at Rottnest as representative to those occurring offshore Garden Island.

Nearshore circulation patterns in sub-cell 2 were tracked in both the winter and summer using
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Lagrangian drifters equipped with GPS receivers logging at 10 Hz. During the winter de-

ployments the drifters consisted of a 0.5 m tall cylinder with a circular base plate to dampen

wave-induced heave motions (Schmidt et al., 2003). In contrast, during the summer deploy-

ments smaller drifters (0.1 m tall) were used to better navigate in very shallow waters along

the shoreline. Eight experiments were conducted in May and June 2014, during which offshore

waves exceeded the 2 m height. During each experiment eight drifters were repeatedly deployed

close to the reef crest (y = 250 m) in order to capture the diverging circulation and tracked for

60-200 min (Fig 3.5a). The experiments were repeated over two days in March and April 2015

with typical summer wave climate (offshore wave height ∼1 m) and when beach accretion is

observed in the lee of reefs (Fig. 3.2b). Each experiment consists of five drifters deployed at

2-4 m offshore from the shoreline at the center of the north embayment of sub-cell 2 (y = 450

m) and tracked for up to 30 min (Fig. 3.5b).

3.3 Results

Our results indicate coherent behavior in both sub-cells, characterized by an out-of-phase sea-

sonal erosion/accretion pattern between the reef-fringed and adjacent embayed beaches (Fig.

3.2a-b). During summer when wave energy is lowest, a wide and flat salient is present onshore

of each reef, which is subsequently eroded by large winter waves (Fig. 3.2a-b). Conversely,

the embayments not fringed by reefs are characterized by narrower and steeper beaches that

accrete during winter and erode during summer as the salients reform. The seasonal beach

volume changes at the embayments and reef-fringed sections are strongly correlated with the

shoreline variations (Fig. 3.2d). At the embayments, the seasonal shoreline displacement was

up to 4 m compared to 15 m at the reef-fringed areas (Fig. 3.2d). Despite these significant

beach changes, remarkably the net sub-aerial beach volume was conserved to within only 10%

at each sub-cell year-round (Fig. 3.3c-d). The conservation of sub-aerial sand indicates that the

dominant sediment transport pathway is the alongshore exchange between the reef-fronted and

embayed beaches, with each sub-cell acting as a semi-closed system. In addition to the conser-

vation of subaerial beach volume, the dominance of alongshore transport is also supported by

the subtidal reefs remaining uncovered by sediment throughout the study period, confirming

that sediment eroded from the salient is not transported offshore onto the reefs and stored there

during periods of larger waves and subsequently transported onshore to reform the salient. The

alongshore sediment exchange results in a dephasing in the seasonal erosive/accretive response

between the reef-fronted beaches and adjacent embayments. This pattern is evident not only in
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Figure 3.3: (a-b) Boundaries of the two sub-cells identified at the study site; the pictures correspond
to 16 June, 2014 (winter) and 6 March, 2015 (summer). (c-d) Temporal variation of sub-cell net
beach volume change (black), total accretion (red), and erosion (blue) between successive surveys. In
(c) and (d) the left axis corresponds to volume change while the right axis (∆V/Vmean) indicates the
volume changes normalized by the sub-cell temporal mean beach volume. The grey areas denote the
austral autumn-winter months.

the topographic surveys but also in shorelines extracted from 35 georectified aerial photographs

spanning a longer six-year period (Fig 3.4). Thus, the comprehensive observations collected at

Garden Island demonstrate an alternate mode of seasonal beach response to that typically de-

scribed at exposed beaches, which is relevant to a myriad of similar reef-fringed sandy beaches

globally.

The out-of-phase beach changes result from the interaction between reefs and waves that ge-

nerates either diverging or converging mean alongshore currents and corresponding sediment

transport at the shoreline. Erosion of the reef-fringed salient and accretion of the adjacent

embayments occurs when alongshore currents diverge from the reef-fringed shoreline, whereas

the opposite occurs when alongshore currents converge at the reef-fringed shoreline. Obser-

vations of the converging and diverging alongshore currents were obtained with GPS tracked

Lagrangian drifters (see Methods) deployed at the southern reef (sub-cell 2) during both winter
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Figure 3.4: (a) Change in beach elevation at Garden Island (Sub-cell 2) from January to June 2014
(austral summer to winter). The dashed lines indicate ‘nodes’or locations where the elevation changes
are negligible which are used to divide the beach into three different sections. (b) Seasonal variation
of the aerial image (solid lines and circles indicating image date) and survey (black circles indicating
survey data) alongshore averaged shoreline changes relative to the temporal mean for each section
defined in (a). The grey areas denote the austral autumn-winter months.

(wave height > 2 m) and summer (wave height < 2 m) conditions. Diverging alongshore cu-

rrents with a mean of ∼0.2 m−1 were recorded during the winter deployments while converging

alongshore currents with a mean of ∼0.2 m−1 were recorded during the summer deployments

(Fig. 3.5).

3.4 Discussion and Conclusions

The forces responsible for driving the converging or diverging alongshore currents result from

two different processes: oblique wave breaking (radiation stress gradients, Longuet-Higgins

(1970)) caused by refraction of waves over and around the shallow reefs, and sea-level gradients

(pressure gradients, Apotsos et al. (2008)) caused by alongshore variations in wave energy.
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Figure 3.5: (a) Drifters experiment carried out in May 28th and June 6th, 2014 respectively when
offshore wave reaches up to 2.7 m height. The arrows represent the streamlines of the mean velocity
of spatial cells of 20 m by 20 m averaged over the two days. (b) Drifters experiment carried out in
March 13th and April 13th 2015 during low wave conditions (offshore wave height ∼ 1 m). The arrows
represent the streamlines of the mean velocity of spatial cells of 10 m by 10 m averaged over the two
days.

When waves continuously break at beaches or reefs, an increase in the mean water level is

generated (referred to as set-up, Longuet-Higgins and Stewart (1964)), which increases with the

offshore wave height (Bowen et al., 1968, Lentz and Raubenheimer, 1999). Alongshore gradients

in breaking wave height (and thus set-up) caused by the reefs induce sea-surface (pressure)

gradients capable of driving alongshore flows (Apotsos et al., 2008). Depending on the wave

conditions, these pressure gradients can either oppose or act in the same direction as the

radiation stress gradients. The net of these two forces ultimately determines the direction and

magnitude of the alongshore currents and corresponding sediment transport (Fig. 3.6). When

waves are large, pressure gradients generated by the increased set-up on the reefs relative to the

embayments are larger than the opposing reef-directed radiation stress gradients, which results

in diverging alongshore flows at the reef-fringed shoreline and erosion of the salient (Fig. 3.6a).
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During low waves, the alongshore flows and sediment transport instead converge at the reef-

fringed shoreline due to reef–directed radiation stress gradients (Fig. 3.6b). Alongshore pressure

gradients may also be directed towards the salient during low waves, due to the reefs dissipating

most of the wave energy away from the shoreline, leaving larger waves at the shoreline in the

embayments. Diverging flows still persist during low waves but are limited to the reef crest

where wave breaking occurs (Fig. 3.6b). The shoreline dynamics of reef-fringed beaches have

primarily been analyzed empirically, often utilizing geometrical relationships that relate spatial

properties of a reef to the equilibrium shoreline morphology (Sanderson and Elliot, 1996, Black

and Andrews, 2001, Kench and Brander, 2006). However, these studies describe the shoreline

response under steady wave conditions, without accounting for wave seasonal variation or other

processes that drive shoreline changes. Studies into the physical mechanisms driving shoreline

dynamics onshore of submerged breakwaters (Martinelli et al., 2006, Ranasinghe et al., 2010),

which have some similarities to reefs, offer the closest analogue in terms of developing an

understanding of the processes driving shoreline change. A numerical study (Ranasinghe et al.,

2010) describes a similar conceptual model as shown in Fig. 3.6 onshore of a single breakwater,

but analyses the shoreline response under steady wave conditions, resulting in a response that

tends to remain in one state (i.e. net-annual shoreline erosion or accretion). In contrast,

our model demonstrates that natural reef-fringed shorelines can alternate between erosion and

accretion based on variability in wave conditions, resulting in a seasonally dynamic, yet inter-

annually stable shoreline, as we observed at Garden Island. Similar seasonal responses have

been previously alluded to in studies of straight reef-fringed shorelines (Norcross et al., 2002,

Eversole and Fletcher, 2003, Gallop et al., 2015); however, these studies have yet to fully explain

the mechanisms responsible for the observed beach responses.

Reefs have often been considered to provide natural shoreline protection because they dissipate

wave energy prior to reaching the shoreline. As a result, a number of studies have described

the potential impact of increasing sea-levels and coral degradation on coastal erosion and inun-

dation via the increase in wave transmission across reefs resulting from increased water depths

(Storlazzi et al., 2011, Alegŕıa-Arzaburú et al., 2013, Grady et al., 2013, Ferrario et al., 2014).

However, these studies have primarily focused on the links between waves, reefs, and the shore-

line responses in the cross-shore dimension. While this may be acceptable in the lee continuous

or large-scale (order of km or larger) reef structures, this view neglects the two-dimensionality

of waves and currents introduced by the many discontinuous reef systems. The observations

and physical mechanisms presented emphasize the highly two-dimensional nature of the dy-

namics, with the presence of reefs simultaneously causing erosion and accretion at different
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Figure 3.6: (a) . During winter large waves break at the reefs and erosion occurs at the beach fringed
by reefs while (b) in summer smaller waves allow beach accretion to occur and form a salient. The
arrows indicate the direction and relative magnitudes of the radiation stress gradients due to oblique
wave breaking (red) and alongshore pressure gradients due to sea-level (set-up) differences (blue). The
still water level (SWL) is indicated by the dashed line.
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alongshore locations. The mode of shoreline change at any location is dependent on the net

of the diverging and converging forces resulting from the interaction of waves with the reefs.

These forces (pressure and radiation stress gradients), whose balance results in convergent or

divergent sediment transport (Fig. 3.6), are sensitive to the water depth over the reefs. For

example, an increase in the depth due to sea-level rise will allow larger waves to propagate over

the reefs and to break closer to the shore (Storlazzi et al., 2011, Alegŕıa-Arzaburú et al., 2013).

This will result in less set-up over the reefs but increased set-up at the shoreline, thereby alte-

ring the magnitude of alongshore pressure gradients and corresponding currents (Grady et al.,

2013). Thus the coastal response to climate change, particularly at sites fringed by small-scale

(order 100 m) reefs, will likely be more complex than on traditional exposed sandy beaches or

large-scale coral reefs, and may include not only shoreline erosion, but also accretion adjacent

to the reefs.

This study highlights the fundamental differences between the shoreline dynamics of reef-fringed

sandy coasts in comparison to exposed beaches that have been extensively studied. Specifically,

our results indicate seasonal shoreline changes that are driven almost entirely by alongshore

flows and associated sediment transport, contrary to the cross-shore dominated responses ty-

pically observed on exposed sandy beaches. This new understanding of reef-fringed beaches

behavior is explained using a conceptual model that relates the forcing mechanisms resulting

from reef–wave interactions and their effect on the alongshore sediment transport and shore-

line dynamics. As these reef-wave interactions and resulting shoreline dynamics will likely be

altered at most sites due to sea-level rise and other climate change impacts, incorporating the

inherent two-dimensionality of many reef-fringed sites is critical to making realistic predictions

of global shoreline positions in the coming decades.
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Chapter 4

Shoreline variability induced by mean

water level changes at reef-fringed

beaches

The comparative role of offshore sub-tidal water level and wave height variations on seasonal

shoreline changes was investigated at a rocky reef-fringed beach in southwestern Australia. The

dataset consisted of continuous sea level and wave records, topographic beach surveys, and a

series of high-resolution aerial images over a seven year period. Shorelines were extracted from

images and topographic surveys and empirical orthogonal functions (EOF) were applied to both

datasets. The temporal amplitudes of the first EOF mode (∼60% of the variance) were most

correlated with 30-day averages of the sub-tidal water level (variations up to +/- 0.2 m) owing

to fluctuations induced by the poleward flowing Leeuwin Current. Given that the geostrophic

response of the Leeuwin Currents is correlated to the El Niño Southern Oscillation (ENSO)

generating higher coastal water levels during La Niña and lower levels during El Niño, this also

led to inter-annual variations in the shoreline behaviour reflected in the first EOF mode. The

temporal amplitudes of the second EOF mode (∼20% of the variance) were most correlated

with 50-day averages of offshore wave height. Thus, our results indicate the seasonal beach

response was substantially influenced by the sub-tidal water level variations rather than wave

heights as has been reported in the literature. A simple EOF based model is presented which

reproduces the shoreline response and its seasonal and interannual modulation due to ENSO

events. These results highlight how sea level changes induced by climate variability can strongly

modify coastal erosion and accretion patterns along reef-fringed coastlines.
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4.1 Introduction

Fringing reefs are prevalent features along tropical and subtropical coastlines worldwide, and

typically consist of submerged rocky or coral reefs that extend seaward from the shore, often

with depths a few meters below the low tide level (Sheppard et al., 2013). These reef structures

generally are close to the shore (compared to barrier reefs), can be shore-attached or separated

from the shoreline by a shallow lagoon, and are often backed by sandy beaches (Kennedy

and Woodroffe, 2002, Smithers, 2011). Reefs can produce strong dissipation of incident waves

by both depth-limited breaking and bottom friction due to their large roughness, which can

often lead to wave height reductions of 80% or greater (Lowe et al., 2005, Alegŕıa-Arzaburú

et al., 2013, Ferrario et al., 2014). During dissipation of incident waves, energy is transferred

in the cross-shore direction into mean sea surface deviation (wave setup and setdown) with the

resulting pressure gradients often driving cross-reef flows over the reefs (Tait, 1972, Symonds

et al., 1995, Gourlay, 1996). Wave heights, wave setup and resulting flows can be modulated by

water depth changes over the reefs (Lugo-Fernández et al., 1998, Storlazzi et al., 2004, Brander

et al., 2004, Taebi et al., 2011, Becker et al., 2014) due to saturation of the surf zone and

the corresponding variability in depth-limited wave breaking (Thornton and Guza, 1982) In

most cases, this dependence on water level has been observed during different tidal stages with

high-tide conditions allowing larger wave heights to reach beaches behind reefs (Storlazzi et al.,

2004, Brander et al., 2004), and in turn in less wave dissipation and smaller wave setup over

the reefs (Lugo-Fernández et al., 1998, Taebi et al., 2011, Becker et al., 2014). Alongshore

sediment transport at shorelines fringed by reefs also appears to increase with higher water

levels according to numerical simulations (Alegŕıa-Arzaburú et al., 2013, Grady et al., 2013).

Despite these prior studies, it is unclear how variability of the nearshore hydrodynamics induced

by regional water levels can influence the morphological response of beaches in the lee of reefs

generally, especially if there are significant sea level changes sustained over periods of time (i.e.

much greater than tidal time scales) that allow a beach to develop a distinct response, including

potentially towards a new equilibrium morphology. As significant changes in the water level over

fringing reefs are projected to occur with sea level rise driven by climate change (Church et al.,

2004), it is important to understand the effect of water-level variations in the morphological

response of reef-fringed beaches in order to better understand how they will likely change in

the future.

Along the coast of Western Australia (WA), there are strong seasonal variations of the sub-

tidal water levels that can often vary by +/− 0.2 m over a year (Feng et al., 2003, Pattiaratchi
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and Eliot, 2008). This seasonal variation has been linked primarily to seasonal changes in

the strength of the Leeuwin Current, a warm water coastally-trapped boundary current that

flows south along the coast of WA (Godfrey and Ridgway, 1985). The geostrophic transport

of the Leeuwin Current increases from February to June, generating higher sea levels along

the coastal region of WA, while from July to November the coastal sea level decreases as the

current transport diminishes (Smith et al., 1991, Feng et al., 2003). Inter-annual changes in the

strength of the Leeuwin Current, and thus coastal sea level, have been linked to the El Niño

Southern Oscillation (ENSO) (Pariwono et al., 1986, Pearce and Phillips, 1988, Feng et al.,

2004). In general, during La Niña years the Leeuwin Current tends to be stronger generating

higher coastal sea levels throughout southwestern Australia; whereas during El Niño years the

current is weaker and the sea levels are lower (Pariwono et al., 1986, Pearce and Phillips, 1988,

Feng et al., 2004).

In this study we investigated how seasonal variability in regional sub-tidal water levels and

incident wave energy influence the shoreline behavior at a micro-tidal rocky reef-fringed beach

in southwestern WA using a dataset consisting of ∼20 months of regular (∼monthly) beach

topographic surveys and 44 high-resolution aerial images taken over seven years. To analyze

the beach response, the shoreline contour was extracted from images and topographic surveys

and then orthogonal eigenfunctions (EOF) were applied in order to decompose the spatial

and temporal patterns in the shoreline variability. We quantified the relationship between the

EOF temporal patterns and average values of waves and water levels in order to assess the

links between beach response and physical forcing. Finally, a shoreline position model was

developed based on the EOF spatial patterns and relationship to physical forcing conditions,

which accurately reproduces the shoreline position over the entire seven year period.

4.2 Observations and Methods

The study site consists of an approximately 1 km stretch of beach located on the western side

of Garden Island in southwestern WA (Fig. 4.1a). The beach features a number of submerged

limestone reefs located offshore and several shore-attached reefs (Fig. 4.1b), each with mean

depths of 0.5 m to 1 m below still water level (Fig. 4.2a). Two seasonally-varying salients

are present in the lee of the two shore-attached reefs (Fig. 4.2a-b) and exhibit a berm at the

shoreline with a flat profile landward that extends to the dune toe. In contrast, the beach

adjacent to the salients shows a relatively steep profile (slope ∼1:6-1:5). The site experiences
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Figure 4.1: a Map showing the location of the study area at Garden Island, Western Australia. The
locations of the wave buoy and tide gauge from which the wave and water level data were obtained
are also shown (black points). b) Image of the study site obtained on June 2014. The shallow reefs
are highlighted in the image of the beach by areas with breaking waves.

a micro-tidal regime (mean tidal range ∼0.5 m) and a wave climate characterized by seasonal

variability, with larger waves heights and periods during autumn and winter (Fig. 4.3a-c)

(Lemm et al., 1999). The sub-tidal water level also shows a clear seasonal oscillation (Fig.

4.3d-e), which typically leads the seasonal cycle of wave heights by three months (Fig. 4.3e).

This oscillation in the water level is related to the seasonal fluctuations in the strength of the

Leeuwin Current which produces higher elevations during the austral autumn and early winter

along the southwestern WA coast when the current transport is the largest (Feng et al., 2003,

Pattiaratchi and Eliot, 2008). Additionally, the sub-tidal water levels display inter-annual

variability linked to El Niño and La Niña events which impact the strength of the Leeuwin

Current (Pariwono et al., 1986, Pearce and Phillips, 1988, Feng et al., 2004). According to

the index that Australian Bureau of Meteorology (2017) uses to classify ENSO events, during
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Figure 4.2: (a) Lidar bathymetry of Garden Island with the contours of elevations 0 m and -1 m
to emphasize areas with shallow reefs. The coordinates were rotated 11° clock-wise to coincide with
the new reference frame (x, y). (b) High-resolution aerial image obtained on 15 March 2015 at the
study site. The shorelines derived from that image and the topographic survey collected on the same
day are also shown. (c) Zoomed area to emphasize the beach step over which the shoreline from the
image was defined.

the period 2010 – 2016, La Niña events (higher water levels) were registered from May 2010

to April 2011 and from September 2011 to March 2012 whereas El Niño events (lower water

levels) were registered from January 2010 to May 2011 and from April 2014 to April 2016 (Fig.

4.3e).

4.2.1 Wave and water level observations

Hourly observations of the incident wave conditions for the study period between 2010-2016

(Fig. 4.2a-c) were obtained by a directional wave buoy located offshore of Rottnest Island,

approximately 30 km NNW of Garden Island in 48 m water depth (Fig. 4.1a). Additionally,
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observations of tidal and sub-tidal water levels were recorded by a tide gauge located in Fre-

mantle Port, approximately 20 km north of the study area (Fig. 4.1b). These water levels

(5 minute averages) are referred to the Australian Height Datum (AHD) which is defined as

the mean water level for the period 1966-1968. In this study we refer the water levels (Fig.

4.3d-e) relative to the mean water level for the period 2010-2016 which was 0.1 m AHD. The

wave heights from the Rottnest wave buoy and water levels from Fremantle have been found

to be strongly correlated (R2 = 0.8 and R2 = 0.9, respectively) with their corresponding values

recorded ∼3 km offshore of Garden Island during a four month in situ deployment (December

2014 – March 2015), indicating that variability in wave heights from the Rottnest wave buoy

and water levels from the Fremantle tide gauge are representative of those occurring nearby at

Garden Island.

4.2.2 Shoreline observations

The shoreline position was extracted from 44 georectified high-resolution aerial photographs

(0.075 m per pixel) taken on average every two months between March 2010 and November

2016 obtained from Nearmap Pty. Ltd. (2009) as well as from 19 approximately monthly

topographic surveys conducted between January 2014 and July 2015 (see dates in Fig. 4.3a).

The surveys and the images for the period 2013-2016 covered the area from y = 80 to y =

1300 m (Fig. 4.2b) whereas the first 18 images (period 2010-2012) did not cover the northern

portion of the beach (y > 780 m). For this reason, the analysis of image-derived shorelines

will concentrate on the beach section bounded between y = 80 m and y = 780 m (Fig. 4.4a).

However, the shorelines covering a larger area will be shown in some of the results (Fig. 4.4b-c)

in order to understand the behaviour of the beach beyond these limits.

Shorelines were also extracted from 19 topographic surveys that were carried out using a Diffe-

rential Global Navigation Satellite System receiver mounted atop a survey backpack that was

traversed by foot along the beach (from y = 80 m to y = 1300 m), spanning in the cross-shore

between the dune vegetation line and the water line. Differential corrections were recorded at an

adjacent reference station producing an horizontal and vertical uncertainty of the survey points

of 0.05 m. Points from each survey then were translated and rotated to the reference system

x, y and interpolated using a Triangulated Irregular Network to produce a 1 m cell-size grid

surface of the sub-aerial beach. Grids produced using different interpolation methods (Kriging,

Nearest Neighbor) were similar and our results are not sensitive to the interpolation method.

For each grid, the shoreline was defined as the 0.2 m AHD elevation contour as it was the lowest
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Figure 4.3: (a) Time series of hourly and monthly and bi-monthly mean significant wave height (HS),
(b) wave peak period (TP), (c) wave peak direction (θP) measured offshore of Rottnest Island and (d)
five-minute and monthly and bi-monthly mean water level (WL) measured at Fremantle tide gauge
(relative to the mean of the period 2010 – 2016: 0.1 m AHD). In (a) the survey and image dates
are indicated by the open circles and triangles respectively. (e) Offshore water level and wave height.
Both signals were smoothed with a running mean of 6 months (+/- 3 months). The mean annual water
level and wave height are denoted by the triangles. El Niño and La Niña events are indicated by the
blue and red bands, respectively, and the grey areas indicate the austral autumn-winter months. (f)
Shoreline position averaged one embayment without reefs (y = 80 m – y = 190) and at the adjacent
salient fronted by reefs (y = 190 m – y = 330 m ).
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contour captures in all surveys (Fig. 4.2b). Each of the shorelines extracted from topographic

surveys exhibited a strong correlation with the shoreline positions corresponding to the image

taken within a two-week period from each survey (R2 = 0.98). However, the exact shoreline

positions did not strictly coincide as the shorelines from images were located on average ∼6 m

offshore from the locations extracted from the topographic surveys, as can be observed in Fig.

4.2b-c. This distance was kept nearly constant at some locations of the beach resulting in a

high correlation (R2 ∼0.9) between the temporal variations of the shorelines from surveys and

images (Fig. 4.2d). For other locations the correlation between the temporal variations was

smaller (R∼0.4) because of the distance separating the shorelines from images and surveys was

more variable (Fig. 4.2e).

4.2.3 Empirical orthogonal function analysis

Seasonal beach variability was analysed by calculating the empirical orthogonal functions (EOF)

from the shoreline data following Miller and Dean (2007a). The advantage of the EOF analysis

is that it identifies the dominant directions of spatial variation and expands the original data

along these directions or spatial modes using a new set of temporal projections. The alongshore

structure of the spatial modes thus provides information on the alongshore variance of the beach

response with maximum values identifying areas of maximum variability and nodal points (zero-

crossings) indicating stability. Nodal points typically separate adjacent areas of erosion and

accretion and thus their presence often reveal processes of alongshore sediment exchange such as

beach rotation (Muñoz-Pérez et al., 2001, Short and Trembanis, 2004, Clarke and Eliot, 2007).

Alongshore uniformity in the spatial modes is more characteristic of the typical beach response

to cross-shore sediment exchange that produces an uniform advance or retreat of the shoreline

in the cross-shore direction (Miller and Dean, 2007a, Hansen and Barnard, 2010). In addition,

the temporal projections corresponding to each spatial mode identified by the EOF analysis

can be related to time-series of physical forcing via linear correlations with strong correlations

usually indicating a physical link between the relevant temporal mode and the physical forcing

(Miller and Dean, 2007b, Hansen and Barnard, 2010, Loureiro et al., 2012).

The EOF analysis was applied to the detrended shorelines (with the temporal mean removed)

derived from images and topographic surveys in order to assess the spatial and temporal pa-

tterns in the shoreline variability. The temporal projections of the EOF modes obtained from

the image dataset (2010 – 2016) were correlated with time-series of significant wave heights

(HS) and the offshore sub-tidal water levels to assess how each contributes to the observed
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shoreline responses. As the shoreline response is not expected to be instantaneous but reflect

sustained changes in conditions over prior periods, we investigated applying different averaging

intervals to the time-series of physical parameters before calculating correlations (Miller and

Dean, 2007b, Hansen and Barnard, 2010, Loureiro et al., 2012). Means of wave heights and

water levels were calculated from 1 to 200 days prior each shoreline obsevation. Similar to

Miller and Dean (2007b) and Hansen and Barnard (2010), the averaging interval that produced

the highest correlation coefficient (R2) was assumed to be the period in which changes in the

physical parameters (in our case, wave height and water level) were reflected in the beach

shoreline position.

4.3 Results

4.3.1 EOF analysis and linear correlations

The EOF spatial modes derived from the shorelines extracted from both the topographic surveys

and aerial images indicate that the first two modes (M1 and M2) together account for ∼80% of

the shoreline variance (Fig. 4.4b-c). For the topographic surveys, the first mode accounted for

63% of the variance, while the second mode accounted for 22% (Fig. 4.4b). This was similar

for shorelines derived from the aerial images, with the first and second modes accounting for

59% and 17% of the variance, respectively (Fig. 4.4b-c). The remaining modes from both

datasets each explained less than ∼5% of the variance and were not considered as they cannot

be separated from noise. The noise floor was determined by conducting the EOF analysis on

100 random-number datasets of the same size of the image- and topographic-derived shoreline

datasets. This analysis indicates that up to 5% of the variance can be accounted for randomly

by the dimensions of the datasets. The structures of the first spatial mode from the topographic

surveys and images were observed to be very similar (Fig. 4.4b), with both showing maximum

positive values at locations where the reefs front the salients and smaller but negative values at

the adjacent areas without shore-attached reefs (embayments). This suggests that the largest

spatial changes occur at the salients, and that there is an out-of-phase between the sections of

beach at the salients and embayments. In contrast, the second spatial mode from the image data

shows somewhat different patterns (Fig. 4.4c), with results from the image analysis indicating

much larger variations at the embayment centred at y = 450 m and at the southern salient

(y = 250 m) with respect to those obtained from the topographic surveys. Moreover, the
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Figure 4.4: (a) Map of study area showing the contour of elevation -1 m (white line) and the limits
of the region analysed with images (yellow lines) (b-c) First and second EOF spatial modes (M1 and
M2) calculated from topographic surveys and from images (d) Temporal projections for EOF modes
from surveys and from images. La Niña and El Niño events are indicated by the blue and red bands.
The grey areas indicate the austral autumn-winter months.
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EOF mode 2 from the images demonstrates a local opposite sign at the two largest salients

suggesting that they exhibit an out-of-phase response. These differences between the second

EOF modes appear to be related to differences in the temporal variability and in the temporal

and spatial dimensions of both datasets. As discussed in section 4.2.2, the shorelines from

images and surveys were not located exactly at the same positions and elevations (Fig 4.2b-c)

and thus at some locations (such as around y = 450 m) the shoreline temporal variations of

both datasets did not exactly coincide (Fig. 4.2e) generating differences in the structure of

the second EOF modes. Additionally, the different spatial and temporal dimensions of both

datasets can also induce differences between the EOF 2 modes. Despite these differences,

the image-derived shorelines in general reproduce the spatial pattern of the EOF mode that

explains the largest percentage of variance (mode 1). This agreement extends to the EOF

temporal projections with both datasets exhibiting a seasonal behavior in which the first EOF

leads the mode 2 by approximately three months (Fig. 4.4d). The negative values in the

temporal projections of EOF mode 1 indicate erosion of the salients and the opposite behavior

(accretion) at the embayments, while the positive projections denote accretion at salients and

erosion at embayments. This seasonal out-of-phase behavior between reef-fronted salients and

embayments lacking reefs can be also observed in the shoreline positions of Fig. 4.3f. In

addition, the seasonal cycles observed in the EOF mode 1 reveals some inter-annual variability

with larger negative values (erosion) during the autumn-winter of the years 2011 to 2014 than

the years 2010, 2015 and 2016.

The EOF temporal amplitudes of modes 1 and mode 2 from images were each compared against

the observed wave conditions and water levels averaged over different intervals prior to each

of the 44 image dates. For EOF mode 1, the stronger (negative) correlations were found with

the water level averaged over the interval of 20 - 60 preceding days with the maximum at 30

days (R2 = 0.77, p-value < 0.05) (Fig. 4.5a). The EOF mode 2 was strongly and positively

correlated with the wave height averaged over the interval of 30 - 60 preceding days with the

maximum at 50 days (R2 = 0.81, p-value < 0.05) (Fig. 4.5b). Similar correlations were also

found between the EOF mode 1 from topographic surveys and the water level (averaged over

the preceding 40-80 days) and between the EOF mode 2 and the wave height (averaged over

> 70 preceding days) (not shown). The time periods that produced the highest correlations

for EOF mode 1 and mode 2 indicate that the shoreline variability is related to the 1-2 month

variations in the water levels and wave heights with both parameters showing strong seasonal

variations each year (Fig. 4.3a, d). The correlation between the shoreline behavior and water

level and wave height is further emphasized in the seasonal variability of these parameters
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Figure 4.5: Correlation coefficients generated by the linear regression between the first and second
temporal modes and (a) the water level averaged over different number of previous days and (b) the
wave height averaged over different number of previous days.

(Fig. 4.3a, d-f), with the minimum (maximum) monthly and bi-monthly means of water level

(Fig. 4.3d) coinciding with maximum (minimum) shoreline position at reef-fronted salients,

whereas the maximum (minimum) of monthly and bi-monthly means of wave height (Fig.

4.3a) coincides with maximum (minimum) shoreline position at embayments. High positive

correlations between the first EOF mode and wave height averaged over very similar preceding

intervals (∼60 days) have been commonly observed on open-coast beaches and linked to the

seasonal character of the wave climate (Miller and Dean, 2007b, Hansen and Barnard, 2010).

4.3.2 Shoreline position model

Given that a majority (∼ 80%) of the shoreline variability can be accounted for using the first

two EOF spatial modes, the detrended shoreline position x′ at a given time t can be represented

as:

x′(t) = C1(t)M1 + C2(t)M2 (4.1)

Where C1, M1 and C2, M2 are the temporal projections and spatial loadings of modes 1 and

2, respectively (here focusing on those obtained from image-derived shorelines over the longer 7

year period). Following the approach of Hansen and Barnard (2010), we generated a shoreline

position model using equation 4.1 but with C1 and C2 predicted using the linear regression

equations that relate C1 and the water level (averaged over the previous 30 days) and C2 and

the wave height (averaged over the previous 50 days) (dashed lines in Fig. 4.6a-b). These
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Figure 4.6: Linear models for the temporal projections of (a) EOF mode 1 and (b) EOF mode
2. (c-d) Time series of the observed and predicted temporal projections using the linear regression
equations (dashed red lines in (a) and (b)) for mode 1 and mode 2.

Figure 4.7: Summary of statistics for the shoreline position model. The grey areas denote austral
autumn - winter months.
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Figure 4.8: (a)Observed and modelled shorelines representing typical summer and winter wave condi-
tions with the same water level (at mean sea level 0 m): August 2014 (black) and April 2015 (orange)
(b) Observed and modelled shorelines representing typical seasonal water level changes with the wave
height (1.6 m): October 2010 (orange) and April 2011 (black). The grey areas denote the locations of
shore-attached reefs.

equations produce new temporal coefficients (C ′1 and C ′2) that are generally in good agreement

with the observations (Fig. 4.6c-d). The performance of the model in reproducing the shoreline

position for the 44 shorelines was assessed by calculating the alongshore mean difference (AMD)

between the observed and modelled positions, the standard deviation of the AMD (σ) and the

ratio AMD/σ (Fig. 4.7). Although there are occasionally errors of up to 3 m, the model is

generally accurate in calculating the shoreline positions to within one standard deviation of the

observed shoreline variability. Four examples of the observed and modelled detrended shoreline

position are shown in Fig. 4.8. The empirical shoreline model is useful to assess the relative

influence of the seasonal variation in water level and wave height. We use the model to predict

the shoreline position for four scenarios. First, shorelines were predicted with water levels close

to the mean value 0 m (i.e. 0.1 m AHD) but with different wave heights typical of summer and

winter conditions (1.1 and 2.6 m respectively indicating summer and winter) (Fig. 4.8a). The

larger 2.6 m offshore waves result in erosion at the regions fronted by reefs (centered at y =

∼250 m and y = ∼550 m) and accretion at the embayments with no reefs, with the opposite

occurring during the low 1.1 m offshore waves (Fig. 4.8a). At the northern salient (y = ∼750

62



m), the model shows accretion with increasing wave height which is opposite to the response

observed at the southern salient (y = ∼250 m). The observed and modelled alongshore mean

shoreline changes between summer and winter are approximately -1 m and -3 m (25% and

65% of the average, -4.5 m, summer to winter change). Second, the relative influence of the

seasonal variation in offshore water level was analyzed using scenarios of shorelines with the

same wave height (close to the annual mean 1.65 m) but with varying water levels representing

typical seasonal changes ranging from -0.05 m to +0.16 m (Fig. 4.8b). As can be observed,

these changes in water level lead to large erosion of the two salients (centered at y = sim250

m and y = ∼750 m) but small accretion at the embayments. The observed and modelled

alongshore mean shoreline changes between low and high water levels are approximately -3 m

and -5 m (65% and 110% of average winter to summer change). Therefore, our results suggest

that the magnitude of mean shoreline changes caused by seasonal differences in water level are

comparable or even larger than the magnitude of changes generated by seasonal variation in

wave height.

4.4 Discussion

Our results demonstrate that the shoreline variability can vary strongly along reef coastlines,

with portions of beach fronted by reefs exhibiting the largest shoreline responses, which are

also out of phase with the smaller shoreline changes in adjacent embayments lacking reefs. The

alongshore-variable behavior in the EOF modes suggests that alongshore sediment transport

controls the seasonal beach behavior as has been observed at other sites with spatially-variable

EOF functions (Muñoz-Pérez et al., 2001, Short and Trembanis, 2004, Clarke and Eliot, 2007).

Sub-aerial volumetric changes calculated at Garden Island (Chapter 3) support the dominant

role of the alongshore sediment exchange at the beach as the volume of sediment deposited from

winter to summer at the salients fronted by reefs closely matches the amount eroded at the

adjacent sections without reefs over the same period (with the reverse pattern occurring from

summer to winter) demonstrating the existence of alongshore sediment transport processes that

reverse seasonally.

The shoreline variability at Garden Island displayed strong seasonal variations (Fig. 4.3f, Fig.

4.4d) which are linked to the seasonal variations in the sub-tidal water levels and wave heights

(Fig. 4.3a, d). This clearly differs from the focus of other studies of reef-fringed beaches

where the seasonal variation in wave energy has been considered the sole mechanism in driving
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Figure 4.9: (a) Water level (running mean +/- 3 months) at Fremantle respect to the mean of the
period 2010-2016 (i.e. 0.1 m AHD). The periods classified as El Niño and La Niña by Australian
Bureau of Meteorology (2017) are indicated by the blue and red bands. (b) Modelled change in
shoreline position for typical mean winter wave conditions (∼2.5 m) but with water levels representing
the maximum monthly values occurring during El Niño (0.06 m, January 2014) and during La Niña
years (0.16 m, January 2011) within the period 1950 - 2016.

the seasonal shoreline variability (Norcross et al., 2002, Eversole and Fletcher, 2003, Alegŕıa-

Arzaburú et al., 2013). However, the majority of these other observations have been performed

in coastal sites with small seasonal oscillations in sub-tidal sea level (<0.1 m) (Wyrtki, 1974,

Tsimplis and Woodworth, 1994) that might not generate a visible impact in the beach seasonal

response. In contrast, in southwestern WA the seasonal amplitude in sub-tidal water level

can be up to +/−0.2 m which provides an excellent opportunity to investigate how sustained

periods of sea level change modify beach behavior along reef coasts. In addition, the ∼3 month

phase lag between the seasonal variations in sub-tidal water level and wave energy (Fig. 4.3e)

allows their individual contributions to the beach response to be discerned. According to our

results, the ∼monthly shoreline variation is the result of changes in the sub-tidal water level and

wave height occurring over the preceding 30 – 60 days. These time intervals reflect the seasonal

character of the wave heights and sub-tidal water levels at southwestern WA which generates

changes in these parameters in an approximate monthly to bi-monthly basis (Fig. 4.3a, d) that

highly correlate to changes in the shoreline position (Fig. 4.3f). In the case of the wave climate,
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the seasonal trend in principally the result of the increase in storm activity during winter at the

Southern Ocean that generates larger swell during winter and smaller swell towards summer

(Young, 1999). On the other hand the seasonal trend in sub-tidal sea levels has been linked

to seasonal changes in the strength of the Leeuwin Current which increases (higher sea levels)

from February to June and decreases (lower sea levels) from August to November (Feng et al.,

2003). The seasonal variation in the Leeuwin Current has been suggested to be in turn the

result of monthly variations in the northward wind stress which causes a larger deceleration of

the Current from August to November and smaller during February and June (Godfrey and

Ridgway, 1985, Feng et al., 2003). In addition to seasonal changes, the sub-tidal water level

also exhibits inter-annual variability which has been associated to inter-annual changes in the

strength of the Leeuwin Current due to ENSO events (stronger during La Niña, weaker during

El Niño) (Pariwono et al., 1986, Pearce and Phillips, 1988, Feng et al., 2004) (Fig. 4.9a).

While there is some evidence that offshore wave heights at southwestern WA can also exhibit

inter-annual variations, these appear to occur over decadal timescales (∼40 years) that are not

strongly correlated to ENSO events (Bosserelle et al., 2012).

In summary, our results show that the seasonal cycles in the shoreline position of reef-fringed

beaches along the southwestern WA coast can be governed by a combination of the seasonal

variation in swell wave energy with seasonal changes in the Leeuwin Current resulting in an

accretive response at the beach sections fronted by reefs during the periods when the Leeuwin

Current is weaker (lower sea levels) and waves are smaller and an erosive response during the

periods when the Leeuwin Current is stronger (higher sea levels) and waves are larger (Fig. 4.8).

This seasonal cycle of erosive/accretive response is modulated inter-annually by variations in the

Leeuwin Current due to ENSO events which, according to our model, result in more erosion

of the reef-fronted sections during winters of La Niña years than during winters of El Niño

years (Fig. 4.9b). The erosion observed during higher sea levels can be understood in terms

of the depth-limited behavior of waves traveling over the reefs allowing larger waves to reach

the shoreline during higher water levels, which in turn can lead to more erosion at the lee of

reefs. While simulating the morphodynamic behavior using a coupled hydrodynamic-sediment

transport model is beyond the scope of the present study, in order to simply illustrate this,

the nearshore wave height behavior along one representative cross-shore profile with reefs at

Garden Island (y = 250 m) was analyzed using a one-dimensional XBeach wave model with

default settings (Fig. 4.10). The model was initialized with four different combinations of

offshore wave height (H) and water levels (WL) representing typical seasonal changes in each

of these parameters. As can be observed (Fig. 4.10), the scenarios with higher water levels

65



Figure 4.10: (a) Significant wave height profiles and (b) bathymetry at cross-shore location fronted
by reefs (y = 250 m) for four scenarios of offshore water level (WL) and wave height (H). The low
and high water levels were defined as 0 m and 0.2 m which represent typical seasonal changes in the
sub-tidal water level. The low and high wave heights were defined as 1.5 m and 2.5 m which represent
typical offshore values occurring during summer and winter at Garden Island. The location of reefs
are denoted by the grey areas.

(High WL) generated larger waves at the shoreline with a difference of up to +0.12 m respect

to the waves generated during lower water levels (Low WL) with similar wave conditions. In

contrast, a difference of +0.06 m was found between the summer (Low H) and winter (High H)

scenarios with similar water levels. This suggests that a larger increase in wave heights close to

the shoreline are caused by seasonal changes in water level which likely explains the increase in

erosion observed at the reef-fronted sections during higher water level conditions such as those

found during La Niña events (Fig. 4.9b).

Finally, the seasonal and inter-annual variations in the water level reveal the likely importance of

the Leeuwin Current (and dynamics occurring on the shelf, in general) in providing an important

mechanism in driving the shoreline changes at beaches along the southwestern WA coast, which

had been hypothesized early by Clarke and Eliot (1983) from observations at southwestern WA

lacking reefs, but since then has still not been quantified. These results of the response of reef-

fringed beaches to mean sea level changes are further valuable for understanding and predicting
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coastal behavior as sea levels rise in the future. Although an increase in higher sea levels due

to global warming has been suggested to occur in southwestern WA (Church et al., 2006), the

frequency of ENSO events have been also suggested to increase (Cai et al., 2014, 2015). How

the shoreline responds will depend on the combined impact of these two mechanisms on water

levels and also on wave heights.

4.5 Conclusions

The results of this study indicate that sub-tidal water level variations can be more important

than changes in wave energy in driving the shoreline response at reef-fringed beaches. At

Garden Island the seasonal variations in the sub-tidal water level are up to 0.4 m and are well

correlated with the seasonal variation in the strength of the Leeuwin Current. Our results

show that during periods of low sea levels (weaker Leeuwin Current) and low wave heights,

sections of beaches fringed by reefs accrete while the adjacent regions without reefs erode with

this pattern reversing during the seasons with high sea levels (stronger Leeuwin Current) and

larger waves. This accretive/erosive seasonal cycle is modulated inter-annually due to inter-

annual variations in the strength of the Leeuwin Current and associated water levels caused

by ENSO events. Our results suggest that during La Niña years, more seasonal erosion occurs

at the beach sections fronted by reefs than during El Niño years due to the higher sea levels

associated with stronger Leeuwin Current. Thus, the future response at reef-fronted shorelines

along southwestern Australia will be determined by changes in the global mean sea level but

also changes in the Leeuwin Current, revealing an interesting coupling between large-scale

dynamics of an ocean boundary current system driving coastal water level variability and

nearshore processes driving beach erosion; processes that for the most part have been assumed

to be largely uncoupled in studies of seasonal and inter-annual beach variability generally.
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Chapter 5

General Discussion and Conclusions

By dissipating incident wave energy, offshore and nearshore reefs can strongly modify the

nearshore waves, wave-driven currents, and sediment transport and therefore have a substantial

influence on the morphological response of beaches in their lee. The objective of this thesis

was to quantify the impact of these reefs on the morphodynamics and underlying physical

processes in order to assess the role that reefs play in modifying the short-term and long-term

beach response. Our results show that at beaches partly sheltered from ocean swell by offshore

reefs (i.e. located several kilometres from shore) such as at Secret Harbour (Chapter 2), the

temporal variation in the shoreline position can be governed by cycles of erosion and accretion

driven by storms and recovery periods rather than by seasonal cycles owing variations in swell

energy which is typically found at some open-coast beaches (Yates et al., 2009, Hansen and

Barnard, 2010). Although the offshore reefs at Secret Harbour are submerged at ∼5 m depth,

they are able to reduce the incident swell energy by up to 40% (Lemm et al., 1999, Masselink

and Pattiaratchi, 2001a) thereby damping the effect of offshire seasonal wave height variations

on the shoreline variability . Prior research along the southwestern Western Australia (WA)

coast had already observed that the morphology of beaches does not follow the swell seasonal

variation and instead can be more correlated with other processes such as seasonal changes

in the littoral drift (Masselink and Pattiaratchi, 2001a). However, due to the long periods

between measurements (∼monthly) they did not quantify the relative impact of storms and

recover y cycles neither megacusps in the shoreline variability. Observations at other low-energy

beaches (Nordstrom, 1980, Jackson, 1995, Freire et al., 2009) also exhibit limited spatial and/or

temporal scales (∼10 m, ∼days) and thus it is not clear to which extent they can represent the

beach behaviour over longer scales of time and space. For this reason it is important for beach
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measurements to be performed over longer stretches of beach and over longer periods of time

such as those collected in this thesis, in order to obtain a more complete understanding of the

representative behaviour of these beaches.

At Secret Harbour, storms events that followed periods of low waves lasting several days genera-

ted larger erosion than the consecutive storms which agrees with observations at other locations

where the first storm event often generates the largest shoreline change due to the beach profile

being further from the equilibrium profile associated with the storm conditions (Yates et al.,

2009, Lageweg et al., 2013). After storms, the recovery process observed at Secret Harbour was

much more dynamic than that reported at other low-energy sites (Nordstrom, 1980, Jackson,

1995, Freire et al., 2009) with the beach generally exhibiting megacusps whose formation and

alongshore migration often led to shoreline changes as large as those generated by storms. In

some cases, the megacusps embayments formed at the lee of rip currents suggesting that rip

circulation likely contributed to the formation of megacusps as have been documented at some

open-coast beaches (Ranasinghe et al., 2000, Galal and Takewaka, 2008, Orzech et al., 2011).

The progression from beach morphologies with alongshore – variable features such as megacusps

to morphologies with more alongshore-uniform shorelines have been primarily observed on

exposed beaches under waves larger than 2 m (Ranasinghe et al., 2004b, Galal and Takewaka,

2008, Lageweg et al., 2013). However, our results from Secret Harbour indicate that such

transitions can also exist during much lower wave conditions as changes to alongshore-uniform

shorelines occurred under storms with wave heights of ∼1 m (Fig. 2.8). Observations of

sandbar transitions to alongshore-uniform states during low oblique waves have attributed

these transitions to the presence of alongshore currents (Price and Ruessink, 2011, Contardo

and Symonds, 2015), further suggesting that high waves are not required to develop more

alongshore–uniform states in the nearshore beach morphology. Alongshore currents have been

also suggested to contribute to the alongshore migration of megacusps (Galal and Takewaka,

2008) and rip channels (Ranasinghe et al., 2000, Orzech et al., 2010), which is likely the case

at Secret Harbour given that alongshore movement of megacusps were observed to occur only

in summer when alongshore currents due to sea–breeze cycles are very strong.

Apart from storms, sea-breeze cycles can also impact the shoreline variability at low-energy

beaches. We observed that during sea-breeze cycles the beach behaviour consists of erosion

during the sea breeze and accretion when the sea breeze relaxes as has been reported at other

locations along southwestern Australia (Pattiaratchi et al., 1997, Masselink and Pattiaratchi,

1998b, Gallop et al., 2011). However, our analysis revealed further details such as that the
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erosive impact of the sea breeze can depend on the ordering of the event with the sea-breeze

cycle that follows periods of low waves producing the largest changes just as occurs with storm

events. Additionally, we discovered that the erosive impact of the sea-breeze cycles can be

alongshore-variable due to the simultaneous formation and alongshore migration of megacusps.

The overall accretive trend produced by these features can exceed the erosion due to the sea

breeze after several days. While the erosive role of sea breezes along the southwestern Western

Australia (WA) has been recognized by earlier studies (Pattiaratchi et al., 1997, Masselink and

Pattiaratchi, 1998b, Gallop et al., 2011), the dynamics of megacusps, including their formation

and alongshore migration, has not been documented previously neither along this coast nor at

other low-energy locations. Our results therefore make a significant contribution towards the

understanding of megacusps dynamics at low-energy beaches, features that according to our

observations can dominate the short-term (∼ days) shoreline variability.

If reefs are closer or attached to the shoreline, their impact in the beach response can be more

dramatic as demostrated in the observations carried out at Garden Island (Chapter 3). At this

site, the shoreline and beach volume changes strongly vary in the alongshore direction exhibiting

the largest changes where the reefs are closest to the shore. This is clearly shown in the beach

seasonal behaviour which consists of an out-of-phase response between the salients or regions

with shore-attached reefs and embayments without reefs (Fig. 3.2). Similar alongshore-variable

behaviour has been observed at other beaches with reefs and been linked to the existence of

alongshore sediment exchanges (Norcross et al., 2002, Eversole and Fletcher, 2003, Gallop

et al., 2013). However, our results are the first that demonstrate quantitatively and explain

physically the dominant role of alongshore sediment transport in driving the beach seasonal

response generating similar but opposite volume changes at regions fronted by reefs and adjacent

embayments that alternates seasonally. This evidence shows that nearshore reefs especially

shore-attached reefs do not necesarilly provide protection againts erosion for beaches at their

lee as has been considered in some studies (Arkena et al., 2013, Ferrario et al., 2014).

We discovered that the seasonal response of reef-fringed beaches can be driven by seasonal

changes in swell wave energy coupled with the seasonal variation in the sub-tidal water level

with higher water levels enhancing the erosion at regions fronted by reefs (Chapter 4). This

differs from the focus of previous studies of reef-fringed beaches which have attributed the

seasonal beach response only to variations in wave energy (Norcross et al., 2002, Eversole and

Fletcher, 2003, Alegŕıa-Arzaburú et al., 2013, Gallop et al., 2015). However, the majority of

these other observations have been performed in coastal sites with small seasonal oscillations

in sub-tidal sea level (<0.1 m) (Wyrtki, 1974, Tsimplis and Woodworth, 1994) that might not
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generate a visible impact in the beach seasonal response. In contrast, in southwestern WA the

seasonal amplitude in sub-tidal water level can be up to +/−0.2 m which provides an excellent

opportunity to investigate how sustained periods of sea level change modify beach behavior

along reef coasts. In addition, the ∼3 month phase lag between the seasonal variations in sub-

tidal water level and wave energy allows their individual contributions to the beach response

to be discerned.

The seasonal and inter-annual beach response at Garden Island related to sub-tidal water level

variations is ultimately linked to temporal variations in the strength of the Leeuwin Current

(Godfrey and Ridgway, 1985) which causes higher sea levels when the Current is stronger and

lower sea levels when the Current weakens (Smith et al., 1991, Feng et al., 2003). Additionally,

the Leeuwin Current is generally stronger during La Niña events than during El Niño events

which causes an inter-annual variation in the sub-tidal water level (Pearce and Phillips, 1988,

Feng et al., 2004). Our results demonstrate that temporal variations in the Leeuwin Current

through its impact in the sea level generates a seasonal beach response with more erosion at

sections fronted by reefs during high water levels than during low water levels (Fig. 4.4). This

erosion increases during La Niña events and diminishes during El Niño events due to higher

and lower water levels respectively, process that generates an inter-annual variability in the

beach response (Fig. 4.9). Thus, we discovered that the Leeuwin Current can be an important

process in driving seasonal and inter-annual coastal changes along southwestern WA, a process

that has not been alluded previously in beach studies collected along this coast (Clarke and

Eliot, 1983, Masselink and Pattiaratchi, 2001a, Gallop et al., 2015).

Our observations at Garden Island (Chapter 3 and 4) emphasize the highly two-dimensional

nature of the dynamics at beaches with nearshore reefs, with the presence of reefs simultaneously

causing erosion and accretion at different alongshore locations. The mode of shoreline change

at any location is dependent on the net of the diverging and converging forces resulting from

the interaction of waves with the reefs. These forces (pressure and radiation stress gradients),

whose balance results in convergent or divergent sediment transport, are sensitive to the water

depth over the reefs. For example, an increase in the depth due to sea level rise will allow

larger waves to propagate over the reefs and to break closer to the shore (Storlazzi et al.,

2011, Alegŕıa-Arzaburú et al., 2013). This will result in less set-up over the reefs but increased

set-up at the shoreline, thereby altering the magnitude of alongshore pressure gradients and

corresponding currents (Grady et al., 2013) that can increment the erosion at beach sections

fronted by reefs and accretion at adjacent sections. An increase in frequency of El Niño and La

Niña events due to climate change (Cai et al., 2014, 2015) will also impact the beach response
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in the future. Along some beaches in the Northern and Southern Pacific, Barnard et al. (2015)

indicates that beach erosion would increase due to stronger and more frequent El Niño events

independently of the global trend in sea-level rise. In southwestern WA, our results suggest a

similar increase in coastal erosion but owing to an increase in the frequency of La Niña events,

which generally leads to a stronger Leeuwin Current and associated higher sea-levels. Thus,

the coastal response to climate change, particularly at sites fringed by small-scale (∼ 100 m)

reefs, will likely be more complex than on traditional exposed sandy beaches or large-scale coral

reefs, and may include not only shoreline erosion, but also accretion adjacent to the reefs.

Overall, this thesis demonstrates that the morphodynamics at beaches fronted by nearshore

and offshore reefs can be fundamentally different than classic open coast sandy beaches that

have been extensively studied in the literature, reflecting the impact of reefs on the nearshore

wave climate, currents and sediment transport. Thus, the attenuation of swell wave energy

by offshore reefs can make the beaches in their lee to respond more strongly to waves locally-

generated by storms and sea-breeze cycles whereas nearshore reefs can modify the nearshore

currents and sediment transport favouring alongshore sediment exchange. This knowledge con-

tributes significantly towards the understanding of morphodynamics of beaches fronted by reefs

which despite representing a substantial percentage of the coastlines of the world (Davis and

Fitzgerald, 2004, Spalding et al., 2001) have been less studied than beaches without reefs. By

expanding our existing knowledge in these coastal zones, a better prediction and management

can be achieved in order to prepare for future hazards especially those related to rising sea-levels

and potentially more frequent El Niño and La Niña events which can increase the likelihood of

coastal erosion and inundation.

Although this thesis contributes to the knowledge about beach morphodynamics at reef-fronted

coastlines, there is still scope for much additional research related to understanding the pro-

cesses that govern beach behaviour along reef coastlines. This should include more field ex-

periments at low-energy beaches in order to better understand the physical mechanisms that

lead to the formation of megacusps at these sites since despite we suggested that such mecha-

nisms were likely rip currents there can be other processes also contributing to the formation

of megacusps. This could also be integrated with measurements at beaches more exposed to

ocean swell along southwestern WA to compare the morphological behaviours. In addition,

future research should also include more field experiments at reef-fronted beaches in order to

better explain the physical mechanisms that lead to the erosion and accretion at the lee of reefs.

While our results have supported the development of a conceptual model of the hydrodynamic

mechanisms (diverging and converging currents) as driving the erosion and accretion at the lee
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of reefs, further work could assess the dynamics governing these nearshore flows. This would

include quantifying these over longer terms and longer extensions in order to understand how

these currents evolve over time and space and to investigate further investigate which are really

the environmental conditions (i.e wave climate, water levels) that promote changes from diverg-

ing to converging circulation and vice versa. The assessment of nearshore circulation within

reefs environment could be also complemented with numerical modelling. We suggest that a

numerical model such as XBeach could be used to validate the conceptual model presented in

Chapter 3 and also to investigate the effect of geometry of reefs (i.e. length, width, distance to

shore) in the nearshore circulation. Another suggestion for future research is to measure the

shoreline variability at several beaches with and without reefs in southwestern WA by using the

high-resolution images available at Nearmap Pty. Ltd. (2009) in order to further probe that

inter-annual variation in the shoreline positions due to the Leeuwin Current exists over the

entire southwestern WA coast. Correlations between the shoreline variability and other pro-

cesses that modify inter-annually the wave climate in southwestern WA such as changes in the

latitudinal position of sub-tropical high pressure systems (Wandres et al., 2017) are suggested

to be quantified and compared with the effects due to the Leeuwin Current.
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