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Abstract 
Following the rapid and destructive impacts of storm erosion, beach recovery is a key 

natural process of restoration, returning eroded sediment to the subaerial beach and 

rebuilding coastal morphology to continue to support the needs of modern-day coastal 

communities. While more detailed understanding of storm erosion has been developed, 

this thesis advances insight into wave-driven recovery processes of the subaerial 

beach following storms on microtidal, wave-dominated sandy beaches. 

The onshore return of nearshore sediment back to the shoreline is a primary 

wave-driven process of beach recovery. Shoreline recovery is analysed following 82 

individual storms using a 10-year coastal imaging dataset of daily shoreline and 

sandbar positions. Shoreline recovery rates are quantified, highlighting temporal 

variability significantly correlated with parameters related to nearshore wave steepness 

and sandbar morphodynamics. A new conceptual model is presented, describing 

phases and rates of shoreline recovery through various stages of onshore sandbar 

migration following storms, from fully detached storm-deposited sandbar morphology 

through to complete sandbar welding with the shoreline. 

After nearshore sediment has returned to the shoreline, swash processes then rework 

sediment up onto the subaerial beach to rebuild the berm. Following complete removal 

by a significant storm event, the entire rebuilding of a berm is examined at tide-by-tide 

timescales, using high resolution (5 Hz) swash and subaerial beach profile 

measurements obtained from a continuously scanning Lidar. Tide-by-tide rates of 

subaerial volume change, berm crest growth and subaerial profile variability are 

quantified and examined. The findings identify behavioural modes of subaerial profile 

variability throughout berm recovery, distinguished by swash, nearshore wave and 

ocean water level conditions. 

Finally, alongshore variability in subaerial volume recovery on an embayed coastline is 

evaluated at distinct spatial scales both within and between four closely-situated 

embayments following a significant storm event. The range of variability in net rates of 

subaerial volume recovery within individual embayments was found to be substantially 

larger (by a factor of 10) than between embayments. This variability was observed 

between embayment extremities and also locations spaced only a few hundred metres 

apart, considered to be driven by subaqueous morphodynamics and alongshore 

gradients in nearshore wave energy. 
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  Chapter 1
 
 
Introduction 
 
 
“Is there anyone who can watch without fascination the struggle for supremacy 

between sea and land? ... A fresh look always awaits the student, and every wave is a 

masterpiece of originality. It will ever be so. Go and see.”  

Willard Bascom, 1964 - Waves and Beaches  

  



1. Introduction 
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 Motivation  1.1

Often situated at the interface of the ocean and growing human settlements, coastlines 

are dynamic environments that support the multifaceted demands of modern-day 

coastal communities. Coastal regions have attracted the settlement of a large 

proportion of the world’s population, with nearly one quarter living within 100 km of the 

coast (Small and Nicholls, 2003). Infrastructure assets in coastal regions are estimated 

at a value of US$13 trillion worldwide (Jongman et al., 2012). In these locations it is 

often beaches and their dune systems that provide a primary natural buffer of 

protection, separating settlements and infrastructure from inundation by ocean waters 

(CERC, 1984). Beaches also provide prized public amenity, as well as critical habitats 

supporting coastal ecology (Defeo et al., 2009; Frampton, 2010). In Australia, these 

ecosystem services of protection and amenity have been valued on the order of 

several millions of dollars per kilometre of shoreline (Blackwell, 2007).  

The capacity of a beach to meet the present and future needs of a coastal community 

is primarily governed by its dynamic response to changes in water level and waves 

(Bascom, 1954; Wright and Short, 1984). Beaches are composed of a thin veneer of 

unconsolidated sediment that is continually being reshaped by wind, waves and 

currents. As described in Cowell et al. (1994), these dynamic changes occur at spatial 

scales of centimetres (e.g., bed ripples) to several hundreds of kilometres (e.g., 

regional storm erosion), and at temporal scales of seconds (e.g., wave-by-wave) to 

millennia (e.g., barrier island evolution).  

The dynamic nature of beaches is most evident during storms. Within a period of hours 

to several days, energetic wave forcing and elevated water levels, can lead to 

widespread regional erosion of subaerial beach morphology, displacing millions of 

cubic metres of sediment at varying extents offshore in the subaqueous beach (often 

deposited as sandbars), and potentially also onshore as overwash deposition (e.g., 

Morton and Sallenger, 2003; Scott et al., 2016; Harley et al., 2017). This erosion 

typically results in a landward retreat of the shoreline, removal of berm morphology, 

and potentially the loss of dune systems in the backshore. After a storm, the natural 

buffer of the subaerial beach (in terms of cross-shore width, height and volume of 

sediment) separating coastal infrastructure from the ocean, is left narrower, lower and 

depleted of volume such that the risk of coastal inundation during subsequent storm 

activity increases (e.g., Forbes et al., 2004). A reduction in usable beach width, large 

unstable erosion scarps, storm debris and unsafe access points create hazards for 
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beach users and lower beach amenity (e.g., Silva et al., 2008). Additionally, beach 

ecology can also be disrupted due to storm erosion (e.g., Rakocinski et al., 2000; 

Revell et al., 2011). As such, the drastic impact of a storm may leave a beach, at least 

temporarily, in a degraded condition that poorly meets the demands of a coastal 

community.  

However, storm erosion is not the only component adding to the variability of beaches 

with time. Counter-acting the destructive impact of storms is the onshore return of 

eroded sediment and associated rebuilding of the subaerial beach (i.e., the shoreline, 

berm and dunes) after storms due to forces of waves and wind (aeolian). This post-

storm rebuilding process is often referred to in the literature as ‘beach recovery’ (e.g., 

Morton et al., 1994; Corbella and Stretch, 2012). In contrast to rapid instances of storm 

erosion, beach recovery is typically observed as a more gradual process, occurring 

over several months to years (e.g., Thom and Hall, 1991; Kobayashi and Jung, 2012; 

Phillips et al., 2015). Importantly as a beach recovers, the depleted post-storm buffer of 

the subaerial beach protecting adjacent coastal settlement and infrastructure from 

coastal inundation, is progressively restored in width, volume and height (CERC, 

1984). Additionally, during recovery the usable width of a beach is restored to satisfy 

beach goers (Frampton, 2010) and impacted beach ecology returns to a former state of 

health (Revell et al., 2011). In this regard, beach recovery is a component of beach 

variability restoring the impacts of storms and returning the beach to a condition that is 

often more desired by a coastal community.  

An informed understanding into the dynamic nature of beaches is critical to managing 

densely populated and asset-rich coastal regions (Bascom, 1954). While a more 

detailed empirical and process-based technical understanding of storm erosion has 

been developed (e.g., Larson and Kraus, 1989; Roelvink et al., 2009), scientific insight 

into beach recovery and physical parameters governing its occurrence are less well 

understood (Jensen et al., 2009; Corbella and Stretch, 2012). Scientific investigations 

into beach recovery processes are surprisingly limited relative to the vast majority of 

research focused on understanding and predicting erosion. At present this poses a 

limitation to risk assessment, planning and design for coastal hazards as coastlines 

evolve over timescales of multiple storms, years and decades (Coco et al., 2014; 

Masselink and van Heteren, 2014; Wainwright et al., 2015). Process-based models 

developed to predict erosion have been applied in various attempts to model beach 

recovery (Pender and Karunarathna, 2013; Karunarathna et al., 2014). With limited 

success, these attempts highlight the likelihood of different physics to that of storm 
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erosion. As an alternative, a number of studies have used simplistic fits of beach 

recovery with limited field data validation or insight into governing parameters in an 

attempt to capture beach recovery processes (Kriebel and Dean, 1993; Callaghan et 

al., 2008; Callaghan et al., 2013; Wainwright et al., 2015).  

Field investigation to quantify (in terms of rates and durations) beach recovery 

processes and provide insight into key governing parameters is necessary for the 

accurate prediction of beach evolution and improved coastal risk assessment. In 

particular, new scientific insight is warranted into the recovery of the subaerial beach in 

regions seaward of the foredune, where processes related to waves (termed 

wave-driven recovery processes) drive the post-storm return of subaerial sediment 

volume deposited offshore and rebuild the shoreline, beachface and berm. This insight 

can be valuable to post-storm beach remediation works, informing coastal 

management how to work with natural recovery processes to enhance the return of the 

beach to a desired condition that serves the economic, social and ecological values of 

coastal communities.  

 Wave-dominated sandy beaches 1.2

The world’s coastlines can be classified into different wave climates and tidal settings. 

The global distribution of deepwater significant wave heights, Hs, is shown in Figure 

1.1. Mid-latitude cyclones tracking east to west generate large waves (Hs ≈ 2 - 5 m) 

between latitudes of 40° to 60° N/S (Davies, 1980; Short, 1999). In the northern 

hemisphere, these storms predominately occur during the winter (October - March). In 

the southern hemisphere, these larger wave events occur all year-round with Hs > 6 m 

for 10% of the time and Hs > 2 m for 90% of the time (Young and Holland, 1996; Short, 

1999). High energy coastlines situated at these latitudes include the west coast of 

Canada, NW coast of the United States, NW Europe, southern Chile, SW Tasmania in 

Australia and the South Island of New Zealand. At latitudes of 25° to 40° N/S, mid-

latitude cyclones generate moderate to high energy (Hs ≈ 1 - 3 m) west coast swell and 

east coast swell that propagates to many exposed west-facing coastlines (e.g., Peru, 

northern Chile, west coast of America, west coast of Africa, and south coast of 

Australia) and east-facing coastlines (e.g., Brazil, east coast of Africa, SE Australia) 

respectively (Young and Holland, 1996; Short, 1999). Closer toward the equator, at 

latitudes of 0° to 25° N/S, low to moderate wave energy  (Hs ≈ 0.5 - 1.5 m) is generated 

by year-round trade winds and seasonal monsoons as well as intermittent higher 

waves by tropical cyclones, hurricanes and typhoons. Low wave energy (Hs ≈ 0 - 0.5) is 
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also generated in high latitudes (70° to 90° N/S) by polar easterlies, light winds in the 

tropics (0° to 10° N/S) as well as local winds in regions of land-locked seas, island arcs, 

and coral reefs (Short, 1999). Examples of low wave energy coastlines include those 

along the Caribbean, Gulf of Mexico, Mediterranean, Black Sea, northern Australia and 

southern China.  

Additionally, coastlines can also be classified by the magnitude of the mean spring tidal 

range shown in Figure 1.2 as microtidal (mean spring tidal range < 2 m), mesotidal 

(2 - 4 m) and macrotidal (> 4 m) (Davies, 1964). Tidal range is controlled by regional 

coastal topography including continental shelf characteristics and coastline 

configuration (Masselink and Hughes, 2003). Microtidal coasts are common on open 

ocean coasts and enclosed seas, whereas macrotidal coasts are typically situated in 

semi-enclosed seas and funnel-shaped coastline topography (Davies, 1980).  

Figure 1.1: Global distribution of significant wave heights Hs, exceeded 10% (top), 50% (middle) 
and 90% (bottom) of the time. From Short and Woodroffe (2009). Source: The Coast of 
Australia, Short, A. D. and Woodroffe, C. D., Cambridge University Press. © Andrew D. Short & 
Colin D. Woodroffe 2009. (Reproduced with permission)   
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The dominance of tidal processes relative to wave processes is particularly important in 

classifying beach morphology (Davis and Hayes, 1984; Masselink and Short, 1993). 

The relative tidal range (RTR), is calculated by the ratio of the mean spring tidal range 

(MSR) to breaker wave height (Hb), 

𝑅𝑅𝑅 =  
𝑀𝑀𝑅
𝐻𝑏

 (1.1) 

Relative tidal range is used to distinguish wave-dominated (RTR < 3), mixed wave-tide 

(RTR < 3 - 15) and tide-dominated beaches (RTR > 15) (Masselink and Short, 1993; 

Short, 1999). Wave-dominated sandy beaches are common worldwide on moderate to 

high wave energy, microtidal coasts (Figures 1.1 and 1.2). In Australia, wave-

dominated beaches account for 47% of the nation’s approximately 7000 kilometres of 

sandy beach coastline (Short, 2006).  

 Thesis objectives and outline  1.3

The aim of this thesis is to provide quantitative and parametric insight into wave-driven 

recovery processes of the subaerial beach following storms on microtidal, 

wave-dominated sandy beaches. To achieve this, specific research objectives are to 

quantify in terms of rates, durations and behavioural characteristics, targeted 

wave-driven processes of beach recovery and to investigate related governing 

parameters. Research objectives are chosen to give insight into the wave-driven 

recovery of the subaerial beach, from interactions with onshore sandbar migration at 

the shoreline through to the complete swash rebuilding of berm morphology, as well as 

Figure 1.2: Global distribution of mean spring tidal range. From Masselink and Hughes (2003), 
modified from Davies (1980). Source: Geographical Variation in Coastal Development, 
Davies, J. L., Pearson Education Limited. © J.L. Davies 1980. (Reproduced with permission)  
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spatial variability along an embayed coastline. The following research objectives are 

addressed:  

1.  Examine the influence of sandbar morphodynamics and nearshore wave 

parameters on shoreline recovery at a microtidal, wave-dominated sandy beach.  

The temporal variability of shoreline recovery rates is quantified and characterised 

by different nearshore parameters related to sandbar morphodynamics and 

nearshore wave properties. This is undertaken using a 10-year dataset of daily 

shoreline and sandbar positions extracted from time-exposure images obtained by 

an Argus Coastal Imaging system. Temporal phases and rates of shoreline 

recovery through various stages of onshore sandbar migration are examined 

following storms, from fully detached storm-deposited sandbar morphology through 

to complete sandbar welding with the shoreline.  

2.  At the timescale of individual tides, classify and evaluate parameters governing 

beachface and berm morphodynamics throughout the entire recovery of a berm 

following a significant storm event at a microtidal, wave-dominated sandy beach. 

The entire rebuilding of berm morphology after removal by a significant storm is 

analysed at tide-by-tide timesteps (i.e., from low tide to low tide) using high 

frequency (5 Hz) Lidar measurements of a single profile location spanning 

76 days. Tide-by-tide rates of subaerial volume change, patterns of berm crest 

growth and behavioural modes of subaerial profile variability are quantified 

throughout berm recovery and distinguished by swash, nearshore wave and ocean 

water level conditions. 

3.  Evaluate the alongshore variability in subaerial volume recovery within and 

between embayments following a significant storm event along a microtidal, 

wave-dominated, embayed coastline.  

The extent to which subaerial volume recovery durations and net rates vary 

alongshore is examined and compared both within and between embayments. 

This is undertaken using subaerial profile measurements of beach recovery 

following a significant storm at four separate embayments. Factors driving 

alongshore variability in net rates of subaerial volume recovery are evaluated. 

A detailed literature review synthesising previous field investigations of post-storm 

beach recovery processes is undertaken in Chapter 2. The regional setting and field 

study sites at which beach recovery processes are investigated in this thesis are 
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described in Chapter 3. Research objectives 1, 2 and 3, are then individually 

addressed in Chapters 4, 5 and 6, respectively. As each objective addresses specific 

wave-driven processes of beach recovery, a brief literature review is also provided in 

the introduction of these chapters related to each recovery process that is examined. 

Different datasets used to address each objective are described in the methodology of 

corresponding chapters. Overall conclusions of this study and suggested further 

research are provided in Chapter 7. 
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  Chapter 2
 
 
Quantifying post-storm beach 
recovery: a review 
 
 
“…waves transport sand from the offshore bar, built during the storm, and place 

material on the beach. Winds then transport the sand onto the dunes where it is 

trapped by the vegetation. In this manner the beach begins to recover from the storm 

attack…”  

Shore Protection Manual, 1984 

 

 

 

 

 

 

 

 

Content of this chapter is in preparation for publication in:  
Phillips, M. S., Harley, M. D., Blenkinsopp, C. E., Turner, I. L., Splinter, K. D. and Cox, 

R. J., in prep. Timescales and rates of post-storm beach recovery: a synthesis. 
Coastal Engineering.   
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Chapter overview: While the research objectives of this thesis (Section 1.3) focus on 

wave-driven recovery processes of the subaerial beach (i.e., recovery of the shoreline, 

beachface and berm) it is important to first understand the broader context of these 

processes within the overall progression of post-storm beach recovery, from the return 

of offshore storm deposits to the rebuilding of dunes in the backshore. In this regard, 

this chapter provides a synthesis of published field measurements quantifying 

durations and rates of the varying processes that take place throughout beach 

recovery. Background information is given as to how beach recovery has been defined 

in the literature, as well as outlining the main processes and indicators that have been 

used to quantify its occurrence. Durations and rates of recovery are synthesised from 

over 70 studies worldwide in a range of wave climates (from low to high wave energy) 

and tidal settings (from micro- to macrotidal), with a focus primarily on sandy beach 

coastlines. A holistic perspective of the different processes and indicators that 

constitute beach recovery is presented, including those in the subaqueous beach 

related to the post-storm onshore migration of sandbars and storm deposits in deeper 

offshore waters, as well as processes in the subaerial beach related to the recovery of 

subaerial sediment volume, shorelines, berms, and dunes. 

 Defining beach recovery  2.1

In general terms, the word recovery is defined as “a return to a normal state of health, 

mind or strength” or “the action or process of regaining possession or control of 

something stolen or lost” (Oxford Dictionary of English, 2010). When applied to 

beaches, the phrase “beach recovery” is typically used to describe the return of beach 

sediment and morphology following the impact of a storm, back to pre-storm conditions 

without human intervention (e.g., artificial nourishment). In the literature, reports of 

beach recovery and related concepts are noted back to early studies addressing the 

temporal variability of beach morphology (Bagnold, 1940; Shepard and LaFond, 1940; 

Shepard, 1950). Beach recovery has been described as a post-storm process of 

‘restoration’ (Mackenzie, 1939), ‘rebuilding’ (CERC, 1984), ‘reconstruction’ (Morton et 

al., 1994), ‘re-establishment’ (Maspataud et al., 2009) and ‘reversing’ (List et al., 2006). 

It has also been described as a process of morphological ‘resilience’ to storm activity 

(e.g., Masselink and van Heteren, 2014; Houser et al., 2015).  

A series of images depicting beach recovery are shown in Figure 2.1, captured by a 

Coastal Imaging station located at Narrabeen-Collaroy Beach, south-east Australia 

(described later in Chapter 3). In this example, a major storm event caused the 
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shoreline to rapidly retreat up to 31 m landwards with erosion of the subaerial beach in 

the order of 78 m3/m (Harley et al., 2016). Following this storm event, the sequence of 

images show the progressive regrowth of the shoreline in the seaward direction and 

rebuilding of the berm in the subaerial beach. The final panel in Figure 2.1 depicts the 

beach after the complete wave-driven recovery of the shoreline and berm, 10 months 

following the storm. Note that in addition to shoreline and volume changes in the 

subaerial beach, the images depict varying sandbar patterns in the subaqueous beach 

(evident by bands of white in the time-averaged images) throughout the recovery 

process. Relationships between the subaerial and subaqueous beach during recovery 

are examined in Chapter 4.  

The completion of beach recovery is aptly described by Morton et al. (1994) as having 

occurred when all the impacts of a storm on a beach have been restored and pre-storm 

conditions have returned. Quoting Morton et al. (1994): 

"… ideal complete recovery of an eroded beach would include replacing the 

volume of sand eroded from the beach and restoring the positions of the 

shoreline, berm crest and vegetation line to pre-storm conditions"  

Figure 2.1: Beach recovery and the return of shoreline and berm morphology to pre-storm 
conditions following storm erosion at Narrabeen-Collaroy Beach, SE Australia in June 2007. 
Images show progressive changes during recovery over the initial 10 months following the 
storm, showing the recovery of the shoreline and berm. Note the removal of nourished 
sediment by the storm in the upper profile that does not recover over this period.  
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Morton et al. (1994) makes reference to “ideal” beach recovery. It is important to note 

however that complete beach recovery to pre-storm conditions is not always observed 

to occur following a storm. Four different post-storm recovery scenarios were noted by 

Morton et al. (1994) along a 30 km stretch of barrier island coastline in Texas, United 

States following Hurricane Alicia in 1983. These four scenarios are illustrated in Figure 

2.2a-d and include: complete recovery (Figure 2.2a); no recovery with continued 

erosion (Figure 2.2b); partial recovery (Figure 2.2c); and excess recovery (Figure 2.2d) 

relative to pre-storm conditions. Beach recovery can also be intermixed with 

subsequent storm activity as shown in Figure 2.2e. Intermediate storm activity during 

recovery can result in smaller sub-cycles of erosion and recovery in the subaerial 

beach. This is particularly noted on higher energy coastlines where larger wave events 

Figure 2.2: Different scenarios of post-storm beach recovery. a) Complete recovery, b) 
continued erosion, c) partial recovery and d) excess recovery relative to pre-storm conditions. 
Also illustrated are additional scenarios of e) complete recovery with intermediate storm activity 
and f) recovery associated with phase of varying storm frequency.  
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may occur more frequently compared to lower energy coastlines (e.g., Corbella and 

Stretch, 2012). During periods of more frequent storm activity, beach recovery can be 

partial, returning to pre-storm conditions only after subsequent periods of less frequent 

storm activity as in Figure 2.2f (e.g., Houser and Hamilton, 2009; Coco et al., 2014).  

Beach recovery differs from other natural accretionary processes, such as longer-term 

trends of accretion due to additional sediment sources (e.g., river mouth, continental 

shelf) or littoral drift, which occur without the disturbance of a storm (e.g., Zhang et al., 

2002). Though beyond the scope of this study, it is noted that beach recovery has also 

been documented following the impact of tsunamis (e.g., Choowong et al., 2009; Liew 

et al., 2010) and coastal lagoon entrance openings (e.g., Costas et al., 2005; Baldock 

et al., 2008).  

 Morphological processes and indicators of beach recovery  2.2

The temporal progression of beach recovery encompasses a broad range of 

quantifiable processes driven by varying wave and aeolian (wind) forcing, extending 

from the lower shoreface through to the backshore and dunes. The main wave-driven 

and aeolian-driven processes of beach recovery are illustrated in Figure 2.3 and listed 

in Table 2.1. In the subaqueous beach, recovery processes include the onshore 

transport of storm deposits from deeper offshore waters and the onshore migration of 

sandbars in shallower nearshore waters (Wright et al., 1985; Lee et al., 1998). At the 

subaerial beach, processes include shoreline and berm recovery of the foreshore, as 

well as backshore and dune recovery (Wearne, 1977; Morton et al., 1994). Since the 

mid-20th century, studies have quantified these different processes of beach recovery, 

by measuring a return to pre-storm conditions of a range of beach morphological 

features and indicators following storms. Table 2.1 lists a total of 16 morphological 

indicators identified in the literature that have been adopted by previous studies to 

measure and quantify varying processes of beach recovery. Other non-morphological 

indicators including sediment properties (e.g., Terwindt et al., 1984) and ecological 

indices (see Section 2.2.3) have also been reported (not listed in Table 2.1).  

Coastal practitioners are often required to interpret between various indicators of beach 

morphology in light of a desired beach condition based on the economic, social and 

ecological values of a coastal community. From a coastal protection perspective, beach 

recovery would ideally result in a return of beach sediment and/or morphology to 

provide a natural buffer of protection sufficient to absorb the impact of future storm 

activity (CERC, 1984).   
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Table 2.1: The main wave-driven and aeolian-driven processes (as in Figure 2.3) of post-storm 
beach recovery including measured indicators used to quantify their occurrence. 

No. Process 
Cross-shore 
region 

Predominant 
forcing Measured indicators Example reference 

1 Onshore transport 
of lower shoreface 
storm deposits 

Lower 
shoreface 

Wave-driven Lower shoreface volume 
Lower shoreface elevations 

(Lee et al., 1998) 
(Shepard and LaFond, 
1940) 

2 Onshore sandbar 
migration 

Nearshore Wave-driven Beach state transitions 
Sandbar position 
Nearshore volume 

(Wright et al., 1985) 
(Senechal et al., 2015) 
(Aubrey, 1979) 

3 Subaerial beach 
recovery  

Subaerial  Subaerial volume (often 
above MSL)* 

(Morton et al., 1994) 

3a Shoreline and 
berm recovery 

Foreshore Wave-driven Shoreline position* 
Berm width 
Berm crest height 
Subaerial volume (following 
predominantly berm erosion)  
Foreshore slope 
Berm concavity/convexity 
Intertidal 3D morphology 

(Phillips et al., 2017) 
(Hine, 1979) 
(Jensen et al., 2009) 
(Dubois, 1988) 
 
(Wang et al., 2006) 
(Sonu and Beek, 1971) 
(Poate et al., 2014) 

3b Backshore 
aggradation and 
dune recovery 

Backshore 
and dunes 

Aeolian-
driven 

Backshore elevations 
Dune volume* 
Dune crest height* 
Vegetation line 

(Wearne, 1977) 
(Suanez et al., 2012) 
(Houser et al., 2015) 
(Morton and Paine, 1985) 

  * More common indicator  

Figure 2.3: The main wave-driven and aeolian-driven processes of post-storm beach recovery 
with labels corresponding to Table 2.1. The region of the subaerial beach is shaded.  
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Additional criteria such as usable beach area and user safety may also be considered 

to account for amenity to beach goers (Frampton, 2010). Furthermore post-storm 

ecological recovery measures and criteria might also be adopted, particularly in areas 

of environmental significance (Revell et al., 2011; Witmer and Roelke, 2014). Coastal 

remediation works should aim to assist a beach where natural recovery processes are 

insufficient to return the beach to a desired condition or criteria within a specified 

timeframe following a storm. As such, it is recommended that coastal management 

select and interpret indicators of beach recovery from field studies based on site-

specific criteria that best characterise the desired state of a beach according to 

community values. Alongside quantitative insight into beach recovery, this requires a 

local community understanding of the values attributed to a beach. The following 

sections outlines the main processes and various indicators from the literature shown 

in Figure 2.3 and Table 2.1 that have been used to measure and characterise beach 

recovery.  

2.2.1 Recovery processes and indicators in the subaqueous beach  

Equally important, though often not measured concurrently with the recovery of the 

subaerial beach, are subaqueous processes of beach recovery, including onshore 

transport of lower shoreface storm deposits and onshore sandbar migration (Figure 2.3 

and Table 2.1). During storm activity the nearshore and lower shoreface become 

regions of deposition that subsequently act as a primary sediment source during beach 

recovery (Aubrey, 1979; Houser et al., 2015). As such, consideration of subaqueous 

processes provide a broader and more holistic description of beach recovery in 

addition to the more commonly observed subaerial region. 

Onshore transport of lower shoreface storm deposits 

During larger storm events, eroded beach sediment may be displaced to depths 

beyond the usual breaker zone on the lower shoreface. On high energy embayed 

beaches, this can occur due to the formation of megarips which control 

embayment-wide circulation during extreme events and have been observed to deposit 

sediment at depths of 10 - 30 m (Short, 1985; Nielsen and Lord, 1993; Coutts-Smith, 

2004; Smith et al., 2010; Loureiro et al., 2012). Following a storm, as wave conditions 

become milder, offshore storm deposits beyond the breaker zone can be left stranded 

in the relatively low energy environment of the lower shoreface (Wearne, 1977; 

Leadon, 1999; Splinter et al., 2011a; Scott et al., 2016). Sufficient energy associated 

with wave shoaling is required during recovery to mobilise this sediment and return it 



2. Quantifying post-storm beach recovery: a review 

16  

back onshore into shallower waters (Hallermeier, 1980; Nielsen and Lord, 1993).  

Post-storm onshore sandbar migration 

Beach recovery processes at shallower depths in the nearshore are commonly 

measured by the onshore migration and associated beach state transitioning of 

nearshore sandbars (Wright et al., 1985; van Enckevort and Ruessink, 2003; 

Ranasinghe et al., 2012). During beach recovery, Wright et al. (1985) observed that 

sandbars move onshore by undergoing consecutive downstate transitions from more 

dissipative beach states immediately post-storm, to more reflective beach sates 

associated with a return of mild wave conditions characterised by a decrease in the 

dimensionless fall velocity (Gourlay, 1968). The sandbar may eventually semi-attach to 

the shoreline, forming transverse bar and rip morphology. With sustained mild wave 

conditions, a low tide terrace state occurs prior to complete welding of the sandbar onto 

the beachface to form steep and reflective beach morphology (Short, 1999). A number 

of sediment transport processes have been attributed to the onshore migration of 

sandbars including wave skewness (e.g., Gallagher et al., 1998; Hoefel and Elgar, 

2003; Walstra et al., 2007), two dimensional morphology and flow patterns (e.g., 

Splinter et al., 2011a), weakening undertow (e.g., Aagaard et al., 2013), wave 

breakpoint (e.g., Plant et al., 1999; Pape et al., 2009), bed load transport (e.g., 

Ruessink et al., 2007; Dubarbier et al., 2015) and boundary layer streaming and Stokes 

drift (e.g.,Henderson et al., 2004).  

2.2.2 Recovery processes and indicators in the subaerial beach  

As illustrated in Figure 2.3 and described by Morton et al. (1994), recovery processes 

in the subaerial beach involve the return of subaerial volume to restore shoreline, berm 

and dune morphology to pre-storm conditions. During recovery, sediment is initially 

deposited by wave-processes at lower foreshore elevations of the subaerial beach, up 

to the vertical limit of wave run-up. With time this sediment is reworked landward by 

aeolian processes to higher elevations above the vertical limit of wave run-up into the 

backshore and dunes.  

Subaerial volume recovery  

The recovery of subaerial beach sediment volume to a pre-storm value is one of the 

more common approaches used to quantify beach recovery (e.g., Kana, 1977; 

Birkemeier, 1979; Thom and Hall, 1991; Vousdoukas et al., 2012). Subaerial volume is 

measured using two-dimensional (2D) profile or three dimensional surface (3D) 

elevation data. It is calculated as the volume above a specified elevation contour, 
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usually mean sea level (MSL) and seaward of a fixed cross-shore reference point in the 

backshore or dunes. It is typically expressed in cubic metres per linear alongshore 

metre of shoreline (m3/m). 

A volumetric measure of beach recovery is particularly practical for the budgeting of 

sediment volume fluxes within broader coastal sediment compartments, as well as 

managing a sufficient subaerial sediment volume to buffer against coastal inundation 

(e.g., Cooper et al., 2001; Rosati, 2005; Mulder et al., 2011). This informs the design of 

nourishment works that provide added subaerial volume where natural recovery 

processes are insufficient in returning the subaerial volume required to absorb future 

storm demand. Additionally, subaerial volume recovery marks the return of sediment 

that can readily be reworked by artificial means (e.g., beach scraping) into the 

backshore and dunes to expedite longer aeolian-driven recovery and enhance beach 

amenity (Gordon, 2015).  

Shoreline and berm recovery 

Shoreline and berm recovery is the most immediate response of the subaerial beach 

during recovery, as depicted in Figure 2.1 (Morton et al., 1994). Representative 

elevations contours, often MSL or mean high water (MHW), are commonly used to 

measure the cross-shore return of the shoreline to a pre-storm position. Shoreline and 

berm recovery involves swash zone deposition resulting in the seaward translation of 

the shoreline and rebuilding of the berm. This includes processes of onshore sandbar 

migration interacting with the foreshore (Phillips et al., 2017), steepening of the 

beachface (Wang et al., 2006), the seaward growth (progradation) of berm width and 

vertical growth (aggradation) of the berm crest (Hine, 1979; Dubois, 1988; Jensen et 

al., 2009). 

Shoreline and berm recovery is particularly important on coastlines lacking dune 

morphology due to urban encroachment on pre-existing foredune systems (e.g., at 

Narrabeen-Collaroy, Figure 2.1). In these regions shoreline and berm morphology 

provide the primary natural buffer to storm erosion with no additional buffer from a dune 

system. Additionally, the recovery of berm morphology restores the dry beach plan 

area desired for sun bathing and beach user amenity (Frampton, 2010).  

Backshore and dune recovery 

Backshore aggradation and dune recovery mark the latter, aeolian-driven (wind-driven) 

stages of post-storm recovery in the subaerial beach (Morton et al., 1994). This is 
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typically measured via the return to pre-storm conditions of dune crest height, dune 

volume (sediment volume measured above the dune toe or vegetation line elevation 

contour) or dune vegetation indicators. Backshore and dune recovery is driven by 

onshore winds when the width of the dry berm surface provides a suitable fetch length 

for aeolian transport processes to occur (Short and Hesp, 1982; Davidson-Arnott, 

1988; Davidson-Arnott and Law, 1990; Bauer and Davidson-Arnott, 2003; McLean and 

Shen, 2006; Houser, 2009; Houser and Mathew, 2011). Short and Hesp (1982) noted 

that the potential for this is highest on wide, flat, dissipative beaches and lower on 

narrower, reflective beaches where fetch may be limited. Storms with strong onshore 

winds can also act to enhance backshore and dune recovery (Delgado-Fernandez and 

Davidson-Arnott, 2011). During dune recovery, aeolian processes work simultaneously 

with the growth and recolonization of dune vegetation to promote dune 

re-establishment (Priestas and Fagherazzi, 2010; Suanez et al., 2012).  

The elevation and volume of the upper beach profile in the backshore and dunes is 

particularly important where low-lying coastal settlements and infrastructure are 

susceptible to high storm surge, erosion and flooding often via storm impact regimes of 

overwash and inundation (Sallenger, 2000). This is particularly the case for barrier 

islands coastlines, such as those along the Gulf of Mexico and mid-Atlantic coasts of 

the United States (e.g., Day et al., 2007). 

2.2.3 Recovery of beach ecology  

In addition to the recovery of beach morphology described above, the return of healthy 

beach ecology following a storm is particularly important in areas of environmental 

significance (e.g., Maccarone and Mathews, 2011; Revell et al., 2011; Witmer and 

Roelke, 2014; Machado et al., 2016). In these areas, beach ecosystems may provide 

critical habitats supporting threatened or endangered species (e.g., Bamford et al., 

2008). A study by Revell et al. (2011) following storm erosion during El Nino years in 

1997-98 in Isla Vista,  United States, measured the recovery of a number of ecological 

indices, including macrophyte wrack abundance, macrofauna biomass, shorebird 

abundance and shorebird species richness. Ecological indices may also focus on the 

recovery of an individual species population (e.g., Maccarone and Mathews, 2011). 

Although beyond the scope of this study, integrating an applied recovery understanding 

of both beach ecology and morphology is warranted toward informing best practice in 

coastal management.  
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 Documented durations and rates of beach recovery processes 2.3

This section provides an extensive review of previous field studies in order to document 

and assimilate observed durations and rates of the various processes of beach 

recovery outlined in Section 2.2.  

2.3.1 Observation of recovery processes in the subaqueous beach  

2.3.1.1 Onshore transport of lower shoreface storm deposits  

Durations and rates of the onshore sediment transport of lower shoreface storm 

deposits are shown in Table 2.2. In depths greater than -10 m below MSL, storm 

deposits have been observed to return onshore over several years. In shallower waters 

just offshore of the breaker zone above -10 m, shorter duration onshore migration of 

storm deposits has been observed over several months. In some instances lower 

shoreface storm deposits have been observed to gradually feed back into the 

nearshore during recovery (Lee et al., 1998) while in other cases these have remained 

stationary until mobilised by subsequent high wave energy (Scott et al., 2016).  

2.3.1.2 Post-storm onshore sandbar migration  

Durations and rates of post-storm onshore sandbar migration at sandy beaches are 

shown in Table 2.3. Across all these previous studies, rates of onshore sandbar 

migration have been typically observed on the order of 1 m/day with the potential for 

higher rates at some sites of up to the order of 10 m/day. Durations of onshore sandbar 

migration on microtidal single bar coastlines have been typically observed within the 

range of days to a few weeks following a storm. Longer durations of several weeks to 

months have been observed on mesotidal, macrotidal and multiple sandbar coastlines. 

A more prolonged onshore sandbar migration on coastlines with higher tidal ranges 

and flatter nearshore profiles is described by Masselink et al. (2006). This has been 

attributed to a higher degree of tidal-induced shifting of wave processes across the 

nearshore and intertidal profile, thereby limiting the time window for onshore movement 

of the sandbar. Smaller tidal ranges and steeper beach profiles reduce this effect and 

have greater potential for morphological change in the nearshore. In general, durations 

of onshore sandbar migration are the shortest amongst the main morphological 

processes of beach recovery described in Sections 2.2, highlighting the dynamic 

response of the nearshore following storms. The influence of onshore sandbar 

migration on shoreline recovery processes in the foreshore is further explored in 

Chapter 4.   
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Table 2.2: Durations and rates of onshore sediment transport of outer storm deposits on sandy 
beach coastlines 

Environmental 
setting 

Selected 
references Location 

 

Depth of storm 
deposition 

relative to MSL 
Observed 
durations 

Observed 
onshore 

migration rates 

Modal 
wave 

energy 
Tidal 
range 

Subaerial 
erosion 

magnitude 

Lo
w

 
en

er
gy

 

Micro-
tidal 

(Leadon, 
1999) 

Florida 
Panhandle 

Coast, 
United 
States  

13 to 95 m3/m Offshore limit  
-12 m 

Incomplete 
after 3 years  

Minimal/static 

M
od

er
at

e 
to

 H
ig

h 
en

er
gy

 

M
ic

ro
tid

al
 

(Shepard and 
LaFond, 1940) 

La Jolla, 
United 
States  

Seasonal 
erosion  

 

-10 to -16 ft 
(-3 to -5 m) 

7 months Steady 3 ft 
decline in sand 
level over 200 ft 
profile chainage 

/7 months   
(≈ 90 m3/m/year) 

(Lee et al., 
1998) 

Duck, 
United 
States  

Not stated, 
associated with 
storm groups  

-5 to -8 m  Several years  Steady 30 
m3/m/year 

 

Chapter 6, 
this thesis  

Bilgola and 
Narrabeen,  
Australia 

30 - 82 m3/m Above -10 m  Several 
months 

 

(Thom and 
Hall, 1991) 

(Nielsen and 
Lord, 1993) 

 

Moruya,  
Australia  

150 to 250 
m3/m 

Offshore limit for 
extreme storms  
 -22 m (±4 m) 

Several years   

Macro-
tidal 

(Scott et al., 
2016) 

Perranporth, 
United 

Kingdom 

165 m3/m -6 to -14 m   Static and rapid  
phases 

associated with 
high wave events  
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Table 2.3: Durations and rates of post-storm onshore sandbar migration on sandy beach 
coastlines 

Environmental setting 

Selected references Location 
Observed 
durations 

Observed onshore 
migration rates/state 

transitioning 

Modal 
wave 

energy 

Tidal 
range 

No. of 
sand-
bars 

Lo
w

 e
ne

rg
y 

Non-
tidal 

S
in

gl
e 

(Davis et al., 1972) Lake Michigan, 
United States  

7 to 10 days   

(Ostrowski et al., 
1990) 

Black Sea, 
Bulgaria 

Few days 4m/day 

Micro-
tidal 

 

(Dabrio, 1982) Gulf of Cadiz, 
Spain 

6 to 8 days  

M
es

ot
id

al
 (Dabrio, 1982) Bay of Mazarron, 

Spain 
6 to 8 weeks  

(Davis et al., 1972) Northern 
Massachusetts, 
United States 

5 to 6 weeks  

M
od

er
at

e 
to

 h
ig

h 
en

er
gy

 

M
ic

ro
tid

al
 

S
in

gl
e 

(Wright et al., 1985) Narrabeen, 
Australia 

 Mean of 8.1 days per 
downstate transition of 

beach state  
(Ranasinghe et al., 

2004b; Splinter et al., 
2011a; Ranasinghe et 

al., 2012) 

Palm Beach 
(Sydney),  
Australia  

 

11 days  36 to 42 h (1.5 - 1.75 
days) per downstate 
transition of beach 

state  
0 to 10 m/day 

(van Maanen et al., 
2008) 

Tairua Beach, 
New Zealand 

 3.5 m/day 

(Owens and Frobel, 
1977) 

Magdalen Islands, 
Canada 

Few days  0.8 to 10 m/day 

(Sonu, 1968) Nags Head, 
United States 

Several days  Up to 30 m/day  

(Sallenger et al., 1985; 
Lippmann and 
Holman, 1990; 

Gallagher et al., 1998; 
Plant et al., 1999; 
Ranasinghe et al., 
2012; Fernández-
Mora et al., 2015) 

Duck,  
United States 

5 to 16 days 0 to 29 m/day  

Multiple 
Inner  

(Sunamura and 
Takeda, 1984) 

Naka Beach, 
Japan 

 1.2 to 11.5 m/day 

Multiple 
Outer & 

Inner 

(Ruessink et al., 2009; 
Pape et al., 2010) 

Gold Coast, 
Australia 

Several weeks O(1 m/day) 

Multiple 
Outer & 

Inner  

(van Enckevort and 
Ruessink, 2003) 

Noordwijk, 
Netherlands 

Several weeks 
 

Up to 8 m/day 
Mean 1 m/day 

Micro/ 
meso-
tidal 

Single   (Orme, 1985) Ventura, United 
States 

Days to few weeks 8.9 to 30 m/day 

Meso/ 
macro-

tidal  

Multiple 
Inner 

(Senechal et al., 2015) Biscarrosse, 
France 

Seasonal    3 m/day 

Macro-
tidal 

Multiple 
Outer1 & 

Inner2 

(Masselink et al., 
2014; Poate et al., 

2014) 

Perranporth, 
United Kingdom 

1Several months  
22 to 3 months 

150 to 100 m over 5 
months  

(0.3 to 0.7 m/day)   
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2.3.2 Observation of recovery processes in the subaerial beach  

2.3.2.1 Subaerial volume recovery 

Documented durations and rates of post-storm subaerial volume recovery to pre-storm 

conditions from a wide variety of sandy beaches worldwide are summarised in Table 

2.4.  Previous studies have been undertaken on coastlines with modally low to high 

wave energy exposure, predominantly in microtidal settings. Across all studies, 

durations of subaerial volume recovery have been observed in a broad range, 

spanning several months to multiple years. On modally low wave energy coastlines, 

durations of multiple years are commonly observed and rates of subaerial volume 

recovery typically range from 0.01 - 0.08 m3/m/day. On modally moderate to high wave 

energy coastlines, durations of subaerial volume recovery range from months to 

several years, with relatively faster rates typically between 0.1 - 0.6 m3/m/day. 

Durations of subaerial volume recovery spanning several years are most often 

observed following more extreme erosion (>100 m3/m).  

The results of some studies have observed rapid rates of subaerial volume accretion of 

up to 10 m3/m/day, within the first few days of beach recovery immediately following a 

storm (e.g., Zeigler et al., 1959; Birkemeier, 1979; Vousdoukas et al., 2012). This has 

typically been observed on modally moderate to high wave energy coastlines following 

relatively minor storm erosion (< 30 m3/m). These observations of rapid post-storm 

accretion are likely to be associated with the rapid post-storm re-attachment of the 

sandbar to the shoreline that can occur over similar timescales as shown in Table 2.3. 

Some studies have also observed alongshore variability in subaerial volume recovery, 

suggesting the influence of site-specific factors (Morton et al., 1994; Corbella and 

Stretch, 2012; Yu et al., 2013; Scott et al., 2016). Alongshore variability of subaerial 

volume recovery is quantified and examined in further detail in Chapter 6 of this thesis.  

Comparably fewer studies have measured subaerial volume recovery on gravel and 

mixed sand/gravel beaches (Bramato et al., 2012; Roberts et al., 2013; Bergillos et al., 

2016; Scott et al., 2016). At mixed sand/gravel beaches on the microtidal, low energy 

coast of southern Spain, rapid recovery to pre-storm conditions has been observed 

within days to weeks after storms, with rates between 0.5 and 1.8 m3/m/day (Bramato 

et al., 2012; Bergillos et al., 2016). In contrast, Scott et al. (2016) observed minimal 

recovery and multi-year recovery durations on two macrotidal high energy gravel 

beaches following extreme erosion in south-west England, suggested to be linked to 

effects of overwash and alongshore storm deposition. 
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Table 2.4: Durations and rates of post-storm subaerial volume recovery on sandy beach 
coastlines 

Environmental 
setting 

Selected 
references Location 

Magnitude of 
storm 

erosion  
Observed 

recovery duration 
Observed  

recovery rates 

Modal  
wave  

energy 
Tidal  
range 

Lo
w

 e
ne

rg
y 

Non- 
tidal  

(Tătui et al., 2014) Sulina-Sfantu 
Gheorghe, Romania 

16 to 50+ 
m3/m 

1.5 to 6 years 8 to15 m3/m/year 
(0.02 to 0.04 m3/m/day) 

M
ic

ro
tid

al
 

(Kriebel, 1987) Clearwater Beach, 
United States 

No pre-storm 
data 

Interrupted by storm 
after 2 months 

Initially up to 2.7 m3/m/day* 
Following 2 months: 3 m3/m 

(0.05 m3/m/day) 

(Yu et al., 2013) Hong Kong Island, 
China 

10 to 30 m 
(shoreline 
erosion) 

4 months at one site 
Incomplete at other 

Up to 700m3/4 months for 
170m beach length 

(0.03 m3/m/day) 

(Morton et al., 
1994; Morton et 

al., 1995) 

Galveston Island, 
United States 

51 to 73 m3/m 4 to 5 years 
 

5 to 30 m3/m/year 
(0.01 to 0.08 m3/m/day) 

(Houser and 
Hamilton, 2009; 
Houser et al., 

2015) 

Santa Rosa Island 
(Florida), 

United States 

146 m3/m 
(mean) 

2 to 7 years 
 

Mean 28 m3/m/year 
(0.08m3/m/day) 

(Priestas and 
Fagherazzi, 2010) 

St. George Island, 
United States 

7 m3/m Incomplete after 1 year -18 to16m3/m/year 
(-0.05 to 0.04 m3/m/day) 

M
od

er
at

e 
to

 H
ig

h 
en

er
gy

 

M
ic

ro
tid

al
 

(Birkemeier, 1979) Long Beach Island, 
Ludlam Island, Dare 

County,  United 
States 

8 to 26 m3/m 4 days at one site 
Incomplete at others 

-1 to 10 m3/m/day* 

(Everts and 
Czerniak, 1978) 

Absecon Island and 
Ludlam Island, 
United States 

7 to 20 m3/m 
(per storm) 

20 to 38 m3/m 
(per season) 

Seasonal 20 to 38 m3/m per season 
(≈ 0.11 to 0.21 m3/m/day) 

(Kana, 1977) Debidue Island, 
United States 

Up to 15 
m3/m 

Incomplete after 4 days Up to 6.5 m3/m/4days 
(1.6 m3/m/day)* 

(Quartel et al., 
2008) 

Noordwijk, 
Netherlands 

19 m3/m Seasonal 19 m3/m/season 
(0.11 m3/m/day) 

(Kobayashi and 
Jung, 2012) 

Rehoboth and 
Dewey Beach, 
United States 

37 to 91 m3/m Several months 38 to 86 m3/m/7months 
(0.18 to 0.41 m3/m/day) 

(Katuna, 1991) Isle of Palms, United 
States 

31 m3/m 
(mean) 

Incomplete after 8 
months 

 

(Thom and Hall, 
1991) 

 

Moruya, Australia 150 to 250 
m3/m 

7 years 
4 phases of 6, 8, 12 and 
42 months respectively 

0.12 to 0.42 m3/m/day 
 

Chapter 6, this 
thesis 

Bilgola, Mona Vale, 
Narrabeen, Dee 
Why, Australia 

5 to 82 m3/m Individual profiles: 
Days to 1+ year 
Embayments: 
2 to 8 months 

Overall: 
Several months 

Individual profiles: 
0.1 to 1.6 m3/m/day 

Embayments: 
0.1 to 0.3 m3/m/day 

Overall median: 
0.24 m3/m/day 

(Corbella and 
Stretch, 2012) 

Durban, South Africa 120 to 250 
m3/m 

Individual profiles: 
0.5 - 6 years 

 
Alongshore-averaged: 

1.5 to 3 years 
 

Overall mean: 
2 years 

Individual profiles: 
40 to 520 m3/m/year 

(0.11 to 1.42  m3/m/day) 
Alongshore-averaged: 
45 to 204 m3/m/year 

(0.12 to 0.56 m3/m/day) 
Overall mean: 
90 m3/m/year 

(0.25 m3/m/day) 

Meso- 
tidal 

(Vousdoukas et 
al., 2012) 

Faro Beach, Portugal Up to 30 
m3/m 

Incomplete after 24 
days 

Up to 10m3/m/day* 

(Castelle et al., 
2017) 

Truc Vert Beach, 
France 

180 m3/m 1.5 years 12 m3/m/month 
(0.4 m3/m/day) between 

winters 

Macro-
tidal 

(Scott et al., 2015) 
(Scott et al., 2016) 

Perranporth Beach, 
England 

165 m3/m 3 to 5 years 
 

Mean 95 m3/m/year 
 

*Observed immediately within days following a storm 
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2.3.2.2 Shoreline and berm recovery 

Measured durations and rates of post-storm shoreline and berm recovery on sandy 

beach coastlines are shown in Tables 2.5 and 2.6 respectively. Durations of shoreline 

(commonly the MHW or MSL contour) recovery to a pre-storm position, have typically 

been observed in the range of a few months to 1 - 2 years, with rates of 0.04 - 0.16 

m/day. Reports of higher rates of shoreline recovery have been more commonly 

observed on moderate to high modal wave energy coastlines. Rapid rates of shoreline 

recovery (on the order of metres per day) have also been observed either immediately 

following a storm (List et al., 2006; Quartel et al., 2008; Angnuureng et al., 2017) or 

during later phases of shoreline recovery with sandbar attachment to the shoreline 

(Phillips et al., 2015; Phillips et al., 2017). Chapter 4 of this thesis further examines the 

temporal variability in rates during shoreline recovery on a sandy microtidal high energy 

beach, determining the influence of nearshore wave parameters and sandbar migration 

in the subaqueous beach.  

The concurrent rebuilding of the berm to pre-storm conditions has typically been 

observed to occur within similar durations as shoreline recovery, of several months to a 

year (Table 2.6). Different patterns of berm growth in width (progradation) and height 

(aggradation) have been identified and are noted in Table 2.6. These are further 

evaluated and characterised on a tide-by-tide basis throughout the complete rebuilding 

of a berm following a significant storm in Chapter 5.  

2.3.2.3 Backshore and dune recovery 

Documented durations and rates of backshore and dune recovery from numerous 

studies on sandy beaches are presented in Table 2.7. In comparison to wave-driven 

processes of shoreline and subaerial volume recovery, this predominantly 

aeolian-driven process of recovery has been observed with typically longer durations of 

several years to 1 - 2 decades following storms. Following extreme erosion in 

south-east Australia in May-June 1974, the recovery of subaerial volume to a pre-storm 

value completed within several years while dune re-establishment was noted roughly 

two decades after the storm (Thom and Hall, 1991; McLean and Shen, 2006). Vertical 

dune crest recovery rates are generally noted in the literature in the range of 

0.1 - 0.6 m/year and dune volume rates typically on the order of several cubic metres 

per year. Alongshore variability in dune recovery is also noted in studies of post-storm 

dune recovery and has been related to storm overwash deposition and the 

presence/absence of vegetation growth during the recovery process (Priestas and 

Fagherazzi, 2010; Weymer et al., 2015).   
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Table 2.5: Durations and rates of post-storm shoreline recovery on sandy beach coastlines 

Environmental 
setting 

Selected 
references Location 

Shoreline 
contour 

 

Observed 
recovery 
duration 

Observed recovery 
rates 

Modal 
wave 

energy 
Tidal 
range 

Shoreline 
erosion 

magnitude 

Lo
w

 e
ne

rg
y 

M
ic

ro
tid

al
 

(Morton et al., 
1994) 

Galveston 
Island, United 

States 

MSL Up to 30 m Few months 
to 1 year 

 

(Houser and 
Hamilton, 2009) 

Santa Rosa 
Island 

(Florida), 
United States 

MSL 64 m (mean) Incomplete 
after one 

year  

19 m/year 
(0.05 m/day) 

(Mulcahy et al., 
2016) 

NE Yucatan 
Peninsula, 

Mexico 

MHW 10+ m  8 months  Up to 7.6 
m/8months 

(0.03 m/day)   

(Yu et al., 2013) Hong Kong 
Island, 
China 

HWL 10 to 30 m 4 months at 
one site 

Incomplete 
at other 

Up to 5 m/4 months 
(0.04 m/day) 

M
od

er
at

e 
to

 H
ig

h 
en

er
gy

 

M
ic

ro
tid

al
 

(Quartel et al., 
2008) 

Noordwijk, 
Netherlands 

MHW/ 
MSL 

10 to 30 m Few days   

(List et al., 2006) North 
Carolina 

United States   

MHW 10 to 20 m Days to 
weeks 

O (m/day)* 

(Splinter et al., 
2011b) 

Gold Coast, 
Australia 

MSL 15 to 22 m  6 to 12+ 
months 

0.3 to 0.7 m/week 
(0.04 to 0.1 m/day) 

(Sexton and 
Hayes, 1991) 

South 
Carolina, 

United States 

HWL 23 to 29 m  12 months 23 to 29 m/year 
(0.06 to 0.08 m/day) 

(Phillips et al., 
2015) 

Chapter 4, this 
thesis (Phillips et 

al., 2017)  
 

Narrabeen, 
Australia 

MHW 20 to 30 m Several 
months to 

a year 

0.05 to 0.15m/day 
with weekly 

variability up to 
O (m/day) 

(Corbella and 
Stretch, 2012) 

Durban, 
South Africa 

Upper 
Swash  

Lower 
Swash 

≈50 m 1.8 years 
 

1.3 years 

27 m/year 
(0.07 m/day) 

39 m/year 
(0.11 m/day) 

M
es

ot
id

al
 

(List et al., 2006) Cape Cod, 
United States 

MHW 10 to 20 m  Days to 
weeks 

O (m/day)* 

(Ruggiero et al., 
2005) 

Oregon and 
Washington, 
United States 

MHW 6 to 36 m  Seasonal 11 to 29 m/season 
(0.06 to 0.16 m/day) 

Meso/ 
macroti

dal 

(Senechal et al., 
2015) 

(Angnuureng et 
al., 2017) 

Biscarrosse, 
France 

MHW 10 to 30 m  Seasonal 
 
 
 

 
 

Rapid 10 to 15 
m/month 

(0.3 to 0.5 m/day) 
and stable phases.  
Immediate recovery 

up to 3.7 m/day* 

 *Observed immediately within days following storm 
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Table 2.6: Durations and rates of post-storm berm recovery on sandy beach coastlines 

Environmental 
setting 

Selected 
references Location Berm indicator 

Observed 
recovery duration 

Observed 
recovery rates 

Modal 
wave 

energy 
Tidal 
range 

Lo
w

 e
ne

rg
y 

M
ic

ro
tid

al
 

(Morton et al., 
1994) 

Galveston 
Island, United 

States 

Foreshore slope 
Berm crest elevation  

Few months to a 
year 

 

(Wang et al., 
2006) 

Fort Walton 
Beach to St. 

George Island, 
United States 

Foreshore slope 
Berm crest elevation 

 

1 month 
3 months 

 

 
1 m /90 days  
(0.01 m/day) 

 
(Yu et al., 2013) Hong Kong 

Island, 
China 

Berm elevations 4 months 1 m /4 months 
(0.008 m/day) 

M
od

er
at

e 
to

 H
ig

h 
en

er
gy

 

M
ic

ro
tid

al
 

(Bascom, 1954) Carmel Beach, 
United States  

Berm width Seasonal  40 to 60 feet/month 
(0.4 to 0.6 m/day) 

(Wearne, 1977) 
 

Stuarts Point 
and Bonville 

Creek, Australia 

Berm elevations Incomplete after 
12 months 

0.77 to 0.90 m/year 
(≈0.002 m/day) 

 

Chapter 5, this 
thesis  

Narrabeen, 
Australia 

Subaerial volume 
following berm 

erosion  

2.5 months  0.67 m3/m/day  
Up to 3.5 
m3/m/tide 

(7 m3/m/day) 
(Dubois, 1988) Dewey Beach, 

United States 
Subaerial volume 

following berm erosion 
1) Aggradation 

 
 

2) Progradation 

6 months 
 

First 3 months 
 
 

Second 3 months 

 
 

40 m3/m/3 months  
(0.44 m3/m/day) 

Up to 5.3 m3/m/day 
20 m3/m/3 months  
(0.22 m3/m/day) 

M
ic

ro
/m

es
ot

id
al

 

(Hine, 1979) Nauset Beach, 
United States 

Berm width 
1) Neap berm 

2) Swash bar welding 
3) Berm-ridge 

 Over 16 weeks: 
8m (0.5 m/day) 

22m (1.4 m/day) 
115m (7.2 m/day) 

(Aubrey and 
Ross, 1985) 

Torrey Pines, 
United State 

Eigenfunctions of 
beach profile 

Seasonal 
(5 to 6 months) 
3 month lag in 
start of berm 

recovery 
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Table 2.7: Durations and rates of post-storm backshore and dune recovery on sandy beach 
coastlines 

Environmental 
setting 

Selected 
references Location 

Dune 
indicator 

Observed recovery 
duration 

Observed recovery 
rates 

Modal 
wave 

energy 
Tidal 
range 

Lo
w

 e
ne

rg
y 

M
ic

ro
tid

al
 

(Priestas and 
Fagherazzi, 2010) 

St. George 
Island, United 

States 

Dune height Incomplete after 1 
year. 

3 to 4 cm/month 
(0.36 to 0.48 m/year) 

(Stone et al., 
2004; Houser and 
Hamilton, 2009; 
Houser et al., 

2015) 

Santa Rosa 
Island, United 

States 

Dune height 
 

Incomplete after 6 
years. 

1 to 3 year lag in 
dune growth  
Expected to 

complete in 10 years 
 

Sigmoid growth with 
rates of 

0.05 to 0.55 m/year 
Mean 0.25 m/year 

(Morton and 
Paine, 1985; 
Morton et al., 

1994) 

Galveston 
Island, United 

States 

Dune 
vegetation 

4 to 5 years  

(Ritchie and 
Penland, 1988) 

 

Caminada-
Moreau, United 

States 

Dune 
vegetation 

10 years  

Macro-
tidal 

(Maspataud et al., 
2009) 

Dunkirk, 
France 

Dune 
volume 

Incomplete after 4 
months 

1.2 m3/m/58 days  
2.0 m3/m/41 days 

(8 to 18 m3/m/year) 
 

M
od

er
at

e 
to

 H
ig

h 
en

er
gy

 M
ic

ro
tid

al
 

(Ruessink and 
Jeuken, 2002) 

Delta, Holland 
and Wadden 

Coasts,  
Netherlands 

Dune toe 
position 

 Up to 5m/year 

(McLean and 
Shen, 2006) 

Moruya, 
Australia 

Dune height 
and 

vegetation 

≈ 2 decades for 
established dune. 
6-9 years lag in 

dune growth  
 

2m /15 years  
(0.13 m/year) 

(Zhang et al., 
2002) 

Cotton Patch 
Hill, United 

States 

Dune height 2 to 3 decades  

(Aagaard et al., 
2004) 

Skallingen, 
Denmark 

Dune 
volume 

3 decades of 
accretion 

5 m3/m/year 

Meso/ 
Macro-

tidal 

(Castelle et al., 
2017) 

Truc Vert 
Beach, France 

Dune 
volume 

 

Incomplete after 1.5 
years  

 

M
ac

ro
tid

al
 

(Suanez et al., 
2012) 

Vougot Beach, 
France 

Dune height 
 
 

Dune 
volume 

Incomplete after 2.5 
years 

 
 

4 to 4.5 cm/month 
(0.48 to 0.54 m/year) 

 
Up to 2 m3/m/month 

(24 m3/m/year) 
1800 m3 /650m beach 

length/ 2.5 years 
(1.1 m3/m/year) 
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 The varying recovery of post-storm beach morphology: a 2.4
synthesis  

As highlighted in detail in the previous section, beach recovery is comprised of differing 

processes and morphological adjustments that have been observed to occur over 

varying durations and rates. Following on from this extensive synthesis of previous 

observations, a holistic representation of typical post-storm recovery durations of sandy 

beach morphology is presented in Figure 2.4, extending across the entire beach profile 

from the lower shoreface through to the backshore and dunes. The subaqueous beach 

is divided into shallower (shaded red to orange) nearshore regions that mobilise 

onshore sediment transport more rapidly (days to weeks for single sandbar, microtidal 

coastlines) following a storm, compared to deeper (shaded green to blue) lower 

shoreface regions that are typically slower to recover (up to several years).  

In Figure 2.4, the recovery of the subaerial beach is likewise composed of two differing 

regions corresponding to wave-driven shoreline and berm recovery (shaded yellow to 

green) and predominantly aeolian-driven backshore aggradation and dune recovery 

(shaded green to blue). These recovery processes form two distinct regions in a 

recovered beach profile, separated by the elevation of the berm crest, defined by 

maximum wave runup during mild conditions (Bagnold, 1940; Russell et al., 2009). 

Shoreline and berm recovery below the berm crest is more immediate, typically 

completing within durations of months to 1 - 2 years. At elevations above the berm 

crest in the backshore and dunes, the beach takes longer to recover, with typical 

durations of several years to 1 - 2 decades.  
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 Summary 2.5

The term ‘beach recovery’ is typically used to describe the natural return of beach 

sediment and morphology back to pre-storm conditions following the impact of a storm. 

Since the mid-20th century, field studies have quantified a range processes and 

indicators of beach recovery following storms. This chapter has provided a synthesis of 

observations previously reported in the literature, assimilating recovery durations and 

rates for a variety of beach morphology, from subaqueous beach processes on the 

lower shoreface returning offshore storm deposits, through to the aeolian-driven 

rebuilding of the backshore and dunes.  

When viewed holistically, beach recovery is seen to be comprised of differing 

processes (and driving mechanisms) observed to recover over a range of durations 

and rates. Recovery durations may vary from a matter of days to weeks (e.g., onshore 

sandbar migration) to decades (dune recovery) depending on the choice of 

morphological indicator and recovery process of interest being observed. It is important 

to note that while a given indicator might completely recover to a pre-storm value, other 

indicators quantifying a different recovery process (with different driving mechanisms) 

may be still ongoing. For instance, the wave-driven recovery of the shoreline will often 

complete prior to the longer-term aeolian-driven recovery of the backshore and dunes. 

Likewise, durations of onshore sandbar migration may not necessarily correspond to 

recovery in the subaerial beach. Determining a single measure or relationship to 

quantify the varying morphological responses and processes of beach recovery is a 

particularly onerous task.  

In this light, field investigation is warranted providing quantitative and parametric 

understanding of targeted beach recovery processes. In particular, research examining 

wave-driven recovery processes of the subaerial beach should consider the 

progression and interaction with subaqueous beach processes of beach recovery, as 

well as the role of key hydrodynamic parameters. In this regard the remaining chapters 

of this thesis examine targeted wave-driven processes of beach recovery related to the 

research objectives in Section 1.3: shoreline recovery and the role of sandbar 

morphodynamics and nearshore wave parameters (Chapter 4); berm recovery and the 

swash conditions responsible for the rebuilding of the broader beach profile (Chapter 

5); and alongshore variations in subaerial volume recovery at differing spatial scales 

along an embayed coastline (Chapter 6). In the overall progression of post-storm 

beach recovery, the specific wave-driven recovery processes addressed in this thesis 
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are amongst the primary phases of recovery in the subaerial beach, and are followed 

by latter stages of aeolian-driven recovery in the backshore and dunes (Figure 2.4). An 

example from field data further illustrating the differing wave-driven and aeolian-driven 

stages of recovery in the subaerial beach is provided in Appendix A. 
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 Regional setting: the south-east Australian coastline  3.1

The study sites of Narrabeen-Collaroy Beach, Bilgola Beach, Mona Vale-Warriewood 

Beach and Long Reef-Dee Why Beach are situated in the broader regional setting of 

the south-east (SE) Australian coastline (Figure 3.1a), which exhibits a 

wave-dominated relative tidal range (RTR) on the order of 0.8. Tides in the region are 

microtidal with mean spring and neap ranges of 1.3 m and 0.8 m respectively (Couriel 

et al., 2012). The regional wave climate is of moderate to high energy. Deepwater 

wave data collection has been undertaken off the coastline near Sydney from 1987 

initially with non-directional measurements and since 1992 with directional 

measurements, shown in the wave rose in Figure 3.1b. Waves are predominantly from 

the SSE direction with an average significant wave height (Hs) of 1.6 m and peak wave 

period (Tp) of 10 s. Waves in the region are generated from synoptic systems that track 

over the southern Coral and Tasman Seas. These systems are described in detail by 

Short and Trenaman (1992) as well as Speer et al. (2009) and include tropical 

cyclones, extratropical cyclones, zonal anticyclones and local sea breezes. Deepwater 

Hs exceeds 3 m for approximately 5 % of the time and have been observed to reach up 

to 9 m during high energy events, most commonly driven by intense extratropical 

cyclones known as East Coast Lows (ECLs) that track further north in the Tasman Sea 

(e.g., Harley et al., 2016; Harley et al., 2017). For the remaining 95% of the time, 

waves are of mild to moderate energy (Hs < 3 m) and are predominantly generated 

from mid-latitude cyclones that track further south across the Tasman Sea, as well as 

zonal anticyclones and local north-easterly breezes (Short and Trenaman, 1992). 

The SE Australian coastline is approximately 1600 km long, consisting of ~60% sandy 

beach shoreline and ~40% rocky headlands and cliffs (Short, 2007). Geology of 

headlands and cliffs vary within the region, including metamorphic formations of the 

New England and Lachlan Fold Belts, as well as clastic sedimentary formations of the 

Sydney Basin. These rocky shores partition the open coastline into 757 embayed 

beaches, ranging in length from 20 m to 30 km (average of approx. 1 km), and 

predominantly composed of medium-grained quartz sand with a 30% carbonate 

fraction (Short, 2007). Most beaches were deposited during the mid-Holocene, 

approximately 6500 years ago, as rising sea levels began to stabilise to their present-

day level (Roy et al., 1980; Thom, 1984). During this period, continental shelf marine 

sand was transported onshore and deposited in embayments between rocky 

protrusions of headlands and cliffs. Many of these deposits formed barrier beaches 

backed by estuaries that have progressively infilled with fluvial sediments. Offshore, the 
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coastline has a steep and narrow (20 - 70 km) continental shelf (Short and Trenaman, 

1992).  

While the coastline has on average a shore-normal orientation of approximately 110º 

TN (ESE), locally beaches are swash-aligned with varying shore-normal orientations 

and exposure to the predominant SSE wave energy. Shore-normal orientations 

typically range between 90° TN and 150° TN (E to SSE) (You et al., 2014) but also 

include more north-facing orientations, particularly toward the southern end of curved 

embayments (Harley and Turner, 2008). Sheltering effects of headlands and reefs also 

induce alongshore gradients in nearshore wave exposure (Harley et al., 2015). As 

such, modal beach morphology varies along the coastline and is classified using beach 

states as defined by Wright and Short (1984), with 9% reflective (REF), 13% low tide 

terrace (LTT), 65% transverse bar and rip (TBR), and 13% rhythmic bar and beach 

(RBB) (Short, 2007).  

 Study site descriptions  3.2

The four study sites that are utilised in this thesis are situated north of the Port Jackson 

(Sydney Harbour) inlet and south of Broken Bay in the Sydney metropolitan region as 

shown in Figure 3.2. The Sydney coast contains numerous sandy beach embayments, 

bounded by prominent rocky headlands (mostly sandstone) and reefs. 

Narrabeen-Collaroy Beach is the primary study site of this thesis, at which beach 

recovery processes are examined in detail in Chapters 4 and 5, and compared with 

Figure 3.1: a) Map of regional setting on the SE Australian coastline. b) Wave rose of 
deepwater wave directions and significant wave heights Hs, off the SE Australian coastline near 
Sydney.  



3. Regional setting and study sites 

35  

three additional surrounding embayments in Chapter 6; Bilgola Beach, 

Mona Vale-Warriewood Beach and Long Reef-Dee Why Beach (Figure 3.2).  A detailed 

site description of each of the four studied embayments is presented below.  

Hourly deepwater wave measurements of significant wave height Hs (m), peak wave 

period Tp (s), and wave direction θ (º), were collected from the Sydney waverider buoy 

shown in Figure 3.2, situated in 80 m water depth and approximately 11 km directly 

offshore of the study sites. A MIKE21 spectral wave model (DHI, 2014) was used to 

generate a lookup table to transform deepwater Hs and θ to the -10 m depth contour at 

each of the study sites shown in Figure 3.2 (Mortlock and Goodwin, 2016). Peak wave 

period Tp, was assumed to remain unchanged between the deepwater and nearshore 

locations.  

Figure 3.2: Study site locations situated on the embayed Sydney coastline between Broken Bay 
and Port Jackson, SE Australia. Beach recovery processes at Narrabeen-Collaroy Beach are 
examined in detail using data collected from an ARGUS Coastal Imaging station (location 
shown in blue, analysed in Chapter 4) and a continuously scanning Fixed Lidar monitoring 
system (profile location shown in yellow, analysed in Chapter 5). Furthermore, RTK-GPS beach 
profile measurements (profile locations shown in red) spanning this embayment as well as three 
closely-situated embayments (Bilgola Beach, Mona Vale-Warriewood Beach, and 
Long Reef-Dee Why Beach) are used to examine alongshore variability in recovery (Chapter 6).   
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Table 3.1: Study site characteristics.  
RBB = rhythmic bar and beach, TBR = transverse bar and rip, LTT = low tide terrace and REF = 
reflective.  

Location Bilgola 
Beach 

Mona Vale-
Warriewood Narrabeen-Collaroy 

Beach 
Dee Why-Long 

Reef Beach Basin Beach 

Profile 
B

G
1 

B
G

2 

B
G

3 

M
V

1 

M
V

2 

M
V

3 

M
V

4 

M
V

5 

P
F1

 

P
F2

 

P
F4

 

P
F6

 

P
FL

D
 

P
F8

 

D
W

1 

D
W

2 

D
W

3 

D
W

4 

D
W

5 

Embayment 
length (km) 0.5 2.2 3.6 1.8 

d50 (mm)  0.28 0.30 0.30 0.24 

Upper 
nearshore 

slope 
(rise/run) a 

0.028 - 0.020 0.029 0.017 

.0
30

 

.0
28

 

.0
27

 

- 

.0
11

 

- 

.0
21

 

.0
19

 

.0
20

 

.0
39

 

.0
36

 

.0
33

 

.0
30

 

.0
15

 

.0
12

 

.0
22

 

.0
18

 

.0
18

 

.0
17

 

Shore-
normal 

orientation 
(°TN) 

125 - 117 95 139 

12
5 

12
5 

12
5 

14
0 

10
0 

84
 

13
0 

11
7 

11
8 

11
4 

10
0 

84
 

74
 

60
 

14
4 

13
8 

13
8 

13
5 

10
0 

Mean 
nearshore 

Hs (m) 

1.2 - 1.2 0.95 1.2 

1.
20

 

1.
20

 

1.
18

 

- - - 

1.
18

 

1.
18

 

1.
12

 

0.
97

 

1.
01

 

0.
88

 

0.
80

 

0.
78

 

1.
31

 

1.
09

 

1.
12

 

1.
13

 

1.
13

 

Modal 
beach stateb TBR REF TBR TBR LTT RBB/TBR 

a Slope of linear regression fit of bathymetry data (28th April 2015) between 0 m and  -10 m depth contours 
b From Short (2007) 

3.2.1 Narrabeen-Collaroy Beach   

Narrabeen-Collaroy Beach shown in Figure 3.2 is a 3.6 km-long east-facing 

embayment (average shore-normal orientation of ~95 °TN), and one of the longest on 

the Sydney coastline (Table 3.1). The embayment consists of Narrabeen Beach toward 

the north and Collaroy Beach toward the south. The embayment is confined at the 

northern extremity by the shale and sandstone Narrabeen Headland, and at the 

southern extremity by the claystone Long Reef Headland, both of which formed during 

the Triassic Period. Sediment within the embayment is much younger, having been 

deposited in the mid-Holocene as a regressive barrier (Roy et al., 1980; Thom, 1984). 

This barrier prograded roughly 300 m as Holocene sea levels stabilized, where it 

reached its current position approximately 3000 years ago.  

Narrabeen-Collaroy Beach is composed of fine to medium grained (d50 ≈ 0.3 mm) 

quartz sand with a 30% carbonate composition. The upper nearshore slope (between 

the 0 m and -10 m bathymetry contours) of approximately 0.03 is one of the steepest 

amongst the four studied embayments listed in Table 3.1. Bathymetry contours in the 

embayment are plotted in Figure 3.3. At shallower depths above -10 m, contours are 
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closely-spaced and shore-aligned, becoming more irregularly spaced and aligned to 

rock outcrops in deeper offshore waters contours. Beach morphology is predominantly 

of intermediate state, tending more dissipative and reflective under higher and lower 

wave conditions, respectively (Wright et al., 1985). The embayment has a depth of 

closure of approximately 22 m for extreme storms and 12 m for less extreme beach 

fluctuations (Nielsen and Lord, 1993). In the very northern end of the embayment is the 

entrance to Narrabeen Lagoon (Figure 3.2), which is approximately 50 m in width and 

intermittently closed by the infilling of embayment sediment (Morris and Turner, 2010). 

As a result of the predominant SSE direction of the deepwater Sydney wave climate 

(Figure 3.1) nearshore waves in the embayment are to a large degree sheltered by 

Long Reef Headland at the southern extremity (i.e., Collaroy). The resultant alongshore 

gradient in wave energy is evident in recorded mean nearshore Hs shown in Table 3.1, 

varying from 0.8 m to 1.1 m at the -10 m depth contour from south to north along the 

embayment. As such, beach morphology also varies alongshore, with predominantly 

low tide terrace (LTT) state toward the sheltered southern end and transverse bar and 

rip (TBR) state toward the north.  

Figure 3.3: Bathymetry contour map of Narrabeen-Collaroy Beach. Contours are closely-spaced 
and shore-aligned at shallower depths above -10 m. In deeper offshore waters contours 
become more irregularly spaced and aligned to rock outcrops. Monitoring locations correspond 
to those in Figure 3.2.  
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Analyses based on a multi-decade monthly profile dataset along the embayment (refer 

Turner et al., 2016) have found that the primary mode of shoreline variability at 

Narrabeen-Collaroy, accounting for 60% of the overall shoreline variability, is a cross-

shore sediment exchange between the subaerial and subaqueous beach. This primary 

mode of shoreline variability is predominantly a result of changes in the frequency and 

intensity of wave energy/storms from the modal SSE direction. A secondary rotational 

signal (accounting for approximately 25% of the overall shoreline variability) has been 

observed between the northern and southern ends of the embayment and is linked to 

alongshore variability in cross-shore sediment fluxes as well as sediment exchanges in 

the alongshore direction (Harley et al., 2011b; Harley et al., 2015). These rotation 

cycles of the shoreline have been observed at both seasonal timescales (Harley et al., 

2011b) as well as inter-annually due to influences by the El Niño-Southern Oscillation 

(Ranasinghe et al., 2004a; Barnard et al., 2015). The average curvature of the 

shoreline orientation within the embayment (evident in Figure 3.2), has been shown to 

match a log-spiral form, and can be readily transformed for data analysis purposes 

(Harley and Turner, 2008).  

3.2.2 Bilgola Beach  

Bilgola Beach is a 0.5 km long pocket beach, located 8 km north of Narrabeen, and the 

shortest embayment monitored in this thesis (Table 3.1). The embayment is bounded 

by Bilgola Headland to the north and Newport Headland to the south, with an average 

shore-normal orientation of approximately 125 °TN. Rocky reefs at the base of Newport 

Headland provide minimal sheltering from predominant SSE waves, such that Hs is on 

average 1.2 m in the nearshore at the -10 m depth contour. Modal beach morphology 

as classified by Wright and Short (1984) is characterised by a transverse bar and rip 

(TBR) state with a single sandbar often divided by 2 - 3 alongshore migrating beach 

rips within the embayment (Short, 2007). Sediment is composed of medium-grained 

sand with an upper nearshore slope (between the 0 m and -10 m bathymetry contours) 

of approximately 0.03, one of the steepest amongst the four embayments studied. 

3.2.3 Mona Vale-Warriewood Beach  

Mona Vale-Warriewood Beach is a 2.2 km long embayment, situated just north of 

Narrabeen-Collaroy Beach (Figure 3.2, Table 3.1). It is bounded by Mona Vale 

Headland to the north and Turimetta Headland to the south. Beach monitoring in this 

thesis was concentrated at the northern end of the embayment. At this location, a 

tombolo in the lee of a rocky reef and ocean rock pool, separates the highly refracted 
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wave environment and reflective morphology of Mona Vale Basin, from the more 

exposed and transverse bar and rip (TBR) morphology of Mona Vale Beach to the 

south (Short, 2007). Mona Vale has an average ESE shore-normal orientation of 117 

°TN and is relatively exposed to predominant SSE waves (mean Hs = 1.2 m at the -10 

m depth contour). The nearshore slope is approximately 0.02 with d50 (≈ 0.3 mm) 

similar to that of Narrabeen-Collaroy Beach.  

3.2.4 Long Reef-Dee Why Beach  

Long Reef-Dee Why beach is situated immediately south of Narrabeen-Collaroy on the 

southern, more exposed side of Long Reef Headland (Figure 3.2). The embayment is 

1.8 km in length with a distinct SE average shore-normal orientation of 138 °TN (Table 

3.1). It is bounded in the south by Dee Why Headland and fringed by offshore reefs in 

the north. At the -10 m depth contour, Hs averages 1.1 m along the majority of the 

embayment and 1.3 m on the more exposed reefs in the north. Modal beach 

morphology varies from transverse bar and rip (TBR) to rhythmic bar and beach (RBB) 

states. In comparison to the other study embayments listed in Table 3.1, sand at Dee 

Why is slightly finer-grained (d50  ≈ 0.24 mm) and the upper nearshore mildly flatter with 

a slope (≈ 0.017) approximately half that of Narrabeen-Collaroy Beach.  

 Summary 3.3

This thesis utilises field data collected from four closely-situated sandy beach 

embayments located in Sydney on the SE Australian coastline to investigate 

wave-driven recovery processes of the subaerial beach. Narrabeen-Collaroy Beach is 

the primary study site of this thesis, at which shoreline recovery is examined in the 

following Chapter 4 using Argus coastal imaging, and berm recovery analysed in 

Chapter 5 using a continuously scanning Fixed Lidar monitoring system. Alongshore 

variability in subaerial volume recovery along the broader Narrabeen-Collaroy 

embayment, as well as three closely-situated embayments (Bilgola Beach, Mona Vale-

Warriewood Beach, and Long Reef-Dee Why Beach) is investigated in Chapter 6 using 

RTK-GPS beach profile measurement.  
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  Chapter 4
 
 
Shoreline recovery: the role of 
sandbar morphodynamics and 
nearshore wave parameters 
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Chapter overview: The onshore return of nearshore sediment back to the shoreline is 

a primary wave-driven process of post-storm beach recovery (Chapter 2). In this 

chapter shoreline recovery following 82 individual storm events is analysed using a 

10-year dataset of daily shoreline and sandbar positions on a high energy sandy 

coastline. Temporal variations in rates of shoreline recovery are quantified and 

characterised by nearshore wave and sandbar conditions. A new conceptual model is 

presented, describing phases and rates of shoreline recovery through various stages of 

onshore sandbar migration following storms, from fully detached storm-deposited 

sandbar morphology through to complete sandbar welding with the shoreline. 

 Introduction 4.1

On coastlines lacking established dune systems (e.g., due to urban encroachment on 

pre-existing foredunes), shoreline and berm morphology provide a primary natural 

buffer to coastal inundation. In particular, the recovery of the shoreline and berm 

following the impact of a storm, shown in Figure 2.1, restores the width separating 

coastal infrastructure and the ocean. In this chapter, the temporal variability of 

shoreline recovery is examined and key governing parameters are evaluated.  

Shoreline recovery, namely the cross-shore return of a representative shoreline 

contour to a pre-storm position following a storm, is a commonly measured component 

of post-storm beach recovery. At many locations, cross-shore changes in shoreline 

position have been shown to provide a useful proxy for the corresponding changes in 

subaerial sand volume (e.g., Farris and List, 2007; Harley et al., 2011c). Previously 

described in Section 2.3.2.2 and synthesised in Table 2.5, shoreline recovery has been 

observed with a range of durations (months to years) and rates (centimetres to metres 

per day). Some studies with broader spatial coverage have revealed that variability in 

rates of shoreline recovery can occur spatially alongshore and between locations (List 

et al., 2006; Corbella and Stretch, 2012). The spatial variability in subaerial beach 

recovery is addressed in further detail in Chapter 6. In contrast, the temporal variability 

of shoreline recovery rates is less well reported. Studies are often limited to the 

monitoring of shoreline recovery following an individual storm and lack sufficient survey 

frequency to observe potential day-to-day variability in rates during this period. In 

addition, multi-year shoreline monitoring programs that capture shoreline recovery 

following multiple storms are rare (Corbella and Stretch, 2012; Phillips et al., 2015). 
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Preliminary work by Phillips et al. (2015) using a unique decade long dataset of high 

resolution (daily) shoreline observations remotely captured from video images, 

identified temporal variability in shoreline recovery rates during 10 post-storm shoreline 

recovery periods. This work revealed a high degree of variability in rates at timescales 

of days to weeks during shoreline recovery, despite relatively consistent net rates for 

recovery recorded over longer periods extending from several months to a year (Table 

2.1). Phases of more gradual and rapid shoreline recovery rates were identified, but the 

hydrodynamic and/or morphodynamic processes that underlie these observations 

remained unclear.  

For shoreline recovery to occur, sediment deposited in the nearshore (or further 

offshore) by the preceding storm must first be transported back onshore. Though 

morphodynamic relationships between shoreline and sandbar morphology are noted in 

the literature, the potential role of sandbar morphodynamics on shoreline recovery 

rates is yet to be fully explored. Wright and Short (1984) classified beaches into 

dissipative, intermediate and reflective states. As previously described in Section 2.2.1, 

nearshore morphology during recovery is frequently observed to systematically 

undergo a series of downstate transitions in beach state, characterised by different 

sandbar configurations and attachment to the shoreline including longshore bar and 

trough (LBT), rhythmic bar and beach (RBB), transverse bar and rip (TBR), low tide 

terrace (LTT) and reflective states. 

Wright and Short (1984) and others (e.g., Sonu and Beek, 1971) proposed a coupling 

of the sandbar and shoreline that more recently has been explored with new insight 

through the use of video imaging (Coco et al., 2005; Price and Ruessink, 2013; van de 

Lageweg et al., 2013). For example, on an embayed microtidal sandy beach in New 

Zealand, van de Lageweg et al. (2013) found an increased degree of sandbar-

shoreline coupling with closer sandbar-shoreline proximity. At the meso-to-macrotidal, 

high energy sandy beach of Biscarrosse, France, sandbars were observed to migrate 

onshore at shorter timescales and a rate 6 times faster than concurrent shoreline 

recovery response (Senechal et al., 2015). Despite this, post-storm field investigation 

of shoreline recovery (Section 2.3.2.2) and onshore sandbar migration (Section 2.3.1.2) 

are often conducted separately from one another.  

Addressing research objective 1 of this thesis (Section 1.3), this chapter uses a 10-year 

daily shoreline and sandbar position dataset obtained at Narrabeen-Collaroy Beach in 

SE Australia (refer to Chapter 3) to quantify and characterise the temporal variability of 
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shoreline recovery rates. The shoreline and sandbar dataset and study methodology is 

further detailed in Section 4.2. Following a total of 82 storms, rates of cross-shore 

shoreline change are quantified and examined in Section 4.3, as the shoreline returns 

to its observed pre-storm position. The influence of nearshore wave forcing and 

sandbar morphodynamics on the variability of shoreline recovery rates are explored. 

Correlation analysis for the observed shoreline recovery rates was undertaken with 

eight nearshore wave and related morphodynamic parameters, plus sandbar-shoreline 

proximity and cross-shore sandbar migration rates. The results are discussed and a 

new conceptual model is presented in Section 4.4, that encapsulates differing phases 

and rates of shoreline recovery under favourable wave forcing for detached, semi-

attached, attached and absent sandbar morphology. Conclusions of the chapter are 

summarised in Section 4.5.  

 Methodology 4.2

To examine the temporal variability of shoreline recovery rates, this study uses a high 

frequency video image dataset collected over a 10-year period at Narrabeen-Collaroy 

Beach. Extraction of daily shoreline and mid-tide sandbar positions from this dataset is 

described in Section 4.2.1. Steps undertaken in the analysis of shoreline recovery rates 

from the shoreline data are outlined in Section 4.2.3. In addition, correlation analysis 

described in Section 4.2.4, was performed to investigate controls of shoreline recovery 

rates with consideration given to parameters related to nearshore wave conditions and 

also sandbar morphodynamics. 

4.2.1 Study site 

The analysis undertaken in the present chapter was located along a 400 m alongshore 

stretch of Narrabeen-Collaroy Beach just south of the midpoint of the embayment, 

corresponding to the location of the Narrabeen-Collaroy Coastal Imaging station 

(Figure 3.2). For a detailed site description of the Narrabeen-Collaroy embayment refer 

to Section 3.2.1. This 400 m-long monitoring region where sufficiently high resolution 

images of the shoreline and sandbar are available is partially exposed to the 

predominant SSE wave energy, with nearshore significant wave heights at the -10 m 

depth contour averaging ~0.9 m and exceeding 1.8 m approximately 5% of the time. 

Beach morphology at this location is predominantly of transverse bar and rip state in 

contrast to the higher (lower) energy intermediate states that characterise modal beach 

morphology further north (south) in the embayment (Wright and Short, 1984). The 

analysis in the present chapter focusses on cross-shore sediment exchange between 
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the subaerial and subaqueous beach, which is the dominant mode of shoreline 

variability at Narrabeen-Collaroy with a secondary signal of shoreline rotation (see 

Section 3.2.1). The 400 m monitoring region is located southwards of the pivot point of 

shoreline rotation, such that the secondary rotation signal within the monitoring region 

can be considered uniform. 

4.2.2 Video-derived shoreline and sandbar data 

Video monitoring of the southern half of Narrabeen-Collaroy Beach has been 

undertaken for over a decade via operation of an Argus Coastal Imaging station 

(Holman and Stanley, 2007). The Coastal Imaging station is located on the roof of a 

beach side building at 44 m above mean sea level (MSL) and comprises five video 

cameras that combine to span a 180° view of the southern end of the embayment 

(Figure 3.2). From August 2004 to April 2015, a suite of oblique image products 

(snapshot, 10-minute time-exposure and variance images) were captured every 

daylight hour by the Coastal Imaging station. In the present study, time-exposure 

images were used from the north-facing camera (Camera 5) from which the sandbar 

and shoreline positions can be readily identified (Figure 4.1). In order to obtain 

quantitative information from this camera, oblique images were corrected for lens-

distortion and geo-rectified to a map projection using a series of ground control points 

distributed throughout the image (Holland et al., 1997). The pixel resolution following 

geo-rectification in the 400 m study site ranged from 0.3 - 1 m in the cross-shore 

direction and 1.5 - 7 m in the alongshore direction. 

4.2.2.1 Shoreline data 

Hourly shoreline positions were detected from geo-rectified time-exposure images 

using the Pixel Intensity Clustering (PIC) technique (Aarninkhof et al., 2003) and 

combined with an empirical shoreline elevation model to account for tide and wave 

runup effects (Harley et al., 2011c). An automated algorithm (Harley et al., 2007; Uunk 

et al., 2010) was developed to repeat this process and systematically remove any 

erroneous shoreline positions detected by the PIC technique. These erroneous 

positions occur due to issues such as shadows on the beach, poor visibility or sun 

glare on the water surface. A total of 24,168 hourly daylight shoreline positions were 

mapped and quality controlled over the 10-year period by this automated algorithm, 

forming an extensive shoreline dataset obtained at a range of elevations within the 

intertidal zone. For each day, all the available hourly daylight shorelines were then 

used to linearly interpolate a daily shoreline position at a constant elevation 
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corresponding to mean high water springs (0.7 m above MSL contour, Figure 4.1b). 

The cross-shore uncertainty of the daily video-derived shoreline position in the study 

site, termed Δxs, has previously been shown to be of the order of ± 2 m (Harley et al., 

2011c). 

In order to distinguish trends of shoreline recovery from other forms of variability in the 

daily shoreline time series, two pre-processing steps specific to this study were applied 

to the shoreline data. First, alongshore variability due to localised features such as rip 

heads and beach cusps were minimized in the analysis by alongshore averaging the 

daily shoreline data along the 400 m study site. At the study site this 400 m length 

corresponds to 4 - 10 times the length-scales of accretionary rips (more commonly 

observed during shoreline recovery), and twice the length-scales of typical erosion-type 

rips that may temporarily persist after storm activity (Short, 1979; Short, 1985; 

Davidson et al., 2013). Additionally, a longer-term (several years) rotation signal 

towards the southern end of the embayment (i.e., a counter-clockwise rotation) was 

evident in the shoreline data. This was characterised by approximately a linear trend 

towards a wider beach and was removed from the data. The resulting alongshore-

averaged and detrended time series of daily shoreline position is hereafter denoted 

xs (m) in this study. 

4.2.2.2 Sandbar data 

In addition to shoreline data, geo-rectified time-exposure images over the same 10-

year study period were also used to extract sandbar position data at mid-tide (Figure 

Figure 4.1: a) 10-minute mid-tidal time-exposure image taken from the Argus Coastal Imaging 
station with the 400 m-long study site shown in red. b) Corresponding geo-rectified time-
exposure image of the study site in local alongshore and cross-shore coordinates with the 
concurrent mid-tidal sandbar and daily shoreline positions.  
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4.1b). The detection of sandbar data was undertaken in three steps. First, pixel 

intensities along cross-shore transects spaced 10 m alongshore were detrended 

following the method outlined by Splinter et al. (2011a). This step was undertaken to 

remove any lighting effects associated with sun glare on the water surface and to 

enhance contrast between regions of breaking and non-breaking waves. Second, 

pixels landward of the shorebreak, identified as the pixel intensity maximum within 10 

m of the shoreline (as detected in Section 4.2.2.1), were removed from the analysis. 

Finally, the cross-shore position of the sandbar at each cross-shore transect was taken 

as the maximum pixel intensity along each cross-shore transect (Figure 4.1b) following 

Lippmann and Holman (1989) and other authors (e.g., Plant et al., 1999; Splinter et al., 

2011a). 

Consistent with pre-processing of the shoreline data, sandbar positions were 

alongshore-averaged at the 400 m-long study site and detrended using the same 

embayment rotation trend applied to the shoreline data. The resulting alongshore-

averaged and detrended sandbar position time series is hereafter denoted xb (m). This 

was also expressed in terms of sandbar proximity relative to the concurrent shoreline 

position, denoted by xbs (m) where 

Sandbar positions detected from wave breaking using video imaging techniques may 

deviate from actual sandbar positions depending on tidal water level and wave height 

over the sandbar (van Enckevort and Ruessink, 2001). At low tide, waves may break 

on the seaward edge of the bars compared to high tide where they may break more 

landward. This induces a tidally driven cross-shore migration of the sandbar if water 

levels vary between images. For example, at the Gold Coast, also located in a 

microtidal setting on the east coast of Australia and exposed to a similar wave climate, 

Ruessink et al. (2009) found these errors to be 10 - 15 m landward per metre of 

increasing water depth over a tidal cycle. In an effort to minimise these errors in the 

present study, sandbar positions were only obtained from images at a relatively 

constant tidal elevation within ± 0.2 m of mean sea level (approx. mid-tide). This 

translates to a potential horizontal error resulting from tidal variations on the order of 

4 - 6 m, based on 0.4 m of depth variability between images and an equivalent error 

range per metre water depth to that observed by Ruessink et al. (2009). Images taken 

during low wave conditions when wave breaking on the sandbar was minimal were 

ignored. Further erroneous observations due to discontinuities in wave breaking, 

sbbs xxx −=  (4.1) 
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particularly around rip head features, were removed via a final manual inspection of the 

images. In total, 3,398 mid-tide sandbar positions were used in the analysis over the 

10-year study period. 

4.2.3 Shoreline recovery period classification  

In order to classify from the daily shoreline data periods of recovery following storms, 

two steps were undertaken. Firstly, individual storm events were identified by applying 

a peak-over-threshold technique (Harley et al., 2009; Masselink et al., 2014) to the 

hourly wave height time series (refer to Section 4.2.5.1), with a 95th percentile (Hs ≈ 

1.8 m) nearshore (-10 m depth contour) significant wave height threshold. The pre-

storm shoreline position was taken as the maximum shoreline position within 3 days 

before the start of storm and the post-storm position was taken as the minimum 

shoreline position within 3 days after the storm. Only storms that resulted in shoreline 

erosion greater than twice the accuracy of the shoreline dataset (i.e., 2∆xs = 4 m) were 

included in the analyses. Secondly, a shoreline recovery period for each storm was 

classified from the time of the post-storm position until the time when the shoreline was 

observed to return to its pre-storm position (within a tolerance defined by the shoreline 

detection accuracy, ∆xs). Examples of shoreline recovery periods are illustrated in 

Figure 4.2 following three storms during late 2004 and early 2005. Note from this figure 

that the second storm (mid-October) occurs during the recovery of the first storm (early 

October). Intermediate storm activity during shoreline recovery is a common 

occurrence at the study site and on other high energy coastlines (e.g., Corbella and 

Stretch, 2012). In these cases, the recovery period is deemed to have ended when the 

shoreline returns to the pre-storm position of the initial storm event, as shown in Figure 

4.2. 

4.2.4 Shoreline recovery rate calculation 

To examine temporal variability during shoreline recovery periods, cross-shore rates of 

shoreline recovery, dxs/dt (m/day), were calculated by dividing the full duration of each 

recovery period into smaller temporal windows and calculating the slope of a linear 

regression line fitted (using least-squares) to the cross-shore shoreline position time 

series (xs) for each window. A range of temporal window sizes used to divide shoreline 

recovery periods were explored, with the most informative found to be 7, 14, 30 and 

60 days. For an example recovery period with a total duration of 28 days and 

partitioning into 7-day windows, four shoreline recovery rates were calculated for days 

1-7, 8-14, 15-21 and 22-28 respectively. This was repeated for all windows sizes less 
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than or equal to the duration of the recovery period. Window sizes of less than 7 days 

were not considered in the analysis due to poor signal-to-noise ratios influencing sub-

weekly observations of shoreline change in the data (Harley et al., 2011c). 

4.2.5 Correlation analysis with nearshore wave parameters and sandbar 
morphodynamics 

Parameters that may influence the temporal variability of the observed shoreline 

recovery rates were examined using linear correlation analysis. A broad range of 

potential parameters were considered in the first-pass analysis, including several 

parameters describing nearshore wave conditions and also sandbar morphodynamics. 

These are outlined in the following section. The correlation coefficient, r, was calculated 

between each shoreline recovery rate and forcing parameter statistic for the window 

during which the rate was calculated. A 95% confidence level, r95%, was adopted to 

assess the statistical significance of the results. 

4.2.5.1 Nearshore wave parameters 

Hourly deepwater wave data Hs, Tp and θ, for the 10-year study period were acquired 

from the Sydney waverider buoy and transformed to the -10 m depth contour in the 

nearshore of the shoreline and sandbar monitoring region using a MIKE21 spectral 

wave model as described in Section 3.2. These three fundamental nearshore wave 

parameters (HS, Tp and θ) plus the local sediment properties (d50, sediment fall velocity, 

Figure 4.2: Example of storm erosion and shoreline recovery periods for October 2004 to May 
2005. Pre-storm shoreline positions are marked by dashed lines. Rates of shoreline recovery 
were calculated by dividing shoreline recovery periods into smaller temporal windows (7, 14, 30 
and 60 days) and applying linear regression.  
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w) were used to consider five additional nearshore wave and related morphodynamic 

parameters, described in further detail below.  

Wave steepness, H/L, has been widely recognised as an important parameter 

governing the direction of cross-shore sediment transport on the beach profile (e.g., 

Rector, 1954; Iwagaki and Noda, 1963; Dean, 1973; Larson and Kraus, 1989). In this 

study hourly wave steepness was calculated at the -10 m depth contour using 

significant wave height and the corresponding peak wave period. 

Similarly, the dimensionless fall velocity, Ω (Gourlay, 1968; Dean, 1973) has been 

commonly adopted to empirically classify sediment transport direction (Larson and 

Kraus, 1989) and also morphological beach states (Wright and Short, 1984). In this 

study dimensionless fall velocity was calculated at the -10 m depth contour by 
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where w is the fall velocity (m/s) of the beach sediment.  

Wright et al. (1985) also suggested that rates of morphological change are influenced 

by weighted antecedent values of the dimensionless fall velocity parameter. More 

recently, this concept has been applied by Davidson et al. (2013) to empirically predict 

shoreline rates of change, by adopting a temporal disequilibrium term ∆Ω, 
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where Ωeq is the weighted average of antecedent dimensionless fall velocity values 

following Wright et al. (1985) 
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In Equation 4.4, Δt is the wave data sampling interval in units of days and j the number 

of observations prior to the time at which the equilibrium term is being calculated. The 

memory decay term, ϕ, and the window size over which the equilibrium term is 

calculated, D, were taken as 30 days and 2ϕ respectively in this study, following the 

results of Davidson et al. (2013) at the Narrabeen-Collaroy Beach study site.  
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Nearshore wave conditions can be characterised using nearshore wave energy 

E (J/m2) given by 

 

16
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SHgE ρ=  

 

(4.5) 

where ρ is the density of ocean water (1025 kg/m3), g is the gravitational acceleration 

(9.8 m/s2).  

Similarly nearshore wave energy flux or wave power P (W/m) is given by 

 EcP g=  
 

(4.6) 
 

It describes the power per unit crest length of a train of waves in water depth d (m) and 

moving at a group velocity cg (m/s) given by  
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For interest, bulk statistics of these eight parameters (i.e., Hs, TP, θ, H/L, Ω, ∆Ω, E, P) 

calculated over the full 10-year study period are shown in Table 4.1. When undertaking 

correlation analysis, three statistics from hourly values of the specified parameters 

were evaluated for each window over which a shoreline recovery rate was calculated. 

Firstly the mean, μ, of the hourly values within each time-window was taken. Secondly, 

to observe the influence of larger values within a given time-window, the number of 

hourly observations exceeding the 75th percentile value in Table 4.1, nhigh, was taken. 

Thirdly, to observe the influence of smaller values within a given time-window the 

number of hourly observations below the 25th percentile value in Table 4.1, nlow, was 

recorded. For ∆Ω only the first approach was used. 

Table 4.1: Nearshore wave and related morphodynamic parameter statistics recorded during 
shoreline and sandbar monitoring from August 2004 to April 2015.  

Parameter Study site characteristics 
 25th percentile Mean 75th percentile 
Hs (m) 0.57 0.90 1.13 

Tp (s) 8.2 9.8 11.5 

θ (º) 92 101 111 

H/L 0.006 0.011 0.014 

Ω 1.5 2.6 3.3 

E (kJ/m2) 0.20 0.65 0.80 

P (kW/m) 1.6 5.1 6.1 
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4.2.5.2 Sandbar morphodynamics 

The correlation analysis also examined two additional parameters relating specifically 

to sandbar morphodynamics as potential controls of the observed rates of shoreline 

recovery. The proximity of the sandbar to the shoreline xbs (m) as defined in Section 

4.2.2.2 was included in the analysis. For each time-window over which a shoreline 

recovery rate was calculated, the initial (mean of the first 25% of observations), final 

(mean of the last 25% of observations), and overall mean of observed 

sandbar-shoreline distances were determined. This sandbar-shoreline proximity was 

related to the degree of attachment with the shoreline with reference to observed 

morphological states as defined by Wright and Short (1984). Also included was the rate 

of cross-shore sandbar migration dxb/dt (m/day) calculated using the time series of xb 

and following the same procedure described in Section 4.2.4. Positive values of both 

dxb/dt (m/day) and dxs/dt (m/day) indicate a seaward movement of the sandbar and 

shoreline, respectively. 

 Results 4.3

4.3.1 Shoreline and sandbar variability 

Changes in shoreline position xs and sandbar-shoreline proximity xbs over the 10 years 

of monitoring are shown alongside daily mean nearshore wave power in Figure 4.3. In 

Figure 4.3a, the detrended shoreline (i.e., multi-year embayment rotation trend 

removed) is observed to fluctuate in response to storm erosion and recovery cycles 

within a 55 m cross-shore envelope, about a mean of 21 m from the landward 

benchmark. A total of 82 storm erosion events (equivalent to 7.7 events per year) were 

identified in the time series, coinciding with spikes in nearshore wave power and 

offshore displacement of the sandbar in Figures 4.3c and 4.3b, respectively. 

Magnitudes of shoreline erosion due to identified storm events ranged up to 31 m, with 

a mean of 10 m. Storm erosion occurred most often in Austral autumn and winter 

months (i.e., between May and August). Erosion was observed due to either clusters of 

smaller storm events (e.g., in mid-2006), or larger, isolated storm events (e.g., June 

2007). Considering the total summation of shoreline change over the monitoring period, 

the shoreline experienced 820 m of erosion due to storms. This however was equally 

matched by cumulative magnitudes of shoreline recovery between storms, such that 

the longer-term inter-annual net impact of storm erosion on the shoreline was minimal.  
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In Figure 4.3b, sandbar positions with respect to the shoreline (xbs) were observed to 

fluctuate between 20 and 120 m from the shoreline, spanning a range that was 

approximately twice that of the shoreline variability. On average, storms displaced the 

sandbar 66 m from the shoreline. Over the study period, the mean sandbar-shoreline 

proximity was 46 m, with an upper quartile of observations greater than 56 m and a 

lower quartile of observations less than 34 m. Upper quartile observations are shown in 

Figure 4.4a and were characterised by a prevalence of detached, rhythmic bar and 

beach sandbar morphology as described by Wright and Short (1984). In contrast and 

as would be expected, in Figure 4.4c lower quartile observations were characterised by 

a prevalence of attached low tide terrace and more reflective morphology. Remaining 

interquartile observations of sandbar-shoreline proximity (Figure 4.4b) were 

characterised by predominantly semi-attached, transverse bar and rip morphology. 

Lower quartile, interquartile and upper quartile observations of sandbar-shoreline 

proximity are hereafter referred to as attached, semi-attached and detached sandbar 

conditions respectively. 

Figure 4.3: Time series of study period from August 2004 to April 2015 showing a) daily 
alongshore-averaged shoreline position (xs), b) mid-tidal (daylight) alongshore-averaged 
sandbar-shoreline proximity (xbs), and c) daily mean nearshore wave power at the -10 m depth 
contour of the study site. The time series depicts a high energy sandy coastline with dynamic 
shoreline and sandbar morphology. 
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4.3.2 Temporal variability of shoreline recovery rates 

The distributions of shoreline recovery rates are shown in Figure 4.5 for shoreline 

recovery periods corresponding to temporal window sizes of 7, 14, 30 and 60 days. As 

expected during shoreline recovery, mean rates were observed to be positive for all 

window sizes, in the range of 0.15 m/day (60-day window) to 0.22 m/day (7-day 

window), characterising an overall net seaward movement. However variances in rates 

between window sizes were significantly different (95% confidence level) as assessed 

by a Levene’s Test for homoscedasticity (F = 23.7, p < 0.0001). For shoreline recovery 

periods divided into shorter 7 and 14-day windows (Figures 4.5a and 4.5b 

respectively), higher variability in observed recovery rates was evident, with greater 

spread and increased weighting in tail distributions. This shorter-term variability during 

shoreline recovery included observations of rates more frequently between 

0 - 0.3 m/day, less frequent more rapid progradation with rates in excess of 1 m/day, 

and also minor landward shoreline movements (i.e., rates < 0 m/day not associated 

with storm activity). The maximum observed rate during shoreline recovery was 1.8 

m/day for a 7-day window, equivalent to more than 12 m of beach widening during one 

week. On the other hand, for shoreline recovery periods divided into longer 30 and 

60-day windows (Figures 4.5c and 4.5d respectively), rates were less variable, 

characterised by more uniform distributions of gradual seaward progradation, 

predominantly in the range of 0 - 0.3 m/day. 

Figure 4.4: Visual classification of morphological beach states corresponding with a) upper 
quartile (Q4) b) intermediate quartiles (Q2 & Q3), and c) lower quartile (Q1) observations of 
sandbar-shoreline proximity (xbs) over the monitoring period. Ref = Reflective, LTT = low tide 
terrace, TBR = transverse bar and rip, RBB = rhythmic bar and beach, LBT = longshore bar and 
trough and Dis = Dissipative. Mean beach states are shown by the red line. Detached sandbar 
morphology becomes more prevalent with greater cross-shore separation of the sandbar and 
the shoreline.  
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4.3.3 Correlation analysis  

Linear correlation results of shoreline recovery rates with nearshore wave parameter 

statistics, related morphodynamic parameter statistics, sandbar-shoreline proximity and 

cross-shore sandbar migration rates are summarised in Figure 4.6 In general, 

nearshore wave and related morphodynamic parameter statistics were better 

correlated to observed shoreline recovery rates for recovery periods divided into 

shorter 7 and 14-day windows shown in Figures 4.6a and 4.6b, respectively. In both 

cases, a statistically significant (95% confidence level) negative relationship was 

observed for both mean wave steepness (H/L) and dimensionless fall velocity (Ω). 

Correlations with rates for 14-day windows during shoreline recovery also suggest that 

the occurrence of less common high and low magnitudes of such parameters were of 

significance.  

Figure 4.5: Distributions of shoreline recovery rates for recovery periods divided into window 
sizes of a) 7 days, b) 14 days, c) 30 days and d) 60 days. Mean rates (red) are characterised by 
gradual progradation with increased temporal variability evident at finer window sizes, including 
more rapid progradation and minor landward movement. Differences in variances in rates 
between window sizes are statistically significant (95% confidence level) as assessed by a 
Levene’s Test for homoscedasticity (F = 23.7, p < 0.0001).  
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Additionally, a significant positive correlation with the mean dimensionless fall velocity 

disequilibrium (ΔΩ) was observed for shoreline recovery rates for 7, 14 and 30-day 

windows. Wave direction at the -10 m depth contour was poorly correlated with 

shoreline recovery rates for all window sizes during shoreline recovery. Correlation 

results with rates for 60-day windows in Figure 4.6d were likely influenced by limited 

sample size and low variability in rates for this longer time-window duration. Overall, 

parameters incorporating the ratio of wave height to wave period (H/L, Ω, ∆Ω) were 

found to be most correlated to the observed temporal variability in rates of shoreline 

Figure 4.6: Linear correlation results of shoreline recovery rates with nearshore wave and 
related morphodynamic parameter statistics (Hs, TP, θ, H/L, Ω, ∆Ω, E, P), sandbar-shoreline 
proximity (xbs) and sandbar migration rates (dxb/dt). Results are shown for shoreline recovery 
periods divided into a) 7-day, b) 14-day, c) 30-day, and d) 60-day window sizes, and using 
various statistics for each parameter (outlined Sections 4.2.5.1 and 4.2.5.2). The dotted line 
indicates correlation for a 95% confidence level. Parameters describing sandbar 
morphodynamics (xbs, dxb/dt) and nearshore wave height to period (H/L, Ω, ∆Ω) were observed 
to best account for the temporal variability of shoreline recovery rates at finer time-window sizes.  



4. Shoreline recovery: the role of sandbar morphodynamics and nearshore waves  

56  

recovery. In addition to significant relationships identified for H/L, Ω, and ∆Ω, it is seen 

that parameters describing sandbar morphodynamics account equally well for the 

temporal variability of shoreline recovery rates. The last two parameters in each of the 

plots in Figure 4.6 describe morphodynamic relationships of shoreline recovery rates 

with the proximity of the sandbar to the shoreline (xbs) and the rate of cross-shore 

sandbar migration (dxb/dt), respectively. A significant negative relationship was 

observed between shoreline recovery rates and final sandbar proximity for 7, 14 and 

30-day windows during shoreline recovery. The results indicate that for a given time-

window during recovery, the rate of shoreline recovery increases as the sandbar 

approaches the shoreline. Furthermore, significant negative correlations between 

shoreline recovery rates and sandbar migration rates for 7 and 30-day windows also 

suggest a morphodynamic coupling with concurrent rates of onshore sandbar 

migration. 

4.3.4 Shoreline recovery rates and sandbar attachment 

Based on the highest number of significant correlation results presented in Figure 4.6, 

14-day windows during shoreline recovery were adopted to explore the influence of 

sandbar-shoreline proximity on shoreline recovery rates in further detail. Results 

plotted in Figure 4.7 show correlations with the wave-based parameters H/L, Ω, ∆Ω as 

well as sandbar migration rates dxb/dt, separated into 3 cases (as in Figure 4.4) of 

detached, semi-attached and attached sandbar-shoreline proximity. For semi-attached 

sandbars, shoreline recovery rates were significantly (95% confidence level) negatively 

correlated with Ω and H/L, and significantly positively correlated with ∆Ω. Also, a 

significant negative correlation was observed with dxb/dt, indicating a coupling with 

onshore sandbar migration rates. The same relationships were evident with attached 

sandbars, but not all were significant at the 95% level. However, for conditions with 

detached sandbars such relationships were not apparent, with shoreline recovery rates 

observed to be poorly correlated to H/L, Ω, ∆Ω and dxb/dt.  

The effect on shoreline recovery rates (14-day time-windows) of sandbar-shoreline 

proximity and corresponding cases of sandbar attachment is shown in Figure 4.8. 

Differences between mean shoreline recovery rates for cases of sandbar attachment 

are statistically significant (95% confidence level) as assessed by one-way analysis of 

variance (ANOVA). When the sandbar was detached from the shoreline, shoreline 

recovery tended to be more gradual with a mean rate of 0.12 m/day. Shoreline 

recovery where the sandbar was semi-attached was slightly higher with a mean rate of 

0.23 m/day. In contrast, shoreline recovery with attached sandbars was much more   
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Figure 4.7: Linear correlation results (14-day windows) of shoreline recovery rates with mean 
nearshore forcing parameters (H/L, Ω, ∆Ω) and sandbar migration rates (dxb/dt), for detached 
(n = 31), semi-attached (n = 76) and attached (n = 22) sandbars. Relationships evident for 
conditions with attached and semi-attached sandbars were not observed with detached sandbar 
morphology.  

Figure 4.8: Variability in shoreline recovery rates for 14-day windows during recovery with 
sandbar-shoreline proximity associated with detached, semi-attached, attached and sandbar 
absent conditions. The mean rate is plotted with error bars equivalent to standard deviations. 
Differences in means are statistically significant (95% confidence level) as assessed by one-
way analysis of variance (ANOVA). Mean shoreline recovery rates increase as a storm-
deposited sandbar progressively moves within closer proximity (and attachment) to the 
shoreline.  
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rapid, with a mean rate of 0.43 m/day, approximately 3.5 times greater than for 

detached sandbar conditions. Shoreline recovery rates when the sandbar had entirely 

welded onto the subaerial beach (i.e., sandbar absent) and was no longer present in 

the nearshore are also shown. In this case, shoreline recovery rates were minimal with 

a mean of 0.07 m/day, and observations more evenly split between rates of beach 

widening and narrowing. The results distinguish the variability in shoreline recovery 

rates through the various stages of post-storm onshore sandbar migration, from an 

offshore storm-deposited sandbar to the final attachment to the shoreline. 

 Discussion and conceptual model  4.4

The daily shoreline time series shown in Figure 4.3 (top panel) demonstrates that, 

despite episodic and rapid storm erosion occurring multiple times each year, the 

predominance of recovery between these events is such that over the entire 10-year 

study period, minimal net erosion due to storm activity was observed. The dynamic 

shoreline fluctuations provide a clear example of what is described by Masselink and 

van Heteren (2014) as a characteristic of the sustainable resilience of a beach to storm 

impact, with shoreline recovery enabling the continual restoration and long-term 

maintenance of subaerial beach width. Consistent with studies investigating storm 

clustering (Ferreira, 2006; Coco et al., 2014; Karunarathna et al., 2014) and longer-

term beach evolution (Zhang et al., 2002), results from the present study indicate the 

importance of beach recovery processes in assessing the net impact of storms through 

time at high energy sandy coastlines.  

Significant temporal variability in shoreline recovery rates at this site (Figure 4.5) is 

evident at finer temporal resolutions of days to a few weeks during shoreline recovery. 

For shoreline recovery periods divided into shorter 7 and 14-day windows, shoreline 

recovery rates were most frequently observed between 0 - 0.3 m/day, with less 

frequent more rapid rates of up to 1.8 m/day (for 7 days) and also minor landward 

movements of the shoreline (i.e., rates < 0 m/day). Landward movement of the 

shoreline during shoreline recovery not associated with storm activity may arise due to 

a number of reasons, such as temporary post-storm persistence of rip cells with 

significant length scales (e.g., Loureiro et al., 2012), phases of higher wave steepness 

(Figure 4.6), and also a steepening response of the foreshore with phases of berm 

aggradation (e.g., Dubois, 1988). When observed at temporal resolutions of days to a 

few weeks, post-storm shoreline recovery is found to be characterised by a net 

progradation of the shoreline to a pre-storm position with time, rather than solely 



4. Shoreline recovery: the role of sandbar morphodynamics and nearshore waves  

59  

observations of seaward shoreline migration rates. The observed integrated effect of 

this short-term variability in rates during shoreline recovery was a gradual progradation 

of the shoreline to a pre-storm position with overall mean rates of ~0.2 m/day. In this 

study, rates observed for 60-day (i.e., two-month) windows during shoreline recovery 

ranged between 0 - 0.3 m/day, in comparison to preliminary work with shoreline 

recovery rates observed for longer periods of several months to a year between 0.05 - 

0.15 m/day (Phillips et al., 2015).  

When observed at different temporal resolutions, shoreline recovery at the single 

Narrabeen-Collaroy Beach study site is interestingly found to exhibit close to the full 

range of rates listed in Table 2.5 observed at other high energy sandy beaches 

worldwide. On high energy mesotidal beaches at Cape Cod and North Carolina in the 

USA, List et al. (2006) found rapid rates of shoreline recovery of the order of a few 

metres per day, for days to weeks immediately following storm erosion. In contrast, at 

the high energy microtidal Gold Coast, Australia, Splinter et al. (2011b) observed more 

gradual shoreline recovery in the range of 0.04 to 0.1 m/day for two consecutive 6-

month windows following a storm. In comparison, the findings in the present study 

highlight the dynamic foreshore morphology at Narrabeen-Collaroy Beach, likely 

associated with the frequent transitioning between a broad range of reflective and 

intermediate beach states at this site (Wright et al., 1985). 

4.4.1 Conceptual Model  

The correlation results summarised in Figures 4.6 - 4.8 suggest that the proximity of 

the sandbar to the shoreline can play a key role in governing rates of shoreline 

recovery. The sandbar-shoreline proximity parameter (xbs) included in these analyses 

and the corresponding degree of sandbar attachment with the shoreline (Figure 4.4) is 

seen to usefully distinguish gradual from rapid rates of shoreline recovery (Figure 4.8). 

The proximity of the sandbar to the shoreline is also seen to influence the degree of 

dependence of shoreline recovery rates to a range of nearshore forcing parameters 

(Figure 4.7) that were found to be significant, namely wave steepness (H/L), 

dimensionless fall velocity (Ω), the temporal disequilibrium in the prevailing beach 

morphodynamic state (∆Ω), as well as the observed rate of cross-shore sandbar 

migration (dxb/dt). The results highlight the importance of parameters related to wave 

steepness and sandbar morphodynamics in governing the temporal variability of 

shoreline recovery on wave-dominated sandy coastlines. Phases of more gradual and 

rapid shoreline recovery observed by Phillips et al. (2015) are found in the present 

study to be governed by the forcing of these parameters.  
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These core findings are summarised in a new conceptual model presented in Figure 

4.9, that takes as its starting point the beach state classification scheme of Wright and 

Short (1984). The observed temporal variability of shoreline recovery is characterised 

into four phases, each associated with stages of onshore sandbar migration following a 

storm, including detached, semi-attached, attached and sandbar absent nearshore 

morphology. 

Shoreline recovery and detached sandbar morphology 

Detached sandbar conditions, depicted in Figure 4.9a, is described by Wright and 

Short (1984) as longshore bar and trough or rhythmic bar and beach morphology in 

which a trough fully separates the sandbar from the shoreline. With these conditions, 

more gradual shoreline recovery is seen in Figure 4.8, with rates on average between 0 

- 0.2 m/day. Rates were observed to be poorly correlated with changes in nearshore 

wave steepness, dimensionless fall velocity and cross-shore rates of sandbar 

migration.  

These results may likely be due to the location of the sandbar (storm deposits) further 

from the shoreline in deeper outer surf zone waters and separated by an intermediate 

trough. For milder wave conditions, the onshore migration of sandbars located in 

deeper waters beyond the breaker zone is significantly reduced when compared to that 

of lower state attached sandbar morphology in shallower breaker zone waters (e.g., 

Lee et al., 1998; Splinter et al., 2011a). As cellular surf zone circulation develops, 

sediment deposition is concentrated in regions of the trough with onshore cellular flow, 

weaker undertow and the onshore migration of sandbars (Plant et al., 2006; Splinter et 

al., 2011a; Aagaard et al., 2013). Though post-storm onshore migration of detached 

sandbars can also be rapid with rates of up to O(10 m/day) (Sallenger et al., 1985; van 

Enckevort and Ruessink, 2003), the present findings indicate that this morphological 

change in the nearshore is decoupled from a shoreline recovery response in the 

foreshore. The response of the foreshore under cellular flow is noted by Sonu (1973) 

with alongshore variability including seaward excursions (mega-cusps) in the lee of 

onshore flow and landward excursions (embayments) in the lee of rip currents and 

offshore flow. This foreshore variability has been observed to develop over the days to 

weeks following a storm (Poate et al., 2014). Alongshore-averaged shoreline recovery 

observed in the present study with detached sandbar morphology (Figure 4.8) is likely 

the net cross-shore movement of this developing rhythmic variability following a storm, 

and in most cases was observed as a gradual progradation of the shoreline.  
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Figure 4.9: Conceptual model describing phases and rates of alongshore-averaged shoreline 
recovery occurring with post-storm onshore migration and attachment of sandbar morphology. 
Beach states are classified following Wright and Short (1984); LBT = longshore bar and trough, 
RBB = rhythmic bar and beach, TBR = transverse bar and rip, and LTT = low tide terrace. More 
rapid shoreline recovery rates are triggered by attached sandbar morphology under nearshore 
conditions of mild wave steepness/dimensionless fall velocity.  
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Shoreline recovery and semi-attached sandbar morphology 

When in closer proximity to the shoreline, sandbars weld at mega-cusps, forming semi-

attached, transverse bar and rip morphology (Wright and Short, 1984) depicted in 

Figure 4.9b. This can occur within 1 - 2 weeks following a storm (van Enckevort et al., 

2004; Ranasinghe et al., 2012). For semi-attached sandbar conditions, shoreline 

recovery though still gradual, is observed to increase slightly, with rates on average 

between 0.1 - 0.3 m/day (Figure 4.8). This may be due to a modest increase in 

sediment availability at shallower depths in the inner nearshore as transverse sandbars 

move shoreward by expanding laterally, depositing sediment into weakening and 

narrowing rip channels (Short, 1999; Aagaard et al., 2013). In contrast to detached 

sandbar conditions, shoreline recovery with semi-attached sandbars is seen to be 

coupled with concurrent rates of onshore sandbar migration. The present findings 

suggest that the coupling of wave-driven beach recovery in the foreshore with 

concurrent onshore sediment transport in the nearshore, increases with closer sandbar 

proximity and attachment to the shoreline. Likewise, van de Lageweg et al. (2013) 

found increased coupling of planform variability in sandbar and shoreline morphology 

with closer proximity.  

Shoreline recovery rates in the presence of semi-attached sandbars were found to be 

significantly (95% confidence level) negatively correlated to the forcing of nearshore 

wave steepness and dimensionless fall velocity (Figure 4.7). As expected, higher rates 

of shoreline recovery were associated with milder prevailing wave conditions. It was 

common for higher values of these parameters to slow rates of shoreline recovery, 

interrupting, resetting and prolonging the temporal progression of shoreline recovery, 

and associated onshore sandbar migration, depicted in Figure 4.9. These relationships 

with nearshore wave steepness and dimensionless fall velocity were expected 

considering the demonstrated importance of these parameters in classifying sediment 

transport direction with physical experimentation (Dean, 1973) and states of beach 

morphology in the field (Wright and Short, 1984). Shoreline recovery rates were also 

observed to be significantly positively correlated to a temporal disequilibrium in 

dimensionless fall velocity adopted by Davidson et al. (2013). The identified 

relationships with these nearshore wave parameters, not observed with detached 

sandbars, may be dependent on some degree of sandbar-shoreline attachment and 

depth of sandbar crest relative to a wave base for mild conditions. 
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Shoreline recovery and attached sandbar morphology 

With persistent lower than average wave steepness/dimensionless fall velocity (i.e., 

mild wave conditions), the sandbar moves within closer proximity to the shoreline, 

attaching further by filling the lower intertidal zone and forming low-tide terrace/ridge-

runnel morphology (Wright and Short, 1984) shown in Figure 4.9c. In this case, results 

from the present study as depicted in Figure 4.8, highlight a rapid increase in rates of 

shoreline recovery, with a mean 3.5 times greater than for detached sandbar conditions 

between 0.3 - 0.6 m/day and with maximum rates for 7 days in excess of 1 m/day. 

More rapid shoreline recovery rates correspond with sandbar welding events and are 

characterised by a higher sediment volume and flatter profile gradient in the inner 

nearshore associated with closer sandbar-shoreline proximity. Under continued mild 

wave conditions, this inner nearshore sediment is transported onshore with deposition 

concentrated in the foreshore as rip channels become exhausted of storage capacity 

(Aagaard et al., 2013). This is characterised by onshore migrating intertidal sandbars 

driven by the tidal shifting of wave and swash processes across the foreshore and 

inner nearshore profile (Hine, 1979; Masselink et al., 2006). A subsequent rebuilding of 

berm morphology occurs in the subaerial beach (e.g., Jensen et al., 2009). The 

shoreline rapidly recovers to a maximum seaward position as depicted in Figure 4.9d 

characteristic of reflective morphology, berm cusps and minimum surf zone width with 

no sandbar present (Wright and Short, 1984). For a reflective beach state with a 

steeper inner nearshore profile, onshore sediment transport potential with mild wave 

conditions reduces and observed rates of shoreline recovery are minimal, oscillating 

about equilibrium in response to small changes in incident wave conditions acting on 

the foreshore (Aagaard et al., 2013). 

4.4.2 Temporal progression of shoreline recovery 

The temporal progression of observed shoreline recovery is also summarised in Figure 

4.9, associated with the onshore migration of the sandbar. With a detached and semi-

attached sandbar during the initial weeks following a storm, an immediate shoreline 

recovery response proceeds steadily until attached sandbar conditions trigger a more 

rapid response. Similarly, Aubrey and Ross (1985) observed slower subaerial recovery 

response during the first half of recovery periods over a five year monitoring period at 

Torrey Pines Beach, United States. On the other hand, some studies have also 

observed rapid subaerial recovery immediately following storms (e.g., Kana, 1977; 

Birkemeier, 1979; Kriebel, 1987; List et al., 2006). Simplified fits of subaerial recovery 

used in modelling beach morphological change have also adopted a rapid initial 
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response, decaying exponentially with time (Callaghan et al., 2008; Callaghan et al., 

2013; Wainwright et al., 2015). The findings from the present study suggest that rapid 

shoreline recovery immediately following a storm requires a close post-storm sandbar-

shoreline proximity, thereby allowing immediate reattachment of the sandbar with 

minimal rip persistence.  

It is important to note that the temporal progression of nearshore and shoreline 

recovery in Figure 4.9 is for the ‘ideal’ case of uninterrupted mild wave conditions. Of 

course, it is common on storm-dominated coastlines for beach recovery processes to 

be interrupted by subsequent storm events (e.g., Kriebel, 1987; Morton et al., 1994; 

Corbella and Stretch, 2012). In the present study, 37% of shoreline recovery periods 

were interrupted by the occurrence of subsequent storm erosion. These events, in 

addition to higher values of wave steepness/dimensionless fall velocity, reset and 

prolong the temporal progression of shoreline recovery, and associated onshore 

sandbar migration, depicted in Figure 4.9. However, in deeper waters further offshore, 

smaller storm events during recovery may also mobilise stranded storm-deposits 

onshore (e.g., Scott et al., 2016). 

The findings indicate that temporal variability in wave-driven recovery processes in the 

subaerial beach are particularly influenced by nearshore wave parameters related to 

wave steepness and also morphological interactions with changes (or lack of changes) 

in the subaqueous beach that occur concurrently during beach recovery. Further 

research examining the role of the subaqueous beach in driving spatial variability in 

wave-driven processes of subaerial beach recovery along the broader Narrabeen-

Collaroy embayment and other nearby embayments is presented in Chapter 6.  

 Conclusion  4.5

A unique 10-year dataset of daily shoreline and sandbar positions collected by a 

Coastal Imaging station at Narrabeen-Collaroy Beach, Australia, were used to quantify 

and characterise the temporal variability of shoreline recovery rates on a high energy 

sandy coastline. Following 82 individual storm events, rates of the cross-shore 

movement of the shoreline as it returned to its pre-storm position were examined. 

Temporal variability in shoreline recovery rates were most evident at shorter timescales 

of 1 - 2 weeks during shoreline recovery, including rates most frequently between 0 -

 0.3 m/day, less frequent more rapid rates of up to 1.8 m/day and minor landward 

movements. Despite shorter-term variability, shoreline recovery was characterised by 
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progradation with a mean rate on the order of 0.2 m/day.  

Linear correlation analysis was used to explore the degree of dependence of this 

temporal variability with a set of parameters describing nearshore wave conditions, 

beach state morphodynamics, cross-shore proximity of the sandbar to the shoreline, 

and the rate of cross-shore sandbar migration. Variability in shoreline recovery rates 

were found to be significantly correlated to nearshore wave steepness, instantaneous 

dimensionless fall velocity, and a temporal disequilibrium in the dimensionless fall 

velocity. Additionally, significant correlations were observed between shoreline 

recovery rates and sandbar-shoreline proximity as well as concurrent rates of sandbar 

migration.  

These extensive observations of shoreline recovery at a dynamic and high energy site 

are generalised in a new conceptual model describing the observed phases and rates 

of shoreline recovery through various stages of onshore sandbar migration following a 

storm, from fully detached storm-deposited sandbar morphology through to complete 

sandbar welding with the shoreline. Gradual shoreline recovery rates are observed for 

conditions with detached and semi-attached sandbars. In contrast, more rapid rates of 

shoreline recovery are observed when sandbars are attached to the shoreline, with 

rates on average 3 - 4 times greater than for detached sandbars. Negative correlations 

of shoreline recovery rates with the forcing of nearshore wave steepness and 

dimensionless fall velocity, and coupling with concurrent rates of onshore sandbar 

migration are observed in particular conditions with attached and semi-attached 

sandbars, but not with detached sandbars. 

Whereas this chapter has analysed in one-dimension the cross-shore movement of a 

single shoreline contour during recovery, Chapter 5 examines in two-dimensions the 

recovery of the broader subaerial beach profile including the beachface and berm. 

Furthermore, in Chapter 6 the alongshore variability of subaerial beach volume 

recovery is investigated along the broader Narrabeen-Collaroy embayment and at 

other nearby embayments. 
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Chapter overview: After nearshore sediment has returned to the shoreline during 

post-storm beach recovery (Chapter 4), swash processes then rework inter-tidal zone 

sediment up onto the subaerial beach to rebuild the berm. This chapter analyses the 

entire rebuilding of a berm at the timescale of each and every tidal cycle. A 

continuously scanning Lidar (5 Hz) enables swash and subaerial beach profile 

measurements to be obtained throughout a complete berm recovery period. 

Tide-by-tide rates of subaerial volume change, patterns of berm crest growth and 

behavioural modes of subaerial profile variability throughout berm recovery are 

examined and distinguished by swash, nearshore wave and ocean water level 

conditions. 

 Introduction 5.1

The sandy beach berm is characterised by the near-planar region of the subaerial 

beach, extending seaward of the foredune toe and separated from the steeper and 

more seaward beachface often by a distinctive change in gradient, known as the berm 

crest (Masselink and Hughes, 2003). The rebuilding of the berm by swash processes 

marks the most landward extent of wave-driven processes during beach recovery, 

beyond which more gradual aeolian-driven processes rebuild eroded morphology in the 

backshore and dunes (Section 2.4). Previous investigations of swash-driven beachface 

and berm morphodynamics during recovery are often limited by the temporal resolution 

of post-storm morphological datasets, that have more commonly observed 

morphological and volumetric changes during recovery at monthly to yearly timescales 

(e.g., Morton et al., 1994; Corbella and Stretch, 2012; Kobayashi and Jung, 2012; Yu et 

al., 2013; Houser et al., 2015; Scott et al., 2016).  

Fewer studies have observed post-storm recovery at finer temporal resolutions (sub-

daily) spanning weeks to months, to examine beachface and berm morphodynamics 

associated with wave, swash and ocean water level hydrodynamics (e.g., Dubois, 

1988; Katoh and Yanagishima, 1992; Austin and Masselink, 2006). Using daily beach 

profile measurements during the initial four months following a storm, Dubois (1988) 

observed two main behavioural modes in profile variability, namely the progradation 

(seaward growth) of the beachface and aggradation (vertical growth) of the berm. 

Though the study did not conduct simultaneous swash measurements, they suggested 

that swash exceedance of the berm crest was a primary factor distinguishing these two 

modes. Similar findings were later observed by swash measurement campaigns of 

berm regrowth following coastal lagoon openings, demonstrating the importance of 
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swash exceedance above the elevation of the berm crest (Weir et al., 2006; Baldock et 

al., 2008). These and additional studies have provided valuable insight into smaller-

scale (swash-by-swash to tide cycle) swash zone processes and morphodynamics 

over relatively shorter monitoring durations of days to a few weeks (e.g., Austin and 

Masselink, 2006; Jensen et al., 2009; Russell et al., 2009; Blenkinsopp et al., 2011). 

However, there remains a knowledge gap to better understand the role of swash zone 

processes in the longer-term context of entire berm recovery periods following 

significant storm events (Puleo and Torres-Freyermuth, 2016).  

Addressing research objective 2 of this thesis (Section 1.3), this chapter uses the 

unique deployment of a continuously scanning Lidar, mounted on the rooftop of a 

beachside building, to obtain high frequency (5Hz) beach profile and swash 

measurements throughout the entire 2.5 month recovery period of a berm, following its 

complete removal by a significant storm. Methodology including Lidar monitoring setup 

and data processing is described in Section 5.2. Patterns of berm crest growth, rates of 

subaerial volume change and behavioural modes of subaerial profile variability are 

analysed at timesteps of each and every tidal cycle throughout berm recovery with 

results presented in Section 5.3. Using a decision tree analysis, behavioural modes of 

berm recovery are characterised and distinguished by swash, nearshore wave and 

ocean water level conditions, presented and discussed in Section 5.4. Chapter 

conclusions are summarised in Section 5.5. 

 Methodology 5.2

5.2.1 Study site 

The detailed observations of berm recovery in the present chapter were undertaken at 

a single beach transect approximately 700 m north of the southern (Collaroy) end of 

Narrabeen-Collaroy Beach, SE Australia as shown in Figure 3.2. The monitoring 

location is partially exposed to predominant SSE wave energy with nearshore Hs 

averaging 0.8 m at the -10 m depth contour (Table 3.1) with semi-diurnal tides 

characterised by mean spring and neap ranges of 1.3 m and 0.8 m. Modal beach 

morphology is of low tide terrace state. The analyses presented in this chapter focuses 

on wave-driven cross-shore sediment exchanges between the subaerial and 

subaqueous beach. For a more detailed site description of Narrabeen-Collaroy Beach 

please refer to Section 3.2.1 
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5.2.2 Fixed Lidar monitoring setup 

In May 2014, a near-infrared, extended-range Lidar (SICK LD-LRS 2110) was 

permanently installed on the rooftop (44 m above MSL) of a beachside building at 

Narrabeen-Collaroy as shown in Figure 5.1. The elevated and permanent Lidar 

deployment at Narrabeen-Collaroy operates by emitting a pulse of light that is reflected 

off the surface of the beach, swash and surf zone beneath, and returned to the 

instrument to be recorded as a distance based on travel time. Measurements are 

recorded at 0.25º angular increments along a cross-shore transect (approx. shore-

Figure 5.1: Fixed Lidar monitoring system photographs a) and b) showing Lidar instrument 
mounted on rooftop of beachside apartment building just below the coastal imaging station 
(described in Section 4.2.1) at Narrabeen-Collaroy Beach, SE Australia. c) Schematic of Lidar 
field setup.  
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normal bearing of 74º), equivalent to a cross-shore resolution of approximately 

0.2 - 0.5 m across the berm and beachface, and 0.5 - 2 m within the surf zone. The 

Lidar swath extends from the base of the building to the offshore limit of signal return 

(Figure 5.1). This offshore limit was observed to vary with the degree of surf zone 

aeration required to obtain a valid signal reflection from the water surface (Blenkinsopp 

et al., 2010). The maximum range of the instrument was on the order of 130 m. 

Continuous scanning of the transect was undertaken at a frequency of 5 Hz since 

deployment, with brief and infrequent outages of up to a few days, due to local 

computer issues at the field site. The Fixed Lidar monitoring system enabled 

continuous data collection during daylight, as well as non-daylight hours as shown in 

Figure 5.4, in contrast to many beach monitoring techniques that are limited to 

collecting data solely during daylight hours. The system was designed as shown in 

Figure 5.1c to enable remote user operation of the Lidar, scan scheduling and 

automated online data transfer. Lower-elevation, short-term (days) Lidar deployments 

for the measurement of swash and subaerial morphology are also reported in the 

literature (e.g., Blenkinsopp et al., 2010; Brodie et al., 2012). 

5.2.3 April 2015 storm and post-storm recovery analysis 

On the 20th - 22nd April 2015, the study region was impacted by an intense extratropical 

cyclone known as an East Coast Low (ECL). Hourly deepwater wave data acquired 

from the Sydney waverider buoy recorded a peak Hs of 8.1 m during the storm, 

corresponding to a 20-year annual recurrence interval in terms of deepwater Hs (Shand 

et al., 2010). The storm approached the coast from an average SSE (161 °TN) 

direction and coincided with spring high tides. The impact of the storm was significant, 

identified as the fourth most erosive storm event on record in the last 40 years of 

routine monitoring (1976 - 2016) at Narrabeen-Collaroy Beach (Harley et al., 2016; 

Harley et al., 2017). These unique datasets from both the continuously scanning Lidar 

(analysed in the present chapter) and RTK-GPS profile monitoring of embayments in 

the region (analysed in the following Chapter 6) fortuitously captured both the impact of 

this significant event, as well as the complete recovery of the subaerial beach to pre-

storm conditions in the months following.  
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5.2.4 Subaerial beach profile data extraction 

In the present chapter, subaerial beach profiles were analysed at tidal intervals (i.e., 

low tide to low tide) throughout the entire recovery of berm morphology at the Lidar 

transect following the April 2015 storm event. Subaerial beach profiles were extracted 

from 30 min subsamples of the continuous Lidar dataset centred about each low tide, 

as shown in Figure 5.2. Pre-processing of the raw data to obtain detailed profile (and 

swash zone) information required several steps. First, raw distance data relative to the 

fixed location of the Lidar were transformed from polar coordinates to Cartesian (cross-

shore distance and elevation) coordinates. Based on RTK-GPS ground control surveys 

of the measured transect, elevations were then converted to the local Australian Height 

Datum (m AHD, equivalent to mean sea level) and cross-shore distance (m) relative to 

a fixed landward benchmark. Elevation data were then linearly interpolated to regular 

0.5 m cross-shore intervals. For every 30 min subsample at semi-diurnal low tides, the 

beach profile was determined by the minimum elevation at each cross-shore interval in 

order to extract a profile surface that extended down into the swash zone as shown in 

Figure 5.2.  As the final step to distinguish the seaward limit of the measured 

beachface from the lower swash zone water surface, the seaward limit of the profile 

was defined as the minimum run down of the swash edge (refer Section 5.2.5 for 

details) that was then checked and verified by manual inspection. Comparisons with 

RTK-GPS profile surveys undertaken approximately each month throughout 2015 (12 

surveys in total) found that the vertical root-mean-square error of the Lidar-measured 

Figure 5.2: Example of profile, swash and surf zone water surface Lidar measurements during a 
30 min scan at low tide (10:47 - 11:17, 29th May 2015).  
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profiles was 0.04 m relative to (and within the accuracy of) the RTK-GPS-measured 

profiles. RTK-GPS and Lidar measured profiles throughout the recovery period 

examined in the present chapter are presented in Appendix B.  

Using these profile data obtained at every low tide, subaerial sand volume (m3/m) was 

calculated as the integrated profile area above the elevation of mean sea level (0 m 

AHD), extending landward to the fixed cross-shore origin. Rates of subaerial volume 

change, dv/dt (m3/m/day), between consecutive low tides measurements, i, were 

calculated as,  
𝒅𝒅
𝒅𝒅

=  
𝑉𝑉𝑉𝑉𝑉𝑉𝑖+1 − 𝑉𝑉𝑉𝑉𝑉𝑉𝑖 

𝑅𝑇𝑉𝑉𝑖+1 − 𝑅𝑇𝑉𝑉𝑖
 (5.1) 

The position (cross-shore and elevation) of berm crests on the beach profile where 

extracted in a two-step process. First, potential berm crests were manually identified 

via visual inspection of the beach profile. Second, within a specified cross-shore region 

(±3 m) of each manually identified berm crest, the point of maximum change in the 

profile gradient was calculated where a flattening occurred in the landward direction. 

Where the corresponding change in profile gradient exceeded a threshold of 0.05, the 

point of maximum change in profile gradient was recorded as the position of the berm 

crest. As shown in Figures 5.3a and 5.4, where two or more berm crests were present, 

the most seaward of these features was identified as the ‘primary crest’, to distinguish 

this from the more landward ‘secondary crest’. Rates of volume change in regions 

seaward (beachface, dvbf/dt) and landward (berm, dvbm/dt) of the primary berm crest 

were also calculated as illustrated in Figure 5.3b.  

Figure 5.3: a) Profile schematic showing primary (most seaward) and secondary (landward) 
berm crests as well as TWL. b) Berm and beachface volume change were taken as the volume 
change either side of the primary berm crest on the initial profile, i.  



5. The morphodynamics and forcing of berm recovery 

73  

5.2.5 Swash and total water level data extraction 

Swash water surface elevation data throughout the analysed recovery period were also 

obtained by the Fixed Lidar monitoring system. The time-varying leading edge of the 

swash, as shown in Figure 5.4, was extracted by applying a threshold technique, as 

described by Turner et al. (2008), to the rate of change between two successive Lidar 

scans. First, the dataset was smoothed using a running median filter (2 seconds) to 

reduce inherent noise (±0.03 m) in individual Lidar cross-shore point measurements. 

Second, gradients of change at each cross-shore interval between successive Lidar 

scans were calculated. A threshold gradient of 0.02 m/s was found to effectively 

distinguish the stationary bed measurements (≤ 0.02 m/s) from non-stationary water 

surface measurements (> 0.02 m/s). The leading edge of the swash for each scan was 

then defined as the point of transition between bed and water surface measurements, 

sampled at 5 Hz. The time series of the swash edge was referenced to the measured 

still ocean water levels (OWL) to give the wave runup time series throughout the 

recovery period.  

Figure 5.4: Example time series of subaerial beach profile and water surface Lidar 
measurements collected over a 10 minute period on 16th June 2015. The positions of the 
extracted swash edge and berm crests are shown. Note the capability of the Lidar to collect 
profile, swash and inner surf zone data outside of daylight hours, providing continuous, high 
temporal resolution monitoring over extending periods of time.  
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Swash statistics were analysed for each semi-diurnal (approx. 12 hours) tidal cycle 

between consecutive low tides. The time series of the swash edge was used to 

calculate the percentage of wave runup events exceeding the primary berm crest 

elevation (i.e., ‘swash exceedance’) for each tidal cycle. Additionally the 2% 

exceedance elevation of wave runup events R2% for each tidal cycle was calculated.  

The total water level (TWL) for each tidal cycle is then given by,  

𝑅𝑇𝑇 =  𝑅2% + 𝑂𝑇𝑇𝑚𝑚𝑚 (5.2) 

where OWLmax was the maximum measured ocean water level (OWL) for each tidal 

cycle. Ocean water levels OWL, were measured every 15 minutes at the HMAS 

Penguin tide gauge in Port Jackson, Sydney, approximately 12 km south of the study 

site (Figure 3.2).  

Hourly deepwater wave data Hs, Tp and θ, were acquired from the Sydney waverider 

buoy during the April 2015 storm and subsequent recovery. These were transformed 

using a MIKE21 spectral wave model to the -10 m depth contour in the nearshore 

directly offshore of the Fixed Lidar monitoring system, as described in Section 3.2. 

Dimensionless fall velocity 𝛺, was also quantified at the -10 m depth contour following 

Equation 4.2. 

 Results 5.3

5.3.1 Lidar observations: April 2015 storm and post-storm recovery:  

During the April 2015 storm, modelled nearshore Hs at the -10 m contour of the Lidar 

monitoring profile are shown in Figure 5.5a to have peaked at 3.7 m. The arrival of the 

storm coincided with spring high tides and resulted in Lidar-recorded total water levels 

of up to 3.7 m above MSL (Figure 5.6a). The resulting impact on pre-storm berm and 

convex morphology at the Lidar profile is shown in Figure 5.5d. During the storm, the 

berm was completely removed, leaving a dissipative, concave post-storm subaerial 

profile, with minimal observed change in the foredune. This corresponded to rapid 

subaerial volume erosion of 55 m3/m at the Lidar profile shown in Figure 5.5b. 

Approximately 56% of this erosion (31 m3/m) was observed during the first tidal cycle 

(approximately first 12 hours) following the onset of storm wave conditions (Figure 

B.2a, Appendix B). Similar subaerial erosion observations within the broader 

embayment during the event were reported by Harley et al. (2016), noting an 

alongshore-averaged loss of 58 m3/m of which over 90% was primarily from the berm   
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Figure 5.5: Beach recovery following 20 - 22 April 2015 storm. Time series during the storm and 
subsequent recovery period are shown for a) hourly measured nearshore significant wave 
height (Hs) and peak wave period (Tp), b) tide-by-tide measurements of subaerial beach 
sediment volume, and c) tide-by-tide beach profile evolution. d) Beach profiles immediately 
before the storm (pre-storm), immediately after the storm (post-storm) and at the end of the 
recovery period (post-recovery). No data was collected between days 23 and 28 due to a 
technical issue with the field site computer.  
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below the 3 m elevation contour. The April 2015 storm impact and recovery along the 

broader Narrabeen-Collaroy embayment and nearby embayments are presented in 

further detail in Chapter 6.  

In the 2.5 months following the storm, wave conditions shown in Figure 5.5a were 

predominantly mild, with 70% of nearshore Hs below the 12-year site mean of ~0.8 m, 

and intermittently punctuated with larger Hs (Hs > 1 m). The mean Hs for the recovery 

period was 0.7 m. Nearshore Ω was also predominantly mild during this period, with 

approximately 80% of observations less than the 12-year site mean (𝛺� ≈ 2.0), 

indicative of generally mild wave energy and accretionary beach conditions. By the 7th 

of July, 2015, 76 days after the storm, berm and convex profile morphology closely 

resembling pre-storm conditions were observed (Figure 5.5d), and virtually all (51 

m3/m) of the eroded sand volume had returned to the subaerial beach (Figure 5.5b). 

Tide-by-tide subaerial volume and beach profile evolution during the recovery period 

are shown in Figures 5.5b and 5.5c, respectively. Over the entire 76-day recovery 

period, subaerial volume returned at a net rate of ~0.7 m3/m/day, with larger wave 

events causing minor intermittent erosion as the beach progressively recovered. For 

the first 1.5 months (days 0 to 45 of the recovery period) the net rate of subaerial 

volume recovery was more gradual (~0.4 m3/m/day). In the final month (days 45 to 76), 

recovery progressed more rapidly (net rate of ~1.1 m3/m/day) as nearshore sandbar 

morphology attached and welded to the beachface (see Figure 5.9b). Similar phases of 

shoreline recovery with enhanced rates as sandbars attach to the beachface are 

detailed in Chapter 4 and  Phillips et al. (2017).  

5.3.2 Berm crest formation and growth during recovery  

The time series of ocean water levels (OWL), total water levels (TWL) and berm crest 

elevations throughout the recovery period are shown in Figure 5.6a. A close 

relationship is observed between the formation and vertical growth of the primary berm 

crest during recovery with neap-spring variations in total water levels. This was 

particularly apparent in the latter half of the recovery period (days 30 and onwards). 

The formation of a new berm crest on lower regions of the beach profile was seen 

during neap tides, i.e., a neap berm (e.g., days 33 to 35, Figure 5.6a). During 

subsequent 7-day periods of neap to spring tides (that occur approximately twice per 

month) and rising TWL, the berm crest underwent vertical growth (e.g., days 35 to 42). 

For these time periods, the increasing berm crest elevation closely correlated to the 

rising TWL (R = 0.94, P<0.0001), as the TWL extended higher up the beachface. Rates 

of vertical berm crest growth during these periods were found to be similarly correlated 
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(R = 0.82, P<0.0001) to the swash exceedance of the berm crest per tidal cycle (Figure 

5.6b). The observed vertical growth of the berm crest then ceased during spring tides 

(e.g., days 42 to 43) at the maximum TWL. The TWL then decreased in elevation 

during spring to neap tides (e.g., days 43 to 50), stranding the berm crest and limiting 

swash deposition to the beachface. At the subsequent neap tide, this deposition was 

typically observed to form a new primary berm crest, seaward of the prior and now 

secondary berm crest; with this cycle reoccurring throughout the remainder of the 

recovery period.  

5.3.3 Rates of subaerial volume change during recovery  

Figure 5.7a shows the frequency distribution of the observed tide-by-tide rates of 

subaerial volume change throughout the entire 76-day recovery period. The distribution 

is found to be unimodal with a positive peak at 1 - 2 m3/m/day and slightly negatively 

skewed. Considerable variability is revealed in these rates of subaerial volume change 

observed at tidal intervals, including the occurrence of gains (positive) and losses 

(negative) of sand on the order of several m3/m/day, with magnitudes up to several 

orders larger than the observed and more gradual net rate  of underlying recovery 

(approximately 0.7 m3/m/day). This indicates that during beach recovery and 

predominantly mild wave conditions, significant fluctuations (positive and negative) in 

rates of subaerial beach volume change can take place at the timescale of individual 

tides.  

Figure 5.6: a) Elevation time series of ocean water levels (OWL), total water level (TWL), 
primary (most seaward) berm crest and secondary (landward, inactive) berm crests throughout 
the recovery period. Patterns of berm crest formation and vertical growth are noted with neap-
spring variations in total water levels. b) The percentage of wave runup events exceeding the 
berm crest for each tidal cycle (approx. 12 h period) throughout recovery.  
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Figures 5.7b and 5.7c separate the respective distributions of beachface and berm 

volume changes during the same recovery period. The similarity of distributions in 

Figures 5.7a and 5.7b indicate that observed variability in measured rates of subaerial 

volume changes occurred predominantly on the beachface. In comparison, more 

uniform and gradual deposition (most frequently 0 - 1 m3/m/day) was observed on the 

berm (Figure 5.7c). Figure 5.7d shows the cumulative volume changes for the 

beachface and berm over the recovery period. Berm deposition in Figure 5.7d occurred 

intermittently throughout the 76-day recovery period, when swash exceeded the berm 

crest. By the end of this recovery period, beachface and berm deposition accounted for 

59% and 41%, respectively, of the volume returned to the subaerial beach. 

These same observations are presented in Figure 5.8, this time showing the cross-

shore location of berm crests (primary and secondary) and rates of subaerial 

erosion/deposition. Highly variable rates of volume change per tide were predominantly 

observed at the beachface (i.e., seaward of the primary berm crest). In contrast, 

intermittent deposition across the berm (landward of the primary crest) was more 

gradual, characteristic in this higher region of the subaerial profile. Also noted in Figure 

5.8 are temporal patterns in subaerial volume changes across the beach profile. For 

example, between days 48 and 52 during neap tides, deposition (shown in green) was 

Figure 5.7: Histograms showing the distribution of tide-by-tide rates of volume change for 
regions of the a) total subaerial beach, b) beachface (seaward of the primary berm crest) and c) 
berm (landward of the primary berm crest). Note change in y-axis scaling d) Cumulative volume 
changes on the beachface and berm during post-storm recovery.  
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observed in the seaward (lower) regions of the profile, leading to the formation of a new 

neap berm. Between days 52 and 58 as the tide range increased towards springs, this 

deposition moved landward, concentrating in regions in the lee of the newly formed 

berm crest. This observation was seen to result in a landward migration of the berm 

crest in Figure 5.8, coinciding with its vertical growth up the beach profile (Figure 5.6a). 

On day 58, this deposition reached a maximum landward extent at the peak of the 

spring tide, establishing the cross-shore position and elevation of the berm crest.  

5.3.4 Modes of profile variability during berm recovery  

To begin to synthesize and characterise the results presented above, Figure 5.9 

presents the observed rates of daily beachface volume change against the 

corresponding berm volume change for the entire 76-day recovery period. This figure 

reveals that the observations can be usefully separated into four main regions, 

corresponding to different behavioural modes of subaerial beach profile variability 

during berm recovery. To assist the interpretation of these four distinct modes, example 

phases when each of these modes was dominant during recovery are shown in Figure 

5.9b. 

Figure 5.8: Rates of volume change (erosion and deposition) across the subaerial beach profile 
throughout the recovery period. The cross-shore positions of primary and secondary berm 
crests are also marked.  
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Mode 1) Beachface progradation 

Beachface progradation (mode 1, shown in green in Figure 5.9) was the most 

frequently observed mode during the recovery period, accounting for nearly half (47%) 

of the observations. During this mode, sediment is transported from the inner surf zone 

to the lower beachface, causing a seaward growth of the beachface with no berm 

deposition. In some cases, this coincided with the welding of sandbars to the lower 

beachface, leading to rapid shoreline advancement (as shown in Figure 5.9b). Tide-by-

tide rates of subaerial volume change during beachface progradation averaged 2.0 

m3/m/day (s.d. = 1.3 m3/m/day) and reached up to 6.9 m3/m/day. Beachface 

progradation often led to the formation of a new neap berm crest as seen during days 

59 to 65 of recovery in Figure 5.10.  

Figure 5.9: a) Classification of four principal modes of subaerial beach profile variability 
throughout berm recovery based on tide-by-tide Lidar measurements. Corresponding profile 
changes are illustrated and labelled with the dashed profile indicating initial conditions. 
Percentages of observations for each mode are also shown. b) Example phases during 
recovery showing profile development for each mode.  
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Mode 2) Beachface progradation with berm aggradation 

The second most frequent (22% of observations) mode of profile change during 

recovery was beachface progradation with berm aggradation (mode 2, red in Figure 

5.9). This mode involves the seaward growth of the upper beachface and vertical 

growth of the berm (Figure 5.9b), with sediment transport from the inner surf zone and 

lower beachface. Daily rates of subaerial volume change averaged 2.3 m3/m/day (s.d. 

= 1.6 m3/m/day). For mode 2, the deposition was observed higher up the beach profile 

than for mode 1 and led to the vertical growth of the berm crest with rates averaging 

0.10 m/day (s.d. = 0.15 m/day). When mode 2 was observed to persist over several 

days, the beachface steepened about a nodal-point on the lower profile, as seen in 

Figure 5.10. In the final weeks of recovery from day 65 onwards (Figure 5.10), mode 2 

was particularly prevalent. This led to a significant vertical growth by 1.5 m of a newly 

formed berm crest due to overwash deposition. During this aggradation of the berm, 

the intertidal zone gradually steepened by a factor of three, reinforcing higher wave 

runup and overwash deposition. This rapid steepening indicates an exhausting of 

intertidal sandbar welding capacity and reduction in sediment feed from the inner 

nearshore toward the completion of the post-storm recovery period. 

Mode 3) Berm aggradation with beachface erosion 

Observed slightly less frequently (15% of observations) throughout the total recovery 

period was berm aggradation coinciding with beachface erosion (mode 3, light blue in 

Figure 5.9). During mode 3, sediment is transported from the beachface and deposited 

on the berm and lower intertidal zone. Mode 3 was found to lead to beachface 

concavity (Figure 5.9b) and typically resulted in net offshore sediment transport from 

the subaerial beach, with rates averaging -1.8 m3/m/day (s.d. = 2.3 m3/m/day). Rapid 

vertical berm growth was also observed, averaging 0.29 m/day (s.d. = 0.18 m/day) and 

reaching up to 0.58 m/day. In Figure 5.9a, the growth of the berm was almost only 

observed with some degree of change to the beachface, whether progradation (mode 

2) or erosion (mode 3). This is not surprising considering sediment must first be 

transported across the beachface prior to deposition on the berm and some degree of 

beachface deposition or erosion is likely in this active region of the profile.  

Mode 4) Beachface erosion without berm aggradation 

Beachface erosion without berm aggradation (mode 4, dark blue in Figure 5.9) was 

also observed (15% of observations). This involves the offshore transport of sediment 

from the subaerial beach to the inner surf zone, here observed at an average rate of -
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1.9 m3/m/day (s.d. = 2.0 m3/m/day).  

Though not shown in Figure 5.9, an additional and less common mode of profile 

change was also observed, accounting for less than 1% of observations (day 11 only) 

during the recovery period. This corresponded to the removal of a neap-tide berm 

deposit, temporarily resetting morphology to prior post-storm conditions. Though 

infrequent, this mode led to rapid changes with an observed rate of subaerial volume 

change of -15 m3/m/day; -10 m3/m/day on the beachface and -4.6 m3/m/day on the 

berm, respectively.  

 Discussion  5.4

Following the complete removal of the berm and ‘resetting’ of the beachface by a 

significant storm, the present findings provide detailed insight into the nature and 

characteristics of berm recovery, through the use of a fixed and continuous scanning 

Lidar to quantify at high resolutions the complete return of the subaerial profile to its 

pre-storm configuration. When observed at the timescale of each and every tide, a high 

degree of variability is revealed in rates of subaerial volume change throughout the 

observed 76-day recovery period (Figure 5.7a), including losses and gains on the order 

of several m3/m/day, substantially larger in magnitude than the more gradual rate of net 

gain for the entire recovery period (here observed at 0.7 m3/m/day). Importantly, this 

shows that during beach recovery following a storm (most often considered a period 

characterised by gradual accumulation of sand volume), in fact significant fluctuations 

Figure 5.10: Tide-by-tide beach profile changes during the final 17 days of berm recovery. 
Beachface progradation (mode 1) is shown in green from day 59 to 65 leading to the formation 
of a neap berm. This is followed by significant berm aggradation (predominantly mode 2 with 
some mode 3) shown in red from day 65 to 76.  
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(positive and negative) in rates of subaerial beach volume change can take place. 

These new data obtained at high temporal resolution show that erosion, as well as 

deposition, may occur on the timescale of individual tides during berm recovery, and 

that these rates can be several orders of magnitude larger than the observed and more 

gradual net rate (observed here to be approximately 0.7 m3/m/day) of underlying 

recovery. 

Similar results were observed in Chapter 4, highlighting fortnightly and weekly 

variability in rates of shoreline recovery, related to different sandbar and nearshore 

wave conditions. The new tide-by-tide observations presented in this chapter are also 

comparable to previous studies that have measured similar distributions of 

beachface/berm variability at sub-tidal (Russell et al., 2009) and swash-by-swash 

(Turner et al., 2008; Blenkinsopp et al., 2011) timescales, though for much shorter 

durations than the entire 76-day recovery period presented here. The variability of the 

subaerial beach is noted when observed at finer (sub-daily) temporal resolutions; 

constantly changing and being reshaped by swash activity. It is the integrated effect of 

this shorter-term variability characterised by rates of significant magnitude in both 

directions, which underlies the overall and much more gradual net recovery of the 

subaerial beach with time.  

Figures 5.7b-c and 5.8 show that the majority of variability in rates of subaerial volume 

change occur at the beachface in the lower swash, with more gradual and intermittent 

growth on the berm in the upper swash zone. These results are consistent with detailed 

studies of swash zone sediment flux distributions (Baldock et al., 2006; Blenkinsopp et 

al., 2011), which show that the largest sediment fluxes are typically observed in the low 

to mid swash zone, leading to greater morphological variability. In the upper swash 

zone where the berm forms, sediment fluxes are generally smaller and favour the 

deposition of suspended sediment due to small/decelerating uprush velocities and low 

backwash velocities (Blenkinsopp et al., 2011). This effect is enhanced by the planar or 

slightly landward slope of the berm in the upper swash that with swash exceedance of 

the berm crest, acts as a region of infiltration and deposition with low backwash 

acceleration. In the present chapter, the intermittent growth of the berm was found to 

involve a repeated cycle of berm crest formation and vertical growth in conjunction with 

neap-spring tide variations in total water levels. Similar neap-spring tide patterns of 

berm crest formation and growth were also observed by Hine (1979) along a migrating 

barrier spit at Nauset Beach, United States.  
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5.4.1 Behavioural modes of berm recovery 

Behavioural modes describing the recovery of berm morphology following removal by a 

storm have previously been reported by Dubois (1988). Their study identified two 

modes of beach recovery: beachface progradation (seaward) and berm aggradation 

(vertical) with upper beachface deposition, corresponding to modes 1 and 2 identified 

in the present study (Figure 5.9a). Dubois (1988) reported these two general modes of 

beachface and berm response to occur in sequential stages, where berm aggradation 

(vertical growth) was predominant in the initial months following a storm and later 

followed by beachface progradation (seaward growth) once swash no longer exceeded 

an established berm crest. Following a lagoon entrance opening, Weir et al. (2006) 

also noted similar modes of berm growth, particularly during spring (neap) tides when 

swash exceedance conditions were present (absent). 

These new and detailed tide-by-tide observations of the entire recovery of a berm 

following removal by a significant storm, extends this prior work by distinguishing and 

characterising in greater detail the morphodynamics and related forcing of berm 

recovery. This includes the identification of four distinct modes of berm recovery 

including two modes of berm aggradation with differing beachface responses (modes 2 

and 3) as well as the observation of beachface erosion without berm aggradation 

(mode 4) during recovery. Figure 5.11a shows the time series of the four behavioural 

modes identified in this study, overlayed on the return of subaerial volume throughout 

the entire 76-day recovery period examined here. The figure shows phases when 

certain modes are prevalent (e.g., mode 1 on day 45 - 53 and mode 2 on day 33 - 38), 

as well as phases of high tide-by-tide variability between modes (e.g., day 53 - 60).   

An extensive range of nearshore wave, swash, ocean water level and morphological 

forcing parameters were explored for their ability to distinguish conditions associated 

with these different modes. Based on a decision tree analysis in Figure 5.11e, it was 

found that recovery modes were best differentiated based on the dimensionless fall 

velocity 𝛺  (Figure 5.11b), swash exceedance of the berm crest (Figure 5.11c), and 

ocean water levels (Figure 5.11d). In Figure 5.11b, the value of 𝛺� (≈ 2.0) is defined as 

the long-term (12-year) site mean dimensionless fall velocity. The primary differentiator 

was dimensionless fall velocity 𝛺, with branches for mild (𝛺 < 𝛺�), moderate (𝛺 > 𝛺� and 

non-storm conditions) and high (storm conditions where Hs was above the 5% 

exceedance level for a minimum duration of one tidal cycle.  During these conditions 𝛺 

in excess of 4 was observed).  
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Figure 5.11: Time series throughout recovery of a) principal modes of berm recovery, b) 
nearshore Ω, c) swash exceedance of the berm crest per tidal cycle and d) ocean water levels. 
The decision tree in e) shows hydrodynamic conditions distinguishing the occurrence of each 
mode. 𝛺� refers to the 12-year site mean nearshore dimensionless fall velocity (≈ 2.0). Storm 
conditions refer to significant wave heights above the 5% exceedance level for a minimum 
duration of one tidal cycle (≈12h period), during which Ω was observed to exceed the value of 4. 
MHWS refers to mean high water springs (≈ 0.7 m above MSL).  
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Following down the branch of mild wave conditions (𝛺 < 𝛺�) in Figure 5.11e, the next 

defining condition was the presence/absence of swash exceedance of the berm crest. 

With no swash exceedance of the berm crest (Figure 5.11c) beachface progradation 

(mode 1) was most frequently observed (86%). Phases of several days of mode 1 and 

no swash exceedance are seen in Figures 5.11a and 5.11c, respectively. This mode of 

recovery typically occurred as the tide range declined from spring to neap (Figure 

5.11d) resulting in the TWL generally not reaching the elevation of the berm crest 

(Figure 5.6a). Under these conditions, deposition in the upper swash zone was 

concentrated on the beachface, while surf/swash boundary processes acting lower on 

the beach profile likely enhanced suspended sediment transport from the inner surf 

zone (Blenkinsopp et al., 2011). Berm crest formation, often observed following mode 1 

(as in Figure 5.10), may perhaps be initiated by reduced tidal shifting of swash zone 

processes across the beachface at neap tides, concentrating deposition at a constant 

elevation in the upper swash. 

The left hand branches of the decision tree in Figure 5.11e show conditions of mild 

waves (𝛺 < 𝛺�) and swash exceedance of the berm crest, for which berm aggradation 

modes 2 and 3 were most frequently observed. In particular, during lower ocean water 

levels (OWL < MHWS) on the far left branch, 77% of observations were berm 

aggradation with beachface progradation (mode 2). In Figure 5.11a, phases of several 

days of mode 2 are observed (e.g., days 34 - 38, 65 - 69), coinciding with neap-spring 

tides and rising total water levels after new berm crest formation (Figure 5.11d). With 

these conditions, upper swash zone deposition was observed to move slightly up the 

beachface and onto the berm, while lower swash zone processes are seen to remove 

sediment from the lower beachface (Figure 4.11e). This also explains the observed  

steepening of the beachface about a null-point on the lower profile during this mode 

(Figure 5.10), also noted by Dubois (1988). In Figure 5.11a, the occurrence of mode 2 

was observed to become more intermittent with the onset of spring tides (e.g., day 69 - 

73), when occurring during the smaller semi-diurnal high tide. 

On the left hand branch in Figure 5.11e with mild wave conditions (𝛺 < 𝛺�), swash 

exceedance of the berm crest and spring tide ocean water levels (OWL > MHWS), 

beachface erosion with berm aggradation (mode 3) was the predominant response 

observed (66% of observations). Interestingly, subaerial volume changes during this 

response indicated net offshore sediment transport, even with mild waves. This is 

perhaps due to more energetic lower swash zone processes shifting higher up the 

beachface with spring high tides, such that the majority of the beachface becomes a 
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source of sediment. Some of this sediment is observed to be deposited on the berm via 

swash exceedance of the berm crest, however is predominantly transported offshore to 

the inner-surf zone. Reduced wave-breaking during larger high tides due to increased 

surf zone water depths may enhance this effect, increasing incident wave energy and 

sediment transport at the beachface (Guedes et al., 2011).   

The middle branches of Figure 5.11e show the most prevalent modes with moderate 

wave conditions (𝛺 > 𝛺� and non-storm) during recovery. In particular, with moderate 

waves and lower ocean water levels (OWL< MHWS), beachface progradation (mode 1) 

was again observed to be the predominant response (77% of observations). However, 

with moderate waves and higher ocean water levels (OWL > MHWS), beachface 

erosion without berm aggradation (mode 4) was most frequently observed (58% of 

observations). Similar to conditions with mild waves and swash exceedance, ocean 

water levels are again observed to be a key factor differentiating modes associated 

with beachface progradation and erosion at the timescale of individual tides.  These 

results suggest the importance of tidal variations in ocean water levels shifting inner 

surf zone and swash zone processes to drive variability in tide-by-tide rates of volume 

change and profile configuration at the beachface throughout recovery.  

The far right branch of the tree in Figure 5.11e indicates the temporary resetting of the 

berm when intermediate storm wave conditions occurred during the recovery period on 

day 11. The occurrence of intermediate storm erosion during recovery is a common 

observation on high-energy coastlines (e.g., Corbella and Stretch, 2012; Scott et al., 

2016; Phillips et al., 2017). Though not observed in the present recovery period, it is 

noted that minor storms can also result in the formation of a higher and narrower storm 

berm in the beach profile (Psuty, 1965; Morton et al., 1994). While intermediate storms 

may lead to temporary erosion of the subaerial beach during recovery, further research 

is warranted into the effect of higher wave energy on the subaqueous beach during 

recovery, potentially transporting storm deposits in deeper waters onshore (Scott et al., 

2016). 

 Conclusion  5.5

Tide-by-tide swash and subaerial beach profile measurements obtained from a 

continuously scanning Lidar at Narrabeen-Collaroy Beach, Australia, were used to 

analyse beachface and berm morphodynamics throughout a complete (2.5 month) 

recovery of berm morphology following removal by a significant storm event. Tide-by-
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tide rates of subaerial volume change during berm recovery were most frequently 

between 1 - 2 m3/m/day, including losses and gains on the order of several m3/m/day, 

substantially larger in magnitude than the more gradual rate of net gain (0.7 m3/m/day) 

observed for the entire recovery period. 

Patterns of berm crest formation and vertical growth were observed to be primarily 

governed by the neap-spring tide variations in total water levels. In particular, rates of 

volume change were most variable on the beachface, but were more gradual and 

intermittent on the berm. Beachface and berm volume changes were used to classify 

four principal behavioural modes of subaerial profile variability during berm recovery; 

beachface progradation (mode 1), beachface progradation with berm aggradation 

(mode 2), beachface erosion with berm aggradation (mode 3) and beachface erosion 

without berm aggradation (mode 4). Based on decision tree analysis, modes were 

differentiated according to nearshore dimensionless fall velocity, swash exceedance of 

the berm crest and ocean water levels. The findings provide new behavioural and 

parametric insight into the tide-by-tide rebuilding of the subaerial beach profile by 

swash activity throughout berm recovery. 

Following this same significant storm event (April 2015), the subsequent Chapter 6 

investigates alongshore variability in subaerial volume recovery along the broader 

embayed coastline of the Sydney region, including 5 additional profiles in the 

Narrabeen-Collaroy embayment as well as 13 profiles located at three other nearby 

embayments.  
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Chapter overview: In addition to characterising the temporal variability of the wave-

driven recovery of the subaerial beach presented in Chapters 4 and 5, the degree to 

which, and by what physical means, this varies spatially from one alongshore location 

to another is now examined. Following a significant storm event, this chapter 

addresses alongshore variability in the recovery of subaerial sand volume along an 

embayed coast. The routine monitoring of beach profiles spanning four closely-situated 

embayments is used to evaluate subaerial volume recovery at distinct alongshore 

scales, both within and between coastal embayments. 

 Introduction 6.1

Storms can result in widespread regional erosion of sandy beaches, creating hazards 

to local settlements and infrastructure along several hundred kilometres of exposed 

coastline. As these events reoccur with time, assessing their long-term impact requires 

an understanding of how beaches recover following storms across a broad array of 

coastal environments (e.g., Frazer et al., 2009; Anderson et al., 2010; Phillips et al., 

2017). Appropriate coastal management actions are undertaken where a beach is 

unable to sufficiently recover from storm erosion to serve the needs (present and 

future) of the coastal community it supports (e.g., Dean, 2002).  

In Chapters 4 and 5 of this thesis, detailed analysis was presented addressing the 

temporal variability of beach recovery processes within a specific region of the 

Narrabeen-Collaroy embayment (Figure 3.2). The findings provided new insight into 

characterising variability and identifying key driving parameters involved in the temporal 

progression of beach recovery. It is of interest to gain a broader spatial understanding 

of how beach recovery varies alongshore both within and between nearby 

embayments.  

Process-based models have been applied to predict storm erosion at a range of  

coastal locations around the world  (e.g., Roelvink et al., 2009; Bolle et al., 2011; 

Harley et al., 2011a) including along the Sydney coastline (e.g., Callaghan et al., 2013; 

Simmons et al., 2017). In contrast, the extent to which, and by what physical processes 

beach recovery varies from one alongshore location to another is yet to be well 

understood (Weymer et al., 2015). A study by Morton et al. (1994) monitored beach 

profiles along a 30 km stretch of barrier island coastline in Texas, United States, 

following Hurricane Alicia. Alongshore variability in beach recovery was observed and 

characterised by four contrasting responses. Recovery responses were described 
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relative to pre-storm conditions and included: no recovery with continued erosion; 

partial recovery; complete recovery; and excess recovery (illustrated in Figure 2.2). 

Similar studies of alongshore variability in beach recovery have also been noted along 

other barrier island coastlines and straight, open coastlines (e.g., Birkemeier, 1979; 

Zhang et al., 2002; Splinter et al., 2011b; Corbella and Stretch, 2012), and to a lesser 

extent along embayed coastlines (Yu et al., 2013; Scott et al., 2016). 

Morphological indicators commonly used to compare beach recovery between different 

locations (synthesised in Chapter 2) have included subaerial (above MSL) sediment 

volume (e.g., Morton et al., 1994), shoreline position (e.g., List et al., 2006) and dune 

height (e.g., Houser et al., 2015). Durations and net rates of the recovery of these 

indicators to pre-storm conditions have been used to evaluate and identify alongshore 

variability in beach recovery (e.g., Morton et al., 1994; List et al., 2006; Corbella and 

Stretch, 2012). In particular, Corbella and Stretch (2012) examined durations and net 

rates of subaerial volume recovery to a pre-storm value using beach profile 

measurements along approximately 100 km of straight, open coastline at Durban, 

South Africa. The study observed recovery durations in the range of 0.5 - 6.5 years, 

with net rates varying between 0.1 - 1.5 m3/m/day. With profiles grouped and averaged 

into broader alongshore divisions based on their location relative to  estuary entrances, 

the observed variability in recovery duration (1.8 - 2.8 years) and net rates (0.1 - 0.3 

m3/m/day) was found to be less. On an embayed coastline in southwest England, Scott 

et al. (2016) also quantified spatial variability in subaerial volume recovery. Recovery 

durations were on the order of several years at some locations, while at others minimal 

recovery was observed. This alongshore variability was noted within embayments as 

well as at broader scales between embayments. Further field investigation quantifying 

recovery durations and in particular net rates along embayed coastlines is warranted to 

further elucidate the extent to which beach recovery can be expected to differ within 

and between embayments.  

Factors driving variability in recovery from one location to another are often attributed 

visually during field observations. On straight, open coastlines these observations have 

suggested the importance of local sediment supply during recovery and the related 

effects of numerous coastal features including rock outcrops, coastal structures, rip 

currents, estuary entrances, offshore storm deposits and dunes (e.g., Everts and 

Czerniak, 1978; List et al., 2006; Maspataud et al., 2009; Corbella and Stretch, 2012). 

Some studies have also noted the influence of alongshore patterns in storm overwash 

deposition (e.g., Houser et al., 2015; Weymer et al., 2015; Scott et al., 2016). Yu et al. 
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(2013) also suggested exposure to nearshore wave energy as a factor distinguishing 

minimal and rapid embayment recovery responses in southern China. Using nearshore 

wave and bathymetry measurements at an embayed coastline, Scott et al. (2016) 

found that sufficient nearshore wave forcing during recovery was required for the 

onshore sediment transport of storm deposits in deeper waters and to return 

alongshore storm deposition resulting in altered beach rotation.  

Addressing research objective 3 of this thesis (Section 1.3), this chapter evaluates 

alongshore variability in subaerial (above MSL) volume recovery within and between 

embayed sandy beaches following a significant storm erosion event. To do so, the 

chapter examines the recovery at 19 beach profiles (18 RTK-GPS measured and 1 

Lidar measured), located along four closely-situated embayments within a 15 km 

stretch of embayed coastline. Analysis is given to evaluate the extent to which 

subaerial volume recovery (in terms of recovery durations and net rates) following a 

significant storm event varies alongshore both within and between nearby 

embayments. The effect of alongshore variability in net rates of subaerial volume 

recovery on the shoreline orientation is examined. Furthermore, likely factors driving 

the observed alongshore variability in net rates of subaerial volume recovery are 

explored. The methodology of this chapter is outlined in Section 6.2, results are 

presented in Section 6.3 and a discussion of results is provided in Section 6.4. The 

conclusions of this chapter are summarised in Section 6.5.  

 Methodology 6.2

6.2.1 Subaerial beach profile and nearshore bathymetry data  

From December 2013 to January 2017 (37 months in total) subaerial beach profile 

monitoring was undertaken at four sandy beach embayments situated between Broken 

Bay and Port Jackson (Sydney Harbour) in the Sydney metropolitan region located on 

the SE Australian coastline (Figure 3.2). These study embayments were Bilgola Beach, 

Mona Vale-Warriewood Beach, Narrabeen-Collaroy Beach, and Long Reef-Dee Why 

Beach. Detailed site descriptions of each of the four study embayments were 

previously provided in Section 3.2. To aid in the discussion of results, the embayments 

listed above are hereafter referred to as Bilgola, Mona-Vale, Narrabeen and Dee Why 

respectively.  
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In addition to the Lidar profile at Narrabeen that was previously described in Chapter 5, 

an additional 18 beach profiles were regularly surveyed within the four study 

embayments, on a weekly to bi-weekly basis, as well as a daily basis immediately pre- 

and post-individual storm events. Beach profiles were measured using RTK-GPS 

(vertical accuracy ≈ ± 0.03 m) with a cross-shore resolution of 0.5 m. Surveys were 

conducted at low tide with measurements obtained along shore-normal transects 

extending from the foredune to a safe wading depth on the lower beachface or inner 

surf zone (typically between 0.5 m to 1 m below MSL). RTK-GPS profile measurements 

were supplemented on a fortnightly basis with on-site photographs. Alongshore 

spacing of beach profiles shown in Table 6.1, varied between 100 - 900 m. This 

depended on the embayment length, the location of historical profiles (in the case of 

Narrabeen), alongshore variability in coastal morphology (particularly around lagoon 

entrances and offshore reefs) and also shoreline orientation. The total number of 

surveys undertaken each year at the four embayments are presented in Table 6.1. The 

time series of alongshore-averaged subaerial volume at each of the four study 

embayments over the entire length of the survey program is shown in Figure 6.1.  

Consistent with the previous Chapter 5, the present chapter focuses on a subset of this 

profile dataset shown in Figure 6.1 that captured the recovery of the four embayments 

following a significant East Coast Low (ECL) event that occurred on the 20th - 22nd April 

2015 (described in Section 5.2.3). Whereas Chapter 5 focused on a shorter 76-day 

post-storm recovery period specific to the Lidar monitoring profile, the present chapter 

analyses recovery over an extended 13-month (~400 days) post-storm study period 

(Figure 6.1) in order to capture the full extent of subaerial volume recovery across all 

study transects, up until the start of June 2016 when another significant ECL impacted 

the study region (Harley et al., 2017). Pre-storm profile measurements were 

undertaken 6 days prior to the April 2015 storm event. Mid-storm measurements were 

conducted on 21st April and post-storm measurements were undertaken on 22nd April. 

Over the following 13-month post-storm study period, 43 surveys of all profiles were 

Table 6.1: RTK-GPS beach profile monitoring 2014 - 2016 

Location 
No. profiles 
surveyed 

Profile 
spacing (m) 

Number of survey dates 
2014 2015 2016 Total 

Bilgola 3 100 - 150 59 45 32 136 
Mona Vale 5 100 - 200 55 44 30 129 
Narrabeen 5 410 - 900 69 47 33 149 
Dee Why 5 160 - 480 54 43 29 126 
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completed at Dee Why, 44 at Bilgola and Mona Vale, and 45 at Narrabeen. Profile 

measurements at each low tide during the recovery period (approx. 740 low tide profile 

measurements in total) were also obtained by the fixed Lidar located within the 

southern portion of Narrabeen, noted as PFLD in Figure 3.2.   

To supplement interpretation of subaerial volume and orientation measures during 

recovery, single-beam jet-ski mounted bathymetry surveys conducted by the NSW 

Office of Environment and Heritage (OEH) are also presented in this chapter. Pre-

storm bathymetry surveys at all sites were obtained on 6th/7th August 2014 (i.e., 

approximately 8 months prior to the storm). Three bathymetry surveys during the post-

storm study period (29th April 2015, 30th/31st July 2015 and 2nd June 2016) were 

Figure 6.1: Time series of alongshore-averaged subaerial volume for each embayment over the 
entire beach profile monitoring dataset. Subset recovery period analysed in the present chapter 
is shown in red following a significant East Coast Low on 20th - 22nd April 2015.  
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collected at Bilgola, Mona Vale and Narrabeen, and two (7th May 2015, 31st July 2015) 

at Dee Why. Each bathymetry survey was combined with concurrent topographic 

profile measurements to provide a complete subaerial-subaqueous transect. The 

vertical accuracy of bathymetry surveys conducted using this technique is estimated to 

be on the order of 0.1 m with additional variations due to seawater temperature 

(MacMahan, 2001; Ruggiero et al., 2005).  

6.2.2 Subaerial volume recovery and beach orientation 

Analysis of beach recovery in this chapter focuses on the recovery of sediment volume 

to the subaerial beach. Following Chapter 5, subaerial volume per metre alongshore 

(m3/m) was calculated at each of the 19 study profiles, corresponding to the integrated 

profile area above the mean sea level (MSL) contour and seaward of a fixed cross-

shore origin. Complete recovery of subaerial volume was defined as the return of pre-

storm subaerial volume, as is common amongst previous studies in the literature 

discussed in Sections 2.2.1 and 2.3.1. Subaerial volume was expressed relative to pre-

storm conditions at each profile location. Illustrated in Figure 6.2 and similar to Corbella 

and Stretch (2012), the recovery duration (days) as well as a net recovery rate 

(m3/m/day) for subaerial volume to return to a pre-storm value were calculated as:  

𝑹𝑹𝑹𝑹𝒅𝑹𝑹𝒚 𝑫𝑫𝑹𝑫𝒅𝑫𝑹𝑫 = 𝐷𝐷𝐷𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −  𝐷𝐷𝐷𝑉𝑃𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑚 (6.1) 
  

𝑵𝑹𝒅 𝑹𝑹𝑹𝑹𝒅𝑹𝑹𝒚 𝑹𝑫𝒅𝑹 =  
𝑉𝑉𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑉𝑉𝑉𝑉𝑉𝑉𝑃𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑚 

𝑅𝑉𝑅𝑉𝑅𝑉𝑅𝑅 𝐷𝑉𝑅𝐷𝐷𝑇𝑉𝐷
 (6.2) 

Where subaerial volume did not return to a pre-storm value prior to June 2016, the 

recovery duration was noted as incomplete and the net recovery rate was calculated 

based on the volume recovered by 2nd June 2016.  

In order to compare recovery durations and rates between embayments, an indicative 

alongshore-averaged volume (m3/m) was also calculated for each embayment and is 

shown in Figure 6.1. This was calculated by averaging subaerial volumes for all profiles 

within each of the four embayments. At Dee Why, profile DW5 was not included due to 

its relatively close proximity to profile DW4 (Figure 3.2). At Mona Vale, profile 

measurements were concentrated in the northern region of the embayment. Here the 

most southern profile (MV5) was adopted as a single representative profile for the 

embayment, as it was located furthest away from local effects of rocky reef outcrops 

and orientated most similar to that of the broader embayment. Recovery duration 

(days) and net recovery rates (m3/m/day) were also recorded and contrasted between 

alongshore-averaged subaerial volumes for each embayment.  
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In addition to subaerial volume, changes during recovery in the planform rotation of 

each embayment (excluding Mona Vale due to limited embayment coverage) were 

observed by calculating beach orientation. Beach orientation (degrees) was calculated 

for each embayment following a similar approach to that of Ojeda and Guillén (2008). 

First, the cross-shore position of the MSL contour was determined and the time-

averaged position for the given profile location was removed. Second, at each survey 

date, a linear-regression fit was applied to the demeaned cross-shore positions of the 

shoreline from all transects along the embayment with their subsequent positions 

alongshore. Finally, the beach orientation, BO (degrees), was taken as the angle 

formed by the linear-regression fit. This was expressed relative to a pre-storm 

orientation, positive (negative) beach orientations representing a more clockwise (anti-

clockwise) rotation of the beach relative to pre-storm conditions. Additionally, the 

rotation magnitude at embayment extremities LBO (m), was calculated as  

𝑇𝐵𝐵 = 𝐸𝑉𝐸𝐷𝑅𝑉𝑉𝐷𝐷 𝑉𝑉𝐷𝑙𝐷ℎ × 𝐷𝐷𝐷(𝐵𝑂) (6.3) 

This was also expressed relative to pre-storm conditions with positive (negative) values 

representing a wider (narrower) northern than southern extremity.  

6.2.3 Wave conditions: April 2015 storm and post-storm recovery  

Hourly deepwater significant wave data Hs, Tp and θ, were acquired from the Sydney 

waverider buoy and transformed using a MIKE21 spectral wave model to the -10 m 

depth contour in the nearshore directly offshore at each of the 19 measured profile 

Figure 6.2: Illustration depicting storm and recovery time series of subaerial volume. Recovery 
duration and net recovery rate are indicated.  
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locations, as was previously described in Section 3.2.  

In Figure 6.3a, deepwater Hs can be seen to have peaked at 8.1 m during the storm, 

which approached the coast from an average SSE (161 °TN) direction. At the -10 m 

depth contour, nearshore Hs peaked between 5 - 6 m at more exposed (i.e., southerly 

orientated) locations including Bilgola and Mona Vale, as well as the northern ends of 

Narrabeen and Dee Why. The most sheltered location during the storm was the 

southern end of Narrabeen where nearshore Hs peaked at 3.4 m. 

Deepwater wave conditions are shown in Figure 6.3a for the 400-day post-storm study 

period following the April 2015 storm extending to June 2016. During this period, 

deepwater Hs averaged 1.6 m with 75% of observations less than 2 m and 95% less 

than 3 m. Higher wave events accounting for the remaining 5% of the time were all 

notably smaller in magnitude than the April 2015 storm. The wave rose in Figure 6.3b 

shows the distribution of deepwater Hs and wave direction during this recovery period. 

Typical of this region, modal wave direction, accounting for 32% of observations was 

from the SSE, with 20% from SE, 15% S, 12% ESE and 8% E. Milder waves (Hs < 2 

Figure 6.3: a) Deepwater wave time series for the April 2015 storm and subsequent 400-day 
post-storm study period to June 2016. b) Deepwater wave rose showing predominant wave 
direction and magnitudes during the 400-day post-storm study period.  
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m), were predominantly from a more south-easterly direction (SSE to ESE) in 

comparison to larger wave events (Hs > 2 m) predominantly from a more southerly 

direction (S to SSE). At the -10 m depth contour, average Hs during this post-storm 

study period followed similar spatial patterns and magnitudes to longer-term means 

shown in Table 3.1, varying from 0.74 m at the sheltered southern end of Narrabeen to 

1.3 m at the more exposed northern end of Dee Why.  

 Results 6.3

6.3.1 April 2015 storm erosion  

Subaerial beach volume change at each of the 19 profile locations as a result of the 

April 2015 storm is shown in Figure 6.4, determined from immediately pre- and post-

storm RTK-GPS profile surveys (for individual profile locations, refer to Figure 3.2). The 

maximum erosion observed was 82 m3/m at profile PF6, Narrabeen. Four other profiles 

in the Narrabeen embayment, including PF8 at the more sheltered southern end, all 

eroded more than 50 m3/m. Similar erosion also occurred at the Bilgola profiles in the 

range of 40 m3/m (profile BG1) to 61 m3/m (BG3). In contrast, erosion between 5 m3/m 

(DW1) and 38 m3/m (DW4) was observed at Dee Why. Interestingly, the more exposed 

locations of PF1 at Narrabeen, as well as DW1 at Dee Why, experienced the least 

erosion in their respective embayments. At Mona Vale, erosion was greatest (up to 21 

m3/m) on the straighter, more open section of the embayment at MV5. However, 

profiles in the lee of reefs fringing the Basin at Mona Vale varied in response to the 

storm and included minor erosion of 10 m3/m (MV3), minimal volume change (< 1 

m3/m,  MV2 and MV4) and minor accretion (2 m3/m, MV1).  

Alongshore-averaged subaerial volume changes for each embayment during the storm 

are presented in Table 6.2. The Narrabeen embayment was the most severely eroded, 

with an average 59 m3/m of subaerial volume loss across all the surveyed profiles 

(approximately 3 times as much as Mona Vale and Dee Why, and 1.2 times as much 

as Bilgola). At most profile locations, the majority of the observed subaerial erosion 

occurred in the lower region of the profile between 0 and 3 m above MSL, with minimal 

dune erosion in the upper subaerial profile. Visual observations of berm erosion were 

also clearly evident in the on-site photographs from pre- and post-storm surveys shown 

in Appendix C.  
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Table 6.2: Alongshore-averaged subaerial volume erosion for each embayment during the 
storm on 20th - 22nd April 2015 

6.3.2 Comparison of recovery durations and net rates within embayments 

Figure 6.5 shows the recovery time series of subaerial volume at each profile location 

following the April 2015 storm event. The corresponding recovery duration and net 

recovery rate for each location is shown in Figure 6.6. A broad range of recovery rates 

were observed across the 19 profile locations. These included rapid recovery within a 

matter of days to weeks following the storm (e.g., Narrabeen PF1) with net rates in 

excess of 1 m3/m/day. In contrast, more gradual recovery was also observed with net 

rates as low as 0.1 m3/m/day and at some locations only partial recovery to pre-storm 

conditions over the 400-day post-storm study period was observed (e.g., Narrabeen 

PF6 and PF8). Gradual net recovery rates between 0.1 - 0.3 m3/m/day were most 

common, accounting for 9 of the total 19 profile locations (BG1-3, MV3, MV5, PF6, PF8 

and DW4-5). Moderate rates between 0.3 - 1 m3/m/day was observed at 5 profiles 

(PF2, PF4, PFLD and DW2-3) and rapid rates in excess of 1 m3/m/day at 2 profiles 

(PF1 and DW1), while 3 profiles with insignificant storm erosion (MV1, MV2 and MV4) 

were excluded from the recovery analysis. The overall median rate across all profile 

locations was 0.24 m3/m/day.   

Embayment Bilgola Mona Vale  Narrabeen Dee Why 

Alongshore-averaged 
subaerial volume change 

during storm (m3/m) 
- 49 - 21 - 59 - 20 

Figure 6.4: Magnitudes of subaerial volume erosion at beach profile locations during the storm 
on 20th - 22nd April 2015  
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Figure 6.5: Recovery time series of subaerial volume following the April 2015 storm event for 
profile locations at a) Bilgola, b) Mona Vale, c) Narrabeen and d) Dee Why. Subaerial volumes 
are shown relative to pre-storm values and t0 is the date of survey immediately post-storm (22nd 
April 2015).  

Figure 6.6: Recovery durations and net recovery rates for profile locations. A relatively high 
degree of alongshore variability in recovery is noted in the Narrabeen and Dee Why 
embayments.  
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The extent to which subaerial volume recovery varied alongshore within each of the 

embayments is seen in Figures 6.5 and 6.6. This was most pronounced within the 

Narrabeen embayment, with alongshore variability in subaerial volume recovery 

evident from north to south, as well as between adjacent profiles. At the northern end 

of Narrabeen, PF1 recovered rapidly to pre-storm conditions within 21 days at a net 

rate of 1.6 m3/m/day. The net recovery rate at this location was the fastest across all 19 

profile locations observed in this study. In contrast, at the southern end of the 

Narrabeen embayment (PF8), the net recovery rate of 0.10 m3/m/day was the slowest 

across all profiles and approximately 16 times slower than PF1. By June 2016, the 

more northern profiles at Narrabeen (PF1-4) had accreted 55 - 126 m3/m beyond pre-

storm conditions, while PF6 and PF8 had only partially (80% and 60%, respectively) 

recovered their pre-storm volumes. Recovery at Narrabeen was also observed to vary 

significantly between neighbouring profiles as seen in Figure 6.6. PF2 recovered at a 

net rate approximately 5 times slower than neighbouring PF1 (~ 400 m north) and 3 

times slower than PF4 (~ 900 m south). Similarly, PF6 recovered at rate of 0.18 

m3/m/day, approximately 4 times slower than the fixed Lidar profile (PFLD) located 

~300 m further south.  

Notable alongshore variability in recovery was also observed within the Dee Why 

embayment as shown in Figures 6.5 and 6.6. A distinct north to south trend discernible 

in the observed durations and rates of recovery that were observed at this embayment. 

The least eroded profile (DW1) situated at the northern end of the embayment 

recovered rapidly within 4 days at a rate of 1.3 m3/m/day. In the middle of the Dee Why 

embayment, DW2 and DW3 recovered in 39 days at rates of approximately 0.5 

m3/m/day, roughly 2.5 times slower than DW1. In the southern end, DW4 and DW5 

recovered in 7 - 9 months with similar and slower rates of ~0.14 m3/m/day. Recovery to 

pre-storm conditions at the southern end of the embayment was on the order of 4 times 

slower than in the middle, and 10 times slower than at the northern end.  

In contrast to Narrabeen and Dee Why, recovery within the shorter Bilgola embayment 

was comparably uniform alongshore with notably less variability between profiles 

(Figures 6.5 and 6.6). BG1 and BG2 recovered to their pre-storm conditions within 

5 days of each other, roughly 10 months after the storm, with similar net rates of 0.13 

and 0.15 m3/m/day, respectively. Recovery at BG3 was slightly more rapid, returning to 

pre-storm conditions within 7 months at a net rate of 0.3 m3/m/day, roughly twice as 

fast as BG1 and BG2. In Figure 6.5, week-by-week subaerial volume changes are seen 

to be consistent across the Bilgola profiles, particularly during the first half of the 
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recovery period. This observation of a relatively uniform alongshore pattern in recovery 

was unique amongst the monitored embayments.  

Within the Mona Vale embayment, MV5 recovered within approximately 4 months of 

the storm, at a relatively gradual rate of 0.16 m3/m/day (Figures 6.5 and 6.6). Erosion at 

the southern end of the Basin at MV3 recovered at a similar rate of 0.19 m3/m/day. 

Other Mona Vale profiles with insignificant storm impacts due to their sheltered location 

within the Basin were excluded from the analysis. Due to the limited profile locations 

along the entire embayment at this site it is not feasible to comment on the alongshore 

variability at Mona Vale from these findings.  

6.3.3 Comparison of recovery durations and net rates between embayments  

Figure 6.7 shows the recovery time series of alongshore-averaged subaerial volume for 

each embayment following the April 2015 storm event. Recovery duration and the 

corresponding net recovery rate for each embayment are given in Table 6.3. Recovery 

durations varied between 2 and 8 months while net rates of subaerial volume recovery 

were relatively consistent between embayments, varying in the relatively narrow range 

of 0.16 to 0.30 m3/m/day. This resulted in embayments that exhibited lesser erosion 

measured immediately post-storm (Dee Why and Mona Vale) recovering earlier than 

more eroded embayments (Narrabeen and Bilgola). Net recovery rates for Dee Why 

and Narrabeen were similar and the most rapid of the four study embayments. These 

were approximately twice the net rate observed for Mona Vale and 1.5 times that 

observed for Bilgola. In contrast to the observed range of net recovery rates within 

embayments (≈ 1.5 m3/m/day), the observed range of net rates between embayments 

based on the alongshore-averaged subaerial volume (≈ 0.14 m3/m/day) was 

substantially smaller by a factor of 10.  

Table 6.3: Embayment recovery durations and net recovery rates 

Embayment Bilgola Mona Vale Narrabeen Dee Why 
Recovery Duration 

(days) 231 128 208 69 

Net Recovery Rate 
(m3/m/day) 0.21 0.16 0.28 0.30 
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Figures 6.8a and 6.8b indicate changes in embayment orientation during the recovery 

period, as subaerial volume returned to pre-storm conditions. Corresponding changes 

in width between embayment extremities are shown in Figure 6.8b. At Narrabeen, a 

pronounced clockwise rotation in the embayment was observed to steadily develop 

throughout its recovery at approximately 0.006°/day. By the end of the 208-day 

recovery for this embayment, the beach had rotated 1.2 degrees clockwise relative to 

its pre-storm orientation, such that in Figure 6.8b the rotation magnitude between 

embayment extremities was on the order of 75 m (see also Figure C.3, Appendix C). 

Dee Why also rotated clockwise during its 69-day recovery, reaching a maximum 

rotation of 2 degrees greater than pre-storm orientation approximately mid-way 

through, before returning to 1 degree by the end of its recovery (~30 m greater width in 

north than south, Figure 6.8). In contrast, beach orientation at Bilgola was observed to 

fluctuate throughout its 231-day recovery between -5 and +2 degrees relative to 

pre-storm conditions. In Figure 6.8b, this is equivalent to differences of typically 0 - 30 

m between the southern and northern ends of the 500 m long embayment, and is likely 

due to more localised impacts associated with the alongshore migration of rips and 

sandbar welding patterns in the shorter embayment.  

Figure 6.7: Recovery time series of alongshore-averaged subaerial volume for each 
embayment following the April 2015 storm event. 
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6.3.4 Erosion magnitudes and recovery  

The magnitude of the eroded subaerial sediment volume at each individual profile, as 

well as the average across each of the four study embayments, is plotted against the 

corresponding recovery duration and net recovery rate in Figures 6.9a and 6.9b. As 

expected, in general longer (shorter) recovery durations were observed for locations 

that experienced larger (smaller) storm erosion volume (Figure 6.9a). However, this 

relationship was poorly correlated (R2 = 0.16) and occurred with a high degree of 

variability such that recovery durations varied by up to 200 days for a given magnitude 

of observed subaerial erosion. As shown in Figure 6.9b, gradual net rates (< 0.3 

m3/m/day) are predominantly observed across most locations for virtually the full range 

of erosion magnitudes between 10 - 82 m3/m. The most rapid net rates of recovery (> 1 

m3/m/day) at Narrabeen and Dee Why occurred at the least eroded profiles within their 

Figure 6.8: Beach rotation time series during the recovery of subaerial volume recovery in each 
embayment. a) Beach orientation relative to pre-storm orientation. b) Corresponding 
discrepancies in width between embayment extremities relative to pre-storm conditions.  
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respective embayments. At Dee Why, recovery rates increased exponentially with 

decreasing erosion magnitude between profiles (r2 = 0.90). This trend at Narrabeen 

was more linear and occurred with greater variability (r2 = 0.48). At Dee Why and 

Narrabeen, similar net recovery rates were observed despite significant differences in 

the magnitude of measured erosion. While general trends are evident, relationships 

between the alongshore variability in recovery (durations and/or net rates) and 

alongshore variability in the magnitude of storm erosion remain inconclusive from these 

results. Additional factors driving spatial variability in recovery are discussed further in 

the following Section 6.4.  

 Discussion 6.4

6.4.1 Alongshore variability in recovery: within and between embayments  

The present findings evaluate the extent to which subaerial volume recovery varies 

alongshore on an embayed coastline following a significant storm event. In particular, 

alongshore variability is compared both within and between four closely-situated 

embayments on an embayed coastline. Differences observed at these distinctive 

spatial scales are summarised in Figure 6.10, showing the net recovery rate and 

alongshore range of net rates observed for each embayment. Despite the embayments 

differing in length, shoreline orientation and upper nearshore slopes (Table 3.1), net 

Figure 6.9: Magnitudes of storm erosion plotted against a) recovery durations and b) net 
recovery rates  
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rates are seen to be relatively consistent between the four study embayments, varying 

in the relatively narrow range between 0.16 - 0.3 m3/m/day. In contrast, the alongshore 

range of net rates observed within embayments (in particular Narrabeen and Dee Why) 

were observed to be substantially greater by up to a factor of 10, varying between 

0.1 - 1.6 m3/m/day. Recovery durations at these locations also ranged from just several 

days to more than a year (Figure 6.6). These observations suggest the importance of 

localised processes in driving alongshore variability in beach recovery at embayed 

coastlines. An exception to this was in the short, pocket embayment of Bilgola where 

observed recovery was gradual and more alongshore uniform. 

To place these observations in the context of what has been reported elsewhere, 

Corbella and Stretch (2012) observed comparable magnitudes and alongshore 

patterns of beach recovery along the more straight, open coastline of Durban, South 

Africa. Their study noted a very similar alongshore range in net rates 

(0.1 - 1.5 m3/m/day) though over typically longer, multi-year recovery durations. 

Likewise, when averaged and compared between broader alongshore regions 

separated by estuary entrances, it was reported that this variability reduced to a range 

of 0.1 - 0.3 m3/m/day. On both straight, open (Corbella and Stretch, 2012) and 

embayed coastlines (the present chapter), net recovery rates between alongshore 

locations spaced only a few hundred metres apart can be notably disparate and 

significantly greater than differences between averages of broader coastline divisions 

or embayments.  

Figure 6.10: A comparison of net recovery rates at two distinctive alongshore scales: between 
and within embayments. Alongshore variability is notably greater within the Narrabeen and Dee 
Why embayments than compared to between the embayments.  
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In addition to variability between neighbouring profiles, the present findings from an 

embayed coastline also highlight the presence of alongshore gradients in net rates, not 

reported on a straight, open coast by Corbella and Stretch (2012). Moderate to rapid 

net rates (up to 1.6 m3/m/day) were observed in the middle to northern and more 

exposed regions of longer embayments (Figure 6.6), while more gradual rates were 

typically observed at the southern, more sheltered ends (< 0.2 m3/m/day). The 

alongshore gradients in net rates were found to result in rotational effects (here 

observed as a clockwise rotation) during recovery (Figure 6.8). This is consistent with 

previous studies of embayed beach rotation that have highlighted the significance of 

alongshore variability in cross-shore sediment fluxes on seasonal-scale rotation signals 

(Ranasinghe et al., 2004a; Harley et al., 2011b; Harley et al., 2015). The present 

findings demonstrate that following erosion, though an embayment may recover to a 

pre-storm subaerial volume, its shoreline orientation may deviate from pre-storm 

conditions due to alongshore gradients in rates of recovery within the embayment.  

6.4.2 Storm deposition and subaqueous sediment supply during recovery  

For the subaerial beach to recover at any location, a sufficient local sediment supply is 

required. Sediment sources for beach recovery are often deposited by preceding storm 

activity, when eroded sediment is displaced to varying extents offshore and alongshore 

in the subaqueous beach, and potentially also in the backshore as overwash deposition 

(Weymer et al., 2015; Scott et al., 2016). Sediment discharge at estuary entrances can 

also provide an additional source during recovery (Corbella and Stretch, 2012). In 

particular, the role of subaqueous sediment supply in governing temporal variations in 

recovery was highlighted in Chapter 4. Specifically, the proximity of the offshore storm 

deposits, in the form of cross-shore migrating sandbars, was found to be a key 

parameter determining temporal variations in rates of shoreline recovery. Increased 

subaqueous sediment supply with closer sandbar-shoreline proximity and attachment 

was observed to enhance the rate at which the shoreline returned to its pre-storm 

position. In contrast when sandbars were displaced at greater distances and detached 

from the shoreline, rates of shoreline recovery were more gradual.   

Storm deposition in the subaqueous beach is a factor likely also driving alongshore 

variability in net rates of subaerial sediment volume recovery. This was apparent from 

the observed recovery period in the present chapter, examining the combined 

topographic and bathymetry profile measurements presented in Figures 6.11, 6.12 and 

6.13. A number of qualitative observations can be made, distinguishing patterns of 

subaqueous storm deposition at profiles associated with rapid (> 1 m3/m/day), 
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moderate (0.3 - 1.0 m3/m/day) and gradual (0.3 < m3/m/day) net recovery rates.  

Profiles with rapid net recovery rates are shown in Figures 6.11b (PF1 at Narrabeen) 

and 6.12b (DW1 at Dee Why). These show notable deposition directly offshore at these 

locations following the April 2015 storm, extending from depths of -8 m through to the 

shallower surf zone at depths between the 0 m and -2 m contours. In addition to cross-

shore sediment transport, the observed high energy storm that impacted the coastline 

from an oblique (SSE) direction, likely also resulted in some degree of alongshore 

sediment transport, with deposition at these locations situated updrift of headlands at 

the northern end of embayments. Sediment discharge at a nearby lagoon entrance 

also potentially added to the deposition in Figure 6.11b. Rapid onshore transport of 

these deposits to the subaerial beach is observed in the initial months following the 

storm. This provides an immediate subaqueous sediment supply, enhancing net rates 

and excess recovery in the subaerial beach. Similar observations are seen at profiles 

with moderate net rates in Figures 6.11c (PF4, Narrabeen) and 6.12c (DW2, Dee 

Why), though with relatively less storm deposition at shallower depths and more 

progressive onshore sediment transport during recovery.  

In contrast, patterns of storm deposition at profiles with gradual net rates are indicated 

in Figures 6.11d (PF8, Narrabeen), 6.12d (DW5, Dee Why) and 6.13b-d (BG1 and 

BG2, Bilgola). Offshore deposits are either almost entirely absent (PF8), predominantly 

situated in deeper waters below the -5 m depth contour (BG1 and BG2) or show 

minimal flattening of the profile at shallower depths between the 0 and -2 m contours 

(DW5). At PF8 (Figure 6.11d), subaerial erosion during the storm coincided with limited 

offshore deposition (approximate loss of 25 m3/m between 0 m and -10 m depth 

contours), indicating that eroded sediment was displaced alongshore. Subsequent 

bathymetry surveys show that the alongshore return of this sediment was minimal 

throughout recovery and likely resulted in the partial beach recovery observed at this 

location. Conversely at the updrift neighbouring profile (PFLD, Figure 6.6), this 

additional sediment supply likely enhanced recovery in this localised region. At Bilgola 

(Figures 6.13b-c), deposits in deeper waters below the -5 m depth contour were 

observed to move steadily onshore during recovery with more gradual recovery in the 

subaerial beach. The lack of deposition (sediment supply) immediately offshore in 

shallower depths above the -2 m contour likely reduced net rates at these locations.   
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Figure 6.11: a) Alongshore recovery characteristics within the longer, partially exposed (to 
predominant wave energy) embayment of Narrabeen. Combined topographic and bathymetry 
surveys during recovery at profiles b) PF1, c) PF4 and d) PF8.  
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Though not observed in the present study, minimal or partial recovery has also been 

noted at locations where storms result in significant overwash deposition (Weymer et 

al., 2015; Scott et al., 2016). With overwash deposition, sediment is entirely removed 

from the nearshore and can only return to the beach (by natural means) by generally 

slower aeolian processes. On coasts with perpendicular coastal structures (e.g., 

groynes, stormwater outlets) recovery may be enhanced at updrift locations where 

nearshore deposition is accumulated, and conversely slowed at downdrift locations 

where lacking (Corbella and Stretch, 2012).  

The observations presented here reinforce the findings of Chapter 4 that the location to 

which sand is displaced in the subaqueous beach during a storm will then 

subsequently influence the duration and rate at which subaerial beach recovery occurs. 

Net recovery rates in the subaerial beach are enhanced at locations where eroded 

Figure 6.12: a) Alongshore recovery characteristics within the Dee Why embayment, more 
exposed to predominant wave energy. Combined topographic and bathymetry surveys during 
recovery at profiles b) DW1, c) DW2 and d) DW5.  
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sediment is deposited immediately offshore and is situated in shallower depths to 

readily return onshore by wave action. In contrast, at locations where eroded sediment 

is not deposited immediately offshore or predominantly deposited in deeper waters, net 

rates are slower. The sediment supply role of the subaqueous beach is considered a 

factor of primary importance in driving both temporal (Chapter 4) and alongshore 

(present chapter) variability in rates of beach recovery.  

6.4.3 Alongshore variability in wave exposure during recovery 

In addition to considerations of sediment supply, previous studies have also suggested 

the requirement of sufficient nearshore wave energy during recovery to mobilise and 

return offshore storm deposits to the subaerial beach (e.g., Scott et al., 2016, Yu et al., 

2013). Along embayed coastlines, alongshore variability in wave exposure can be 

pronounced due to varying degrees of sheltering of oblique wave energy by headlands 

and reefs (Short and Wright, 1981; Harley et al., 2015). Alongshore variability in 

nearshore 𝐻�𝑠 (at the -10 m depth contour) at each embayment for the observed 

recovery period is shown in Figure 6.14. These follow similar alongshore trends to 

longer-term averages previously described in Section 6.2.3, with nearshore 𝐻�𝑠 varying 

at profile locations between 0.7 - 1.3 m.  

Figure 6.13:a) Alongshore recovery characteristics within the shorter and exposed pocket 
embayment of Bilgola. Combined topographic and bathymetry surveys during recovery at 
profiles b) BG1 and c) BG3.  
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The effect of alongshore variability in nearshore wave exposure on the observed net 

recovery rates in the subaerial beach is difficult to assess in isolation, without 

consideration of subaqueous sediment deposition previously described in 

Section 6.4.2. Net rates at more exposed locations (PF1-4 in Figure 6.14a and all 

profiles in Figure 6.14b-c) varied from gradual to rapid (0.1 - 1.6 m3/m/day) while net 

rates at sheltered locations (PF6-8 in Figure 6.14b) varied from gradual to moderate 

(0.1 - 0.7 m3/m/day). The effect of more exposed (or sheltered) wave exposure during 

recovery does not necessarily correspond with rapid (or gradual) net recovery rates. A 

more sheltered local wave climate may still exhibit sufficient energy to move onshore a 

shallow storm deposit (e.g., PFLD Narrabeen) at a faster net recovery rate, than a 

more exposed location with storm deposition situated in deeper offshore waters (e.g., 

BG1-3 Bilgola).  

Greater wave exposure during recovery acts to mobilise onshore sediment transport of 

storm deposits in deeper offshore waters, observed here to depths of 

approximately -10 m AHD (Figure 6.5). In contrast, a more sheltered wave climate is 

less effective in mobilising storm deposits in deeper waters. In more sheltered 

locations, storm deposition in deeper waters (offshore or alongshore) may remain 

Figure 6.14: Mean nearshore 𝐻�𝑃 for alongshore profile locations at a) Narrabeen, b) Dee Why 
and c) Bilgola. The 95% confidence interval is given in brackets  
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relatively immobile until sufficient wave energy triggers onshore sediment transport into 

shallower nearshore waters (Yu et al., 2013; Scott et al., 2016). At more sheltered 

locations (Figure 6.5), when storm deposits in shallower waters (if present) have 

returned to the subaerial beach, rates of recovery decline and partial recovery may 

prevail for extended periods of time (Phillips et al., 2015; Phillips et al., 2017). Further 

research toward predicting beach recovery along embayed coastlines is anticipated to 

account for both the sediment supply effect of subaqueous storm deposition, and 

available nearshore wave energy to return this deposition to the subaerial beach. 

 Conclusion 6.5

Following a significant storm event, alongshore variability in the recovery of subaerial 

volume to pre-storm conditions was evaluated along an embayed coast at 19 beach 

profile locations spanning four closely-located embayments. Recovery durations and 

net recovery rates were quantified and compared at distinct alongshore scales within 

coastal embayments (comparing subaerial volume recovery between individual profile 

locations) and between coastal embayments (comparing alongshore-averaged 

subaerial volume recovery between embayments). The net recovery rates of 

alongshore-averaged subaerial volume at all four study embayments were relatively 

consistent and varied in the range of 0.1 - 0.3 m3/m/day with a typical duration of 

several months. In contrast, the range of variability in net recovery rates at profile 

locations within individual embayments was found to be substantially larger by a factor 

of 10. Net recovery rates at profiles within the longer (1.8 - 3.6 km) embayments 

ranged between 0.1 - 1.6 m3/m/day and recovery durations from several days to more 

than one year. Variability in net recovery rates was characterised by alongshore 

gradients between embayment extremities, as` well as locations spaced only a few 

hundred metres apart differing widely in their rate of recovery. Alongshore gradients in 

net recovery rates resulted in embayments deviating from a pre-storm orientation 

during recovery. Factors considered driving alongshore variability in subaerial beach 

recovery on an embayed coast include spatial patterns of subaqueous storm deposition 

(local sediment supply) as well as the sheltering of nearshore wave energy during 

recovery (alongshore-variable wave forcing) by headlands and reefs.  
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  Chapter 7
 
 
Conclusion 
 
 
Following the rapid and destructive impacts of storm erosion, beach recovery is a key 

natural process of restoration, returning eroded sediment to the subaerial beach and 

rebuilding coastal morphology to continue to support the needs of present-day coastal 

communities. When viewed holistically as presented in Chapter 2, beach recovery is 

seen to comprise of various processes and morphological adjustments observed to 

occur over a range of durations at varying rates. On wave-dominated sandy beaches 

these include wave-driven processes such as the onshore transport of lower shoreface 

storm deposits [O(several years)], onshore sandbar migration [O(days to weeks)], 

shoreline/berm recovery [O(months to 1 - 2 years)] and subaerial sediment volume 

recovery [O(months to several years)], as well as aeolian-driven processes that 

primarily dictate the recovery of backshore and dune systems [O(several years to 

1 - 2 decades)]. While a more detailed empirical and process-based understanding of 

storm erosion has been developed, the focus of this thesis has been to advance a 

conceptual understanding of the wave-driven processes associated with recovery of 

the subaerial beach following storm events.  

In this regard, the central aim of this thesis was to provide quantitative and parametric 

insight into wave-driven recovery processes of the subaerial beach following storms on 

microtidal, wave-dominated sandy beaches. Using various field monitoring approaches, 

this thesis has addressed three different wave-driven processes of beach recovery; 

namely the nearshore forcing of shoreline recovery (Chapter 4), the swash-related 

morphodynamics and forcing of berm recovery (Chapter 5), and the spatial variability of 

subaerial volume recovery along an embayed coastline (Chapter 6). Rates, durations 
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and behavioural characteristics related to these processes were quantified and key 

governing parameters were examined. This was approached by investigating three 

specific research objectives outlined in Section 1.3, for which the key outcomes are 

summarised below.  

1.  Examine the influence of sandbar morphodynamics and nearshore wave 

parameters on shoreline recovery at a microtidal, wave-dominated sandy beach. 

The results of Chapter 4 highlight the temporal variability of shoreline recovery 

following storms and give new insight into key driving parameters. This was achieved 

using a 10-year dataset of daily shoreline and sandbar positions from a Coastal 

Imaging station at Narrabeen-Collaroy Beach, Australia. Rates of shoreline recovery to 

a pre-storm position were quantified following a total of 82 individual storm events. 

Observed rates during shoreline recovery were characterised by an overall mean of 

~0.2 m/day. Temporal variability in rates was most evident at shorter timescales of 1 - 2 

weeks and included rates most frequently between 0 - 0.3 m/day, less frequent more 

rapid rates of up to 2 m/day and also minor landward movements. As such, temporal 

variability during shoreline recovery was found to be characterised by both accretion 

and erosion, with net progradation of the shoreline a result of the integrated effect of 

these shorter-term fluctuations.  

This temporal variability was significantly correlated with nearshore wave parameters 

related to wave steepness, the cross-shore proximity (and attachment) of the sandbar 

to the shoreline and the observed rate of cross-shore sandbar migration. More gradual 

shoreline recovery rates were associated with fully detached and semi-attached 

sandbar conditions. In contrast, more rapid rates of shoreline recovery were observed 

when sandbars were closer and/or attached to the shoreline, on average 3 - 4 times 

greater than rates with detached sandbars. In conditions with attached and semi-

attached sandbars, shoreline recovery rates were negatively correlated to the forcing of 

nearshore wave steepness and dimensionless fall velocity, and coupled with 

concurrent rates of onshore sandbar migration.  

These findings are summarised in a new conceptual model (Figure 4.9) that 

characterises temporal phases and rates of shoreline recovery corresponding to stages 

of onshore sandbar migration following a storm, from fully detached storm-deposited 

sandbar morphology through to complete sandbar welding with the shoreline.  
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2.  At the timescale of individual tides, classify and evaluate parameters governing 

beachface and berm morphodynamics throughout the entire recovery of a berm 

following a significant storm event at a microtidal, wave-dominated sandy beach.  

Whereas the results of Chapter 4 explored relationships between observations of 

subaqueous morphology and wave processes related to the one-dimensional (cross-

shore) recovery of a single alongshore-averaged shoreline contour, the findings of 

Chapter 5 give insight into the morphodynamics and forcing of the two-dimensional 

recovery of the subaerial beach profile including the broader beachface and berm. 

Tide-by-tide swash and beach profile measurements collected from a continuously 

scanning Lidar at Narrabeen-Collaroy Beach, Australia, were used to analyse the 

complete (2.5 month) recovery of berm morphology to pre-storm conditions, following 

removal by a significant storm. Tide-by-tide rates of subaerial volume change during 

berm recovery were most frequently between 1 - 2 m3/m/day but varied substantially 

with losses and gains on the order of several cubic metres of sediment per metre of 

shoreline per day. The rates of volume change observed at tidal intervals during 

recovery reached up to several orders of magnitude larger than the more gradual net 

gain (0.7 m3/m/day) observed for the entire 2.5 month recovery period. The findings 

reinforce the results of Chapter 4, again showing that it is the integrated effect of 

shorter-term variability with rates of relative large magnitude that results in the overall 

(more gradual) net recovery of a beach with time. 

The results of Chapter 5 reveal that the beachface and berm do not necessarily behave 

synchronously during their recovery. In particular, rates of volume change were most 

variable at the beachface but were more gradual and intermittent at the berm. Berm 

crest elevation during recovery were found to be primarily governed by neap-spring 

variations in total water levels. The inception of new berm crests was observed around 

neap tides and subsequently followed by vertical growth significantly correlated with 

rising neap-to-spring total water levels. This pattern repeated throughout the observed 

recovery period, involving the formation and vertical growth of multiple berm crests.  

The position of the berm crest was used to distinguish rates of beachface and berm 

volume change to then identify four principal behavioural modes of subaerial profile 

variability during berm recovery (Figure 5.9); namely beachface progradation (mode 1), 

beachface progradation with berm aggradation (mode 2), beachface erosion with berm 

aggradation (mode 3) and beachface erosion (mode 4). Using decision tree analysis, 

the occurrence of each mode was differentiated according to particular conditions 
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associated with nearshore dimensionless fall velocity, swash exceedance of the berm 

crest and ocean water levels (Figure 5.11). The findings provide new behavioural and 

parametric insight into the tide-by-tide rebuilding of the subaerial beach profile by 

swash activity throughout berm recovery.  

3.  Evaluate the alongshore variability in subaerial volume recovery within and 

between embayments following a significant storm event along a microtidal, 

wave-dominated, embayed coastline. 

Following the same significant storm event analysed in detail in Chapter 5 at a single 

cross-shore profile location, Chapter 6 detailed the observed alongshore variability of 

subaerial volume recovery along the broader embayed coastline. Data from the routine 

profile monitoring at 19 locations spanning four closely-situated embayments was used 

to quantify recovery durations and net recovery rates, with comparisons made at 

distinct alongshore scales including within coastal embayments (comparing subaerial 

volume recovery between individual profile locations) and between coastal 

embayments (comparing alongshore-averaged subaerial volume recovery between 

embayments).  

A key finding was that the range of variability in net recovery rates was substantially 

larger (by a factor of 10) within embayments compared to between embayments. In 

particular, net recovery rates varied most within longer (1.8 - 3.6 km) embayments and 

ranged between 0.1 - 1.6 m3/m/day with recovery durations from several days to more 

than one year. Variability in net recovery rates was characterised by alongshore 

gradients between embayment extremities, as well as differences between locations 

spaced only a few hundred metres apart. Alongshore gradients in net recovery rates 

resulted in embayments deviating from a pre-storm orientation during recovery. As 

such, the findings of this thesis demonstrate that though an embayment may recover to 

a pre-storm subaerial volume following erosion, its shoreline orientation may 

concurrently deviate from pre-storm conditions. In contrast, comparisons of 

embayment-scaled recovery were relatively consistent and gradual. Net recovery rates 

varied in the range of 0.1 - 0.3 m3/m/day between embayments with typical durations of 

several months. 

The findings suggest the primary importance of localised processes occurring within 

embayments in driving alongshore variability in beach recovery along embayed 

coastlines. Evident in bathymetry surveys and nearshore wave statistics, driving factors 

of alongshore variability in beach recovery are considered to include spatial patterns in 
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subaqueous storm deposition (local sediment supply) as well as the sheltering of 

nearshore wave energy during recovery (alongshore-variable wave forcing) by 

headlands and reefs. In agreement with the results of Chapter 4, net recovery rates of 

subaerial volume were enhanced at locations where offshore deposition was abundant 

with deposits at shallower depths able to readily return onshore by wave action. On the 

contrary, at locations where offshore deposition was limited or predominantly located in 

deeper waters, net rates tended to be slower. The results of Chapters 4 and 6 point 

towards the likely importance of the subaqueous beach as a primary sediment source 

driving both temporal and spatial variability in beach recovery respectively.  

 Implications and further research  7.1

While field investigations in this work have been undertaken on microtidal 

wave-dominated sandy beaches, further research examining and comparing processes 

of beach recovery is also warranted at beaches with differing sediment characteristics 

(e.g., gravel), tidal range settings (e.g., mesotidal, macrotidal) and wave climates. This 

thesis has indicated through field observations the strong links between wave-driven 

processes and morphology during recovery in both the subaqueous and subaerial 

environment. This was made possible by beach monitoring techniques that are able to 

capture subaqueous beach interactions with the subaerial beach during recovery, such 

as video imagery, routine topographic and bathymetric surveys, as well as the detailed 

insight given through high resolution profile and swash data collected by Fixed Lidar 

monitoring systems. 

As a next step, advances to numerically model beach recovery following storm events 

is an important requirement for assessing vulnerability and resilience to storm erosion 

and coastal inundation as coastlines evolve over timescales of multiple storms, years 

and decades. The conceptual understanding and key driving parameters identified in 

this thesis can contribute insight to further research that is now warranted to develop 

behavioural and/or numerical models to predict wave-driven sediment transport at the 

beachface and berm during post-storm beach recovery. A sophisticated model of 

beach recovery is likely to ultimately involve integrating the various wave and aeolian 

sediment transport processes that comprise the overall progression of beach recovery 

described in Chapter 2.  
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In developing tools to accurately predict post-storm beach recovery, it is considered 

important that further research seek to engage with coastal management and the 

economic, social and ecological values of local coastal communities. Studies should 

work toward predicting the recovery of a beach to a condition, using appropriate 

recovery indicators, based on site-specific criteria that best characterise the desired 

state of a beach according to community values. This insight is valuable to post-storm 

beach remediation works by informing of how to best work with natural recovery 

processes to enhance the return of the beach to such a condition following a storm. 

Engaging and educating coastal communities of beach recovery processes (which may 

often go unnoticed following the vivid impact and media attention given to storm 

erosion) is also likely to be beneficial toward informing community expectations and 

perceptions of broader coastal variability and change in post-storm situations. 
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The varying recovery of post-storm 
subaerial beach morphology: a 
demonstrative example from field 
data at Narrabeen-Collaroy, SE 
Australia 
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Phillips, M. S., Harley, M. D., Blenkinsopp, C. E., Turner, I. L., Splinter, K. D. and Cox, 

R. J., in prep. Timescales and rates of post-storm beach recovery: a synthesis. 
Coastal Engineering.   
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The varying recovery of subaerial beach morphology is further demonstrated in Figure 

A.1 using beach profile data (described by Turner et al., 2016) collected from 

Narrabeen-Collaroy Beach, SE Australia (refer to Section 3.2.1 for a detailed site 

description). Figure A.1a shows beach profile changes during recovery following a 

storm event in June 2011. The associated recovery indicators of subaerial volume and 

shoreline position are shown in Figures A.1b and A.1c. These were observed to return 

to pre-storm conditions within several months of the conclusion of the erosion event. 

The volume and shoreline indices were observed to progress in a similar fashion, with 

an initial lag of approximately one month, followed by relatively rapid recovery rates 

(2.4 m3/m/day and 1.2 m/day), which then reduced (0.4 m3/m/day and 0.1 m/day) in the 

later months as the volume and shoreline approached pre-storm conditions. Overall, 

net rates of subaerial volume and shoreline recovery during this initial 3 to 4 month 

period were approximately 0.6 m3/m/day and 0.2 m/day, respectively. These durations 

and rates mark the completion of shoreline and berm recovery and also the recovery of 

subaerial (above MSL) volume in this example.  

In contrast to subaerial volume and shoreline recovery, backshore aggradation and 

dune recovery in Figure A.1a is observed to occur for this same storm event over 

longer durations of several years. In Figures A.1d and A.1e, the eroded backshore and 

dune toe in the upper profile have only partially recovered to pre-storm volume (60%) 

and elevation (73%) at the time of writing, 5 years after the storm. Recovery of dune 

volume (sediment volume above the dune toe contour, approximately 3 m) lagged in 

response until one year after the storm before proceeding at a steady rate of 

2 - 3 m3/m/year, with minor storm interruption during the second year. The recovery of 

dune toe elevation is observed to progress rapidly (0.01 - 0.03 m/day) immediately 

following storm erosion associated with wave-driven deposition, and then steadily at 

approximately 0.1 - 0.2 m/year due predominantly to aeolian processes. Rates and 

timescales of backshore aggradation and dune recovery are much slower and 

prolonged in comparison to shoreline and subaerial volume recovery. 
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Figure A.1: Quantifying and contrasting the subaerial processes of post-storm beach recovery at 
Narrabeen Beach, Australia following storm activity in June 2011. a) Subaerial beach profile 
changes showing shorter-term wave-driven shoreline and berm recovery, and longer-term 
aeolian-driven backshore and dune recovery. Corresponding measurements of b) subaerial 
volume, c) shoreline position, d) dune volume and e) dune toe elevation. Pre-storm conditions 
marked by dashed-dotted line.  
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Figure B.1: Comparison of beach profiles measured from the Fixed Lidar monitoring system 
with concurrent RTK-GPS surveys of the exact transect measured throughout the recovery 
period analysed in Chapter 4. The vertical root-mean-square-error (RMSE) of the Lidar-derived 
profile relative to the RTK-GPS profile is noted above each graph, calculated across the 
subaerial (above MSL) region of the profile.  
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Figure B.2: Lidar measured beach profiles showing a) Rapid profile changes during the April 
2015 storm and b) progressive profile changes during post-storm recovery. Note the presence 
of an attached sandbar in the lower regions of the beach profile on 7th June 2015 prior to more 
rapid rates of subaerial volume recovery during the final month of berm recovery.  
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Figure C.1: Bilgola Beach a) Pre-storm 14th April 2015, b) Post-storm 22nd April 2015 and c) 
after recovery 29th April 2016.  

a)
 

b)
 

c)
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Figure C.2: Mona Vale Beach a) Pre-storm 14th April 2015, b) Post-storm 22nd April 2015 and c) 
after recovery 29th April 2016  

a)
 

b)
 

c)
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Figure C.3: Narrabeen Beach a) Pre-storm 14th April 2015, b) Post-storm 22nd April 2015 and c) 
after recovery 29th April 2016  

a)
 

b)
 

c)
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Figure C.4: Dee Why Beach a) Pre-storm 14th April 2015, b) Post-storm 22nd April 2015 and c) 
after recovery 29th April 2016  

a)
 

b)
 

c)
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