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SUMMARY 

Climate change induced sea level rise and increased storm magnitude and frequency will result in 

more frequent coastal erosion through scarping (Psuty and Silveira, 2010; Maximiliano-Cordova et 

al., 2019). Scarping occurs when foredunes and other dunes situated foremost at the coast are 

partially eroded by waves, generally during periods of high-water level (Carter et al., 1990; 

Sallenger, 2000; Hesp, 2002; Pye and Blott, 2008; Splinter and Palmsten, 2012; Houser et al., 

2018). This thesis specifically investigates the effect an increase in scarping will have on complex 

coastal embayment’s with limited to no sediment supply. The study uses Salmon Hole, located 

near Beachport, South Australia, a rapidly eroding headland bay beach system, backed by a heavily 

eroded dunefield and partially protected by an aeolianite reef as a proxy for how similar systems 

will be affected into the future. This PhD addresses four key components of scarping and the 

erosion at Salmon Hole to gain insight into this question.  

Firstly, the controls that dictate the degree of spatio-temporal change to foredunes following 

scarping are reviewed. A new conceptual model summarising the key controls and their 

relationship/significance to the magnitude and extent of scarping is presented. Water level height 

and duration is found to be the most significant control. The effects scarping has after the initial 

erosion event are discussed and include moderate changes such as the foredune translating 

landwards to large change such as the transition of an entire dune system into a new transgressive 

dunefield phase.  

Secondly, the progress, dynamics and cause of the erosion at Salmon Hole were analysed in detail 

by examining historical shoreline change and the processes driving it. This was primarily achieved 

using historical aerial imagery and shoreline change statistics. Findings show that a combination of 

the formation of the ‘lagoon’ between the mainland/dune system and the offshore reef and the 

resultant breakthrough of the tombolo that have led to the acceleration of the erosion processes 



 

x 

seen at Salmon Hole. The formation of the lagoon initiated a divergent evolution that continues in 

the form of a significant geologically controlled longshore current and terminal rip that enhances 

removal of sediment during and following erosion of the beach and dunes. 

Thirdly, flow dynamics over the steep scarp at Salmon Hole with a larger, higher and longer stoss 

slope than previously studied were observed through a wind flow experiment. The scarp slope is 

comprised of segments of varying slope angles that have a significant impact on flow dynamics 

over the dune. Wind flow dynamics observed include percentage speed up, fluctuations in 

turbulence, topographic steering, flow expansion and a leeward reversing vortex.  

Finally, unique subaqueous transverse dunes found lined perpendicular to the shore in the Salmon 

Hole lagoon were studied for the first time using bathymetric surveys, orthomoasics, oblique aerial 

imagery and current meter data. The morphology of the dunes changes seasonally with 

fluctuations in wave energy and current speed transitioning the dunes between being narrow, 

asymmetric, and transverse to wide and symmetric.   

The four components of this study demonstrate that a lack of sediment delivery back to the beach 

and thence to the dune between storm events results in the inability for dune recovery or much 

translation (small blowouts do occasionally form in the dune crest) and that this will result in 

similar sandy coastlines and dunefields being removed with increased erosion due to climate 

change.  
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CHAPTER 1 

Introduction 

1.1 Research Question 

Climate change induced sea level rise and both an increase in storm magnitude and 

frequency are set to amplify coastal erosion (Morton and Sallenger Jr, 2003; Zhang et al., 

2004; Castelle et al., 2015; Vousdoukas et al., 2018). Due to their dynamic nature, sandy 

coastlines will be first to react to this change (Phillips, 2009). To best manage this erosion 

into the future it is critical to understand the processes involved. Erosion along coastlines 

backed by dune systems predominantly occurs through the process of foredune scarping, or 

scarping of the foremost dune where foredunes are absent (Parker, 1975; Bird, 1976; Carter, 

1988; Carter et al., 1990; Hanley et al., 2014). Scarping is the partial erosion of the first dune 

at the back of the beach, typically during highwater levels created by storm surge and/or 

large waves (Carter et al., 1990; Bird, 2000; Sallenger, 2000; Hesp, 2002; Davis Jr and 

FitzGerald, 2004; Pye and Blott, 2008; van Rijn, 2009; Splinter and Palmsten, 2012; Suanez et 

al., 2015; Phillips et al., 2017; Houser et al., 2018; Splinter et al., 2018). Following scarping a 

dune will generally recover as sediment is brought back to the base of the scarp through 

hydrodynamic and aeolian processes (Carter et al., 1990; Ruz and Anthony, 2008; Hesp et 

al., 2013; Ollerhead et al., 2013; Jackson and Nordstrom, 2018). It is this scarping followed 

by recovery that is thought to be a critical component of the upwards and landwards 

translation of dunes during sea level rise, as put forward by Davidson-Arnott (2005). As 

sediment fills in the scarp, it reaches a point where wind flow can then carry it up and over 

the crest, this in affect heightens the dune and moves it landwards (Hesp, 1988; Bauer and 

Sherman, 1999; Christiansen and Davidson-Arnott, 2004; Davidson‐Arnott et al., 2018). 

Dunes already act as an important natural defence against seawater inundation of 
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economically and environmentally significant land (Hanley et al., 2014; Maximiliano-

Cordova et al., 2019; Fernández-Montblanc et al., 2020). Sea level rise is going to put 

increasing pressure on these systems and the upwards and landwards translation of dunes 

through scarping and recovery is the main mechanism through which coastal dune systems 

and the protection they provide will be maintained (Davidson-Arnott, 2005; Ollerhead et al., 

2013).   

This thesis specifically investigates the effect increased scarping will have on sandy 

coastlines with limited to no sediment supply under climate change conditions. In particular, 

how will complex sandy embayment’s typical of those found along the South Australian 

coastline react? This study uses Salmon Hole, a rapidly eroding headland-bay beach backed 

by a heavily scarped transgressive dunefield located in the southeast of South Australia, as a 

proxy for future shoreline change. Although the erosion here is not primarily driven by sea 

level rise (as far as we know, as it may be influenced by the past ~150 years of sea level rise), 

the processes involved in scarping and the effects it is having on the bay and dune system 

are the same and therefore applicable.  

1.2 Research Aims 

This thesis will address four key components of scarping and the erosion at Salmon Hole to 

gain insight into this question. The analysis undertaken varied both spatially and temporally 

in scale to fully capture the effect that frequent scarping is having on Salmon Hole as an 

entire system. The flow on effects of scarping are not isolated to the base of the first dune 

at the back of the beach but rather impact the system as a whole. Therefore, while each 

component studied can stand alone as a paper, their purpose when combined is to provide 

a detailed overview of how increased scarping will affect embayment’s like Salmon Hole in 
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their entirety. This is achieved by firstly determining what controls dictate the magnitude of 

a scarping event. Secondly, by analysing scarping’s effect on shoreline position at Salmon 

Hole both in the past and present as a proxy for the future. Thirdly, by studying wind flow 

over Salmon Hole’s negative sediment budget beach-dune system post-scarping to 

determine what role scarping plays in dune dynamics and possible dune translation. Then 

finally, by briefly examining the nature of subaqueous transverse dunes, and where 

sediment is being transported post scarping within the lagoon which exists between the 

aeolianite reef enclosing the bay and the beach. These aims are the focus of four chapters 

(including three published papers) presented in Chapters 2 through to 5. 

The first three manuscripts have been published in leading international scientific journals, 

whilst the fourth is undergoing revision and expected to be published in due course. The 

specifics of each of these chapters and how they approach meeting these aims is detailed 

below:  

I. Before the mechanisms responsible for the scarping and its effects on the dune 

system at Salmon Hole could be analysed it was important to have a complete 

understanding of what controls the magnitude of scarping events. This is achieved in 

Chapter 2 through the compilation of a systematic review culminating in a new 

conceptual model. This model illustrates how each of the identified controls effect 

the scale and degree of scarping magnitude be it positive or negative. These controls 

include: high water level, beach width, beach gradient/grain size, vegetation 

cover/rootmass, foredune size/volume, compaction, and large woody debris/beach 

wrack (Short and Hesp, 1982; Hesp, 1988; Nishi and Kraus, 1997; Pye and Blott, 

2008; Coco et al., 2014; Feagin et al., 2015). A better understanding of how each of 
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these factors effects levels of erosion through scarping is useful for a better 

understanding of scarp dynamics and will be necessary for managing our coasts into 

the future. The review also details the secondary effects of scarping such as 

foredune translation and its impact on the development of blowouts, parabolic and 

transgressive dune fields. The future consequences of sea level rise and changes to 

wave climate on scarping are also discussed.  

II. Using this knowledge as a basis, Chapter 3 is a study of the ongoing extreme erosion 

at Salmon Hole. The progress, dynamics and cause of the erosion are analysed in 

detail by examining historical shoreline change and the processes that have and 

continue to drive it. This was done using historical aerial imagery, shoreline change 

statistics, hindcast wave data, drone surveys, photogrammetric software digital 

surface model (DEM’s) comparison and volumetric analysis of topographic profiles. 

The complexity of the coastal processes at Salmon Hole led to a fascinating study 

that highlights the multifaceted nature of coastal embayment’s with complex 

geologically inherited features. Salmon Hole is similar to a myriad of rocky headland 

embayment’s backed by dunes systems and fronted by reef found along the South 

Australian (and many parts of the SW Western Australian) coastline (Short and Hesp, 

1982; Short and Hesp, 1984; Short, 2006; 2010). It therefore provides insight into 

how these systems will react to increased erosion. 

III. Once the reasons for the significant and sustained erosion at Salmon Hole had been 

determined, windflow patterns over the scarp itself are then examined in Chapter 4 

through a wind flow experiment. Given the significant role that aeolian processes 

play in the recovery of a scarped dune it was important to analyse their effect on a 

scarp in a sediment starved system (Carter et al., 1990; Christiansen and Davidson-
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Arnott, 2004; Hesp et al., 2013; Ollerhead et al., 2013; Davidson‐Arnott et al., 2018; 

Jackson and Nordstrom, 2018). The dune at Salmon Hole also provided the 

opportunity to study flow dynamics over a high scarp with a steep stoss slope that is 

larger, higher, and longer than previously researched in the literature. The stoss 

slope was also made up of segments of varying slope angle that can have a 

significant impact on flow dynamics over the dune. The secondary effects that 

scarping can have on a dune system were also able to be analysed through the 

assessment of a blowout that has developed at the dune crest through aeolian 

processes. 

IV. The transverse dunes which occur in the lagoon are then examined in Chapter 5. 

These dunes are aligned perpendicular to the shore in the bay, and generally have 

slipfaces or steep lee slopes facing NE. This is the first time that subaqueous 

transverse dunes have been studied in a small headland embayment. A current 

meter was positioned in the bay to record speed and direction data in order to help 

explain current processes in the bay. Bathymetric surveys, drone imagery 

orthomosaics, and oblique aerial imagery were used to monitor changes in the 

dunes position and morphology. Given that this study is about what effect coastal 

erosion will have on sediment depleted/starved coastal embayment’s it was 

important to examine the reason for Salmon Holes lack of sediment supply back to 

the beach, and where the sediment was being lost from the system. In addition, the 

subaqueous transverse dunes in the bay were also worthy of study purely because of 

their relatively unique formation.  
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1.3 Contribution of this PhD 

In researching the erosion at Salmon Hole and using it as a proxy to better understand how 

increased scarping will affect complex coastal embayment’s with limited to no sediment 

supply, this PhD has made multiple contributions to current knowledge in this area. This 

research has contributed the following.  

I. Chapter 2 is the first review on scarping controls and includes a new conceptual 

model demonstrating their effects on the magnitude of scarping events.  

II. Chapter 3 provides an in-depth understanding of the shoreline change and coastal 

processes at Salmon Hole. It also clearly demonstrates that sandy coastlines with a 

deficit in sediment supply or negative sediment supply will be removed through 

increased coastal erosion in the future. 

III. Chapter 4 indicates that the net erosion of the dune system will occur as of a result 

of wind flow being unable to translate the dune upwards and landwards with sea 

level rise due to insufficient, or no sediment being returned to the beach between 

storm and erosion events. It is also the first study of wind flow dynamics over a large, 

scarped dune slope. 

IV. Chapter 5 is the first study of the morphology and dynamics of unique subaqueous 

transverse dunes in a small coastal embayment.  
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CHAPTER 2 
CONTROLS ON DUNE SCARPING 

Published in Progress in Physical Geography - Earth and Environment: Davidson, S.G. (80%), 

Hesp, P.A. (10%) and Silva, G.M.D. (10%) Controls on dune scarping. 

https://doi.org/10.1177%2F0309133320932880 

2.1 Abstract 

As sea levels rises and climate changes, dune scarping will become more common. Thus, it is 

critical to understand what factors contribute to the magnitude of scarping, and what effect 

this has on dune systems in order to better manage coastal erosion into the future. Scarping 

occurs when foredunes are partially eroded by waves, generally during periods of high-

water level. The controls on the degree and magnitude of scarping examined include water 

level, foredune vegetation cover and species present, plant root mass, height and volume of 

the foredune, the original foredune morphology, surfzone-beach type, and compaction of 

sediment. Water level is the most significant control, in particular, the height it reaches and 

the duration for which it stays elevated, as this determines the elevation at which wave 

action can erode the dune and therefore the extent of scarping and dune volumetric loss. 

Higher plant density, greater rooting depth, high root mass, and greater compaction aid in 

reducing the degree of scaping. The presence of large woody debris and wrack may also 

influence the degree of scarping. The effects scarping has on the morphology of a foredune 

after the initial erosion event can range from small changes (e.g. minor, small scarps and 

slight slumping), to moderate changes such as the foredune translating landwards, to large 

change such as the transition of an entire dune system into a new transgressive dunefield 

https://doi.org/10.1177%2F0309133320932880
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phase. A new model summarising the key controls and their relationship/significance to the 

magnitude and extent of scarping is presented.  

2.2 Introduction 

The purpose of this paper is to review the controls that affect the degree of spatio-temporal 

change to foredunes following scarping, with a focus on the morphological behaviour of 

foredunes during and after scarping. Key factors that determine the extent and magnitude 

of scarping are examined in detail and summarised in a new model. The hydrodynamic 

processes involved in producing dune erosion and scarping are specifically not examined, 

see e.g. (Edelman, 1969; Van Thiel de Vries et al., 2007; Davidson-Arnott, 2010; Sancho et 

al., 2011), and, apart from brief comments, nor is overwash. In addition, this review does 

not cover the general geomorphology of foredunes (see Hesp (2002) for a review).  

The significance and importance of coastal dune systems is well known (Arens, 2001; Ruz et 

al., 2009; Hanley et al., 2014). Coastal sand dunes, and particularly foredunes, act as a 

protective barrier on many of the world’s coastlines (Carter, 1991; Simm et al., 1996; Doody, 

2012; Maximiliano-Cordova et al., 2019) and hence are an important natural defence 

against inundation by seawater of economically and environmentally significant land, 

infrastructure, and activities (Hanley et al., 2014; Maximiliano-Cordova et al., 2019; 

Fernández-Montblanc et al., 2020). They are also intrinsically areas of high ecological 

significance themselves, as well as sources of raw materials, grazing land and recreation 

(Martínez et al., 2007; Everard et al., 2010; Doody, 2012; Hanley et al., 2014). In order to 

function as a successful defence, coastal dunes must endure storm damage and erosion 

(Roelvink et al., 2009; Hanley et al., 2014). Therefore, there is a large amount of interest in 

the drivers that control dune erosion and accretion as they can dictate the response to, and 
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interactions of coastal sand dunes with the beach and nearshore (Davidson-Arnott, 2005; 

Saye and Pye, 2007; Pye and Blott, 2008; Castelle et al., 2015; Masselink et al., 2016; 

Castelle et al., 2017; Maximiliano-Cordova et al., 2019), and dictate the degree of resilience 

of coastal dune systems (Houser et al., 2015).  

One of the principal ways in which foredunes change and evolve is via wave-driven scarping. 

Foredune scarping is often an important part of the surfzone-beach-dune interaction 

process for supplying sediment to the surfzone and nearshore during storms, and also as a 

mechanism that allows the foredune to grow in height and translate landwards as scarps 

recover (Carter et al., 1990; Hesp, 2002; Davidson‐Arnott et al., 2018). 

As we move forward under a scenario of climate change and sea level rise, it is critical to 

have an understanding of the processes involved in scarping and the effect it has on coastal 

dunes systems, as sea-level rise and increased storm activity leads to more wave-driven 

dune erosion (De Winter and Ruessink, 2017; Maximiliano-Cordova et al., 2019). It is 

paramount that we understand the mechanisms and processes involved in how dunes 

respond to scarping if we are to successfully manage our coasts into the future. Foredunes 

(and other dune types that exist behind the backshore) offer a natural buffer for mitigating 

sea level rise to various extents, but we do not yet fully understand or appreciate the degree 

of control that various factors including water level height (Guisado-Pintado and Jackson, 

2018), tidal state (Guisado-Pintado and Jackson, 2019), height and volume of the foredune 

(Splinter et al., 2018), vegetation density and distribution (Silva et al., 2016), root mass 

(Bryant et al., 2019), compaction of sediment (van de Graaff, 1994; Hanley et al., 2014), the 

original foredune morphology (Christiansen and Davidson-Arnott, 2004; Hanley et al., 2014) 

and surfzone-beach type (Hesp, 1988; Masselink and Short, 1993) play in increasing, 
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decreasing or mitigating dune erosion. This review attempts to provide a first pass at 

assessing these various controlling factors and their importance. 

The following review comprises six sections: (1) a summary of foredune scarping (2) a 

review of the controls on the degree of scarping (3) the effects of scarping; (4) future 

impacts of climate change and sea level rise on scarping processes; (5) a new model based 

on a synthesis of the current literature depicting the effect key controls have on the extent 

of scarping; (6) conclusion and suggested areas for further research. 

2.3 Foredune Scarping  

Dunes, beaches and surfzones are in a continuous state of dynamic equilibrium continually 

being changed by tides, waves, currents and climatic factors. This results in the reworking 

and exchange of sediment between the offshore, nearshore and foredune, with scarping 

playing a major role in this process (Parker, 1975; Bird, 1976; Carter, 1988; Carter et al., 

1990; Hanley et al., 2014). Scarping of dunes (i.e. excluding beach scarping) occurs when 

foredunes (or any dune at the back of the beach) are partially eroded by waves, generally 

during high water levels, storm surge and/or large wave events (Carter et al., 1990; Bird, 

2000; Sallenger, 2000; Hesp, 2002; Davis Jr and FitzGerald, 2004; Pye and Blott, 2008; van 

Rijn, 2009; Splinter and Palmsten, 2012; Suanez et al., 2015; Phillips et al., 2017; Houser et 

al., 2018; Splinter et al., 2018). High magnitude, low frequency storm events are able to 

displace large volumes of sediment through scarping, impacting the morphology of the 

foredune, and altering the coastline (Guisado-Pintado and Jackson, 2018). Scarping can also 

occur due to high spring tides (Shepard, 1950; Ruz and Meur-Ferec, 2004; Ruz et al., 2009), 

elevated water levels, as, for example, on lakes due to meteorological effects, and by creeks 

and washouts on occasion (Fuller, 2002; da Silva et al., 2003; Figueiredo and Calliari, 2006). 
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Here we focus on coastal foredune scarping as it occurs during high water level conditions 

(including high tides and storm surges). In the following, when scarping is mentioned, the 

scarping process will apply to any dune at the back of the beach unless otherwise stipulated.  

Foredunes can be severely eroded within a few minutes to hours of storm surge or large 

waves due to their loose sedimentary structure (Reade, 1881; Nichols and Marston, 1939; 

Parker, 1975; Carter, 1988; Carter and Wilson, 1990). During storm surges, sea level may be 

raised from a few cm to up to several meters. For example, a global review of tropical storm 

surge data sources by Needham et al. (2015) found that in the western North Atlantic low-

magnitude surges occur regularly with the coast of China averaging 54 surges >1 m per 

decade. On the other end of the height spectrum, Needham et al. (2015) found that in the 

northern Indian Ocean and in the Bay of Bengal five storm surges >5 m are recorded per 

decade and this included a credible observation of a storm tide level reaching 13.7 m. This 

can result in high waves reaching the base of the foredune, and often further up the stoss 

slope (Figure 1). Considerable wave reflection, turbulence, and erosion of the beach, 

backshore, and base of the foredune, then results in sediment transport (Vellinga, 1982; 

Aagaard et al., 2004; Zhang et al., 2004). Sallenger (2000) described this level of impact as 

‘collision’ in his storm impact scale. The cliffing/scarping and undercutting is enhanced when 

the storms occur during high tides (Leatherman, 1979; Hesp, 1988; Thornton et al., 2007), 

and locally exacerbated for example due to the presence of rip currents (Short, 1979; Wright 

et al., 1980; Hesp, 1988; Castelle et al., 2017). 

Scarping is not the only process that can occur under high water level conditions. After 

‘collision’ on Sallenger (2000) impact scale is ‘overwash’, and this occurs if the foredune is 

relatively low, and/or the water level is relatively high, or if the beach slope and the dune 
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stoss slope have a similar gradient (Leatherman and Zaremba, 1987; Wang and Horwitz, 

2007; Figlus et al., 2010; Hacker et al., 2012). Overwash refers to the flow of swash and 

suspended sediment during high water levels from the beach face to the back barrier or 

over the top of a foredune into the swale or hinterland/landward of the dunes behind 

(Fisher et al., 1975; Leatherman and Zaremba, 1987; Donnelly et al., 2006). As the overwash 

passes over the foredune (or other dune or coastal landform), the foredune itself and 

potentially additional beach sediment are eroded, transported and deposited as a washover 

fan or terrace on the lee side of the dune (Leatherman and Zaremba, 1987; Sallenger, 2000; 

Morton and Sallenger Jr, 2003; Donnelly et al., 2006; Matias et al., 2008; Houser et al., 

2018). Dune height and/or volume is critical in determining whether overwash occurs 

(Leatherman, 1979). For example, pre- and post- storm surveys by Quilty and Wearne (1975) 

in Australia showed that overwash and backwash generally occur when foredunes were low 

(3-5m above MSL), whilst higher dunes were more commonly scarped. 

Scarping can significantly change the morphology of the foredune both during and after the 

erosion event (Hesp, 2002; Christiansen and Davidson-Arnott, 2004; McLean and Shen, 

2006; Pries et al., 2008). As an example, Figure 1 shows storm swash first running up the 

scarp (A), then it recedes as backwash (B/C), followed by slope failure and slumping (D). 

Scarping can occur from direct undercutting of the dune from plunging waves, or as seen in 

Figure 1 (A to D) when swash uprush and backwash occurs on the face of the dune.  
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Figure 1: Sequence of scarping by high energy storm waves and swash at Post Office Rock, South Australia. 
Photographs A to C taken 1 second apart. Note the subsequent slope failure and collapse in D. 

 

Following a storm event, a foredune will occasionally have a homogenous level of erosion 

across the entire length. However, very commonly this is not so; the response is often more 

complex as each individual section of foredune differs in both alongshore and cross-shore 

morphology and is influenced by offshore conditions (Brodie and McNinch, 2011; Guisado-

Pintado and Jackson, 2018; Houser et al., 2018), and the presence or absence of rips, bars, 

subtidal rocky outcrops, and reefs. This alongshore variation can enhance or hinder storm 

response of certain sections of the beach, allowing greater wave runup in particular sections 

of beach compared to other sections thus changing the balance between occurrence and 

degree of scarping, and overwash along a foredune (Pries et al., 2008; Brodie and McNinch, 

2011; Houser, 2013; Guisado-Pintado and Jackson, 2018; Splinter et al., 2018). The foredune 

morphology can also vary in height, volume, and shoreline extent along the beach/coastline 
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(Thieler and Young, 1991; Hesp, 2002; Houser et al., 2008; Houser and Mathew, 2011; 

Houser et al., 2018; Splinter et al., 2018). Sections of  a continuous but non-uniform 

foredune can therefore have differing levels of erosion and subsequent post storm recovery, 

and erosion hotspots are determined by variations in alongshore high water level, wave 

energy, existing foredune gaps and low-lying areas (Dolan and Hayden, 1981; Suter et al., 

1982; Orford and Carter, 1984; Houser, 2013). Scarping alone can lead to a narrowed 

foredune, potentially leading to overwash during the next high water level event (Hanley et 

al., 2014). The variability in foredune morphology is often reinforced each storm as 

overwash goes through the same gaps repeatedly (Buynevich and Donnelly, 2006; Houser, 

2013; Weymer et al., 2013; Houser et al., 2018). Hence individual storm events cannot be 

examined in isolation but rather in a longer temporal context that includes previous wave 

and water level conditions (Masselink and van Heteren, 2014).  

2.4 Controls on the Degree of Scarping 

In this review the degree a foredune is scarped principally refers to the volume of dune 

sediment loss. The degree of scarping and associated spatial and temporal changes to 

foredunes is a function of, or is to various levels controlled by storm attributes, 

beach/nearshore characteristics, and dune size/volume, morphology, degree of compaction, 

vegetation cover, root density and presence of large woody debris or beach wrack, acting 

individually or in various combinations.  These controls are discussed individually below.  

2.4.1 Water Levels  

The degree of scarping and the magnitude of volumetric loss of a foredune can vary 

enormously as noted above. Scarp heights generally range from <0.1 to 10 meters but can 

even reach up to 20 meters high (Nishi et al., 1995; Castelle et al., 2015). Figure 2 indicates a 
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range of examples of scarp heights and volumetric loss. Note that scarp height is not an 

ideal measure of storm erosion or degree of scarping since a low dune must of necessity 

have a low scarp, and a large high dune may have a short scarp if three quarters of the dune 

is removed. 

One of the most significant factors effecting the magnitude of spatial and temporal change 

to a foredune during an erosion event is the height of the mean water level during the 

storm (Edelman, 1969; Vellinga, 1982; Ruggiero et al., 1997; Coco et al., 2014). This is shown 

in Figure 3, where three differing water levels ‘low’, ‘medium’ and ‘high’ result in 

corresponding magnitudes of scarping. The mean water level is driven by storm surge 

amplitude and duration, seasonal changes in geostrophic currents, wave height, and tide 

height on top of sea level at any point in time (van de Graaff, 1994; Sallenger, 2000; Weaver 

and Slinn, 2005; Weisse and Plüβ, 2006; Pries et al., 2008; Pye and Blott, 2008; van Rijn, 

2009; Mathew et al., 2010; Suanez et al., 2015; Phillips et al., 2017; Houser et al., 2018; 

Segura et al., 2018). The duration of a high water level event is also important (Guisado-

Pintado and Jackson, 2018). These factors combine to exacerbate wave runup (maximum 

elevation water reaches for each wave) on the face of the foredune by increasing its vertical 

reach (Sallenger, 2000). It should be noted that although the height of the water level is 

paramount it is the relative height to the toe of the foredune that is the critical factor 

(Suanez et al., 2015). Assuming a dune of homogeneous height, and other factors (discussed 

below) are comparable, the water level determines the height of the scarp produced and 

volume of sediment eroded (assuming dune size is significant enough to avoid overwashing)  

(van de Graaff, 1986; Carter et al., 1990; Castelle et al., 2015; Suanez et al., 2015). If these 

factors above (e.g. tide state, water level) oppose each other, then the degree to which the 



 

16 

foredune is scarped can be drastically different. For example, if the peak period of storm 

surge or wave height coincides with low tide then the level of scarping will be significantly 

less, particularly in an area that has a large tidal range as the water level will no longer be 

high enough to reach the toe of the foredune (Guisado-Pintado and Jackson, 2018).  

Guisado-Pintado and Jackson (2019) demonstrated this when examining two storm events, 

Ophelia in 2017 and Storm Hector in 2018 off the coast of NW Ireland. During storm 

Ophelia, 2 m wave heights coincided with a low tide resulting in minimal erosional impact 

and the dune toe only being slightly scarped as shown under the ‘low’ water level scenario 

in Figure 3. Storm Hector was a comparatively lower energy event, yet the resultant 

scarping was significantly greater due to the synchronisation of both a spring high tide, high 

waves and onshore wind as show in the ‘high’ water level scenario in Figure 3.   

Castelle et al. (2015) examined extreme scarping along the Gironde coast in SW France. The 

main cause of this large-scale erosion was a 2-month stormy period during the 2013/2014 

winter where the average wave height exceeded 3.6m, reaching up to 9.6m at its peak. This 

type of erosion corresponds to the ‘high’ water level section of Figure 3 and resulted in 

scarps over 10m high and across-shore erosion of 20-30m in some areas. Only the last in the 

sequence of 4 storms occurred during a spring high tide of 5m, whereas the other storms all 

occurred for tidal ranges less than 3m. Castelle et al. (2015) state that if the other 3 storms 

had been contemporaneous with spring tides as well, then both the scarp height and dune 

retreat would have increased significantly. There were, however, locations along the 

Gironde coast where the size of scarps was smaller due to protection from highwater levels 

by 3-5 m-high paleo-soil outcrops in the upper part of the beach. This protection results in a 

smaller scarp due to a ‘low’ water level reaching the base of the dune as shown in Figure 3.  
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Suanez et al. (2015) monitored both erosion and accretion at Vougot beach, France 

between 2004 and 2014. They analysed how the foredune changed both in position and 

morphology after each erosional extreme water level event. They found a good correlation 

(R2 0.85) between scarping and high-water level events. However, this was only if the water 

level height exceeded the toe of the foredune. 

 

Figure 2: Examples of foredune scarps from (A) small (1m high, with some post-scarp fill and echo dune), (B) 
moderate (8m high), to (C) large (20m high) (top to bottom). The ability of the foredune to recover and the 
subsequent stability is generally lower as the scarp height increases. 
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Figure 3: Degree of scarping determined by the height of water level reached during an erosion event. 
Generally, all other factors being equal, the greater the water level height at the backshore, the more 
significant the erosion.  

 

2.4.2 Height, Volume and Original Morphology of the Foredune  

The scale to which varying water levels during storms impact a foredune changes depending 

on the original height and volume of the foredune (Hesp, 1988; Sallenger, 2000; Pries et al., 

2008; Hanley et al., 2014; Feagin et al., 2015; Houser et al., 2018; Splinter et al., 2018), as 

well as on other factors discussed below (Figure 4). The larger and higher the foredune, the 

greater the potential for a large scarp. However, a large foredune does not always equate to 

a considerable scarp as this is dependent on the water level as noted above, and the volume 

of sand required by waves to establish an equilibrium condition. For a given water level 

height, the volumetric loss should be similar whether the foredune is large, medium or 

small. However, the effect of extremely highwater levels can be very significant, as a large 
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dune will still be severely scarped but a small dune may be overwashed or even eroded 

completely ((Edelman, 1969; Morton, 2002; Morton and Sallenger Jr, 2003; Houser, 2013; 

Masselink et al., 2016; Bateman et al., 2018); Figure 4)). 

Pries et al. (2008)  studied the effect that foredune height and width played on barrier island 

resilience due to hurricane storm surge and wave attack. They compared foredunes along 

Santa Rosa Island, in the Gulf of Mexico both before and after hurricanes Ivan (2004) and 

Dennis (2005). Before hurricane Ivan, small foredunes (<0.25 ha) comprised 86.1% of the 

foredunes analysed. After Ivan 62.3% of the original foredunes were completely destroyed 

with 71.9% of total foredune area removed. Those foredunes left behind were the widest 

and tallest. This is demonstrated in the ‘high’ water level component of Figure 4 where 

smaller dunes are overwashed or eroded completely whilst larger dunes are severely 

scarped.  Due to the extreme nature of the erosion, Pries et al. (2008) also analysed the 

erosion that occurred to the secondary (or more landward) dunes behind the foredunes. 

Smaller secondary dunes lost on average 42.1% of their total area whilst larger dunes lost on 

average of 14.8% of their total area. This is demonstrated in the ‘low’ to ‘medium’ water 

level section of Figure 4 where the volume loss is similar for each dune size, but the impact 

and significance of the erosion is very different. 

Note that for a given dune, scarp height will vary considerably depending on the degree of 

volumetric loss. For example, a 10m high symmetrical foredune could have a 10m high scarp 

if erosion occurred to the point where exactly half the dune was removed. However, if more 

of the dune was removed, then the scarp becomes progressively lower as the scarp is then 

forming in the landward lower lee slope. 
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The potential for morphological change and instability of the foredune increases with an 

increase in dune height or scarp extent (Hesp, 1988a; Figure 2). The larger the scarp created, 

the more likely the occurrence of dune crest failure and blowouts forming due to greater 

instability and a longer recovery time. In addition, there is significantly greater wind velocity 

speedup  over a higher stoss slope compared to a smaller one (Arens et al., 1995; Hesp et 

al., 2009; Hesp and Smyth, 2016). This can then potentially lead to the breakdown of the 

foredune and the formation of parabolic and transgressive dune fields (Hesp, 2013).  

 

Figure 4: Level of scarping determined by original height and volume of the foredune impacted by increasing 
water level heights. Smaller foredunes may eventually be overwashed or removed as water level increases 
as indicated in the bottom right box. 

 

The initial profile and morphology of the foredune plays a role in determining the 

magnitude of scarping (van de Graaff, 1986; Pye and Blott, 2008). Foredunes are commonly 
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not uniform across- or alongshore, and exhibit variability in height, volume and landward 

extent (Houser, 2013). Foredunes can be classified into 5 morpho-ecological types as 

defined by Hesp (1988), each potentially responding differently to erosion (Figure 5). From 

type 1 to 5, vegetation cover decreases and the morphology of the foredune becomes more 

complex (Hesp, 1988). Therefore, under the same water level conditions, and similar beach 

and nearshore morphology, type 1 and 2 foredunes, described by Hesp (1988) as having 

simple undulating topography, being laterally continuous and very well to well vegetated, 

will be scarped to a less degree compared to a type 3 foredune. Following wave scarping, 

stage 1 and 2 foredunes are likely to have a mostly uniform scarp. Hesp (1988) states that 

type 3 foredunes are characterised by a hummocky topography. They display a 45-75% 

vegetation cover, and contain small to moderate size blowouts, concave vegetated stoss 

faces, irregular crests and semi – distinct ridges and knolls.  Their limited level of vegetation 

compared to type 1 and 2 foredunes potentially leads to less resistance to scarping and a 

higher degree of erosion than types 1 and 2 under the same high-water level conditions. 

However, it is also likely that the variability in along shore morphology will lead to overwash 

occurring through the low-lying areas of the dune whilst the higher vegetated areas are 

scarped. This was shown to be the case by Houser (2013) through use of computer 

modelling. By adding small variations in height along the length of an otherwise uniform 

foredune, overwash channels were created. This increased the along shore variability in 

dune height and post storm morphology as well as made the dune more susceptible to 

further change under the next high-water level conditions. Type 4 foredunes contain 

moderate to large scale blowouts, pronounced topographic variability, partial vegetation 

cover and sand sheets. Type 5 foredunes are remnant (erosional) knobs. They contain large 

deflation basins, blowouts, sand sheets and have minimum vegetation cover (Hesp, 1988; 
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2002). Type 4 and 5 foredunes are less vegetated than the first three types and therefore 

potentially more susceptible to inundation and erosion often through overwash, particularly 

in blowouts and across sand sheets.   

 

 

Figure 5: Ecomorphological types of foredunes (modified from Hesp, 2000). Types 1 and 2 are potentially 
less susceptible to scarping due to ample vegetation cover and greater stability. Types 3, 4 and 5 become 
morphologically complex as vegetation cover decreases and hence more susceptible to erosion/inundation 
by scarping and overwash, and subsequent greater instability.  

 

The original steepness of the stoss slope may also be important according to De Winter et 

al. (2015) as it partially dictates the amount of slumping that will occur during a high-water 

level event. Slope failure and slumping increases with an increase in the steepness of the 

dune, and the size or height of the final scarp/failed slope may therefore be greater as the 

angle of the foredune stoss slope increases.  
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2.4.3 Levels of vegetation cover, density and rootmass 

The degree to which the beach and dune sediments are consolidated by vegetation and 

their roots also determines scarping magnitude (Hesp, 1988; Doody, 2012; Hanley et al., 

2014; Lapetina and Sheng, 2014; Maximiliano-Cordova et al., 2019).  Foredune vegetation 

cover changes significantly depending on the species present as shown in Figure 6. For the 

same incident water level conditions and foredune morphology, as the vegetation cover on 

the foredune increases, there is a reduction in erosion levels as demonstrated by various 

studies (Kobayashi et al., 2013; Silva et al., 2016; Maximiliano-Cordova et al., 2019), and as 

shown in Figure 7. This is because the presence of the vegetation roots, stems and rhizomes 

increases structural stability of the dune by binding the sand. In addition, the particle 

cohesion between the sediment grains  is increased due to the presence of organic matter 

and mycorrhiza (Carter, 1980). It is thought that organic matter potentially also alters the 

composition of the sediment by increasing the sediment size which results in more friction 

and, hence, less erosion (Wischmeier and Smith, 1978). During a storm event, the above-

ground vegetation stems and leaves modify the flow within the aquatic boundary layer as 

the mean current is reduced by profile drag and skin friction, resulting in turbulence within 

the vegetation canopy, thus reducing the swash energy and velocity resulting in less erosion 

(Bouma et al., 2009) in similarity to aeolian flows in vegetation (Hesp et al., 2019). Friction 

and turbulence are dependent on the plant height, morphology, strength and density, and 

degree and depth of root mass of each species (Maximiliano-Cordova et al., 2019). The 

greater each of these variables is, the less the potential extent of the scarping for dunes of 

the same volume.   

This was shown by Maximiliano-Cordova et al. (2019) in their wave tank study comparing 

the effectiveness of various dune plant species for reducing scarping. They examined a 1:1 
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scale artificial dune and covered it with differing combinations of plant species, and they 

found in each case (bar one) that dune erosion from their simulated “storm waves” was 

reduced with the addition of vegetation. However, the level of protection against erosion 

was species -specific and varied over time. They found Ipomea species to be the most 

effective species they tested and noted that this was due to its large carpet like density and 

deep roots. This is demonstrated in Figure 7 where a relatively high amount of plant cover 

results in less scarping, and in Figure 9 where an increase in rootmass and density reduce 

scarping levels. Charbonneau et al. (2017) demonstrated in the field the same principles 

when examining differences in erosion between two sections of a foredune that were 

morphologically near identical but differed in percentage of vegetation cover. The section of 

foredune that was covered in the native Ammophila breviligulata was more heavily scarped 

after Hurricane Sandy than the section comprising the invasive species Carex kobomugi. 

Carex Kobomugi had a much higher density and a more extensive root system. 

It must be noted, however, that the effectiveness of vegetation in limiting erosion and 

scarping is dependent on the size of the dune, and species present. For example, root 

penetration will generally be confined to the upper layers on a larger dune limiting its ability 

to reduce scarping where the plants are grasses or shrubs. Trees, however, may have very 

deep roots.  Despite the importance to the stability of a foredune under scarping conditions, 

very little research has been conducted on the effect species diversity and functional 

characteristics have on erosion levels (Hanley et al., 2014; Maximiliano-Cordova et al., 

2019). In fact, many wave tank studies on dune erosion have utterly ignored the effects of 

sand compaction, particle size and roundness, vegetation cover and root mass. How the 
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vegetation then responds to seawater inundation and frequency, and timing of saline 

inundation events is also poorly understood (Hanley et al., 2014). 

 

Figure 6: Two foredunes with significantly different morphologies and vegetation cover. In (A) vegetation 

cover is sparse resulting in minimal resistance to scarping compared to the dense vegetation cover in (B). 
Prince Edward Island, Canada (A), and Northern NSW, Australia (B). 
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Figure 7: Degree of scarping determined by the degree of vegetation cover on the foredune. The greater the 

vegetation cover the less erosion via scarping will occur. Root density and rooting depth are also important. 

 

Figure 8 illustrates a comparison between the significant level of Ammophila arenaria 

(marram grass) rootmass in a scarped dune in Tasmania and the substantially less root mass 

in a dune covered in Lepidosperma viscidum at Wyomi Beach, SE Australia. The amount of 

structural integrity provided to the foredune by the rootmass of the Ammophila in Figure 8A 

indicates that rootmass is likely an important factor in determining the structural integrity of 

a foredune undergoing scarping. To date there is little research on this factor or control as 

noted by Feagin et al. (2015) in their review on the role of vegetation in coastal dune 

erosion protection.  Bryant et al. (2019) conducted experiments to investigate the effect of 

above and below ground biomass (using wooden dowels and coir fibres as proxies for 
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vegetation) in a model dune under wave attack. Erosion was reduced under both collision 

and overwash conditions, with the greatest reduction occurring where both above and 

below ground biomass were present. De Battisti and Griffin (2020) conducted a similar 

experiment. However, they used actual cores taken from real foredunes and subjected them 

to simulated swash in a flume. When comparing Ammophila arenaria, Cakile maritima and 

Salsola kali their findings showed that the most important characteristic for reducing 

scarping was the total below ground biomass. The greater the ratio of roots, rhizomes and 

buried shoots to sediment below the surface the greater the reduction in erosion.  

The importance of root mass for structural integrity has been widely demonstrated in 

research on landslides (Schmidt et al., 2001). Although triggered differently, landslides and 

dune scarping involve similar processes such as rotational slumping. In landslides and scarp 

failure, cohesion of sediment, structural integrity of the slope and resistance to erosion are 

assisted by rootmass (Schwarz et al., 2010). The effectiveness of this structural integrity is 

highly dependent on species type because differing species characteristics dictate the 

density and morphology (diameter, strength and length) of the roots as shown in Figure 9 

(Schmidt et al., 2001). These same characteristics in the roots of riparian vegetation have 

been shown to reinforce river and stream bank soils, increasing their stability and reducing 

the risk of failure  (Abernethy and Rutherfurd, 2001; Micheli and Kirchner, 2002).   
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Figure 8: Image of (A) a foredune scarp in Tasmania showing the high density and considerable depth of 

Ammophila arenaria (marram grass) root mass vertically through the dune, compared to (B) the quite 
limited root mass and rooting depth in a dune covered in Lepidosperma viscidum at Wyomi Beach, SE 
Australia. A is roughly 1 meter high whilst B is ~2 meters.  

 

 

Figure 9: A reduction in root mass, rooting depth and density will lead to an increase in scarping extent due 

to a loss of structural stability and the reduction of cohesion in the sediment. These attributes will vary 
depending on species type as shown.  
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2.4.4 Large Woody Debris and Beach Wrack 

Coasts can often be littered with large woody debris (LWD) especially where they have 

forested hinterlands that are being logged or are associated with high energy streams and 

rivers, active tectonic regions, landslides and high rainfall events, and/or significant bank 

erosion (e.g. NZ west coast; Canadian west coast). The debris may be spread across a beach 

but is often wave transported to the backshore, and can line the foot of the foredune, or 

eventually be buried underneath it as seen in Figure 10 (Eamer and Walker, 2010; Grilliot et 

al., 2018). The LWD can play an active role in trapping aeolian sediment and therefore 

becomes embedded in the foredune as either part of the stoss slope or by aiding the 

formation of an incipient foredune (Kennedy and Woods, 2012; Grilliot et al., 2019). Grilliot 

et al. (2019) conducted an analysis of the role of LWD in beach dune interactions. They 

observed that when highwater level reaches the base of a dune covering LWD, that 

foredune scarping will occur exposing the LWD, and this then once again aids subsequent 

aeolian sediment trapping. They found that the magnitude and frequency of high water 

level events determined the extent to which the LWD matrix was reorganized, its 

effectiveness to modulate aeolian sediment transport and the ability for an additional 

sediment store to build and act as an effective buffer against further erosive events 

(Anderson, 2009; Heathfield and Walker, 2011). Although this additional sediment store 

buffer has been linked to a reduction in erosion, the effect that LWD within the dune has on 

reducing foredune scarping has not been fully examined. There are currently no studies that 

have compared levels of erosion in foredunes with a large percentage of LWD compared to 

those with a low percentage, or none. One might assume that if the debris is large, heavy 

and tightly packed, then it would act to reduce the rate of scarping, and potentially the total 

volume loss.   
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Beach wrack and/or seagrass litter is commonly found on beaches, particularly low energy 

beaches and regions with major seagrass meadows in the nearshore. Wrack is increasingly 

washing up on shorelines around the globe often forming significant deposits and terraces 

on beaches and in front of foredunes (Smetacek and Zingone, 2013). Beach wrack is 

generally considered to stabilize shorelines and reduce erosion during high water level 

events (Ochieng and Erftemeijer, 1999; Cardona and García, 2008), and massive thick banks 

of seagrass wrack have been observed to act in similarity to vertical seawalls. However, it 

was only recently that experiments in a wave flume were conducted (Innocenti et al. (2018). 

Innocenti et al. (2018) examined an incipient foredune either covered or not in wrack and 

subjected it to swash. They found dune erosion decreased with increasing volumes of wrack. 

Further field studies are required in order to fully analyse the protective effect the level of 

wrack seen in Figure 10 has on a foredune. More importantly, since wrack can also be 

covered by the development of a new foredune, and also incorporated by wind action 

within a foredune as it forms, one also assumes that the material wrack may have a 

stabilising or protective effect. The degree of the effectiveness of wrack within the dune 

reducing scarping is largely, as yet, unknown. 
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Figure 10: (a) large and small woody debris on the backshore and inlaid in the foredune at Otaki, New 

Zealand. (b) Extensive seagrass wrack on the beach at Cape Jaffa, South Australia. 

 

2.4.5 Compaction 

As a foredune forms on the backshore the sediments slowly become compacted over time 

(Nishi and Kraus, 1997; Prasetya, 2006). Vertical shear stress is introduced between the 

grains as new sediment is transported up onto the foredune burying the older sediment and 

increasing the weight of overburden (Worden and Burley, 2003). Overburden creates a 

stress that equates to the difference between lithostatic pressure and fluid pressure 

(Gretener, 1979). In dune systems the fluid pressure corresponds to hydrostatic pressure 

and therefore increases with depth (Worden and Burley, 2003). Compaction is also reliant 

on the ratio of brittle to ductile sand grains (Worden et al., 2000). The level of compaction at 

any given point in the dune then  is a combination of the depth of burial, the lithology of the 
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sediment and the fluid pressure (Worden and Burley, 2003).  Compaction can be measured 

as a percentage of the porosity of the sediment before burial or by specific values based on 

the compressibility strength of the sediment (Worden and Burley, 2003). After the initial 

mechanical compaction has taken place chemical processes such as solution and 

cementation in calcareous dunes, and chemical compaction further reduces porosity and 

leads to the eventual diagenesis and lithification of the dune (Ireland, 1959; Yaalon, 1967; 

James et al., 2018). All other factors being equal, the level of compaction of the foredune 

determines the degree to which it will be eroded under high water levels (Pye and Blott, 

2008; Hanley et al., 2014). Nishi and Kraus (1997) compared both non-compacted and 

compacted dunes in a wave tank and showed that there was not only less erosion from the 

highly compacted foredune, but it also eroded differently. Compaction led to a stronger 

dune with thicker layers separating off the scarp face as it was eroded and resulted in a 

steeper scarp angle. The uncompacted dune face had an angle of 68° after storm conditions 

were simulated, and this was notably less than the artificially compacted dune which had a 

scarp slope angle of 87°. Note, however, drying of the scarp face or slope will eventually 

result in slope failure to the angle of response, if vegetated blocks are absent. 

2.4.6 Beach Type 

Beach type affects the level to which a foredune will be scarped as the beach profile and 

dynamics determines the ease at which high water level reaches the base of the dune (van 

de Graaff, 1986; Pye and Blott, 2008; Suanez et al., 2015). The greatest level of erosion 

under the same high-water level conditions is likely to occur on moderate to high energy 

intermediate beaches (T. Aagaard & M. Hughes, pers. comm. 2019). Intermediate beaches 

are often rhythmic in nature, have crescentic-shaped surf zone transverse bars, cusps and 

associated rip channels (Short and Wright, 1983; Wright et al., 1985; Aagaard et al., 2013; 
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Castelle et al., 2015). It is a combination of this alongshore variability in width of the beach, 

created by the rip channels, cusp embayments and horns, and the alignment of the rip 

channels with the narrow section of these embayment’s that enhance the erosion in these 

zones (Figure 11) (Thornton et al., 2007; Castelle et al., 2015). Therefore, one would expect 

to see the greatest maximum scarping on average to occur on intermediate beaches, 

although locally as opposed to continuously alongshore. However, to the authors’ 

knowledge, no studies have been conducted that compare dune scarping processes 

concurrently on reflective, intermediate and dissipative beaches under the same high-water 

level conditions, so there is little information currently available on this topic.  

 

Figure 11: Significant alongshore foredune morphological variability produced by large rips creating an 

alongshore variation in the degree of dune scarping, French Atlantic coast (Photograph courtesy B. Castelle). 

 

There is no decisive answer in the literature on whether greater erosion occurs on 

dissipative or reflective beaches under the same water level conditions. It is thought that 

dissipative beaches will dissipate wave energy over their broad flat profile, leading to 

decreased foredune erosion (Short and Hesp, 1982; Hesp, 1988; Houser et al., 2008; van 
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Bemmelen, 2018). However, attributes that may allow high-water level conditions to more 

easily reach the dune toe include their low gradient beach profile and reduced degree of 

percolation due to their fine grain size, the fact that they are generally saturated, and that 

they often occur on high energy, open coastlines (Wright et al., 1979; McArdle and 

McLachlan, 1991). Reflective beaches are significantly narrower than dissipative beaches 

which could indicate that high water level conditions would more easily reach the foredune 

(Short and Hesp, 1982). However, the steepness of the beach profile and the loss of swash 

due to greater percolation as a result of their typically coarse grain size may counter this to 

some degree (Wright et al., 1979; Masselink and Puleo, 2006). 

2.5 Effects of Scarping 

Scarping often acts as a catalyst for further change to the morphology of a foredune 

following the initial erosion event (Bird, 1976; Short and Hesp, 1982; Carter, 1991; Pye and 

Tsoar, 2008). Both short term and long term changes in dune morphology can be triggered 

by a scarping event depending on the extent of the scarping, sediment supply, rate of return 

of sediment to the beach and dune, frequency of incidence of high water levels, and storm 

frequency (Hesp, 2002; Christiansen and Davidson-Arnott, 2004). In the following section 

key morphological changes that can be triggered post-scarping are discussed.  

2.5.1 Foredune translation 

One direct result of scarp recovery is the net movement of the foredune upwards and 

landwards, given that some sediment is returned and supplied to the backshore and base of 

the dune following scarping. First, block falls, rotational slumping, and avalanching occurs as 

the dune fails and/or dries. Aeolian transport then supplies sand from the beach commonly 

forming echo dunes (but not always) and then producing a scarp fill deposit or sand ramp 
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(Carter et al., 1990; Ruz and Anthony, 2008; Hesp et al., 2013; Ollerhead et al., 2013; 

Jackson and Nordstrom, 2018). Once this ramp has reached near the top of the scarp, sand 

may then be transported up the sand ramp and across the scarp crest by aeolian transport. 

This produces crest and lee slope accretion causing the dune to increase in height and 

translate landwards (Hesp, 1988; Bauer and Sherman, 1999; Christiansen and Davidson-

Arnott, 2004; Davidson‐Arnott et al., 2018). This process may occur repeatedly on some 

dunes if the beach is in long term recession/retrogradation.  

Davidson-Arnott (2005) included foredune translation when redeveloping the Bruun rule 

(Bruun, 1988). This rule commonly used to determine sandy shoreline retreat in response to 

changes in sea level  neglects any beach dune interaction such as aeolian sediment 

transport from the beach and/foredune translation. Davidson-Arnott (2005) improved 

model includes foredune scarping and recovery and therefore predicts nearshore erosion, 

landward translation and preservation of the foredune. Ollerhead et al. (2013) confirmed 

this conceptual model for a beach-foredune system in P.E.I., Canada (see foredune in Figure 

6A). They observed that the foredune migrated landwards whilst roughly keeping its form  

and noted that overall, the decadal foredune evolution was consistent with Davidson-Arnott 

(2005) model despite varying rates of foredune recovery after scarping over time due to 

morphological feedbacks.  Dune translation/migration can involve possible changes in the 

alongshore morphology of the foredune including the formation of blowouts and parabolics 

(Figure 12).  
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Figure 12: Example of dune migration and the formation of blowouts at Post Office Rock located near 

Beachport, South Australia. The scarp is 15 m high at the point where the person (in red jacket) is standing in 
(A). 

The potential for scarp filling, revegetation and recovery tends to increase as the height of 

the dune decreases and/or as the extent of the scarping decreases because plant 

recolonization can occur more quickly (less area to cover), and/or scarp fill processes can 

occur more rapidly as less volume is required (Hesp, 1988; Hesp, 2000; Castelle et al., 2017). 

Foredune recovery will be hindered on eroding coasts where there is a long-term negative 

sediment budget and frequent major storms. There is also the possibility that a foredune 

may never fully recover, and net recession may occur, as, in fact, is currently occurring at 

Post Office Rock in South Australia (Figure 12). Eventually, the foredune may even become 

completely eroded away (Pye and Blott, 2008).  

2.5.2 Development of Blowouts, Parabolics and Transgressive Dune fields 

Beaches that are severely scarped can take years to decades to recover (Thom and Hall, 

1991; Morton et al., 1994; Douglas and Crowell, 2000; Zhang et al., 2004; Castelle et al., 

2017). This length of time is not limited to large dunes, as Mathew et al. (2010) states that 
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even small dunes that are only from 2-6 metres high can take up to a decade to recover. The 

reasons for this can include limited sediment supply, repeated erosion events, the timing 

and extent of revegetation, narrow beach widths, wind direction and velocity, and fetch 

length (Hesp, 2002; Bauer et al., 2009; Houser et al., 2015; Castelle et al., 2017). During this 

time, wind erosion may create a blowout, or series of blowouts in the foredune or scarped 

dune (Gares and Nordstrom, 1995; Fraser et al., 1998). Blowouts may occur in at least two 

locations, within the middle region of an arcuate rip-formed scarp (Short and Hesp, 1982), 

and in the crest region where wind velocities are highest (Hesp et al., 2009; Hesp and Smyth, 

2016; Preoteasa and Vespremeanu-Stroe, 2017).The zero to low vegetation cover on the 

stoss slope of the scarped foredune, dune crest failure, and high local wind velocities over 

the crest aids in providing conditions for the formation of blowouts (Bate and Ferguson, 

1996; Hesp, 2002; Pye and Tsoar, 2008). 

The destabilisation of a foredune and subsequent blowout formation can potentially lead to 

the creation of parabolic dunes, particularly on long term eroding coasts (Arteaga et al., 

2008; Psuty, 2008; Girardi and Davis, 2010). Parabolic dunes formed at or near the coast 

typically occur due to landwards translation of a blowout, through the downwind migration 

of the depositional lobe (Hesp and Hyde, 1996; Pye and Tsoar, 2008; Hansen et al., 2009; 

Konlechner et al., 2016); Figure 13). 
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Figure 13: Blowouts and parabolic dunes forming within and cannabalising relict parabolic dunes at the top 
of a destabilising scarp at Great Beach, Point Reyes, N. California.  

 

A significantly large scarping event or series of events can potentially lead to the formation 

of a completely new dune field phase (Short and Hesp, 1982) and the development of a 

transgressive dune sheet or dune field may also take place. This will only occur in the event 

of significant scarping both in terms of the degree of the scarping as well as the spatial 

extent of the scarp alongshore. Localised scarping will generally not be sufficient, and 

scarping likely needs to occur along a significant stretch of a dune system in order to trigger 

a new dune sheet or dunefield phase (Short and Hesp, 1982). The transgressive sheets and 

dune fields are made up of large, active to partially to fully vegetated dune systems 

(depending on their evolutionary state) (Hesp and Thom, 1990; Hesp, 2013). Transgressive 

dune fields typically occur in the lee of high energy intermediate and dissipative beaches 

with high sediment supply, but may also result due to foredune destabilisation following 

storm impacts (Hesp and Thom, 1990; Thom et al., 1992; Barboza et al., 2011; Hesp, 2013).  
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Jackson et al. (2019) investigated which processes lead to transgressive dune fields 

developing in the ‘Little Ice Age’ that effected Europe from about 1400 to 1900. They 

developed a conceptual model indicating that destabilisation and loss of vegetation 

occurred due to storm erosion and scarping of the foredune, followed by blowout 

formation, transition from blowouts to parabolics, and then development of transgressive 

dune fields. Jackson et al. (2019) state that increased storminess and a decrease in 

atmospheric air temperatures during The Little Ice Age provided the perfect conditions for 

these developments. Increased storm frequency and intensity led to an increase in high 

water level conditions and thus foredune vegetation loss through scarping. Strong winds 

also associated with the storms increased vegetation burial. This plus the decrease in 

temperature prevented vegetation regrowth from keeping pace with loss caused by 

scarping. Blowouts, parabolics and finally transgressive dune field formation then followed.  

2.6 The Future  

Climate change is highly likely to have major implications for coastal dune erosion globally, 

posing a pronounced threat to our coasts (Hanley et al., 2014).  Sandy beaches make up 31% 

of the world’s ice free coasts worldwide according to a study by Luijendijk et al. (2018). They 

found that between 1984 to 2016, 24% of these were eroding at rates exceeding 0.5 m/yr 

and that most marine protected areas were undergoing shoreline retreat. Sea level rise and 

increased storm frequency and intensity induced by climate change will have significant 

impacts on the level of scarping effecting these coastlines (Saye and Pye, 2007; Pye and 

Blott, 2008; Coco et al., 2014; Pachauri et al., 2014; Masselink et al., 2016; De Winter and 

Ruessink, 2017). 
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2.6.1 Sea Level Rise  

Relatively rapid sea level rise and fall has had major impacts on dune erosion and migration 

(Carter, 1991). Sea level is currently rising on a global scale (Rahmstorf, 2007; Allison et al., 

2009; Nicholls and Cazenave, 2010). The International Panel of Climate Change in their AR5 

report projected a range of sea level rise between 0.52 to 0.98m by 2100 (Church et al., 

2013; IPCC, 2014). There is a significant relationship between sea level rise and the erosion 

of beaches (Le Cozannet et al., 2016). As noted earlier, high water level is one of the most 

critical factors in determining the degree to which a foredune is scarped during a storm. A 

rise in sea level allows wave energy to reach higher up the face of the foredune more often 

causing increased scarping under storm conditions. (Carter, 1991; Saye and Pye, 2007; 

Splinter et al., 2018). This effect will likely be further amplified since according to modelling 

conducted by Wang and Yang (2018), storm surge will react in an highly nonlinear manner 

to an increase in sea level rise creating higher extreme sea levels (ESLs). They determined 

that the magnification of maximum storm surge height may be up to two times that of 

increases in sea level rise in locations at risk to severe storm surge. Vousdoukas et al. (2018) 

showed that 1 in 100-year ESLs will likely increase by 34-76cm between the year 2000 and 

2100 under a moderate emission scenario and by 58-172cm if climate change action is 

ignored.  

Foredunes are able to respond quickly to change due to being made up of low strength 

materials (Hanley et al., 2014). Their ability to translate landwards as sea level rises through 

scarping and recovery allows them to potentially adjust to changing sea level. This natural 

process of adjusting as sea level rises, given there is some sediment supply or some 

sediment is returned to a beach following a storm, allows coastal dune systems to 

potentially survive a rising sea level without being completely eroded away (Carter et al., 
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1990; Carter, 1991; Bauer and Sherman, 1999; Christiansen and Davidson-Arnott, 2004; 

Davidson‐Arnott et al., 2018). However, it is when fixed anthropogenic infrastructure is 

placed behind or within a dune system that erosion becomes an issue.  

Sea level rise will not impact all coastal dunes to the exact same degree as its effect will 

likely vary spatially and temporally. This will be dependent on such factors as the rate of sea 

level rise, sediment supply, geological inheritance (low countries will be highly affected), the 

wind regime, and subsidence (Saye and Pye, 2007; Hanley et al., 2014). In some cases, 

where sea level rise is accompanied by a given sediment supply, beach barrier progradation 

might even result as occurred during the last Post-glacial sea level transgression (Cowell et 

al., 1992; Dillenburg and Hesp, 2009).  

2.6.2 Changes in Wave Climate 

Along certain coastlines it has been demonstrated that changes to the wave climate, a key 

driver of sediment budgets, will have more of an effect on coastal erosion than sea level 

rise. (Cowell et al., 1995; Coelho et al., 2009; Hemer et al., 2013). Masselink et al. (2016) 

concluded from their study on the 2013/14 Atlantic winter storms that the changes to the 

extreme wave climate will cause the equilibrium state of beaches to change. According to 

them beach gradient, coastal alignment and nearshore bar positions will all change, 

resulting in beaches that are sediment depleted and more susceptible to scarping. 

Young and Ribal (2019) conducted a global study of trends in wind speed and wave height 

using satellite data ranging from 1985 to 2018. Their results indicate a minor increase in 

mean winds and significant wave height. However, the increase in extreme wind speeds and 

wave conditions was much more significant. Young and Ribal (2019) determined that this 

increase was most pronounced in the Southern Ocean where some of the world’s largest 
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waves are already found. Here the top 10% of significant wave heights recorded increased in 

size on average by 1 cm per year, adding up to a total of 33cm since 1985. This significant 

increase will have a direct impact on scarping extent if the trend continues as climate 

changes. As stated, wave height, in particular, extreme wave height associated with storm 

conditions, is a key component of high-water level and therefore its landward reach and 

scarping potential. 

2.7 A Model of Scarp Controls 

While there exist a few models on scarp behaviour (Christiansen and Davidson-Arnott, 2004) 

and scarp recovery (Carter et al., 1990), a model demonstrating the effect key factors that 

affect or control  scarping  does not exist. Figure 14 illustrates the individual factors that 

control or affect the spatial and temporal change to a foredune (or dune fronting the 

backshore) due to scarping and combines them into one tentative model. The controls are 

separated into two categories: primary and secondary. Primary controls determine whether 

scarping will occur or not by either allowing or restricting high water level from reaching the 

toe of the foredune. Secondary controls, along with the primary controls, then dictate the 

morphological response and degree of scarping that occurs after a given high water level 

has impacted the dune.  

A high and low level of each factor and the effect it has on producing a greater or lower 

degree of scarping is presented. This is indicated by arrows with solid arrows indicating 

greater scarping and dashed arrows less. Figure 14 demonstrates that a higher level of 

vegetation cover, greater beach width, beach gradient/grain size, compaction, and greater 

amount of large woody debris or wrack results in less foredune scarping magnitude (Hesp, 

1988; Nishi and Kraus, 1997; Pye and Blott, 2008; Feagin et al., 2015). This indicates that 
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when each of these controls is amplified, foredune scarping will occur to a lesser extent. 

When they are combined, the level of spatial and temporal change post-scarping is further 

reduced. Figure 14 also indicates that a higher high water level and larger foredune size and 

volume results in an increase in scarp magnitude (Short and Hesp, 1982; Pye and Blott, 

2008; Coco et al., 2014). Thus, the degree of scarping that occurs during an erosional event 

will be increased by how high the water level reaches (including duration). Overall, the 

model shows that the greatest foredune scarping will occur when an extreme high water 

level passes easily over a flat and narrow beach and then impacts a large dune with a low 

level of vegetation cover/rootmass and compaction.  

Ideally Figure 14 would also indicate the relative significance of each of the controls on the 

degree of scarping. However, it is currently difficult to determine which factor or control is 

the most significant after high water level as comparative studies have not been conducted, 

and this is obviously an area for future research.  
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Figure 14: A conceptual model of scarping controls demonstrating the effect a high and low degree of each 
control has on producing a larger or smaller degree of foredune scarping. The solid arrows indicate a larger 
degree of scarping and dashed arrows smaller.  

 

2.8 Conclusion 

This review indicates that to better understand dune erosion and scarping processes, and 

subsequent dune evolution, further research is required on the following: 

1. The effects of plants on levels of erosion and scarping. In particular, how do different 

pioneer and shrub plant species affect dune stability and scarping? What does the variation 

in plant root and stem density, depth, strength, and mass have on dune stability? 

Observations and analysis of data obtained in the field are critical as it is difficult to nigh 

impossible to replicate field characteristics in wave tank studies. 
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2. Surfzone–beach type controls on beach erosion and the degree of scarping. Observations 

and tests that record the difference in the magnitude or degree of scarping occurring on 

reflective versus intermediate versus dissipative beaches under the same storm and 

offshore swell conditions would be very useful. 

3. The effect of compaction, particle size, and particle roundness on scarping. These have 

been largely ignored in experiments. 

4. The influence of LWD and wrack on the degree of scarping. 

5. How Robin’s Rule (Davidson-Arnott, 2005) operates post-scarping and how dune 

translation occurs as sea level rises. Such studies should include the role of sediment supply 

to the beach following an erosion event. 

6. The extent to which scarping and its controls will be affected by climate change. For 

example, how will dune vegetation respond to warmer temperatures, and will species 

change occur as the climate changes thereby potentially increasing or decreasing dune 

resilience? How will this affect scarping and the likelihood of scarping triggering 

blowout/parabolic formation or entire dune system change? 

7. The factors that determine the degree to which a foredune will be scarped have been 

shown to include water-level height, height and volume of the foredune, vegetation density 

and distribution, plant root mass and rooting depth, compaction of sediment, presence or 

not of wrack and LWD, the original foredune morphology (antecedent conditions), and 

surfzone–beach type. A tentative new model summarising many of these factors has been 

presented. Apart from the significance of water level, the significance of each of the factors 

controlling the degree of scarping is not yet fully certain. Scarping can lead to subsequent 
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changes to the morphology of the foredune, and on occasion the entire dune system. These 

changes include potential dune translation, blowout and parabolic dune formation, the 

transition to a transgressive dune sheet or dunefield, and potentially complete removal of a 

dune system. 

8. Sea-level rise and climate change are certain to bring about an increase in the frequency 

and magnitude of scarping. It is, therefore, critical to better understand the factors that 

control the magnitude of scarping and what effect this may have on dune systems. Further 

research is required to determine the relative importance of some of the controls on the 

degree of scarping detailed here, and future investigations on what constitutes the most 

vulnerable beaches and dune systems, and why, is required. 
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CHAPTER 3 
 

RAPID SHORELINE AND DUNEFIELD CHANGE, SALMON HOLE, 
SOUTH AUSTRALIA   

 

Published in Science of the Total Environment: Davidson, S.G. (80%), Hesp, P.A. (10%) and 

Silva, G.M.D. (10%) Rapid shoreline and dunefield change, Salmon Hole, South Australia.   

 

3.1 Abstract 

Since the 1940’s, rapid shoreline and dunefield changes have been ongoing at Salmon Hole, 

an embayment situated near Beachport in the SE of South Australia. Storm induced erosion 

has nearly removed the entire dunefield and created a lagoon confined by a calcarenite 

reef. This study examines the progress, dynamics and causes of the erosion to determine 

why it has been so severe, using historical aerial imagery, wave reanalyses data, Digital 

Surface Models (DSM’s) from drone surveys and through the volumetric analysis of 

topographic profiles. The results gained through analysing shoreline change at Salmon Hole 

are then discussed based on Phillips (2009) change assessment system. This study found 

that a combination of the formation of the ‘lagoon’ between the mainland/dune system and 

the offshore reef and the resultant breakthrough of the tombolo that have led to the 

acceleration of the erosion processes seen at Salmon Hole. The formation of the lagoon 

initiated a divergent evolution that continues in the form of a significant geologically 

controlled longshore current and terminal rip that enhances removal of sediment during 

and following erosion of the dunes. It appears that each time the lagoon widened post 

storm erosion it resulted in an increase in the efficiency of the current, resulting in a 
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positively reinforcing feedback loop furthering the erosion level during each successive 

storm. The profiles taken from the drone survey DSM’s reveal the processes involved in 

scarping and demonstrate how dune systems with zero sediment supply will respond to 

future climate and wave conditions. Coastal systems experiencing a deficit in sediment 

supply will not be able to translate landwards/upwards resulting in their removal. If the 

current rate of erosion at Salmon Hole is maintained into the future, the entire system is 

likely to be fully eroded within the next 30 years. 

 

3.2 Introduction 

Erosion of the world’s coastlines is becoming ever more prevalent as anthropogenic 

pressures continue to rise and the consequences of climate change begin to be observed 

(Vitousek et al., 2017). Shoreline erosion is set to increase both in magnitude and frequency 

due to sea level rise and increase in storminess (Morton and Sallenger Jr, 2003; Zhang et al., 

2004; Castelle et al., 2015; Vousdoukas et al., 2018). While changes in wave energy, increase 

in storm frequency and magnitude, and changes in sediment supply will undoubtedly affect 

coastal evolution in the future, geological inheritance will also play a large role in 

determining how coastal sections will respond (Short, 2010).   

Geological inheritance plays a significant role in influencing the coastal processes that 

contribute to shoreline change (Short, 2010; Gallop et al., 2020). This is often the case on 

Australian beaches which are commonly surrounded by the presence of bedrock, calcarenite 

or laterite, and coral reefs positioned both on and offshore (Short, 2010). By manipulating 

wave energy these features can affect flow circulation and therefore sediment transport 
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within a system (McCarroll et al., 2014; Gallop et al., 2020). This in turn controls beach 

location, shape and type plus impacts to any connected dunefield (Short, 2010).  

Sediment transport within, and between geologically controlled embayment’s has been 

observed to be initiated by bypassing and embayment scale circulation (Castelle et al., 2016; 

Valiente et al., 2020). Normal beach circulation and rip formation is modified in 

embayment’s by headlands and their associated end effects. As wave energy increases and 

bay width decreases more of the bay’s circulation is affected (Short, 1999). Cellular rips form 

at either the centre of the embayment or at one or both headlands depending on a 

combination of shadowing, deflection and channelization mechanisms (Castelle et al., 2016). 

When these rips form under high wave energy conditions their size and strength means they 

are often referred to as ‘mega -rips’ (Wright et al., 1978; Short, 2007). Mega rips have been 

observed to flow at high velocity and further seawards than regular rips resulting in rapid 

and severe erosion (Short, 1999). This results in periodic flushing of sediment out of the 

embayment allowing it to be transported alongshore from bay to bay via wind and wave 

generated currents (Castelle and Coco, 2013). Similar rips on a lesser scale can be formed by 

low to moderate wave energy conditions for narrower embayment’s (Castelle et al., 2016).  

At any given moment a coastal geomorphological system is in constant and highly variable 

flux as sediment is shifted by hydrodynamic and aeolian forces (Phillips, 2009). A system 

may be divergent and tending towards increasing variability or convergent and evolving 

towards stability (Phillips, 2014). A system can also be said to be at equilibrium when it has 

adjusted to all its environmental constraints and context. However, this equilibrium can 

collapse when significant change to the variables or dynamics of a coastal system occur. 

Depending on the extent of the change the system will often revert to its steady state. 
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(Bracken and Wainwright, 2006; Phillips, 2009; 2011). Phillips (2009) developed a 

framework for change assessment based on four categories: Response, Resistance, 

Resilience and Recursion: Response is the rate of geomorphic reaction to change, resistance 

is the ability of the system to impede the change, resilience is the ability of the system to 

return to the pre disturbance state and recursion is the potential for either positive or 

negative feedbacks to the change (i.e. the rate of the change increasing or decreasing 

overtime due to an aspect of the change itself) (Phillips, 2009). In the following we utilise 

this change assessment system to examine major shoreline and dunefield changes at 

Salmon Hole an embayment situated near Beachport in the SE of South Australia (Figure 

15). The shoreline changes at Salmon Hole have been significantly dictated and enhanced by 

geological inheritance, alongshore current and rip formation. 

 

Figure 15: Salmon Hole study site situated near Beachport SE South Australia (image from 2013). The reef 
which extends across the bay is semi-exposed at low tide as shown in this image. A prominent scarp may be 
observed along the dune edge. An artificial rock ‘tombolo’ is present at the northern margin of the bay. The 
beach originally reached the seawards edge of the exposed reef in 1946. 
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Coastal erosion and shoreline change due to storm conditions has been extensively 

documented (Carter et al., 1990; Hesp, 2002; Pye and Blott, 2008; van Rijn, 2009; Castelle et 

al., 2015; Splinter et al., 2018; Sytnik et al., 2018; Davidson et al., 2020). Recently, shoreline 

change ranging over days to years has been increasingly a focus of research as historical 

aerial imagery datasets have been built over time (Masselink and Pattiaratchi, 2001; Boak 

and Turner, 2005; Castelle et al., 2018). For example Pye and Blott (2008) have analysed 

historical shoreline change along the Sefton Coast in the UK finding a section of coastline 

that had eroded at a relatively high long-term average of 3m/yr between 1958 and 2008.  

Fearnley et al. (2009) observed an extreme average erosion rate of 27m/yr between 1855 

and 2005 along the Chandeleur Islands, situated of the coast of Louisiana. This extreme 

example is due to erosion from repeated hurricane events including the recent Camille, Ivan 

and Katrina events. This study aims to use aerial imagery along with wave data reanalysis to 

examine rapid coastal erosion and the role of geological inheritance has had in the historical 

past and continues to play at Salmon Hole (Figure 15). This erosion has been ongoing since 

the 1940’s and has nearly removed an entire transgressive dunefield. The changes to the 

dunefield will also be examined using Digital Surface Models (DSM’s) from drone surveys 

and through the volumetric analysis of topographic profiles. The results gained through 

analysing shoreline change at Salmon Hole will be discussed based on Phillips (2009) change 

assessment system. This change assessment system has been chosen as it considers the 

magnitude of the event, its temporal facets, and spatial aspects (Phillips 2009). This study 

aims to examine the causes, dynamics and progress of the erosion and therefore determine 

why it has been and continues to be so severe.  
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3.2.1 Study Site  

Salmon Hole is a small headland-bay beach situated in Beachport, SE South Australia (Figure 

1). It is characterised by a reflective beach/surfzone fronted by a Pleistocene aeolianite 

calcarenite reef located approximately 100 m offshore (Short and Hesp, 1982; Short and 

Hesp, 1984; Short, 2019). The SE of South Australia is known for the preserved carbonate 

dominated Pliocene - Pleistocene barriers and inter barrier depressions that lithified as the 

coast slowly uplifted during sea level oscillations, providing a 7 million year record of barrier 

and sea level history (Short and Hesp, 1982; Short and Hesp, 1984; Short, 2019). Some of 

the barriers that were formed at lower sea levels than present were eroded and submerged 

during the last marine transgression creating reefs and islands. Located between the reef 

and beach at Salmon Hole is a permanent shallow ‘lagoon’ similar to the Yanchep Lagoon in 

Western Australia (Gallop et al., 2020). Geological controlled lagoons of this nature are also 

found in coral reef systems (Kennedy and Woodroffe, 2002; Kennedy, 2003).  

A natural tombolo existed at the northern end of the bay (Figure 16). The tombolo was 

eventually breached by storm waves in 2000 and then replaced by an artificial rock tombolo 

in 2003 (Figure 16). 

The dunefield backing Salmon Hole was originally a transgressive dunefield which was 

significantly active in the post-1946 period (when the earliest photography is available), and 

over time it has become increasingly vegetated. The remaining dunes reach up to 20 m and 

have been severely scarped which has led to the formation of a major blowout and several 

small ones in the scarped dune crest. The dune vegetation comprises shrub and tree species 

rather than grasses due to the extent of the erosion into the dune system. The scarped dune 

is not a foredune despite being the foremost dune adjacent to the beach (Hesp, 2002); it is, 
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in fact a transgressive dunefield remnant (compare the photographs in Figure 2). Behind the 

dunefield at the northern end of the bay is a saline lake called the Pool of Siloam (Figure 16). 

To the north of Salmon Hole, a bay called Pleasant Cove is characterised by a reflective 

beach backed by a low stage 1 foredune that has been recently scarped (Figure 16).  

The coastline faces south to south west and experiences persistent high energy south 

westerly swell provided via midlatitude cyclones enhanced by south west storms and south 

easterly sea breezes (Short and Hesp, 1982; Short and Hesp, 1984; Short, 2019). The wave 

climate is described by Short and Hesp (1984) as being ‘persistent year-round moderate to 

high southwest swell, peaking during April to September, while periods of low swell are 

infrequent and calms rare’. This region is microtidal with the mean spring tide ranging from 

1.1 m at Port MacDonnell (82 km to the southeast of the study site) to 1.3 m at Cape Jervis 

(271 km to the northwest of the study site). The coastline surrounding Salmon Hole is made 

up of both long sections of uninterrupted beach such as the 180km long Younghusband 

Peninsula barrier system and similar sandy embayment’s to Salmon Hole that are separated 

intermittently by sections of calcarenite rocky features, headlands and reefs (Short and 

Hesp, 1982; Short and Hesp, 1984; Short, 2019). Beach and dune erosion, possibly due to a 

lack of modern sediment supply, and to anthropogenic activities is common to this area but 

not to the extent observed at Salmon Hole.  

In Salmon Hole, under conditions of storm surge and particularly when storm surge and high 

tide occur simultaneously, the raised water level allows higher wave energy to pass over the 

reef and erode the dune system (Fotheringham, 2009). Storm surge in South Australia 

develops due to intense low-pressure systems and generally ranges between 1.5 and 2 m 
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for the southern coast of South Australia (Short and Hesp, 1982; Short and Hesp, 1984; 

Short, 2019).  

 

Figure 16: Aerial image of Salmon Hole taken in 1946 (left panel) and in 2016 (right panel). Severe erosion 
and development of a lagoon has occurred at Salmon Hole. 

 

3.3 Methodology 

3.3.1 Aerial Imagery 

Aerial imagery was obtained from aerial photography and georectified imagery from the 

Department of Environment and Water (DEW), Google Earth historical satellite imagery, and 

UAV/drone orthomosaics (see Table 1).  

After imagery georectification were conducted in ArcMap. Ground Control Points (GCP’s) of 

key features on the study site and visible from the air where obtained using a Trimble Real 

Time Kinematic (RTK) Global Navigation Satellite System (GNSS).  

The GCP’s were aligned with their corresponding feature in the imagery using Arcmap. 

Given some of the images have already been orthorectified by DEW these were used to 

assess the accuracy of the georeferencing of the photographs, google earth images and 
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drone orthomosaics. In order to further align the imagery, key points visible in DEW’s 

georectified imagery were identified and new tie points created to obtain the best fit 

(Hanson and Seeger, 2015).   

Table 1: Acquisition date of imagery used in analysis along with associated data including source, type, pixel 
size, original image scale, total RMS and RMS error in meters. 

Date Source Type Pixel Size 

(m) 

Scale Total 

RMS 

RMS Error (m) 

14/02/1946 
 

Light Aircraft 

Survey Frame 

2.22 - 2.85 6.327 

13/12/1950 DEW Light Aircraft 

Survey Frame 

0.39 1:32,000 3.47 1.3533 

27/01/1951 DEW Light Aircraft 

Survey Frame 

0.37 1:32,000 2.85 1.0545 

25/02/1975 DEW Light Aircraft 

Survey Frame 

0.28 1:10,100 1.28 0.3584 

18/02/1978 DEW Light Aircraft 

Survey Frame 

0.81 1:40,000 0.99 0.8019 

19/2/1978 DEW Orthorectified - 1:40,000 - within 2 

3/03/1982 DEW Light Aircraft 

Survey Frame 

0.49 1:40,000 2.68 1.3132 
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7/09/1989 DEW Light Aircraft 

Survey Frame 

0.52 1:16,000 2.91 1.5132 

30/1/1992 DEW Light Aircraft 

Survey Frame 

0.8 1:40,000 2.339 1.8712 

4/2/1997 DEW Light Aircraft 

Survey Frame 

0.81 1:40,000 2.47 2.0007 

29/11/1999 DEW Light Aircraft 

Survey Frame 

0.83 1:40,000 3.88 3.2204 

17/1/2002 DEW Light Aircraft 

Survey Frame 

0.98 1:40,000 2.94 2.8812 

23/1/2003 DEW Light Aircraft 

Survey Frame 

1 1:40,000 - within 2.5 

1/01/2007 DEW Orthorectified 0.4 Not 

relevant 

- within 2 

18/2/2008 DEW Orthorectified 0.9 Not 

relevant 

- within 4 

3/03/2013 DEW Orthorectified 0.5 Not 

relevant 

- within 1 
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20/10/2014 Google Earth Google Earth 

Image 

1.02 - 2.22 2.2644 

28/12/2015 Google Earth Google Earth 

Image 

1.02 - 2.22 2.2644 

15/3/2016 Google Earth Google Earth 

Image 

1.03 - 2.22 2.2866 

15/2/2019 Drone 

Orthomosaic 

Orthomosaic 0.012 - - 0.14 

 

3.3.2 Shoreline Analysis 

To accurately represent historical coastal erosion or accretion a consistent definition of 

what constitutes the ‘shoreline’ is required. The most commonly used proxy to define 

shoreline position for microtidal regions is the wet/dry line (Smith and Zarillo, 1990; Anders 

and Byrnes, 1991; Sekovski et al., 2014; Serafim and Bonetti, 2017; Sytnik et al., 2018). The 

wet/dry line was identified in the imagery as the change in colour tone between the wet 

and dry sand (Boak and Turner, 2005). The shorelines were manually digitised using ArcGIS 

Pro. Salmon Hole as well as Pleasant Cove were both digitised (Figure 19). Tidal correction 

was not carried out due to the majority of the images not having timestamps.  

Shoreline change was examined using Digital Shoreline Analysis (DSAS) version 5.0 (Thieler 

et al., 2009). This software expansion allows ArcMap to calculate rate of change statistics 

from the distances between shorelines by the addition of cross shore profiles or transects 
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placed at the user’s discretion. This method has been widely used in shoreline change 

studies (To and Thao, 2008; Oyedotun, 2014; Bheeroo et al., 2016; Sytnik et al., 2018; 

Nassar et al., 2019). Statistics produced by DSAS are generated based on the spatial and 

temporal change between each of the shorelines and are described in Table 2.  

Table 2: DSAS statistics descriptions  

Shoreline Change Envelope - SCE Distance in meters from the shoreline closest to the 

baseline to the one furthest away, calculated for each 

transect (Himmelstoss et al., 2018). 

Net Shoreline Movement - NSM Distance between the oldest and youngest shorelines 

for each transect. This number is given a sign either 

positive or negative depending on whether erosion or 

accretion has occurred (Himmelstoss et al., 2018; 

Sytnik et al., 2018). 

End Point Rate - EPR The rate of change measured in m/yr between the 

youngest and oldest shoreline for each transect using 

the distance from each NSM value (Himmelstoss et 

al., 2018). 

Linear Regression Rate - LRR All shoreline points on a transect are fitted with a 

least-squares regression line. The linear regression 

rate is the slope of that line (Dolan et al., 1991; 

Crowell et al., 1997; Genz et al., 2007; Himmelstoss et 

al., 2018).  
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Of all the statistics in Table 2 the linear regression rate Linear Regression Rate (LRR) method 

is the most suitable for shoreline change that involves both erosion and accretion within a 

certain time period as all of the shorelines are fitted with a least-squares regression line and 

thus taken into account. This is in contrast to the other statistics in Table 2 which are either 

based on the oldest and youngest shorelines or the two shorelines furthest apart. However, 

the LRR often underestimates rate of change when compared to other methods like End 

Point Rate (EPR) (Dolan et al., 1991; Crowell et al., 1997; Genz et al., 2007; Himmelstoss et 

al., 2018).  

Two baselines were drawn following the entire curvature of Salmon Hole and Pleasant Cove. 

Transects were placed 25 meters apart resulting in a combined total of 31 transects.  

3.3.3 Potential Errors 

Shoreline detection and digitising can be hindered by several factors (Sytnik et al., 2018). 

Identifying the wet/dry line was difficult in certain earlier images, for example, in the black 

and white imagery, so the instantaneous water line was used instead. The instantaneous 

water line is defined as the line on a photograph that indicates where the upper swash has 

stopped. Due to Salmon Hole’s steep narrow reflective beach, this line is actually very close 

to the wet/dry line. Given this, and the extent of the time difference between images this 

was considered a very minor limiting factor (Sytnik et al., 2018). 

Images from peak swell/storm times (specifically winter) and with significantly visible high 

tides were excluded to give a better representation of the average shoreline at any given 

time (Sytnik et al., 2018).  Shoreline analysis was conducted on all available images, as well 

as to roughly 10 year intervals (as best as the available imagery would allow) to reduce 

potential short-term errors and to indicate a more representative long-term shoreline trend 
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(Eliot and Clarke, 1989; Dolan et al., 1991). These years were 1975, 1989, 1999, 2008 and 

2016. The earliest (1946) and most recent (2019) imagery was also included. 

3.3.4 Time Series  

To better visualize the period of change specifically related to the breakthrough of the 

tombolo a time series for Transects 9 and 10 (transects closest to the tombolo and on either 

side of it) was created. A time series was also created using erosion/accretion statistics 

based on a new transect (transect tombolo, shown in Figure 24) closer to the point of 

tombolo breakthrough on the Salmon Hole side. These time series were created by 

determining the Net Shoreline Movement (NSM) distance between each shoreline available 

between 1999 and 2009. For example, the distance of -10.4m shown in 2000 is the distance 

eroded between 1999 and 2000. Note that data is not available for every year, so in some 

cases the calculations relate to more than one year’s difference (e.g., the 2002 data point is 

for 2 years: 2000 to 2002). As stated above, some error might be introduced due to tide 

state and wave energy on the day the photograph/image was taken. However, where there 

are significant levels of erosion and accretion such errors are largely negated.  

3.3.5 Wave Data  

In order to identify storm events that could have a significant impact on shoreline changes, 

significant wave height (Hs) was obtained from the ERA5 monthly averaged reanalysis 

product from 1979 to present, developed by the European Centre for Medium-Range 

Weather Forecasts (ECMWF) and downloaded through the online climate data store. 

Reanalysis was used as the closest wave observation is ~160 km away to the East in Cape 

Bridgewater. The significant wave height (Hs) data was taken from the grid point shown in 

Figure 17 due to its proximity to Salmon Hole at the coordinates 37.4881° S, 140.0133° E.  
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The top 3% of monthly Hs averages were considered to represent significant storm periods. 

The top 3% is made up of months where the averaged Hs is above 3.87 as shown further 

below in Figure 25.   

 

Figure 17: Grid point (in red circle) used for significant wave height data due to its proximity to Salmon Hole 
at 37.4881° S, 140.0133° E (star). 

3.3.6 Digital Surface Models  

Three Digital Surface Models (DSM’s) were analysed as part of the study on the ongoing 

erosion at Salmon Hole. This was done to gain further insight into the processes involved in 

the erosion by providing a three-dimensional comparison of the stoss slope before and after 

erosion events. These were created through UAV surveys conducted on the 28/8/2017, 

15/2/2019 and 16/5/2020. Ground control was achieved using ground control point (GCP) 

targets placed throughout the flight area. The height relative to GHD and location was 

obtained using a Trimble RTK – GNSS unit. The vertical view images from these surveys 

where stitched together in Pix4D photogrammetric software (Suziedelyte Visockiene et al., 

2014). Arc GIS was then used to make 2D profiles from the DSM’s for comparison.  
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3.3.7 Topographic Profiles and Erosion Volumes  

Fifteen topographic profile lines were emplaced at Salmon Hole by the Department of 

Environment and Water (DEW) in 2001 (Figure 18). These beach-dune profiles were placed 

roughly 30 m apart and were surveyed by DEW in 2001, 2009 and 2017 (Fotheringham, 

2009; Hesp et al., 2018). Profiles were surveyed using a highly accurate RTK GPS system with 

vertical and horizontal accuracy within a few cm in reference to the Australian Height 

Datum (AHD). Volume loss at each profile was calculated using the programmes CalcVol and 

CalChainage.  Total volume loss along the entirety of the bay was then determined by using 

each profile to represent the distance halfway between it and the next profile on either 

side. The volume loss from the profiles were then multiplied by these distances and added 

together (Hesp et al., 2018). Topographic data and volume loss were provided by DEW and  

Hesp et al. (2018).  

 

Figure 18: Topographic survey lines set up by the State Department of Environment and Water and utilised 
to conduct repeat surveys of the dunes and bay.  
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3.4 Results  

3.4.1 Shoreline variability 

Figure 19 and Figure 20 show considerable shoreline change between 1946 and 2019 at 

Salmon Hole and Pleasant Cove. Both embayment’s have undergone significant spatial 

change over a relatively short time.  In this section the average distance of erosion or 

accretion is taken from the Net Shoreline Movement (NSM) statistic and the erosion rate is 

the Linear Regression Rate (LRR).  

The average overall erosion at Salmon Hole using shoreline map spaced roughly a decade 

apart was -100.17 m over 73 years (1946 to 2019) as shown in Figure 20. The maximum 

distance eroded was -113.36 m at transect 5 (see Figure 21). The average rate of change was 

-1.44 m/yr (Figure 21) while the maximum rate of change was -1.7m/yr on transect 14 

towards the northern end of the bay (Figure 21).  

When analysing the shorelines at a decadal rate of change for Pleasant Cove the overall 

average amount of accretion was 24.89 m (Figure 20). The maximum was 30.57 m of 

accretion which occurred on transect 5 (Figure 20). Interestingly, the Shoreline Change 

Envelope’s (SCE) average distance was significantly larger at 46.18 m with a maximum 

distance of 52.41 m.  This is due to the 2008 shoreline being the furthest away from the 

baseline rather than the most recent shoreline from 2016. This indicates that erosion has 

occurred post-2008 (Figure 20). However, it must be noted that using the SCE to analyse 

only two shorelines like this introduces the potential for greater error as seasonal change in 

shoreline position, for example, can have more of an effect. Overall, the average rate of 

erosion was 0.52 m/yr. The maximum rate was 0.61m/yr on transect 6 positioned near the 

middle of the bay (Figure 21).  
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Figure 19: Shoreline change at Salmon Hole from 1946 to 2019 overlaid on a 2013 orthorectified aerial 
image. The shoreline was located on the edge of the reef in 1946. 
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Figure 20: Shoreline variability in decadal intervals from 1946 to 2019 at Salmon Hole overlaid on a 2013 
orthorectified aerial image. 
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Figure 21: (Top) Transect positions, shoreline intersection points and given numbers overlayed on image of 
Salmon Hole and Pleasant Cove. This figure also shows the Linear Regression Rate (LRR) for all shorelines. 
The LRR provides a rate of erosion statistic that includes all the shorelines by fitting each intersection point 
of the transect with a least-squares regression line. The linear regression rate is the slope of that line. 
(Bottom) Linear regression rate (LRR) measured in meters per year for each transect from north to south. 
Transects 1-9 are from Pleasant Cove and 10-31 are from Salmon Hole. A clear pattern of overall accretion at 
Pleasant Cove versus overall erosion at Salmon Hole can be identified between 1946 and 2019. 
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3.4.2 Key Periods of Change 

Thus far the statistics have been conducted on all the shorelines collectively. Further 

analysis was conducted on shorelines from periods that showed significant together 

erosion/accretion or related to apparent significant events (Figure 29). This was done to 

identify what has driven the shoreline change. For this section, the End Point Rate (EPR) 

statistic has been used for determining the erosion rate as often the distance between only 

a few shorelines are discussed. The LRR was not used as it often underestimates rate of 

change when compared to End Point Rate and relies on multiple shorelines for its least-

squares regression line to be effective. The statistics for the shorelines grouped together for 

closer examination of specific spatial and temporal change can be seen in Appendix 1 and 2.  

3.4.2.1 Pre-Tombolo Breakthrough 

Figure 22 shows the expansion of the lagoon at Salmon Hole from its initial development 

from 1946 to 1975 to just before the tombolo was breached in 1999. The 2016 image 

indicates the direction of the current and the position of the headland-controlled rip at the 

northern end of the lagoon. From 1946 until 1999 when the tombolo broke through the 

average erosion rate was 1.25 m/yr, similar to the 1.8 m/yr average erosion rate from 1999 

onwards. This indicates that significant erosion was occurring prior to the breakthrough of 

the tombolo. Within this period, little erosion was seen between 1946 and 1975 as shown 

by the comparatively low average erosion rate of only -0.63 m/yr (Figure 29). This changed 

between 1975 and 1999 where large levels of erosion were seen at Salomon Hole (Figure 20 

to 9). The average distance eroded was -48.89 m with a maximum of -74.75 m seen at 

transect 11 near the tombolo (Figure 21). The average rate increased to -1.97 m/yr (Figure 

29). Between 1992 and 1997 alone the beach alongside the northern headland displayed -

42.98 m of erosion (specific transect drawn along this area). From 1992 to 1999 Salmon 
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Hole eroded an average of 23.96 m at an average rate of -3.19 m/yr with a maximum rate of 

-6.14 m/y found at transect 10 (Figure 29). This is very similar to the rate of -3.49 m/yr of 

erosion seen directly after the tombolo broke through between 1999 and 2003. This 

indicates that the breakthrough of the tombolo did not have as large an effect on an 

increase in erosion as would be expected as significant erosion was an ongoing event prior 

to the breakthrough.  

Progradation corelating to the erosion at Salmon Hole between 1975 and 1999 occurred at 

Pleasant Cove, as can be seen in Appendix 2. 

 

Figure 22: Sequence of shoreline erosion and lagoon development behind the reef of Salmon Hole between 
1946 and 1999. Note that in 1946 the beach was attached to the landward margin of the aeolianite reef, 
whereas by 1999 a significant lagoon had been formed behind the reef. The yellow arrow in the 1946 image 
shows waves are opening up the lagoon on the southern end of the reef. The erosion can be seen to begin 
from this end and then extend into and along the modern-day lagoon over time. The yellow arrows in the 
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2016 image show the propagation of wave energy into the lagoon. This helps to drive a current around the 
bay even under small wave conditions and has resulted in the development of subaqueous transverse 
dunes.    

3.4.2.2 Tombolo Erosion 

Up until this present study the breakthrough of the tombolo had been placed between 1997 

and 2001 by (Fotheringham, 2009). However, the aerial imagery shows a gap formed in the 

tombolo between 29/11/1999 and 14/07/2000 (Figure 24). The storm responsible for the 

initial gap development was most likely an event recorded at Cape Jaffa, located 65 km 

NNW of Salmon Hole, in The Bureau of Meteorology’s severe storm archive. On the 27th of 

May 2000, gale force winds blew at Cape Jaffa for 5 hrs, followed by a secondary frontal 

system that resulted in severe gusts at Cape Willoughby, 246 km NW of Salmon Hole, and 

continued to generate gale force winds across the southeast on the 28th May. The gap 

remained open until 2003 (Figure 24). 

During the period the tombolo was open between 1999/2000 and 2003, the average 

erosion rate increased to 3.49 m/yr with rate as high as -6.15 m/y found at transect 13.  On 

average -13.82 m of erosion was seen with a maximum distance of -24.34 m of erosion at 

transect 13 near the tombolo end. Both transect tombolo and transect 10 time series 

indicate that the majority of the erosion occurred during and directly after the 

breakthrough. A loss of up to -16.36 m was recorded in 2000 at the tombolo transect and -

13.17 m in 2002 at transect 10 (Figure 23). Minor accretion is shown for both 2003 and 2005 

(Figure 23) but note that this period includes the period after the artificial tombolo was put 

in place. As stated above this is not as significant an increase from before the breakthrough 

as would be expected given sediment now had a much more efficient means to exit the bay. 

During the same period, it is very likely that sediment transported through the gap in the 

tombolo caused Pleasant Cove to accrete on average 23.96 m. The average rate of accretion 
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was 6.06 m/yr, a significant increase from the overall average of 0.36 m/yr. The transect 9 

time series from Pleasant Cove indicates that initial sediment transport was not as 

immediate as the erosion at Salmon Hole with slight erosion being recorded in 2000 (Figure 

23). However, this was followed by 37.25 m of rapid accretion between this time and 2002 

(Figure 23).  

An artificial rock tombolo was put in place in 2003 to close the gap, and this was initially 

effective even becoming partly covered by sand (Figure 24). The placement of the tombolo 

resulted in 6.16 m of accretion between 2003 and 2005 at transect tombolo (Figure 24). 

However, according to Fotheringham (2009) it was clear that by 2004 issues had developed. 

The beach to the northern side began to erode undermining and outflanking the artificial 

tombolo and causing it to be directly impacted by waves. This resulted in smaller rocks being 

dislodged which weakened the structure leading to a breach during a large swell event in 

2006 (Fotheringham, 2009). This led to -2.26 m of erosion at transect tombolo between 

2005 and 2007 (Figure 23). However, this was not reflected along the entirety of the bay 

with 0.42 m of accretion occurring at the nearby transect 10 during this period (Figure 23). 

In 2007 the artificial tombolo was rebuilt with larger rocks and designed to allow wave 

overtopping during storm events (Fotheringham 2009). The average distance of erosion 

between 2003 and 2007 at Salmon Hole reduced to -2.95 m and the mean rate of erosion 

also dropped to -0.94 m/yr. Pleasant Cove transitioned from accretion to erosion with an 

average distance of -13.16 m eroded at a mean rate of a high -4.2 m/yr. -13.33 m of erosion 

was seen at transect 9 between 2003 and 2005 (Figure 23).  

After repairs and reinforcement were complete, sediment again initially built up on both 

sides of the artificial tombolo between 2007 and 2008 (Figure 23 and Figure 24). In 2008 
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accretion was recorded on both sides of the tombolo with 3.13 m at transect tombolo and 

14.44 m at transect 9 (Figure 23). Again, the accretion at the tombolo was not matched at 

transect 10 with minor erosion occurring there and likely contributing to the progradation at 

pleasant cove (Figure 23). Overall an average of 10.62 m of accretion occurred at Pleasant 

Cove during this time. However, after 2008, the Bay began to retreat again and continues to 

do so until the most recent image of the area taken in 2016 (Figure 24). This can be seen in 

Figure 24 as sediment is eroded either side of the artificial tombolo. Between 2008 and 

2016 an average of -13.55 m was eroded at a mean rate of -1.68 m/yr.  

 

Figure 23: Time series showing erosion and accretion in meters between 1999 and 2009. Including transects 
9 and 10 (either side of the tombolo) and transect tombolo which is a transect drawn at the tombolo on the 
Salmon Hole side as shown in Figure 24. A correlation between erosion at Salmon Hole and accretion at 
Pleasant Cove can be seen during the breakthrough of the tombolo.  
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Figure 24: Natural tombolo break through and artificial tombolo implementation sequence between 1999 
and 2016. The location of the tombolo transect is indicated in the 1999 image. 
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3.4.3 Storm Record  

3.4.3.1 Pre-Tombolo Breakthrough 

Figure 25 shows significant wave height (Hs) for years which had at least one month with Hs 

in the top 3% (3.87 m or above) within a year between 1979 to present. The hindcast data 

which dates back to 1979 shows a major storm occurring during both September 1980 and 

August 1991 (Figure 25). However, there were no notable periods of increased significant 

wave height between 1992 and 1999, and yet there was a significant increase in erosion 

particularly at the tombolo end as seen in  

Figure 22. This erosion is well correlated with a significant widening of the lagoon and the 

northern edge of the shore is therefore eroded due to the landward expansion of the 

lagoon.  

3.4.3.2 Tombolo and Post-Tombolo Breakthrough 

The gap in the tombolo formed between 1999 and 2000 (Figure 24). Figure 25 shows large 

values of significant wave height during May of 2000 suggesting that this could be the 

period in which the gap was created. Several storm periods with significant wave height 

averaging above 3.87 m were recorded in the years that followed whilst the gap was open. 

These include September of 2000, August of 2001, and July and September of 2002 which 

likely acted to drive large volumes of sediment though the gap (Figure 25). 

After the artificial tombolo was built, several years with significant storms occurred 

including in 2003, 2004, 2009, 2013, 2016, 2017, 2018 and 2019 continuing to drive the 

erosion, although at a slower rate (Figure 25). 
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Figure 25: Average Hs for each month for the years between 1979 and 2019 that have at least one monthly 
average Hs in the top 3%. A (top panel) shows years between 1979 and 2003; B (bottom panel) shows years 
from 2004 to 2019. Raw data source: European Centre for Medium-Range Forecasts.  

 

3.4.4 Volumetric Analysis of Topographic Profiles  

Table 3 shows the volumetric analysis of topographic profiles 710017 (southern end), 

710027 (middle) and 710032 (northern end) measured in 2001, 2009 and 2017 by the SA 

Department of Environment and Water (DEW) (see Figure 18 for locations). Columns B, C 
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and D show the profile volumes for each year. The volumes loss at each profile between 

these years is presented in columns E, F and G.  

Profile 710017 covers a large section of low lying dunefield at the southern area of the bay 

(Figure 18). Only 17% of the original volume of sediment was lost from this section between 

2001 and 2017 with a reduction of 141 m3 ( 

 

Table 3). At the northern end of the bay at profile 710032 and during this same period a 

similar level of sediment was lost (164 m3), however this was 44% of the original volume of 

sediment (Figure 18,  

 

Table 3). Profile 710027 located in the middle of the bay and lines up with both a high and 

wide section of the remaining dunefield (Figure 18). This section started with the highest 

volume at 1028 m3 and lost 547 m3 of sediment between 2001 and 2017 leaving it with less 

volume than is now at profile 710017 (southern end of the bay) and a loss of 53% ( 

 

Table 3). A ~3 m decrease in the height of the dune crest at profile 710027 in Figure 26 

visually demonstrates how dramatic the erosion has been. The loss between 2001 and 2009 

is significantly higher than the loss between 2009 and 2017 for all profiles.  

Over the 16-year period (2001 - 2017), the total volume loss along the entire length of the 

bay, determined by taking into account the distance along shore between the profiles, 

equated to 175,520 m3/m. This reflects an annual loss of 10,970 m3/m. A loss of 15,337 
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m3/m/year was observed from 2001 to 2009 significantly higher than the 6,603 m3/m/year 

for the period 2009 to 2017. This indicates the rate of erosion has decreased since 2009, 

corresponding with the removal of the natural tombolo and the instalment of the artificial 

tombolo (Hesp et al., 2018).  

 

Table 3: Volume analysis for profiles (column A) undertaken in 2001, 2009 and 2017. The base datum for 
volume calculations was 2 m AHD. Columns B, C and D show the profile volumes for each year. The volumes 
loss at each profile between these years is presented in columns E, F and G.  

A 

Profile 

B 

2001 

(m3) 

 

C 

2009 

(m3) 

 

D 

2017 

(m3) 

 

E 

01-17 

Loss (m3) 

F 

01-09 

Loss (m3) 

G 

09-17 Loss 

(m3) 

710017 809 702 668 -141 -107 -34 

710027 1028 675 481 -547 -353 -194 

710032 375 249 211 -164 -126 -38 
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Figure 26: Profile 710027 located in the middle of the embayment. Significant levels of erosion can be seen 
particularly between 2002 (grey) and 2017 (orange). Sea is to the left. The dune is rapidly becoming smaller 
as erosion continues and no sediment is supplied between storm and erosion events. 

3.4.5 Change Within the Last 3 Years 

Figure 27 illustrates topographic profiles taken from the Drone DSM’s that demonstrate the 

effect the erosion is having on the dune system backing the beach. Significant erosion 

occurred in each of the profiles, and Profile 1 for example shows visible retreat at both the 

toe and crest of the dune.  

Profiles 3, 4 and 5 demonstrate the process of scarping and avalanching that is causing 

sediment loss from the dune system. In Profile 4 for example, scarping that occurred due to 

a storm that hit Salmon Hole in August 2017 (Figure 25) actually places the toe of the dune 

further inland than the 2019 profile due to avalanching post erosion in 2017. 

The depositional lobe of the blowout at Profile 1 is translating landwards as expected due to 

the predominance of onshore winds. A growing depositional lobe also occurs on the lee side 

of the dune some 40 – 50 m from the waterline in profiles 3 and 4 in (Figure 27). There is 
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clear visible growth of the same depositional lobe in the DSM’s in Figure 28. Further south 

along the beach at profile 6 in Figure 27 no scarping occurred in 2017; however, obvious 

retreat is visible in 2019. Further scarping and retreat can be seen in the 2020 profile.  

 

Figure 27: Comparison of profiles taken from DSM’s created from drone surveys undertaken on the 28-8-17 
and 15-2-19. 6 profiles have been drawn along the scarped dune including areas of interest such as differing 
stages of blowout formation.  
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Figure 28: Oblique angle of DSM’s of Salmon Hole created though drone surveys and Pix4D photogrammetry 
software. Surveys from 28-8-2017, 15-2-2019, and 16-5-2020 are shown. Both the survey from 2017 and 
2020 show recent scarping at the base of the dune in contrast to the summer survey in 2019 where lack of 
storm activity has led to a completely avalanched profile. Blowout depositional lobes on the dune scarp 
crest have increased in size from 2017 to 2020.  
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3.5 DISCUSSION 

Phillips (2009) change assessment system may be used to describe the shoreline changes at 

Salmon Hole as follows: 

3.5.1 Response 

Response is made up of two components, the reaction time (time taken for the system to 

start responding) and relaxation time (time taken for the change to be complete) (Phillips, 

2009). Whether Salmon Hole was eroding prior to 1946 is unknown, but little change was 

observed in 1951 (Figure 9), so it is likely that the erosion trend began sometime after 1951. 

The reaction time at Salmon Hole has varied as the change has evolved. Initially the reaction 

time was slow as seen in Figure 29 with an average erosion rate of only 0.63m/yr between 

1946 and 1975. A distinct increase in the average rate of the erosion to 1.97m/yr occurred 

between 1975 and 1999 (Figure 29). During August 1991 Hs averaged above 4.6m, the 

largest wave heights hindcast from 1979 to present. The extreme storm conditions in 1991 

may have led to the subsequent high erosion rate of 3.19 m/yr which occurred between 

1992 and 1999 because of recursion in the system (which will be discussed below). It may be 

that this event tipped the balance in favour of more or increased erosion even though the 

1992-1999 period was characterised by a lack of major storm events. However, wave energy 

was frequent and large enough to drive the alongshore current in the lagoon system 

furthering erosion even without a major trigger type event.  

The tombolo acted as an anchor point for the system that became increasingly unstable as 

the lagoon widened. Once the tombolo was broken through, the average rate of erosion at 

Salmon Hole increased to 3.49 m/yr. This is because the creation of the gap clearly resulted 
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in the alongshore directed lagoon current being able to transport sediment directly out of 

the bay (rather than out the narrow rock-controlled rip in the bay; Figure 22). 

When the artificial tombolo was first put in place in 2003 the reduction in sediment supply 

from Salmon Hole was so substantial that Pleasant Cove not only stopped accreting but 

eroded between 2003 and 2007 by around 13.16 m horizontal distance. This drastic change 

in erosion rate indicates the significance of the tombolo in slowing down the level of 

sediment loss at Salmon Hole. Post-2008, Pleasant Cove has continued to retreat aided by 

an increase in years with significant storm periods (Figure 25). Although the rate of erosion 

at Salmon Hole has decreased since the addition of the artificial tombolo, the system does 

not appear to be relaxing or reaching a new steady state as erosion continues (Figure 26). 

 

Figure 29: Key periods of change and their corresponding erosion rate in m/yr. Increase erosion can be seen 
as the lagoon expanded and once the tombolo was breached. 
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3.5.2 Resistance 

Resistance describes how well the system can minimize the impact of a change to the 

system (Phillips, 2009). It is again made up of two parts. Firstly, the strength of the materials 

involved in the change, and secondly, the capacity of variables in the system and their ability 

to absorb any changes. The strength of the dune system to mitigate erosion is low due to 

the ease at which sediment can be eroded, particularly when little to no vegetation is 

present on the stoss slope as is the case on the large scarped dune face of Salmon Hole 

(Kobayashi et al., 2013; Silva et al., 2016). The capacity of the system to reduce the severity 

of the erosion is also minute due there being zero sediment supply, as no sediment is 

returned to the beach following storms. The low resistance to the change is partially 

responsible for the extreme rate and extent of the erosion.  

3.5.3 Resilience 

Resilience is the capacity of a system to revert to its pre disturbance state (Phillips, 2009). 

The resilience of Salmon Hole is very low. Due to the extent of the shoreline change, the 

continued erosion and the lack of sediment supply, it is highly unlikely that Salmon Hole will 

ever recover towards its pre-disturbance state; in fact, almost an entire Holocene 

transgressive dunefield has been removed during this post 1950’s erosion process.  

3.5.4 Recursion 

Recursion has been quite pronounced and a key part of the ongoing erosion at Salmon Hole. 

Recursion results from the response of the change continuing to positively feedback upon 

itself (Phillips, 2009). To understand how recursion is playing a role at Salmon Hole, it is first 

necessary to attempt to understand how the extreme erosion is occurring.  



 

83 

Although shoreline change due to erosion is both common place and well documented 

elsewhere, Salmon Hole is unique due to the means through which this storm induced 

erosion has occurred (compare Carter et al. 1990; Pye and Blott 2008; van Rijn 2009; 

Castelle et al. 2015; Sytnik et al. 2018). Salmon Hole’s geological inheritance plays a large 

role in the evolution and present-day processes in the bay which offer insight into what has 

led to the divergent evolution and severe erosion. During low wave conditions, the bay is 

protected by the offshore calcarenite reef. However, under storm conditions a geologically 

controlled longshore current is formed as observed by Fotheringham (2009) as well as latter 

by the author in chapter 5 of this thesis. As waves break over geological controls on lagoon 

systems, such as rock and coral reefs, gradients in water level are created due to wave set 

up, contributing to the “piling” up of water on the lee side of the reef due to impeded return 

flow (Dean et al., 1997; Lowe et al., 2009; Gallop et al., 2020). This results in the formation 

of longshore and rip currents that shift dependent on wave direction and tidal stage (Lowe 

et al., 2009; Gallop et al., 2011; Taebi et al., 2011; Horta et al., 2018), Under storm 

conditions at Salmon Hole this leads to an increase in erosion as firstly the heightened water 

level in the bay amplifies scarping and then secondly the current transports the sediment to 

the structurally-controlled rip adjacent to the northern headland.  

Ongoing study of the dynamics of the bay via drone/UAV surveys indicate that waves 

breaking over the southern end of the reef continue to propagate over the shallow reef and 

lagoon and then diffract around the bay driving the current even during mid-sized (~1 m 

high) wave conditions. The angle of the reef allows this as shown by the arrows on the 2016 

image shown in  
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Figure 22 and Figure 31 . It is theorised that this process is amplified under storm conditions. 

Of note is the fact that the formation of the lagoon between the reef and the dune system 

began at the southern end of the bay in line with this section of reef as is seen in the 1975 

image in  

Figure 22. Unlike the processes occurring in a typical embayed beach discussed in the 

introduction, the reef at Salmon Hole dominates both the in shore and near shore 

processes. Circulation and cellular rip formation usually seen in such embayment’s is 

predominantly dictated by the headlands, the width of the bay and wave energy (Wright et 

al., 1978; Short, 1999; Castelle et al., 2016). Here, however, the reef is hindering the 

formation of both a central rip by creating a barrier against returning wave energy and a rip 

at the southern headland by focusing wave energy at this point. This encourages circulation 

in the form of an alongshore current around the bay towards a narrow rock reef-controlled 

rip channel at the northern end of the bay. Even under large wave conditions a central rip is 

not formed as shown in Figure 15 and Figure 18 where a crescent of sand can be seen in 

2013 positioned up against the centre of the reef. This feature appears to be permanent as 

it occurs on all aerial imagery and in the recent 3 years of drone survey observations. There 

has been no evidence of any other forms of circulation within the bay. Salmon Hole is 

representative of many bays across Southern Australia where normal rip circulation is 

unable to function due to the presence of an offshore reef. 

The erosion of Salmon Hole began post-1950’s. The reason for this erosion is currently 

unknown, but it is possible that over the past ~7000 years of approximate sea level 

stillstand, the reef was eroded down to a point where recently waves more easily traverse it 

and higher waves reaching the shoreline initiated the erosion. Subsequently, the reef 
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created a geologically inherited barrier whose presence created conditions for lagoon 

formation. Once formed, a longshore current and rip system developed that amplified the 

erosion. In 1946, Figure 22 shows the beach and dune was still sitting on the reef with 

waves breaking on the rocks before reaching the sandy shore. By 1975 the lagoon was 

forming behind the reef, an exit point for waves and sediment was formed at the northern 

end of the bay allowing sediment to be transported seawards, and the rate of erosion 

increased (Figure 22 and Figure 29). The large storm in August 1991 may have led to the 

rapid increase in size of the lagoon and the further development of a rip along the northern 

headland as shown in the 1992 image in  

Figure 22. This led to a significant increase in the amount of erosion between 1992 and 1999 

despite minimal storm or significant wave energy during this period (Figure 8). The 

breakthrough of the tombolo in 2000 then increased the rate of erosion yet again.  

Recursion was seen at Salmon Hole, as the rate of erosion was positively reinforced as the 

lagoon widened. When a storm large enough to erode the base of the dune occurred, the 

lagoon widened, and this potentially resulted in an increase in the efficiency of the lagoons 

alongshore current and rip resulting in a positively reinforcing feedback loop furthering the 

erosion level during each successive storm. Rather than the eroded sand filling the lagoon, 

the sediment is removed seawards via alongshore current and the rip. 

The rate of erosion has reduced since the instalment of the artificial tombolo despite 

multiple large storms (Figure 25). So, it is possible that the positive reinforcing of the 

current/rip has reached its peak. The instalment of the artificial tombolo has evidently had 

an impact by reducing the ease at which sediment can be transported out of the lagoon, 

however, the rate of erosion was very high before the tombolo broke through when 
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sediment was also only able to exit via the rip. The reason for the decrease in erosion rate 

could be due to the way in which the erosion has migrated from south to north, with the 

current erosion at the northern end of the bay until it cut through the tombolo itself (

 

Figure 22). This caused the rate of erosion to steadily increase until the tombolo was broken 

through ( 

Figure 22). The lagoon shape has gone from being asymmetric (erosion initiating at southern 

end) to more symmetric with a similar lagoon width encompassing the bay. This has created 

a system that is now possibly closer to an equilibrium-like state and this has potentially 

decreased the rate of erosion.   

3.5.5 Dunefield Changes  
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3.5.5.1 Scarping  

The ongoing erosion observed at Salmon Hole is a product of repeated scarping events and 

a lack of onshore sediment supply to offset the losses.  After scarping, eroded sediment is 

commonly deposited offshore and then often transported back to the beach and dune 

system through normal wave action and aeolian processes (Carter, 1991; Davidson-Arnott, 

2005; Hesp, 2012). However, as has been stated above, this is not the case at Salmon Hole 

as the eroded sediment is being transported into the lagoon and out of the bay. The dune 

therefore is not recovering resulting in the further recession of the dunefield after each 

scarping event. 

3.5.5.2 Moderate-scale Transgressive Dunefield Changes 

The moderate-scale predominantly active transgressive dunefield backing Salmon Hole in 

the 1940’s has reduced in size by approximately one third whilst the vegetation cover has 

increased stabilizing it over time ( 

Figure 22). By 1975 a large parabolic had formed in line with the tombolo whilst at the 

southern end of the dunefield vegetation cover increased ( 

Figure 22). By 2016 this parabolic had been severely eroded and the remainder had become 

vegetated. The southern end of the dunefield was now also mostly vegetated ( 

Figure 22).  

3.5.5.3 Change Within the Last 3 Years 

The profiles extracted from the drone survey DSM’s support the shoreline change statistics 

and demonstrate the mechanisms involved in the erosion of the remnant dunefield through 

scarping (Figure 27). The scaping/avalanching cycle is demonstrated in profile 4 with the 
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dune toe in 2017 being further back than in 2019. This is because the 2019 profile was 

undertaken in summer when the dune had time to completely dry out and avalanche 

causing the overall stoss slope to retreat but the toe to accrete. The deposition at the toe of 

the dune has then been scarped once more in the winter of 2020 starting the cycle again. 

Similar scarp retreat processes are described by (Carter et al., 1990). This is also 

demonstrated by the oblique DSM’s shown in Figure 28 where clear recent scarping at the 

toe of the dune is seen in the 2017 and 2020 surveys whilst the 2019 survey taken during 

summer has a smooth stoss slope.  

There is visible retreat of the stoss face in each profile, however, due to the rate of the 

erosion, the dune is not translating but rather becoming smaller and disappearing. 

According to Carter et al. (1990) scarp recovery (scarp fill and ramp development) can lead 

to the translation of a dune landwards and upwards (Christiansen and Davidson-Arnott, 

2004; Hesp et al., 2013; Jackson and Nordstrom, 2018). Although there is clear dune retreat 

at Salmon Holes the dune is not growing in height, nor translating. The extreme rate of 

erosion and lack of sediment supply results in dune loss. The height of the dune is declining 

as the scarp has now passed the original crest/highest point of the dunefield. This means 

the scarp is now retreating landwards into a lower and lower lee slope and, thus, the dune is 

gradually reducing in height the further it retreats.   

Small blowouts and their associated depositional lobes are also developing in the dune crest 

as the scarp retreats. Figure 27 also shows depositional lobes at profile’s 1, 3, 4 and 6 which 

are a result of aeolian sediment transport occurring from the exposed upper stoss slope and 

the development of a blowout at the crest in similarity to studies conducted elsewhere 

(Hesp, 2002; Christiansen and Davidson-Arnott, 2004). It is unlikely that any of the new 
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blowouts will ever fully develop. As the dune scarp retreats, the blowouts will be captured 

by the slope retreat resulting in less sediment available to the depositional lobe. This will 

not only reduce the blowouts current size but also impact their ability to further develop 

and grow. 

During storm conditions waves can also make their way into the mid bay blowout shown in 

profile 2 of Figure 27 (Figure 30). With continued erosion a breach through the dunefield to 

the low-lying lake behind it is imminent. Profile 2 clearly shows a deepening in the blowout’s 

basin as sediment is transported to the downwind depositional lobe.  

 

Figure 30: Swash entering a blowout during a storm at Salmon Hole 17/7/18. 

3.5.6 Volumetric Analysis 

 

Table 3 showed a significant drop in the amount of volume lost between 2009 and 2017 

compared to between 2001 and 2009. This is not only due to the decrease in erosion rate, 

although that does play a major role, but it is also due to the decrease in overall dune height 
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(Figure 26 and Figure 27). As the dunefield height deceases there is less volume of sediment 

available for erosion above the toe of the dune as it gets scarped. Therefore, the total 

volume lost is significantly less despite the shoreline still retreating relativity rapidly.    

Hesp et al. (2018) estimated the length of time before the dune system is completely 

eroded by determining the average annual volumetric loss between 2009 and 2017 and 

dune volume at profile 710027 (Figure 26). If the erosion rate between 2009 and 2017 is 

maintained the dune will be completely removed by 2048 (30 years from May 2017). At this 

point in time the 2 m elevation point will be 20 m seaward of the road (Hesp et al., 2018). 

Storm surge will likely have breached the dune system via the blowout shown in profile 2 

(Figure 27). Whether this will aid or hinder the erosion remains to be seen.  

3.5.7 Conceptual Change Model 

Figure 31 is a conceptual model illustrating the shoreline change from the 1940’s to present. 

The 1940 scenario shows the dunefield initially on the reef as shown in Figure 22. The 1975 

scenario shows the lagoon beginning to develop (Figure 31). The development of this lagoon 

led to an increase in erosion due to the resulting creation of a strong alongshore current and 

rip system. This resulted in tombolo break through and sediment funnelling out of the gap 

as shown in the 2000 scenario. The 2020 scenario shows the addition of the artificial 

tombolo and the current ongoing erosional processes in the lagoon. From the 1940’s to 

present there has also been a substantial loss of the transgressive dunefield that comprised 

a mix of complex parabolic and transgressive dunes. Finally, the future scenario shows a 

prediction of what the shoreline will look like in 2050 once the dunefield has been 

completely eroded away and the artificial tombolo has been outflanked (assuming it is not 

extended). This new shoreline will be formed around the landward margin of the Pool of 
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Siloam. This future scenario is subject to change if the erosion uncovers further aeolian 

calcarenite dune rock units known to variously present in the region.  

 

Figure 31: Model demonstrating the development of the coastal system at Salmon Hole. Wave energy 
propagating over the reef on the right-hand side of the bay has led to this side of the bay eroding first as 
seen in the 1975 depiction. The angle of the reef causes wave energy to produce a south to north current 
flowing around the bay producing further erosion and revealing more of the reef on the left-hand side of the 
bay. A rock-controlled rip running parallel to the left headland transports sediment seawards out of the bay. 
Eventually the dunefield may be completely eroded and the sea will break though into the Pool of Siloam 
and create a new embayment (2050 future). 

3.6 Conclusion 

• The shoreline and dune system at Salmon Hole has eroded an average of 100.17 m in 

the period 1946 to 2019 at an average rate of 1.44 m/yr. This average rate along the 
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length of the bay has varied from 0.63 m/yr to 3.49 m/yr depending on storm 

activity, presence or absence of a tombolo, and lagoon widening and elongation. 

• The dynamics observed at Salomon Hole indicate the role geological inheritance can 

play in bedrock/reef dominated headland-bay systems.   

• The cause for the initiation of erosion at Salmon Hole is unknown, however, it may 

have been that once the reef eroded down to a tipping point where waves could 

more easily traverse it, higher waves under storm conditions were then able to reach 

the shoreline and begin to erode it.  

• The shoreline change statistics show that it was a combination of the formation of 

the lagoon between the mainland/dune system and the offshore reef and the 

resultant breakthrough of the tombolo that have led to the acceleration of the 

erosion processes observed at Salmon Hole.  

• The formation of the lagoon initiated a divergent evolution that continues in the 

form of a significant longshore current and terminal rip that enhances removal of 

sediment during and following erosion of the dunes. This does not appear likely to 

ever return to an equilibrium state closely resembling the initial dune system, since 

the dune has all but disappeared.  

• There are many embayment’s similar to Salmon Hole in Australia where reefs 

dominate the in shore and near shore process environment and normal rip 

circulation is unable to develop. 

• The profiles taken from the drone survey DEM’s demonstrate the processes involved 

in scarping and detail concurrent blowout formation in the scarp crest.  

• Salmon Hole strongly indicates how dune systems with little to no sediment supply 

will respond to future climate and ocean conditions. As sea level rises and storm 
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magnitude and frequency both increase, shoreline erosion will be the net result. 

Those shorelines with a lack of sediment supply will not be able to translate 

landwards/upwards resulting in their removal. If the rate of erosion is maintained 

into the future, the entire system is likely to be fully eroded within the next 30 years, 

and the shoreline will then lie along the landward margin of the Pool of Siloam.  

• Shoreline change is inevitably going to increase under coming climate change 

conditions. Anthropogenic pressure on the coast in the form of ever-growing 

population numbers and infrastructure development mean that analysing and 

predicating shoreline change is becoming of increasing importance. Despite the close 

examination of the changes and processes at Salmon Hole the exact nature of the 

initiation and propagation of the erosion seen here is not yet fully understood. This 

highlights the difficulty that lies ahead for those managing coastal areas worldwide.   

Future work should also consider the impact of wave direction on the historical/current 

erosion at Salmon Hole Bay as it often plays a key role in the erosion dynamics of 

embayment’s. A look into effect sea level rise has had on the system would also be valuable.  

 

 

 

CHAPTER 4 
FLOW DYNAMICS OVER A HIGH, STEEP, EROSIONAL COASTAL DUNE 

SLOPE 
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Accepted for publication in Progress in Geomorphology: Davidson, S.G. (80%), Hesp, P.A. 

(15%) and Silva, G.M.D. (5%) Flow dynamics over a high, steep, erosional coastal dune slope. 

4.1 Abstract 

Flow dynamics over a high, unvegetated, and steep scarp slope that fronts a severely eroded 

relict transgressive dunefield were investigated at Salmon Hole (also known as Post Office 

Rock), a small headland-bay beach located near Beachport, southeast South Australia. The 

~15 m high steep dune at Salmon Hole provided the opportunity to conduct a wind flow 

experiment on a larger, higher and longer stoss slope than previously studied. The scarp 

slope is comprised of segments of varying slope that have a significant impact on flow 

dynamics over the dune. Percentage speed-up and a decrease in turbulence were recorded 

up the stoss slope due to streamline convergence and flow compression. However, flow 

expansion at a change in gradient on the upper stoss slope caused a significant drop in wind 

speed and an increase in turbulence, contrary to what has previously been found in the 

literature where maximum percentage speed-up is primarily recorded at the crest. 

Topographic steering typically seen in wind flow over scarps and foredunes was observed at 

Salmon Hole along with flow separation and the formation of a reversing vortex on the lee 

slope. This study also demonstrates how a lack of sediment delivery back to the beach and 

hence to the dune between storm events results in the inability for dune recovery or 

translation. However, the Salmon Hole study shows that blowouts can still develop and 

grow through dune cannibalization regardless of the lack of sediment supply from the beach 

and the recession of the shoreline.   

4.2 Introduction 
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The growth and evolution of foredunes, or other dune types adjacent to the beach are 

influenced by both aeolian and marine driven processes due to their proximity to the 

shoreline  (Hesp, 2002; Houser and Mathew, 2011; Jackson and Nordstrom, 2018; Cohn et 

al., 2019). The interplay between wave-driven and aeolian sediment transport is most 

notable in a post storm erosion period when sediment is, or is not returned to the beach 

(Carter et al., 1990; Ruz and Anthony, 2008; Hesp et al., 2013).  

Scarping is a common occurrence on foredunes and/or the first dune at the back of the 

beach of sufficient height for overwash not to occur (Carter et al., 1990; Davidson et al., 

2020). Storm driven high water level and wave energy often results in undercutting dune 

stoss slopes leaving a near vertical scarp (Bird, 2000; Sallenger, 2000; Hesp, 2002; Pye and 

Blott, 2008; van Rijn, 2009; Suanez et al., 2015; Castelle et al., 2017; Houser et al., 2018; 

Splinter et al., 2018; Davidson et al., 2021). Wind flow then plays a significant role in the 

recovery of a dune post scarping as a dune ramp (or scarp fill) forms through slumping and 

avalanching, followed by aeolian sediment transport up the dune ramp, potentially followed 

by the revegetation of the stoss slope (Carter et al., 1990; Christiansen and Davidson-Arnott, 

2004; Hesp et al., 2013; Ollerhead et al., 2013; Davidson‐Arnott et al., 2018; Jackson and 

Nordstrom, 2018). However, if the beach and dune system are in a state of erosional retreat 

due to repeated scarping and lack of sediment supply, or if sediment is not returned to the 

beach post-storm, then it can be years to decades for recovery to take place, if it occurs at 

all (Thom and Hall, 1991; Morton et al., 1994; Zhang et al., 2004; Mathew et al., 2010; 

Castelle et al., 2017). On coastlines where the foredune is backed by a dunefield, and there 

is a net sediment deficit, the continual scarping-avalanching sequence can result in the long-

term erosion and retreat not only of the foredune but of the dunefield as well (Pye and 
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Blott, 2008). The higher the dune system behind the beach and the more limited the 

sediment supply, the lower the potential for recovery after significant scarping, and this can 

lead to a high scarp with an unvegetated stoss slope (Hesp, 1988; Castelle et al., 2017). The 

scarp height is directly related to the height of the backing dunes. This lack of vegetation 

cover, combined with regular wave erosion of the scarp base, can potentially lead to wind 

erosion, blowout and/or parabolic dune formation (Gares and Nordstrom, 1995; Fraser et 

al., 1998; Hesp, 2002; Pye and Tsoar, 2008), or even new transgressive sand sheet or 

dunefield development (Arbogast et al., 2002; Clemmensen et al., 2009; Hesp, 2013; 

Jackson et al., 2019). 

Despite the prevalence of dune scarps, little research has been conducted on wind flow 

dynamics over them (Hesp et al., 2009; Bauer et al., 2012; Jarmalavicius et al., 2012; Smyth 

and Hesp, 2015; Hesp and Smyth, 2019; Piscioneri et al., 2019). As scarping events are likely 

to increase in both frequency and magnitude into the future as sea level rises and storm 

activity increases under climate change (although it must be noted that not all coastal 

systems will be affected equally by climate change) (De Winter and Ruessink, 2017; 

Maximiliano-Cordova et al., 2019; Davidson et al., 2020), it is important to understand the 

nature of scarp flow dynamics. The key role wind flow plays in the scarp recovery process 

requires study to improve coastal dune management following erosion events (Piscioneri et 

al., 2019). Understanding how the presence of a scarp can influence wind flow also provides 

insight into the significant role scarping plays in shoreline retreat and landwards dune 

translation as sea level rises (Davidson-Arnott, 2005).   

A significant amount of research has been conducted on wind flow over landforms similar to 

coastal dune scarps such as cliffs, escarpments and forward-facing steps (Tsoar, 1983; Qian 
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et al., 2011; Pires et al., 2015). In general, as flow approaches a scarp, cliff, or steep slope it 

is predominantly influenced by the slope gradient (Bowen and Lindley, 1977; Tsoar, 1983; 

Qian et al., 2011; Pires et al., 2015). On slopes lower than ~55o flow separation at the toe 

does not occur and speed-up is common upslope (Bowen and Lindley, 1977; Jensen and 

Peterson, 1978; Emeis et al., 1995). On steeper slope gradients, a reversing vortex often 

forms within a turbulent flow separation region at the toe of the scarp (Uruba and Knob, 

2009; Pires et al., 2011; Qian et al., 2012). The height of this flow separation region is 

directly proportional to scarp height (Largeau and Moriniere, 2007). There is also the 

potential for a jet to form at the crest of the scarp (Hsu, 1977; Arens, 1996; Tsoar et al., 

1996; Hesp et al., 2009; Jarmalavicius et al., 2012; Yassin and Al Harbi, 2013; Pires et al., 

2015; Hesp and Smyth, 2016). 

Research that has been conducted on coastal dune scarps includes Hesp et al. (2009) 

examination of near surface onshore wind flow over an 8 m high foredune with a 0.7 m 

scarp. They observed helical flow at the base which led to the formation of an echo dune. 

Smyth and Hesp (2015) analysed wind flow over various steep slopes associated with 

artificial banks using computational fluid dynamic (CFD) modeling. They found that steeper 

stoss slopes led to an increased reduction in shear velocity at the toe of these scarp-like 

structures, and this resulted in greater sediment deposition aiding in foredune recovery. 

CFD modeling was also used by Hesp and Smyth (2019) to examine wind flow over a 2 m 

high scarp with varying slope angles (45o, 24o, and 14o),  three vertical slopes of differing 

heights (1 m, 2 m and 4 m) and a 2 m vertical slope subjected to three oblique incident wind 

approach angles. They found that the extent of wind flow deceleration and 

separation/reverse vortex development became larger with increased slope angle. Flow 
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separation at the base was much greater for a vertical scarp than a 45o slope. An increase in 

scarp height resulted in a greater spatial extent of turbulent wind flow, an enlarged crestal 

flow separation region, and increased wind speed over the scarp. Hesp and Smyth (2019) 

also determined that the more oblique the incident wind direction over a vertical scarp the 

less deceleration occurs and roller vortices are replaced by helicoidal vortices. Piscioneri et 

al. (2019) examined wind flow patterns over a small scale, vertical foredune scarp. They also 

observed under incident oblique onshore winds an increase in turbulence and the formation 

of helicoidal flow vortices within a separation region at the base of the scarp. Flow was then 

compressed, streamlined, and accelerated at the crest with jet flow occurring under more 

perpendicular incident flow.  

Little work has been done on higher (~+8m), steep (>20—25o), unvegetated slopes 

particularly in the coastal zone. There has, however, been a significant body of work 

conducted on flow over the unvegetated stoss slopes of desert transverse or barchan dunes 

(Bagnold, 1941; Tsoar and Yaalon, 1983; Lancaster, 1985; Lancaster et al., 1996; Wiggs et al., 

1996; Neuman et al., 1997; Walker, 1999; Neuman et al., 2000; Walker, 2000; Walker and 

Nickling, 2002; 2003; Parsons et al., 2004; Schatz and Herrmann, 2006; Araújo et al., 2013; 

Walker and Shugar, 2013; Smith et al., 2017; Jackson et al., 2020). While the stoss or upwind 

slopes of transverse dunes typically have gentler gradients than foredunes, these 

unvegetated dunes share similar morphological features to relatively steep slopes that have 

partially recovered through avalanching and dune ramp formation (Reffet et al., 2010; 

Davidson et al., 2020). The main wind flow elements that have been observed over such 

slopes include: increased turbulence at the dune toe and speed-up upslope towards the 

crest (Lancaster, 1985; Lancaster et al., 1996; Wiggs et al., 1996; Neuman et al., 1997; 2000; 
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Walker, 2000; Walker and Nickling, 2003; Parsons et al., 2004; Walker and Shugar, 2013; 

Smith et al., 2017; Jackson et al., 2020), topographic steering/lee side flow deflection (Tsoar 

and Yaalon, 1983; Rubin and Rubin, 2013; Walker and Shugar, 2013), and lee flow 

separation (Walker, 1999; Walker, 2000; Walker and Nickling, 2002; Schatz and Herrmann, 

2006; Araújo et al., 2013; Jackson et al., 2020). These processes have also been documented 

on vegetated foredunes in the coastal zone (Arens et al., 1995; Hesp et al., 2005; Walker et 

al., 2006; Walker et al., 2009; Hesp et al., 2015; Hilton et al., 2016; Schwarz et al., 2019; de 

Winter et al., 2020).  

Speed-up refers to the topographically forced flow acceleration that occurs over positive 

(convex) topography (Jackson and Hunt, 1975; Finnigan, 1988; Rasmussen, 1989; Arens, 

1997; Hesp et al., 2015). As incident flow approaches a foredune  the  topography 

compresses the flow creating a change in the pressure gradient (from high pressure at the 

toe to low pressure at the crest) leading to an increase in wind speed toward the crest 

(Arens et al., 1995; Hesp, 2002; Walker et al., 2006; Hesp et al., 2015). Parsons et al.’s (2004) 

modelling predicted a near surface flow acceleration of 30-50% at the crest, utilizing data of 

Wiggs et al. (1996) and Neuman et al. (1997). On a bell - shaped or gaussian topography, if 

all other variables remain constant, near-surface wind speeds will increase with elevation 

(Jackson and Hunt, 1975; Wiggs et al., 1996). The higher a dune, the greater the 

convergence of stream lines resulting in increased speed-up (Parsons et al., 2004). The 

approximate formula for the maximum fractional speed-up ratio as developed by Jackson 

and Hunt (1975) is as follows: 

𝛿𝑠𝑚𝑎𝑥 = 2𝐻/𝐿         Equation 1 
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Where 𝛿𝑠𝑚𝑎𝑥 is the  maximum fractional speed-up,  𝐻 is the maximum dune height (or hill 

originally) and 𝐿 is the dune cross shore half length (Wiggs et al., 1996). This formula 

indicates the effect an increase in dune or scarp height has on speed-up, since the greater 

the value of 𝐻, the greater the 𝛿𝑠𝑚𝑎𝑥. The steepness of the slope angle also has two key 

effects on wind speed as flow moves up the stoss slope. The steeper the scarp, the greater 

the deceleration and stagnation of the flow at the scarp/stoss slope base, whilst the 

opposite is true at the crest where flow acceleration increases with a steepening of the stoss 

slope (Wiggs et al., 1996; Parsons et al., 2004; Hesp and Smyth, 2019). 

The decrease in flow speed at the base of a scarp, slope or dune occurs due to an increase in 

the pressure gradient resulting in an increase in turbulence at, or near the toe (Walmsley 

and Howard, 1985; Neuman et al., 1997; Walker and Nickling, 2002; Walker et al., 2006). 

This increased turbulence is also due to near surface wind flow reflecting the contours of 

the windward stoss slope (Zeman and Jensen, 1987; Finnigan et al., 1990; Wiggs et al., 1996; 

Walker and Nickling, 2002). The flow streamlines become concave at the base which has a 

destabilizing effect on the flow increasing turbulence and reducing wind speed. The 

opposite is true as the flow approaches the crest and becomes convex causing it to stabilize, 

resulting in a reduction of turbulence up slope as flow accelerates (Gong and Ibbetson, 

1989; Wiggs et al., 1996; Walker and Nickling, 2003; Weaver and Wiggs, 2011). Once flow 

passes the crest, flow expansion and deceleration occurs, reversing flow can also form 

within the separation region or cell potentially assisting in returning sediment to the lee 

slope (Walker and Nickling, 2003; Parsons et al., 2004; Bauer et al., 2012; Hesp and Smyth, 

2019).   
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Topographic steering refers to the near surface flow deflection that causes the incident 

wind approach angle to turn to more crest normal as flow proceeds across the stoss slope 

(Walker et al., 2006; Hesp et al., 2015). This deflection is created by pressure changes 

upwind of the base of the dune and along the stoss slope that create variation in streamline 

orientation from the initial flow direction due to mass and momentum conservation (Svasek 

and Terwindt, 1974; Bradley, 1983). Flow deflection has been frequently observed over 

dunes whenever incident winds are relatively oblique to the local topography (e.g., Svasek 

and Terwindt, 1974; Rasmussen, 1989; Arens et al., 1995; Walker et al., 2009; Jackson et al., 

2011; Bauer et al., 2012; Lynch et al., 2013; Hilton et al., 2016; Grilliot et al., 2018; de Winter 

et al., 2020). According to Arens et al. (1995), given the same incident wind direction, the 

larger a foredune, the greater the degree of topographic steering. They recorded deflections 

of up to 300 on high foredunes (12-15m) (cf. Hesp et al., 2015). Few observations of 

topographic steering on the windward stoss slope of transverse or similar dunes are 

recorded in the literature, however, deflection on the lee slope has been commonly 

observed (Sweet and Kocurek, 1990; Lancaster, 1995; Walker and Nickling, 2002; Baddock et 

al., 2007; Walker and Shugar, 2013).  

Given the dearth of research on steep, high slopes and scarps in the coastal literature, and 

the few studies in aeolian/desert environments, in this study we examine the following; 

firstly, flow dynamics (i.e. turbulence, speed-up, topographic steering and flow separation) 

over a large, unvegetated, steep scarp slope, which backs a narrow reflective beach;  

secondly, we will further examine why dune recovery has not occurred, including the limited 

dune translation, the development of scarp slope crest erosion, blowout development and 

their relationships to shoreline retreat. 
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4.2.1 Study Site 

The experiment was conducted at Salmon Hole (also known as Post Office Rock) a small 

headland-bay beach located near Beachport, Southeast South Australia (Figure 32). Salmon 

Hole is characterized by a narrow (~12 m) and steep reflective beach backed by a severely 

eroded relict transgressive dunefield system that reaches up to 20 m high (Davidson et al., 

2021). The south to south west orientation of the coastline in this area results in it facing the 

full force of prominently south westerly swell and westerly winds off the Southern Ocean 

(Short, 2019). Wave energy is also persistently high due to mid latitude cyclones that are 

augmented by west through south storms and south east sea breezes (Short, 2019). For 90% 

of the year mean significant wave height in the shallow coastal waters of South Australia is 

approximately  1-2 m high whilst further south offshore waves are 2-3 m high (Young and 

Holland, 1996).   

Since the 1940s the bay has eroded over 100 m at an average rate of 1.52 m/yr, resulting in 

significant erosion of the dunefield creating a very high scarped unvegetated stoss slope 

(Davidson et al., 2021). In 1946, the beach was situated on top of the reef consisting of 

aeolianite calcarenite formed in the Pleistocene positioned approximately 100 m offshore in 

front of the bay as seen in Figure 33. Over time, the shoreline and dunefield was eroded 

until a lagoon developed between the reef and the beach. As the lagoon widened, a 

longshore current/rip system developed which under storm conditions leads to enhanced 

erosion and sediment transport out of the bay (Davidson et al., 2021). As storm surges and 

large waves cross the reef, it appears that the water level in the bay is raised as flow out of 

the bay is restricted by the reef. This not only aids in the scarping of the dune but also 

creates strong embayment circulation, including the formation of a strong current from 

south to north and the development of a rip located adjacent to the northern headland 
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(Fotheringham, 2009; Davidson et al., 2021). Additionally, the orientation of the section of 

reef at the Salmon Hole southern headland directs wave energy around the bay. This results 

in the south to north current being present even during moderate wave conditions 

(Davidson et al., 2021).  

Additionally, the tombolo between Post Office Rock and the mainland (see Figure 32) was 

breached between 1999 and 2000 and remained opened until 2003. During this period, the 

average rate of erosion at Salmon Hole Bay increased to 3.49 m/yr with a local erosion rate 

of 6.15 m/yr observed at the northern end of the bay. An artificial tombolo was built in 2004 

which has slowed the erosion. Between 2003 and 2019 the bay has continued to erode at an 

average rate of 1.33 m/yr (Davidson et al., 2021). This erosion, and an apparent lack of 

sediment supply to the bay has resulted in Salmon Hole’s negative sediment budget. While 

the scarp is formed on the first dune at the back of the beach, we do not consider this dune 

a foredune as it was not formed by aeolian deposition in pioneer plants on the backshore as 

per the definition by Hesp (2002); this dune is actually part of the relict (vegetated) 

transgressive dune system.  

Between 1985 and 2018 oceanic wind speed increased by 1.5 m s-1/year and significant 

wave height by 0.3 cm/year in the Southern Ocean, with larger increases in extreme 

conditions (Young and Ribal, 2019). This is set to continue with the magnitude of a 1 in 100 

year significant wave height event likely to increase by 5 to 15% in the Southern Ocean by 

the end of the 21st century (Meucci et al., 2020). Using the SSP3-7.0 scenario from the AR6 

IPCC report NASA’s sea level projection tool, sea level is expected to rise by 0.68 m near 

Beachport by 2100 (NASA, 2021).  
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Figure 32: 2013 aerial photograph of the Salmon Hole study site situated near Beachport, 

southeast South Australia, 37.4878° S, 139.9991° E. The scarp has been formed on the 

seaward face of a relict transgressive dunefield. Yellow arrow indicates experiment location.  



 

105 

 

Figure 33:  Aerial image taken in 1946 (on the left) in comparison with an image taken in 2016 (on the right). 
Salmon Hole has undergone severe erosion whilst the bay to the north has accreted. The transgressive 
dunefield was more active in the 1940’s with significant areas of active, mobile dunes at that time. 

 

The section of scarped dunefield where the experiment was undertaken is positioned in the 

middle of the Salmon Hole embayment (see yellow arrow in Figure 32). It is located near the 

highest point of the dunefield and backed by a blowout with a landward depositional lobe 

(Figure 34). The dune crest is 14.86 m high above MSL and is located at the centre of the 

blowout. The distance from the toe of the scarp to the crest measured up the stoss slope is 

34.5 m. The stoss slope is unvegetated and maintains a relatively stable and steep angle of 

~30o for the majority of the scarp before a change in slope at the 18 m point upslope. From 

this change in slope the stoss slope gradually becomes more convex before becoming 

horizontal at the crest. The position of the anemometers is indicated in Figure 34. 
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Figure 34: DSM of the scarped dune at Salmon Hole created using a drone survey undertaken on the day of 
the experiment. The blowout depositional lobe can be seen on the lee slope of the dune. Anemometer 
positions are indicated by markers with 3D only positions represented by blue circular makers, 2D and 3D 
positions designated with red circular markers, and the green marker on the beach showing the position of 
the reference anemometer. 

4.3 Methodology 

A wind flow experiment was conducted on February 26th, 2020, during a moderate wind 

speed event.  Wind velocity and direction were measured at 1 Hz via RM Young 2D (model 

85000) and 3D (model 81000) ultrasonic anemometers. Measurements were taken between 

9:02am and 12:34pm. The data measured from each anemometer for the period of the 

experiment was subsequently averaged as a total and in 1-minute intervals for analysis in 

the results. The anemometers were set in a line at 49 degrees NE perpendicular to the 

beach line which was orientated at 321o. Each anemometer was aligned to face North using 

a compass. The wind direction ranged from a minimum of 258o (WSW) to a maximum of 

285o (W). This resulted in a minimum incident wind approach angle of 29o and a maximum 

of 56o. 
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Incident wind speed was obtained from a 3D anemometer (3D1) located on the beach 2 m 

from the base of the scarp at 2.2 m high. Several 3D ultrasonic anemometers were placed 

up the stoss slope of the dune perpendicular to the beach each at 0.4 m high starting at the 

base of the dune with 3D2. Sonics 3D3, 3D4, 3D5, 3D6, 3D7 and 3D8 were then placed at 3 

m intervals until the change of slope at 18 m (Figure 34 and Figure 35). 3D9 was placed at 25 

m and 3D10 was positioned at the crest of the dune 34.5 m upslope from the base (Figure 

34; Table 4).      

2D sonics were placed at 18 and 25 m up the stoss slope at 3D positions 8 and 9in groups of 

3 at various heights, beginning at the base with 2D1 positioned at 0.2 m high, 2D2 at 0.7 m 

high and 2D3 at 1.44 m high (Figure 34 and Figure 35). The sonics where placed 0.3 m apart 

and aligned parallel to the slope (Table 4).  

Table 4: Height above mean sea level, distance from the toe of the dune up the profile and the slope angle 
for each anemometer position.  

Anemometer Height Above MSL (m) Distance Along Profile Slope Angle 

3D1 2.201 2 m from dune toe 16° 

3D2 2.668 0 20° 

3D3 4.166 3 31° 

3D4 5.633 6 31° 

3D5 7.218 9 31° 

3D6 8.552 12 30° 
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3D7 9.825 15 30° 

3D8 11.277 18 28° 

3D9 13.388 25 15° 

3D10 14.858 34.5 -1° 

  

 

Figure 35:Experimental set up looking downslope from the 3D and 2D anemometers positioned at 18 m up 
the dune slope from the dune toe. 

 

Coloured smoke cakes used for photography special effects were used to visualize 3D flow 

via video. The footage was then analysed frame by frame at 1 second intervals to determine 

flow patterns. Multiple mini-wind vanes were also utilized to visually record surface wind 

directions.   
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A drone survey of the experiment site was also undertaken during the experimental period. 

This was conducted using a DJI Mavic 2 Pro drone which took vertical aerial imagery of the 

experiment site with 80% overlap between images. Ground control was achieved using a 

Trimble Real Time Kinematic Global Navigation Satellite System (RTK-GNSS) that accurately 

measured (approx. 2cm error) the positions of 10 targets spaced evenly throughout the 

survey area. A Digital Surface Model (DSM) was then created using Pix4D photogrammetry 

software and the images from the drone survey (Figure 34). The position of the instruments 

was also recorded using a Trimble RTK-GNSS and overlaid on the DSM. A 2D topographic 

profile was created using the RTK-GNSS.   

4.3.1 Analysis Methods 

Wind speed was determined using either Equation (2) or Equation (3) subject to the use of 

either 2D or 3D anemometer data. u – x axis vector of wind speed (west – east), v – y axis 

vector of wind speed (south – north), w – vertical vector of wind speed.  

√((𝑢2) + (𝑣2)) = Magnitude of the vector (2D anemometers)    (2) 

√((𝑢2) + (𝑣2) + (𝑤2)) = Magnitude of the vector (3D anemometers)                           (3) 

The arctan function was used to calculate wind direction in the opposite (-180o) of the 

horizontal flow vector so that the direction was relative to the direction it originated from. 

This was adopted from Jackson et al. (2011) and is shown in Equation (4):  

𝐷𝐸𝐺𝑅𝐸𝐸𝑆(𝐴𝑇𝐴𝑁2 𝑢, 𝑣) = Wind direction in degrees               (4) 
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where DEGREES is Degrees function in excel, ATAN2 – atan2 function in excel (from the 2-

argument arctangent), u – x axis vector of wind speed (west – east), and v – y axis vector of 

wind speed (south – north).    

In order to determine the percentage change of wind speed-up the scarp, the ratio u/u2.2 

was used. This is the ratio between wind speed measured at each anemometer position up 

the dune compared to the speed measured at 3D1 positioned at 2.2 m high on the beach 

following (Taylor et al., 1987; Walker and Nickling, 2002).    

To estimate turbulence, the standard deviation was firstly calculated to quantify oscillations 

in wind direction (Walker et al., 2009; Smyth et al., 2012; 2013). Then secondly, the CV was 

determined as a gauge of wind speed variation in relationship to the mean wind speed using 

Equation (5) (Piscioneri et al., 2019).   

𝐶𝑉 =
𝑆𝐷

𝑚𝑒𝑎𝑛
        (5) 

 
4.4 Results 

4.4.1 Incident Wind Conditions  

1-minute averages of wind velocity and direction for the entirety of the experiment from 

the reference 3D anemometer on the beach are shown in Figure 36. The average wind 

speed measured on the beach was 10.64 m s-1 at 2.2 m height above mean sea level. 

Primarily westerly winds (onshore) were recorded with winds progressively becoming more 

oblique -to the scarp throughout the experiment. The average direction at the study site 

reference was 2730 (True North). Wind velocity dropped throughout the recording period 

whilst the winds became, on average, more oblique. In Figure 36, a relationship between 

wind speed and direction is apparent; although wind speed is increasing overtime, peaks in 
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wind speed are associated with a direction of approx. 280 o whilst troughs correspond to the 

wind direction changing more towards ~ 265 o. 

 

Figure 36: 1-minute averages of total wind speed in m s-1 (solid line) and wind direction in degrees (True 
North, dotted line) from the reference 3D ultrasonic anemometer 3D1 positioned on the beach at 2.2m high. 
Measurements were taken between 9:02am and 12:34pm as indicated on the x axis. 

 

4.4.2 Flow Dynamics  

4.4.2.1 Flow Direction  

Wind direction changes towards crest normal as flow progresses over the dune (Table 2, 

Figure 37). The variation in direction is also reduced up the stoss slope from 3D2 to 3D9. The 

average direction for the entire experiment period at 3D1 (positioned at 2.2 m high and on 

the backshore) was 273o, while the average direction at 3D2 was 288o (positioned at the toe 

of the dune) (Table 2, Figure 40). This difference is potentially due to the difference in height 

and/or the increased turbulence at 3D2 (CV of 0.18 at 3D2 compared to 0.08 at 3D9). 

Topographic steering then causes the flow direction to become more perpendicular to the 

beach as it moves to 3D7 at 258o (Table 2, Figure 40). The flow then swings back marginally 
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more westerly at 3D8 and 3D9 (Figure 40) to 259o and 262o respectively (Table 2). This 

appears to be due to the presence of the marginal vertical slope of the blowout that is 

visible at the top of the scarp and held in place by the vegetation roots on the crest (Figure 

34). The blowout wall may be steering the wind slightly back to more perpendicular to the 

shore at positions 8 and 9. At 3D10 the average wind direction was 255o. However, the 

direction at 3D10 varied significantly throughout the experiment, similar to that seen at the 

toe of the dune (Figure 37 (B)). This is unusual with the least amount of variation in wind 

direction usually seen at the crest (Gong and Ibbetson, 1989; Wiggs et al., 1996; Walker and 

Nickling, 2003; Hesp and Smyth, 2019). It is therefore likely that the direction of the flow at 

position 10 is influenced by the marginal erosional walls of the blowout which are 

responsible for creating further local flow steering. Flow expansion following the change of 

slope at position 8 may also play a role (Table 2, Figure 40). From the reference 

anemometer (3D1) to 3D10 at the crest of the scarp there was a deflection of 18o (273o to 

255o). However, since 3D10 appears to be influenced by the blowout walls, (Table 2), and if 

it is ignored, between the beach (3D1) and 3D9 there was an average change of only 11o 

(273o to 262o). Note, however, a larger deflection of 32o (288o to 256o) occurred between 

3D2 and 3D7 which is on the steepest portion of the slope (Table 2). Direction of flow up the 

dune behaved as expected based on previous observations in the literature (e.g., 

Rasmussen, 1989; Arens et al., 1995; Wiggs et al., 1996; Parsons et al., 2004; Hesp et al., 

2005; Walker et al., 2006; Hesp et al., 2013) until position 8 where the morphological 

features and change in slope have an impact. 
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Figure 37:  A) One-minute averages of wind direction from 3D anemometers at positions 2, 6 and 9 situated 
at a height of 40 cm above the bed. 3D2 is located at the toe of the dune, 3D6 is approximately at the mid-
way point, and 3D9 near the crest. Topographic steering caused flow to turn more crest normal toward the 
crest whilst streamline compression has resulted in less variation in direction up the slope. B) One-minute 
averages of wind direction from 3D anemometers at positions 2, 9 and 10 situated at a height of 40 cm 
above the bed. 3D2 is located at the toe of the dune, 3D9 near the crest and 3D10 at the crest. Topographic 
steering caused flow to turn more crest normal toward the crest whilst streamline compression has resulted 
in less variation in direction up the slope from 3D2 to 3D9. However, there is a distinct increase in variation 
in wind direction at the crest.    
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4.4.2.2 Wind Speed 

Flow speed-up is clearly apparent from 3D2 to 3D9 and occurred for the entire study period. 

The same decrease in incident wind speed over time that was recorded at the reference 

anemometer on the beach is also observed in this data. 3D10 had a more significant drop in 

both wind speed and extent of variation in speed at 10:00am, and this aligns with the 

change in wind direction to more oblique winds recorded at this time (Figure 36 and Figure 

38).  

 

Figure 38: One-minute averages of wind velocity from 3D anemometers at 40 cm above the bed at 3m up-
slope intervals over the dune. 

 

In Figure 39 speed is initially reduced at the base of the dune (3D2) with a drop of 20% at 

the toe of the scarp presumably due to an adverse pressure gradient and an increase in 

turbulence (cf. Wiggs et al., 1996). Flow speed remains relatively constant until 3D4 where 

the percentage wind speed on the beach is the same as that at 3D4. From that point there is 
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a consistent increase of approximately 8% between each anemometer from 3D4 (99.2%) to 

3D6 (115.9%) (Table 2). There is then a surge in speed-up with a consistent increase of 

approximately 22% between 3D6 (115.9%) to 3D8 (159.1%) (Table 2). However, due to the 

change in slope at 3D8 the increase in speed to 3D9 (163.4%) is only 4.3% (Table 2). A 

further change in slope results in a significant drop in percentage velocity to 52.6% at the 

crest (Table 2).  

 

Figure 39: Percentage mean wind speed (u/u2.2) from 9:02am to 12:34pm for each anemometer relative to a 
reference anemometer at 2.2 m on the backshore during predominantly oblique incident winds. The 
orange(dashed) line shows the foredune topography. Percentage wind speed initially decreases at the base 
of the dune and then rapidly increases as topographic forcing creates speed-up the dune. Once the crest of 
the dune is reached the percentage speed drops significantly. 

 

4.4.2.3 Perpendicular vs Oblique Wind Approach Wind Effects  

The overall averages of wind speed, percentage speed (relative to the anemometer 

recording at 2.2m on the beach) and direction for the entire experiment are shown in Table 

5 along with the averages from between 9:28 and 9:54am when the incident wind direction 

was most perpendicular, and between 9:57 and 10:24am when the incident approach angle 

of the wind was most oblique. The arrows in Figure 40 indicate both wind direction and 
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change in percentage speed over the dune. The percentage speed has been determined 

using the average reference speed from each particular time frame. There is a clear increase 

in percentage speed under more perpendicular winds.  At 3D9 the percentage speed was 

183% when the wind was perpendicular compared to 154% when the wind was approaching 

the dune more obliquely (Table 2). This is a result of a reduction in the effective slope angle 

as flow approach angle becomes more oblique resulting in less speed-up, which has been 

observed to increase as slope angle increases (Arens et al., 1995; Hesp et al., 2015). At the 

crest the percentage speed is significantly lower when the winds where more oblique (40% 

compared to 86%). This, however, is partly due to the shelter created by the erosional walls 

of the blowout at the crest. 

There is also a difference in the degree that wind direction changes up the slope under the 

two distinct incident wind approach angles. Whilst an increase in speed-up occurred when 

the wind was more perpendicular to the dune slope, it was the degree of steering that 

increased under more oblique winds.  

A direction change of 34.8 degrees was recorded between 3D2 and 3D7 whilst the winds 

were oblique (3D1 Ave 277o), compared to 27.8 degrees when the winds were more 

perpendicular (3D1 Ave 265o) (Table 2). Interestingly, despite the differing incident wind 

approach angles, the average wind direction during both time periods changed 

approximately 15 degrees when the incident flow encountered the base of the dune 

between 3D1 and 3D2 (Table 2).    
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Table 5:  Average wind speed, percentage speed-up, and average direction for winds during the entire 
recording period, when the reference wind direction was more oblique and when it was more 
perpendicular.   

3D 

Anemometer  

More Oblique Overall Average  More Perpendicular 

3D10 Av 4.79 m s-1 40% 256o Av 5.54 m s-1 53% 255o Av 9.02 m s-1 86% 244o 

3D9 Av 18.60 m s-1 154% 264o Av 17.30 m s-1 163% 

262o 

Av 19.20 m s-1 183% 

259o 

3D8 Av 18.21 m s-1 151% 262o Av 16.85 m s-1 159% 

259o 

Av 18.38 m s-1 175% 

254o 

3D7 Av 15.82 m s-1 131% 258o Av 14.50 m s-1 137% 

258o 

Av 15.59 m s-1 149% 

252o 

3D6 Av 13.65 m s-1 113% 276o Av 12.29 m s-1 116% 

273o 

Av 13.10 m s-1 125% 

266o 

3D5 Av 12.81 m s-1 106% 275o Av 11.44 m s-1 108% 

275o 

Av 11.94 m s-1 114% 

268o 

3D4 Av 11.91 m s-1 99% 280o Av 10.52 m s-1 99% 

276o 

Av 10.72 m s-1 102% 

269o 

3D3 Av 10.73 m s-1 89% 

292.5o 

Av 9.33 m s-1 88% 287o Av 9.23 m s-1 88% 

280.3o 
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3D2 Av 9.76 m s-1 81% 292.8o Av 8.37 m s-1 79% 288o Av 8.10 m s-1 77% 

279.8o 

3D1 Av 12.10 m s-1 100% 277o Av 10.64 m s-1 100% 

272o 

Av 10.55 m s-1 100% 

265o 

 

 

Figure 40:  Flow speed and direction for more oblique, average, and more perpendicular incident winds. 
Positions of 3D anemometers are indicated by triangles. Arrows indicate average direction and arrow size 
indicates percentage speed. 
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4.4.2.4 2D Wind Velocity Profiles  

The variation in vertical speed is significant with percent velocity at position 8 being 67% 

near the surface (0.2 m) and rising to 75% higher at 1.44 m above the bed (Figure 41 (A)). A 

similar increase is seen at position 9; however, the overall speed is slightly higher with 73% 

at 0.2 m and 82% at 1.44 m (Figure 41 (A)). The vertical speed difference between 0.7 m and 

1.44 m is slight at position 8 (73 - 75%) and marginally larger at position 9 (79 - 82%) (Figure 

41 (A)). This difference has resulted in the profile at position 8 being non logarithmic whilst 

at position 9 the three measurement points follow a logarithmic profile (Figure 41 (B)). 

 

Figure 41: A) Average percentage velocity (u2D/u2.2) recorded at position 8 and position 9 from 9:02am until 
12:34pm relative to a reference 3D anemometer at 2.2 m height in the backshore during mostly oblique 
incident winds. B) Average percentage velocity (u2D/u2.2) recorded at position 8 and position 9 from 9:02am 
until 12:34pm relative to a reference 3D anemometer at 2.2 m height in the backshore during mostly 
oblique incident winds. 
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4.4.2.5 Turbulence  

Between 3D2 and 3D9 the CV in wind speed steadily decreases as flow compresses and 

speed-up occurs. The CV of wind speed is 0.18 at 3D2 and then drops to 0.08 by 3D9 (Figure 

42). As the flow traverses up the dune the decrease in CV slowly plateaus. There was a drop 

of 0.02 between 3D2 and 3D3 whilst there is only a difference of 0.003 between 3D8 and 

3D9 (Figure 42). At the crest there is a large spike in turbulence and fluctuation in wind 

speed indicated by a significantly increased CV of 0.57 (Figure 42). 

 

Figure 42:  Total average coefficient of variation of wind speed from 9:02am until 12:34pm. The orange line 
indicates the foredune topography. The coefficient of variation in wind speed steadily drops as speed-up 
occurs over the dune. There is a sudden increase at the crest indicating strong turbulence. 

 

After analysing the data in one-minute averages the decrease in SD upslope was found to 

also coincide with a reduction in degree of variation in standard deviation. This is shown by 

a comparison of 3D2 and 3D9 in Figure 43 where there is clearly less spread in the data 

recorded at position 9. There is also a decline in standard deviation over time that lines up 
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with the gradual reduction in wind speed and change in direction that occurred over the 

duration of the experiment.  

 

Figure 43: One-minute averages of the standard deviation of wind speed from 3D anemometers at 40 cm 
above the bed at 3D2 and 3D9.   

 

There was a distinct increase in turbulence at 3D10 at 10:00am (Figure 44 (A)). This 

correlates with the decrease in wind speed which occurred when the incident wind direction 

turned more oblique (Figure 36 (A) and Figure 38). This shift in incident wind direction has 

changed the angle of approach of flow into the blowout potentially increasing the local flow 

steering driven by the marginal erosional walls of the blowout, thus resulting in increased 

CV. 

In Figure 44 (B) a decrease in flow turbulence occurs as dune height increases. There is also 

less variation at each anemometer as height increases, indicating there is less deviation in 
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the CV further up the dune as also seen in Figure 43 for SD.       

 

Figure 44:  A) One minute average coefficient of variation in wind speed from 3D anemometers at 0.4 m 
above the bed at 3m intervals over the dune. B) One minute average coefficient of variation in wind speed 
from 3D anemometers at 0.4 m above the bed at 3m intervals over the dune. 

  

4.4.3 Smoke Cake Visualization  

In this study -W averaged -0.51 on the lower slope at position 3 and increased to an average 

of -1.37 at position 8. After the change in slope however, -W weakened to -0.52 at position 

9 before reducing further to -0.21 at the crest as flow expanded. Upwind and downslope of 
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3D8 the flow closely hugs the surface on the steep portion of the slope where negative 

vertical velocity (-W) is higher and speed-up is at a maximum (Figure 45 (A)). As flow passes 

3D8, the change in slope causes it to decelerate and expand and, thus a wider band of 

smoke is visible in Figure 45 (A). As the slope gradient continues to lower towards the crest, 

the flow expansion increases (Figure 45).   

 

Figure 45: A) The smoke hugs the surface on the steep portion of the slope where negative (downward) 
vertical velocity is higher and speed-up at a maximum. Flow expansion due to the change in slope at postion 
8 is portrayed in the vertical expansion of the band of blue smoke. B) View of the upper slope comprising 
anemometers at positions 8 and 9. The smoke spreads vertically with a change in slope indicating flow 
expansion. 
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One smoke cake was placed on top of the dune crest (red), and another (yellow) positioned 

on the lee side depositional lobe. A relatively stationary reversing vortex was visible on the 

lee side of the dune as the flow crossed the crest and separation occurred (Figure 46). Image 

A of Figure 46 shows that the direction of the flow fluctuated considerably and the 

turbulence at this site is obvious. However, the reverse flow created by separation past the 

dune crest is clearly visible in Figure 46 B, C and D. The arrow in Figure 46 D of Figure 46 

indicates the flow circulation, and this reverse flow is clearly seen in the yellow smoke in E 

of Figure 46. 

 

Figure 46: Reversing vortice on the lee side of the dune crest observed using smoke cakes. Flow in A 
indicates that at times strong downward and oblique gusts interact with the lee slope and the reverse flow 
is fluctuating and moving across-slope. In B through to D the surface flow is separated and flowing upslope 
against the incident flow indicated by the pink smoke. Flow separation vortice is made visible in the yellow 
smoke in E.  
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4.4.4 Blowout  

The blowout located in the dune crest, and which is transected by the experiment line, 

initially developed prior to 2010 (Figure 47). Since this time, it has progressively increased in 

both size and complexity despite the ongoing shoreline erosion. This erosion is apparent 

when comparing the position of the scarp crest in the top left corner of the 2010 image and 

the image from 2019 in Figure 47. The distance from the top of the image to the crest on 

the far-left hand side is 10 m whilst in 2019 it is only 3 m. If the blowout had not continued 

to expand it would have been mostly eroded away by 2019. Instead, the blowout has 

increased in size from 12.39 m width at its widest point and 14.72 m long in 2010 to 34.86 m 

wide and 21.86 m long in 2019.  

 

Figure 47: Georectified historical aerial imagery of the growth of the blowout. The blowout has expanded 
between 2010 and 2019.  
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4.5 Discussion  

Four major wind flow processes were observed in the experiment undertaken over the large 

scarp slope at Salmon Hole. Firstly, an increase in turbulence at the toe of the dune that 

gradually reduces up slope until a sharp rise occurs at the crest. Secondly, topographic 

steering occurs and turns the incident wind approach angle more crest normal across the 

stoss slope. Thirdly, significant percentage speed-up occurs up the dune until a significant 

decrease takes place at a change in slope on the upper slope segment. Fourthly, flow 

separation occurs at, and beyond the dune crest.  

4.5.1 Wind Flow Dynamics 

4.5.1.1 Speed Up and Turbulence 

An increase in turbulence generally results in a decrease in speed whilst streamlined 

topographically compressed flow is usually associated with an increase in velocity (Jackson 

and Hunt, 1975; Arens et al., 1995; Neuman et al., 1997; Walker et al., 2006). This was 

clearly the case with flow recorded at the Salmon Hole scarp. 

The main consensus in the literature is that maximum speed occurs at the crest where 

streamline convergence usually peaks, and convex curvature reduces turbulence (Lancaster, 

1985; Arens et al., 1995; Neuman et al., 2000; Hesp, 2002; Walker and Nickling, 2002; 

Parsons et al., 2004; Hesp et al., 2015). The scarp at Salmon Hole should be conducive to 

this given its height and steep slope angle (Tsoar, 1985; Wiggs et al., 1996; Parsons et al., 

2004). However, the results show wind speed was least and turbulence was greatest at the 

scarp crest at 3D10. This is contrary to the majority of what has been previously found in the 

literature and is a result of the morphology of the scarp and blowout presence as will be 

discussed below.  
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The flow structure was typical to that observed elsewhere from 3D1 to 3D8 with 

deceleration at the toe (Figure 48), followed by a steady increase in wind speed and gradual 

drop in turbulence upslope to position 8 due to streamline convergence up the large and 

steep stoss slope as often observed in other studies (Figure 48) (Bowen and Lindley, 1977; 

Weaver and Wiggs, 2011). The effect of flow compression on this part of the stoss slope 

forces an increase in downward vertical velocity and accordingly the smoke hugs the surface 

(Figure 48 (A)). Although speed-up continued to 3D9, after 3D8 only a slight increase to 3D9 

was observed (Figure 39). For example, between 3D7 and 3D8 there was an increase of 22% 

from 137% to 159% whilst between 3D8 and 3D9 there is an increase of only 4% to 163% 

(Figure 39). After this there was a significant drop in speed at the crest to only 53% of that 

observed on the beach. Figure 48 (A) indicates that this was a result of flow expansion after 

the change in slope which was clearly visible as the smoke pattern expanded past this point 

(Figure 45). This resulted in the plateauing of both the increase in speed and decrease in 

turbulence from position 8 to 9 (Figure 39 and Figure 42). When the flow reached position 

10, the flow expansion was such that a dramatic increase in turbulence and a significant 

drop in wind speed was observed (Figure 48) due to the further change in slope gradient. 

However, this was also likely influenced by the local flow steering created by the marginal 

erosional walls of the blowout.  

The scarp at Salmon Hole fits within the critical range for Jackson and Hunt (1975) formula 

analysis as H/L = 0.43 (within their critical range between 0.1 and 0.7). When applying the 

Jackson and Hunt (1975) formula to the scarp at Salmon Hole in order to determine the 

maximum speed-up reached at the crest the result is 2H/L = 0.86. This is well above the 0.53 
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recorded at 3D10 and further demonstrates the effect of the change in slope and possible 

influence of the erosional walls on the wind speed near, and at the crest. 

An increase in speed-up with height above the surface was also observed by the 2D 

anemometers at positions 8 and 9 (Figure 41). Hesp et al. (2005) noted this as well although 

it was a result of an increase in drag closer to the surface created by the presence of 

vegetation. Here surface friction produced by the sandy surface alone has produced a 

similar response as has also been identified on transverse dunes (Burkinshaw et al., 1993; 

Parsons et al., 2004). 

Once flow passed the crest, flow separation and a reversing vortex were clearly visible in the 

behaviour of the smoke (Figure 46 and Figure 48). Flow separation has been observed in the 

lee of foredunes, scarp crests, barchans, and transverse dunes and has been well 

documented by other studies (Walker and Nickling, 2002; Parsons et al., 2004; Hesp and 

Smyth, 2019), As high velocity wind overshoots the crest, a region of low pressure forms 

beneath it in the separation zone. This positive pressure gradient creates circulation within 

the separation cell in the form of a coherent eddy that causes flow to return back up the lee 

slope, resulting in a reversing vortice (Kocurek et al., 1992; Walker and Nickling, 2002; Hesp 

et al., 2005; Lynch et al., 2010; Bauer et al., 2012).  
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Figure 48: General model of the flow dynamics over the dune slope. (A) Topographic compression and flow 
expansion, flow expansion, and flow separation. B) flow dynamics over the scarp responsible for changes in 
wind speed, direction and turbulence over the scarp. Inset: Figure 8 showing percentage speed-up the scarp.    

 

4.5.1.2 Topographic Steering 

Arens et al. (1995) recorded flow steering of up to 30o on large foredunes (12-15 m) and 

stated that the larger a foredune is the greater the effect of topographic steering. Although 

the average flow deflection from the reference anemometer to 3D9 was only 110 there was 

a significant change of 32o between 3D2 and 3D7 (Table 2). This is because as the wind 
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approaches the scarp base it initially turned more parallel to the beach (Figure 40). This was 

observed by Hesp and Smyth (2019) in their CFD modeling of oblique wind flow patterns 

over a 2 meter high vertical scarp, as well as by others examining flow over foredunes 

(Svasek and Terwindt, 1974; Mikelsen, 1989; Rasmussen, 1989; Arens et al., 1995; Walker et 

al., 2006; Walker et al., 2009; Hesp et al., 2013). As shown in the results, between 3D2 and 

3D7, the flow follows convention and is topographically steered towards crest normal as it 

flows up the scarp (Figure 40; Table 2). This trend is halted, however, as the average wind 

direction swings slightly more oblique at positions 3D8 and 3D9 further up the dune. Hesp 

et al. (2015) found that the degree of deflection increases towards the crest and that 

greatest deflection is seen when the incident approach angle is between 30o – 70o. Given 

the minimum incident wind approach angle of 29o and a maximum of 56o at Salmon Hole, 

significant steering toward the crest was expected. However, as noted above, the vertical 

walls of the blowout present at the top of the scarp (near 3D9) appear to influence the flow 

steering to more oblique in that region (Figure 34 and Figure 40). Above that area and on 

the crest at 3D10, the flow steers back towards more perpendicular.  

4.5.2 Effect of Wind Flow Processes on Scarp/Blowout 

The scarp at Salmon Hole has not recovered since it was first documented as eroding in a 

1946 aerial image (Davidson et al., 2021). This is despite the topographic steering, speed-up 

and increase in turbulence up-slope observed in this experiment, since such near surface 

flow dynamics are known to assist in foredune scarp recovery by aiding in the development 

of a dune ramp in front of a scarp (Carter et al., 1990; Ruz and Anthony, 2008; Hesp et al., 

2013; Ollerhead et al., 2013; Jackson and Nordstrom, 2018; Piscioneri et al., 2019; Davidson 

et al., 2020). Topographic steering and speed-up achieve this by increasing sediment 

transport to the crest, whilst an increase in turbulence at the toe can promote deposition 
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(Svasek and Terwindt, 1974; Lancaster, 1985; Arens et al., 1995; Lancaster et al., 1996; 

Wiggs et al., 1996; Neuman et al., 1997; 2000; Walker, 2000; Walker and Nickling, 2002; 

Walker et al., 2006; Lynch et al., 2008; Hesp et al., 2009; Lynch et al., 2009; Bauer et al., 

2012; Hesp et al., 2015; Smith et al., 2017). The formation of a scarp fill - dune ramp then 

usually allows the dune to both grow in height and translate landwards as flow transports 

sediment up and over the crest (Hesp, 1988; Bauer and Sherman, 1999; Christiansen and 

Davidson-Arnott, 2004; Davidson-Arnott, 2005; Davidson‐Arnott et al., 2018). 

The reason the scarp at Salmon Hole has never recovered despite the wind flow dynamics 

observed in this experiment is because of the systems negative sediment budget. The 

ongoing erosion removes sediment and transports it out of the bay leaving minimal 

sediment for deposition as scarp fill and the formation of a dune ramp (Davidson et al., 

2021). Salmon Hole beach therefore demonstrates the net shoreline retreat and dunefield 

erosion that will occur on similar sandy coasts when there is insufficient time and/or 

sediment available to recover between erosion events. Due to a lack of sediment delivery 

back to the beach between storm events, the scarp ramp cannot provide sediment to build 

the dune crest sufficiently to produce an increase in dune height and dune translation 

(Hesp, 2000; Pye and Blott, 2008; Castelle et al., 2017; Davidson et al., 2020).  

However, despite the lack of sediment supply to the system and the scarp, a blowout and 

depositional lobe has formed at the crest of the scarp where the experiment was located. 

The blowout was first observed in a 2010 aerial image and has grown steadily since (Figure 

47). This has occurred despite the ongoing erosion cutting into the blowout overtime as 

seen in Figure 47 (Davidson et al., 2021). The blowout most likely initially formed as speed-

up enhanced flow (observed in this experiment) eroded a poorly vegetated or low point 
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along the scarp crest (cf. Ritchie, 1972; Carter et al., 1990; Saunders and Davidson-Arnott, 

1990; Giles and McCann, 1997; Hesp, 2002). This then led to the formation of a deflation 

zone with erosional walls either side and a depositional lobe downwind (Figure 34). 

Sediment is added to the depositional lobe via erosion of the scarp slope, and so there is 

local translation at that point. The continuance of the blowout, however, will be determined 

by the rate at which the entire seaward slope retreats, and it will likely disappear as the 

dune becomes smaller due to net slope and dune erosion. At the current rate of erosion, the 

entire dune system will be removed within the next 30 years (Davidson et al., 2021). 

4.6 Conclusion 

• Percentage speed-up on the stoss slope is similar to that previously observed over 

scarp slopes, foredunes and transverse dunes due to streamline convergence and 

flow compression. However, flow expansion at the change in slope caused a 

significant drop in wind speed on the upper slope segment. This is contrary to what 

has previously been found where maximum percentage speed-up is primarily 

recorded at the crest, and where peak flow streamline convergence is generally 

found.  

• An increase in turbulence was observed at the toe of the Salmon Hole slope. This 

was followed by a gradual decrease in turbulence up-slope due to streamline 

convergence. These dynamics are frequently recorded in wind flow studies over 

dunes. However, the change in slope and subsequent flow expansion that resulted in 

a decrease in wind speed also created a significant increase in turbulence at the 

scarp crest. In both foredune and transverse dune studies the least degree of 

turbulence is typically found at the crest.  
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• Topographic steering typically seen in wind flow over scarps and foredunes was 

observed at Salmon Hole. The oblique incident wind direction changed towards 

more crest normal as it traversed the steep stoss slope. This flow trajectory, 

however, was altered on the upper slope where flow became more oblique due to 

local topographic steering created by the vertical wall of the blowout which exists 

just below, and at the dune crest. Above that, the flow again became more 

perpendicular.  

• Once flow passed the crest at Salmon Hole, flow separation and a reversing vortex 

were clearly visible. This flow pattern has been observed in previous field, wind 

tunnel and CFD modelling studies of oblique incident flow over dunes. 

The study at Salmon Hole demonstrates how a lack of sediment delivery back to the dune 

between storm events results in the inability for dune recovery or translation, and therefore 

net erosion, although local translation via a blowout can occur to a degree, and likely for a 

finite time. Further sea level rise and increased storm magnitude and frequency due to 

climate change will result in many similar sandy coastlines with a negative sediment supply 

also being characterized by dune destruction.  
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CHAPTER 5  
5. DYNAMICS OF SUBAQUEOUS DUNES IN A REEF-FRINGED 

HEADLAND BAY BEACH 

Undergoing revision and is anticipated to be published presently. Davidson, S.G. (80%), 

Hesp, P.A. (10%) and Silva, G.M.D. (10%). Dynamics of subaqueous dunes in a reef-fringed 

headland bay beach.  

5.1 Introduction  

. Within the lagoon at Salmon Hole there are a suite of subaqueous transverse dunes 

aligned perpendicular to the shore. Typically, the dunes are comprised of a gentle stoss 

slope followed by a steep slip face on the leeward side (Figure 50). These dunes are 

between 0.3 to 1 m high and have wavelengths ranging from ~10 to ~40 m. Measured along 

the dune crest these subaqueous transverse dunes vary in length from ~25 to ~80 m long, 

whilst the width of the dunes can range from ~8 to ~31 m wide. The dunes are comprised of 

coarse sand and covered by sand ripples. In the following, some aspects of the flow and 

currents in the lagoon and the dynamics of the transverse bars are examined. 
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Figure 49: Salmon Hole study site situated near Beachport SE South Australia (image from 2013). The reef 
which extends across the bay is semi-exposed at low tide as shown in this image. A prominent scarp may be 
observed along the dune edge. An artificial rock ‘tombolo’ is present at the northern margin of the bay. The 
beach originally reached the seawards edge of the exposed reef in 1946. Subaqueous transverse dunes can 
be seen aligned perpendicular to the shore in the yellow polygon. 
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Figure 50: 170cm tall person standing next to steep lee slope of a subaqueous transverse dune in the bay on 
the 23/2/20. 

 

5.1.1 Subaqueous Transverse dunes  

Once sandy bed material starts to move in flowing water it generally begins to morph into 

flow transverse bedforms of varying shapes and sizes (Kostaschuk and Villard, 1996). The 

larger of these relatively dynamic bedforms are sometimes described as mega ripples 

(Watson et al., 2020), sand waves (Carey and Keller, 1957; Zhou et al., 2020), sand ridges 

(Tao et al., 2019), transverse bars (Gustavson, 1978), longitudinal bars (Boothroyd and 

Ashley, 1975), linguoid bars (Collinson, 1970) or macroforms (Crowley, 1983), however, all 

fit into the definition of subaqueous dune (Ashley, 1990; Kostaschuk and Villard, 1996; 

Francken et al., 2004; Mason et al., 2020). Subaqueous dunes are large bedforms often 

found in subaqueous sedimentary environments where water depths are greater than ~1 m, 

the sediment size is coarser that 0.15 mm, and mean current velocity is more than 0.4 m s-1 

(Ashley, 1990). The sediment stored in these various morphological forms moves through 

time intervals ranging from hours to centuries (Ashley, 1990; Kostaschuk and Villard, 1996; 
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Francken et al., 2004; Tao et al., 2019). Subaqueous dunes are distinct from smaller current 

ripples which generally have spacings less than 0.6 m (Yalin, 1964; Allen, 1968; Kennedy, 

1969; Harms et al., 1982). 

Subaqueous dune size is predominantly determined by flow speed and grain size. Dune 

growth is proportional to flow speed until the critical suspension threshold for a given grain 

size is reached (Flemming, 2000; Bartholdy et al., 2005; Coleman and Nikora, 2011; Bradley 

and Venditti, 2017). The coarser the grain size the greater the critical suspension threshold 

and thus the larger the maximum subaqueous dune size. Water depth does not play a major 

role in determining dune growth except where water is shallow and flow velocity is depth 

limited (Flemming, 2000; Flemming and Bartholomä, 2012; Reesink et al., 2018).  

The subaqueous dunes at Salmon Hole are here classified as transverse dunes, given that 

they fit the definition given by McKee (1979) as sedimentary deposits whose longest axis lies 

perpendicular to the predominant flow direction. They have low angled stoss slopes and 

steep slip faces that indicate the direction of flow (Lee et al., 2005). These dunes are quite 

distinct from transverse bars commonly found in the surf zone and associated with adjacent 

rip channels (Niedoroda, 1966; Price, 1997; Short, 2006; Marinho et al., 2018). A defining 

feature that separates subaqueous dunes from transverse bars is that dunes migrate 

forwards in the predominant direction of the current (Bens et al., 2010). Transverse bars 

usually form due to oscillatory currents created by waves and tides (Niedoroda, 1966; 

Marinho et al., 2018). The subaqueous transverse dunes at Salmon Hole are likely to be 

created because of the presence of a mostly consistent unidirectional current which will also 

be assessed in this study. However, such dunes may also be due to the presence of 

oscillatory currents. 
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Subaqueous dunes have been found in rivers that are unidirectional, channelized and made 

up of varying grain sizes and hydrological features (Carey and Keller, 1957; Collinson, 1970; 

Crowley, 1983; Kostaschuk and Villard, 1996; Mason et al., 2020). The sediment transported 

by fluvial systems is often stored in the form of subaqueous dunes that vary significantly in 

both size and morphology. (Carey and Keller, 1957; Harms and Fahnestock, 1965; Coleman, 

1969; Collinson, 1970; Smith, 1974; Boothroyd and Ashley, 1975; Gustavson, 1978; Crowley, 

1983; Kostaschuk and Villard, 1996; Mason et al., 2020). These subaqueous dunes are often 

found in the channel with their presence and morphological variability primarily dictated by 

flow strength (Yalin, 1964; Raudkivi, 1966; Southard, 1971). Kostaschuk and Villard (1996) 

investigated both large symmetric and asymmetric subaqueous dunes in Fraser River, 

Canada. These dunes ranged in length from 4 m to greater than 100 m and reached from 0.3 

m to greater than 4 m, significantly higher than the 1 m high dunes situated in Salmon Hole 

Bay. They found that high current velocities create symmetrical dunes with rounded crests 

and slight slope angles (<8o). This is as a result of high transport rates over the dune due to 

high near bed velocity. This increased bed load transport smooths or flattens dune crests 

and causes suspended sediment deposition in the dune troughs. The asymmetric dunes in 

the Fraser River on the other hand are formed in low flow velocity and sediment transport 

conditions and have longer stoss slopes (<3o) and straight steep lee side slopes (>19o). 

Subaqueous dunes have also been found in the marine environment.  This includes large 

coastal embayment’s/estuaries with channelized, unsteady and reversing tidal flows as well 

as relatively deep, continental shelfs where currents are created by geostrophic flows, 

storms, tides and waves (Jones et al., 1965; Bokuniewicz et al., 1977; Stride, 1982; Francken 



 

139 

et al., 2004; Ryan et al., 2007; Masselink et al., 2009; Dalrymple et al., 2012; Tao et al., 2019; 

Zhou et al., 2020).  

Large coastal embayment’s (as opposed to beaches in smaller coastal embayment’s such as 

Salmon Hole) and/or estuaries that are partially enclosed by topography but still have a 

connection to sea can be dominated by tidal ranges greater than 1 m and/or by low input 

from fresh water sources in comparison to tidal volume (Ashley, 1990; Wells, 1995; Tessier, 

2012). Currents created by these tides reach speeds of up to 2 m s-1, however, this varies 

significantly through the daily tidal cycle (depending on the phase and amplitude of the tide) 

and the lunar spring-neap cycle (Francken et al., 2004; Dalrymple et al., 2012). Tidal flow 

reverses regularly as it floods and ebbs which is unfavourable for the formation of 

subaqueous dunes, however, if the geometry of a large embayment/estuary allows it then 

these flows will often not intersect and instead a circular route is followed in and out of the 

embayment/estuary (Ashley, 1990). This variability within the system along with the 

frequently changing water levels leads to a wide variety of bedform morphologies including 

subaqueous dunes (Francken et al., 2004; Ryan et al., 2007; Masselink et al., 2009; Billy et 

al., 2012; Goodbred and Saito, 2012). Smaller dunes (spacing of a few meters) can change 

their orientation throughout the tidal cycle whilst the short duration of the tidal cycle does 

not allow larger dunes (spacing > 10 m) to be completely reworked. The overall morphology 

of these larger bedforms therefore is in a state of quasi-equilibrium adjustment where the 

overall shape is determined by the relative strengths of the opposing currents (Ashley, 

1990).  

Francken et al. (2004) studied the subaqueous dunes found in the Scheldt Estuary located 

between the Antwerp and Belgium border. Here tidal current velocities are largest during 
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flood reaching up to 1.6 m s-1 during an average tide to 2.0 m s-1 during a spring tide. They 

found that grain size had the most significant effect on dune size in the Scheldt Estuary with 

dunes of various sizes coexisting in areas of similar current speeds. They also noted that 

there was a direct correlation between wavelength and dune height, with an increase in 

dune height linked to longer wavelengths. Ryan et al. (2007) examined Keppel Bay a 

macrotidal embayment and estuary that links the Fitzroy River with the Great Barrier Reef. 

In this mixed wave and tide-dominated system, they found large scale subaqueous dunes to 

the North between Great Keppel Island and the mainland created by a wave-induced 

longshore current. They also discovered seaward orientated dunes at the southern end of 

the bay in the outer Fitzroy River channel created by ebbing tide flows. Whilst further 

offshore large-scale subaqueous dunes orientated landwards were found to be produced by 

flood tidal currents reaching speeds of 68 cm s-1. 

Subaqueous dunes have also been found in shallow marine environments (<200 m) such as 

sounds and straits (Caston, 1981; Watson et al., 2020). Through the bathymetric mapping of 

the seafloor Watson et al. (2020) revealed several dune bedforms varying in size and 

morphology in the Marlborough Sounds, New Zealand, between 50 and 120 m water depth. 

These dunes ranged from barchans with 25 m wavelengths that were less than 0.5 m high to 

large scale “sand waves” with 300 m wavelengths reaching 20 m high and ranging between 

300 to 600 m long.     

Large scale dunes also occur in open shallow marine environments such as on terrigenous or 

carbonate continental shelves, and epicontinental slopes (less than 20o) (Stride, 1982; Harris 

et al., 1986; Ashley, 1990). Compared to the smaller dynamic subaqueous dunes formed by 

tides in coastal embayment’s and estuaries, the large amount of sediment stored in these 
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shallow marine dunes results in them being much more stable and moving on scales of 

months to years (Jones et al., 1965; Bokuniewicz et al., 1977; Allen, 1980; Flemming, 1980; 

Langhorne, 1982; Stride, 1982; Amos and King, 1984; Harris and Collins, 1984).    

Tao et al. (2019) modelled the morphodynamics of large-scale radial sand ridges located off 

the coast of China in the Southern Yellow Sea. These subaqueous dunes stretch out in a fan 

shape with each ridge up to 100 kms long and 5 to 10 kms wide in a water depth of 30 m. 

The modelling of these features produced close to reality results and demonstrated the 

formation is governed by both the tidal regime of the Yellow Sea as well as latitudinal 

effects such as the Coriolis force. Zhou et al. (2020) analysed the formation of giant sand 

waves (or dunes) reaching heights of 22.5 m and wavelengths of up to 2.1 kms located on 

the Taiwan Banks in the southern Taiwan Strait. The size of theses dunes results in their 

shape remaining stable for up to three years before change. They found that dunes in 

deeper water were generally more rounded in shape and as has been discussed that larger 

grain size and increased flow velocity led to an increase in dune height and length.  

Subaqueous dunes positioned in a small headland-bay beach system such as those found at 

Salmon Hole which are the focus of this research have not been previously studied. Salmon 

Hole is fronted by a calcarenite reef 100 m offshore. Such reefs are known to attenuate 

wave energy into a lagoon depending on water level over the reef, in this case dictated by 

tide height (Brander et al., 2004; Davidson et al., 2021). Circulation in geologically controlled 

reef - lagoon systems however, are not only dependent on both wave energy and tide 

height but also critically on the morphology of the reef (Brander et al., 2004; Lowe et al., 

2010). Currents driving circulation in such systems are usually generated by incident wave 

forcing as a result of wave setup on the reef. This produces a pressure gradient that drives 
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flow over the reef and around the bay (Lowe et al., 2009). The transverse subaqueous dunes 

found at Salmon Hole have likely been formed by geologically controlled embayment 

circulation. This chapter is an initial investigation into both this, and the role the subaqueous 

transverse dunes have been playing in the overall sediment transport out of the bay.    

5.2 Method 

5.2.1 Bathymetric Surveys  

Two bathymetric surveys were undertaken in 2018 (9th of April and 13th July). These were 

conducted using a GPS enabled kayak deployed single beam echosounder which provided 

position and depth data used to create 3D digital elevation models (DEM’s) of the bay’s 

bathymetry. A CEESCOPE sonar system was used to measure depth at a <1cm vertical 

resolution with a R10 Trimble RTK-GNNS unit to provided 2 - 5 cm accurate positional data. 

The first survey included 13685 recorded points with survey lines stretching the entire 

length of the bay, however, the percentage coverage was limited (Figure 67). The second 

survey was again across the length of the bay, this time in a zig zag pattern that more tightly 

covered particularly the northern end of the bay where the dunes are situated. The July 

survey had 14263 recorded points; the overall coverage was again limited.  

 

5.2.2 Current measurements 

A current meter (Aanderaa RCM Blue) was positioned in Salmon Hole on the 23/7/20 and 

recorded until the 2/12/20. The position of the current meter can be seen in Figure 51. The 

sensor at the time of deployment was at a depth of 2.1 m, and recorded speed (cm/s), 

direction (degrees), and water depth (m). The current meter logged this data continuously 

at 4 Hz for one minute every four minutes with the average of each one-minute burst 
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recorded for the entirety of the 19-week period. These were then converted into hourly 

averages. Comparisons were then made with hindcast significant wave height (Hs) (m) data 

for the same period also in hourly intervals. The hindcast Hs grid point is located at 

longitude 139.9676 and latitude -37.5009 approximately 3.26 kms directly offshore from 

Salmon Hole (closest available data) and was obtained from the NationalMap data 

catalogue (nationalmap.gov.au).  NationalMap is an online tool that allows access to spatial 

data from Australian government agencies. The Hs data on the site is sourced CAWCR’s 

(Collaboration for Australian Weather and Climate Research’s) Wave Hindcast which was 

created using the WaveWatch III v4.08 wave model. Tidal data in hourly intervals for 

Beachport was also obtained using the IHO (International Hydrographic Organization) global 

tidal model. This was accessed through the Delft Dashboard to assess its impact on the data 

collected from the current meter.  For time periods of specific interest in the current meter 

data, wind speed and direction data was also obtained from the Bureau of Meteorology 

from the nearby station at the Robe airport.  
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Figure 51: Yellow dots indicate the positions of data loggers in the bay. The dot labelled CM indicates the 
position of the main current meter positioned in the bay long term. P1, P2 and P3 are the positions of the 
three water level loggers positioned in the bay during the experiment in October 2020. The fist tilt current 
meter placed in the bay during the experiment was located on the crest of the dune at P1 and the position 
of the second in the swale can be seen near P1.  

5.2.3 Additional hydrodynamic measurements (water levels and local currents) 

On the 26th and 27th of October 2020 an experiment was carried out at Salmon Hole with 

the aim of recording current speed/direction adjacent to the subaqueous dunes, water level 

data, together with the autonomous bathymetric survey explained above. 

5.2.3.1 Water levels 

Three HOBO U20L-04 Water Level Data Loggers capable of measuring water depth up to 4 m 

were placed around the bay (Table 6). Positions 1, 2 and 3 in Figure 51 show the locations of 

these loggers in the bay. The data loggers recorded in 1 second intervals and record the 

height of the water above the position of the sensor. The atmospheric pressure on the day 

was 101.4 Pa and it varied little over the course of the experiment.  
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Table 6 contains the positions of the loggers along with the time in which they were 

positioned, reset, and then taken out, the sensor and water depth at these times and the 

overall logging time at each position. 

Table 6: Positions of the loggers along with the time in which they were positioned, reset, and then taken 
out, the sensor and water depth at these times and the overall logging time at each position. 

Logger Position 
In 

27/10/20 

Reset 
28/10/20 

Out 
28/10/20 

Recording Period 1 Recording Period 2 

1 

S37 29.023, 
E139 59.879 

3:10pm 
(reset at 
5:00pm) 

 

10:40am 

 

4:30pm 

 
3:10pm – 4:13pm 

5:00pm – 2:29am 
10:40am - 4:30pm 

Sensor Depth 85cm 87cm 65cm 

Water Depth 105cm 145cm 113cm 

2 
S37 29.063, 

E139 59.920 

3:25pm 

 

12:30pm 

 

5:30pm 

 
3:25pm – 7:19pm 12:30pm – 5:30pm 

Sensor Depth 140cm 125cm 129cm 

Water Depth 180cm 172cm 168cm 

3 
S37 29.151, 

E139 59.998 

3:40pm 

  

11:35am 

  

5:15pm 

  
3:40pm – 7:19pm 11:35am - 5:15pm 

Sensor Depth 100cm 165cm 90cm 

Water Depth 145cm 205cm 137cm 

 

5.2.3.2 Local currents over a dune 

During the experiment two Lowell Instruments TCM-4 tilt current meters were used to 

record flow velocity over the subaqueous dunes. These Tilt Current Meters (TCMs) use a 

drag-tilt principle to record both current speed and direction. Each TCM is made up of a 25.4 
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cm x 2.54 cm buoyant cylinder that contains a sensor attached to a short length of rope (10 

cm) tied to an anchor on the seafloor. The buoyant meter tilts in reaction to the current, this 

change in position and angle is recorded by a 3-axis accelerometer and 3-axis 

magnetometer at up to 64Hz. This is sufficiently fast to record oscillations created by 

currents or waves. The output data from the TCM’s is then post processed into speed (cm s-

1) and direction (degrees) data using a speed-tilt curve equation developed by Lowell 

Instruments through tank and field testing whilst comparing results to reference 

instruments. The TCM’s were set to record in 2 second intervals with a burst rate of 4hz, 

these were later converted to 5 min averages. A TCM was positioned on the crest of a 

subaqueous dune at position 1 at the northern end of the bay while a second was placed in 

the swale 12 m away, both positions are shown in Figure 51. 

5.2.4 Aerial surveys 

Drone surveys over Salmon Hole Bay were conducted on the 25/7/20 and 28/10/20. Ideally 

more regular surveying would have been undertaken, however, near perfectly calm 

conditions were necessary to be able to view the subaqueous dunes from the air with 

sufficient clarity to then be able to create an orthosmosaic from the images. The drone was 

flown at 120 meters with 50% overlap. The overlapping images were then stitched together 

using Pix4D photogrammetry software that uses key features visible across multiple images 

as tie points.  

Conducting this process, which is best suited to land-based applications, on subaqueous 

morphology presented multiple hurdles and has overall reduced the accuracy of the results. 

Pix4D is designed to create 3D Digital Elevation Models (DEMs) of above surface terrain and 

therefore could not process the images below water into a DEM. However, the software 
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could be used to make orthomosaics for comparison. Whilst these orthomosaics provided a 

good representation of the morphology and general location of the dunes the accuracy of 

the exact positions of the dunes in the orthomosaics is questionable. There were up to 4 m 

difference in locations of key permanent features between the two orthomosaics. The main 

reason for this is inconsistencies between the images resulting in Pix4D being unable to 

stitch the images together completely accurately. The discrepancy between images is due to 

multiple factors including: refraction at the air water interface, the general sparsity of key 

features in images, the movement of seaweed and floating objects between frames and 

waves, and, ripples and reflections across the water’s surface (Casella et al., 2017; van 

Scheltinga et al., 2020).    

Due to the drone flying too low during the first survey in July, Pix4D was unable to identify a 

sufficient number of key features between images to act as tie points. This resulted in the 

orthomosaic produced only including the outer edge of the bay where multiple key features 

between images, i.e., the headlands and parts of the vegetated dune system were present. 

The remainder of the images were, therefore, georeferenced manually in ArcGIS pro.  

From the 15/2/19 to the 28/10/20 oblique images of the dunes were also taken from the air 

using a DJI drone on occasions when the subaqueous dunes were visible. Oblique Images 

were taken post drone surveys as well as on occasions where although the dunes were 

visible the conditions or circumstances were not suitable for a survey.  

5.3 Impacts of waves, winds and tides in the lagoon’s hydrodynamics 

The maximum current speed recorded in Salmon Hole Bay was 84 cm s-1 with a maximum 

hourly average of 67 cm s-1 and a mean of 25.85cm s-1. Current speed appears to be highly 

dependent on wave height with periods of high and low current predominantly associated 
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with a corresponding magnitude of Hs (Figure 52). The Pearson’s correlation between 

current speed and Hs is 0.77. This relationship clearly shows that the Hs offshore is directly 

linked to the amount of wave energy transferring over the reef and thus the resultant 

current speed within the bay itself.   

 

Figure 52: Current velocity (orange) measured in cm s-1 between July and November 2020 clearly related to 
offshore hindcast Hs data (blue). 

 

Tides also influence current speed at Salmon Hole, however, its impact varies significantly 

under high versus low Hs conditions (Figure 53). Under high wave conditions the tide has 

little influence on current speed as seen between the 14th and the 16th of September in 

Figure 53 A). Under low wave conditions, however, the current speed not only drops but 

also begins to increase and decrease along with the tide as seen on the 18th of September in 

Figure 53B) (in red box).  
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Figure 53: A) Current speed cm/s (orange) compared to Hs in meters (blue). B) Current speed cm/s (orange) 
compared to tidal variation in meters (green). Tides only significantly affect current speed during periods of 
low Hs. Red box highlights the current speed rising and falling with the tide under low Hs conditions. 

 

The direction of the current is predominantly toward the NW, with the current running at an 

average of 294.24 degrees NW between the 23/7/20 to the 26/10/20. This is directly in line 

with the direction that the subaqueous dunes appear to be migrating around the bay. The 

current which is shown in hourly averages only swings in the complete opposite direction 
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three times in the 19-week period (Figure 54). Firstly, on the 28/09/20 between 3:00pm and 

9:00pm where the current averaged a direction of 164 degrees SE. Then secondly, shortly 

after on the 29/09/20 between 7:00am and 10:00am where the direction averaged 159 

degrees SE. Then finally, on the 18/10/20 between 8:00am and 9:00am during which the 

flow direction averaged 152 degrees SE. The first and second changes in direction align with 

lowest recorded Hs offshore, with an average Hs of 1.26 m between the 28th and 29th of 

September. All other periods that the current varied significantly from the overall average 

NW direction were also during low wave energy conditions.  

 

Figure 54: Current direction (purple) measured in degrees between July and November 2020. The direction 
only deviates from the  north westerly direction during periods of low Hs (blue). 

 

Figure 55 shows that although each recorded case of flow reversal occurred during low tide, 

it alone however, does not equate to a southerly flow direction. Significantly lower tides 

than those seen during periods of reversed flow occurred whilst the current maintained a 

NW direction. This suggests that it is a combination of factors that lead to flow reversal in 

Salmon hole Bay (Figure 55).   
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Figure 55: Tidal variation in meters (green) alongside direction in degrees (purple). Although a factor in 
creating  flow reversal from the mean NW direction low tide alone does not equate to southerly flow 
direction. 

 

Figure 56 and Figure 57 demonstrate this point through a closer look at the prevailing 

conditions during the first two occasions that the current switched direction. Both figures 

show that despite the low Hs, low tide on its own was not sufficient to change the current 

direction a full 180 degrees from the norm. For instance, in Figure 56, the tide was lower at 

9:00 am (-0.246) than at 7:00pm (-0.216) and yet the current direction deviated further at 

7:00pm. This is because the wind had dropped in speed from 18 to 10km/hr by 7:00pm. The 

average direction turned back to ~320 degrees with high tide at 3:00am on the 29/09/20 

before it again changed to ~130 degrees at 9:00am. This time the swing in direction appears 

to be due to an increase in wind speed, in an NNE direction, pushing the current back in the 

other direction as simultaneously Hs continued to drop (Figure 56). After this during the 

next low tide at 7:00pm the average current direction only deviated to 192 degrees. This 

was due to a swing in wind direction to 335 degrees and a slight increase in Hs (Figure 60).  
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Figure 56: Current speed/direction, tidal deviation, Hs and wind speed/direction for the 28/09/20 to the 
29/09/20. Flow reversal from the mean NW direction only occurs under particular rare conditions consisting 
of extremely low Hs, low tide and low or easterly winds.   
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The third occasion that the current direction reversed at 9:00am on the 18/10/20 again 

coincided with low tide and low wave energy (Figure 57). However, as before these two 

factors were not alone in dictating the change in direction with similar Hs and low tides seen 

before and after. The drop in wind speed therefore has played a role in causing the average 

current direction to reverse. The low at 9:00am was also more pronounced than those 

immediately around it and the Hs was also slowly dropping (Figure 57). 

 

Figure 57: Current speed/direction, tidal deviation, Hs and wind speed/direction for the 17/10/2020 to the 
18/10/2020Flow reversal from the mean NW direction only occurs under particular rare conditions 
consisting of extremely low Hs, low tide and low or eastly winds. 
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These examples demonstrate that although the current speed varies significantly with Hs 

the direction remains steadily NW except under particular rare conditions consisting of 

extremely low Hs, low tide and low or NNE winds. The offshore reef may be responsible for 

the currents consistency, with waves previously observed propagating over the southern 

end of the reef and then around the bay (Davidson et al., 2021). However, further study into 

incident wave direction, the morphology of the reef and wave refraction over it is needed to 

be conclusive.  

Bi/multidirectional flow that regularly oscillates hinders the formation of subaqueous dunes 

(Ashley, 1990). This means that subaqueous dunes previously studied have generally been 

found in environments that tend towards near unidirectional flow such as rivers or estuaries 

with circular flow patterns (Carey and Keller, 1957; Collinson, 1970; Crowley, 1983; Francken 

et al., 2004; Ryan et al., 2007; Masselink et al., 2009; Billy et al., 2012; Goodbred and Saito, 

2012; Mason et al., 2020). Small coastal embayments typically have highly variable currents 

whose speed and direction depends on wave height, wave direction, tidal cycle, wind speed, 

storm surge, geological inheritance, and changes in nearshore sedimentary morphology 

(Ferentinos and Collins, 1980; Holloway, 1996; Stephens et al., 2001; McCarroll et al., 2018). 

This is likely why subaqueous dunes such as those found at Salmon Hole have not been 

previously observed/studied in similar small headland embayment’s. During the period of 

data recording the current direction was not only largely consistent at Salmon Hole but on 

the rare occasions it did reverse direction SE, its speed was minimal (Figure 56Figure 57). 

Due to the coarse sediment size at Salmon Hole, it is therefore unlikely that this reversed 

flow would impact the formation of the dunes or mobilise them. 

 



 

155 

5.3.1 Flow over dunes 

The local (over the dunes) currents recorded by the TCM’s for the period of the experiment 

were very slow, averaging at 7 cm s-1 on the dune crest and 6.7 cm s-1 in the swale (Figure 

58). This was to be expected given the minimal amount of wave height recorded by the 

water level loggers and shown in the hindcast Hs data. The speed of the current also 

dropped in accordance with the reduction in wave height over the course of the 

experiment. Figure 58 compares current speed in hourly averages recorded by the TCM’s 

and main current meter positioned closer to the reef. The closer inshore current speed 

recorded by the TCM’s was significantly less effected by tide than that from the main 

current meter, however, the overall downward trend between the two positions is the same 

(Figure 58).  

 

Figure 58: Current speed in hourly averages for the duration of the experiment measured at the main 
current meter positioned near the reef (orange), the tilt current meter on the crest (blue) and the tilt current 
meter in the swale (pink). Tide is affecting the speed at the main current meter to a larger degree than the 
TCM’s.   
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The speed of the flow was slightly higher on the crest than in the swale for the majority of 

the recording period (Figure 59). This increase in speed is due to what is termed speed-up in 

aeolian coastal and desert dune literature, which refers to the topographically forced flow 

acceleration that occurs up the stoss slope of a dune (Jackson and Hunt, 1975; Rasmussen, 

1989; Wiggs et al., 1996; Neuman et al., 1997; Hesp et al., 2015). As flow approaches 

positive topography, such as a dune, it is compressed creating a change in pressure gradient 

that leads to an increase in speed toward the crest (Arens et al., 1995; Hesp, 2002; Walker 

et al., 2006).  

 

Figure 59: Current speed at the crest (blue) consitantly higher than in the swale (pink) suggesting speed up.  
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Despite the low current speed, the direction of the current is again predominately WNW in 

keeping with the data taken off the main current meter (Figure 60). The mean direction at 

the crest was 302 degrees and, in the swale, it was 294 degrees. As shown above when the 

current is low the tide plays a role in its direction. The difference here, however, is that the 

current speed has only fluctuated minimally with the change in tide whilst the change in 

direction is quite pronounced (Figure 60Figure 61). The change in direction to more 

northerly occurs predominantly during low tide, with the variation during these periods also 

increasing as the direction swings back and forth from NW to N (Figure 61). This suggests 

that the lower water level is allowing wave action to have a greater impact on the direction 

of the TCM. Further evidence for this being the case is that the effect is greater on the TCM 

positioned on the crest which lies in shallower water (105 cm deep at time of deployment) 

than the swale TCM (140 cm deep at time of deployment) (Figure 60Figure 61).   

 

Figure 60: Tilt current meter direction from both the crest (blue) and swale (pink).  
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Figure 61: Tilt current meter direction from both the crest (blue) and swale (pink). Changes in direction and 
an increase in variation are linked to drops in tide height (gray).   

5.3.2 Variation in wave height around bay 

A comparison of the spread of data points from two ten-minute segments of data from each 

water level logger position is shown in Figure 66. The first ten-minute segment (A) is taken 

from 6:00pm to 6:10pm on the 27/10/20 and the second segment (B) is from 4:00pm to 

4:10pm on the 28/10/20. The purpose of these figures is not to show the exact water level 

at each location but rather to use the spread of data points at each position as an indication 

of wave height. The greater the spread of data points the larger the rise and fall of water 

level due to wave action. Change in wave height between the water level logger positions 

around the bay can then be seen. To aid in in this the original data points at positions 1 and 

3 each had an amount added to them to bring the data from each position closer together 

in the graphs for easier comparison. This has not affected the spread of the data points from 

each position, so comparisons are still valid. 

Both A and B of Figure 62 indicate that under low Hs conditions waves are highest at 

position 1 at the northern end of the bay, followed by position 2 in the middle of the bay 

and then position 3 at the southern end of the bay (Figure 51). The geological inheritance of 

Salmon Hole effects the wave exposure of the beach. Headlands can cause wave shadowing 
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which creates an alongshore gradient in wave energy depending on the direction that waves 

approach from (Castelle and Coco, 2012; McCarroll et al., 2014; Gallop et al., 2020). 

However, it appears at Salmon Hole that the reef enclosing the lagoon is having the greatest 

effect. The reef causes waves to dissipate a percentage of their energy before reaching the 

lagoon and the shore (Gallop et al., 2020). The greatest dissipation of wave energy is 

occurring in the southern end of the bay as this is where the reef is significantly wider than 

the remainder of the bay (Figure 49). The much narrower and potentially deeper (based on 

observations from field visits) middle and northern sections of the bay allow more wave 

energy to enter in those portions resulting in higher waves at this end of the bay. 

Position 1 and 2 of A have a greater spread than that in B meaning there was a drop in wave 

height at these locations between the two periods. Figure 63 shows Hs from the CAWCR 

hindcast data and Tide on both the 27/10/20 and the 28/10/20. The first segment from 

6:00pm was during a moderately low tide and low Hs conditions, whereas the 4:00pm 

segment of data from the next day was during higher tide and slightly higher Hs. At low tide 

it would be expected that the reef would shelter the bay from wave energy. It seems, 

contradictory therefore that the spread of data i.e., wave height, in the middle (P2) to 

northern end (P3)  of the bay shown in Figure 51 would be greater in A during lower tide 

and Hs than B (Figure 61). However, just like with the impact on change in direction of the 

TCM’s, waves are having more of an influence on change in water level at low tide at 

positions 1 and 3 because the surf zone has moved seawards. Wave height is increased as 

shoaling is now occurring where the water level logger is located. Position 3 appears to be 

more representative of the overall conditions of wave height in the bay with a slightly larger 
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variation in the spread of data points and therefore wave height seen in B when compared 

to A. 

 

Figure 62: Comparison of the spread of data points from two ten-minute segments of data from each water 
level logger position. The first ten-minute segment A is taken from 6:00pm to 6:10pm on the 27/10/20 and 
the second segment B is from 4:00pm to 4:10pm on the 28/10/20. Position 1 (red), Position 2 (green), 
Wednesday (blue). 
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Figure 63: Hs (blue) and Tide (green) on both the 27/10/20 and the 28/10/20. The larger Hs data point on 
the left indicates the conditions during A and the one on the right B in Figure 66. 

 

5.4 Spatial and Morphological Changes in Transverse Dunes  

Oblique aerial images of the middle to northern end of the bay taken between the 15/2/19 

and the 28/10/20 on six occasions during periods of calm weather are shown in Figure 64. 

The orthomosaics created from 26/7/20 and 28/10/20 drone surveys are then show in 

Figure 65 providing a vertical view of the dunes. Changes to the morphology of the dunes 

over time are evident in both Figure 64Figure 65 with both the overall shape and position of 

the dunes differing significantly between images/orthomosaics. This suggests that the dunes 

may be migrating. 

Images were taken in February and May of both 2019 and 2020. The length, width and 

wavelength of the dunes are similar in each corresponding month (Figure 64). This could 

suggest that similar seasonal wind and wave conditions produce similar current velocity 

patterns and therefore similar dunes at the same time of the year however, this would need 
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to be backed up with observations over a longer period that 2 years. The dunes in May 

appear to be slightly narrower and steeper than those in February with this being 

particularly pronounced between the 25/2/20 and the 16/5/20 (Figure 64). By July on the 

26/7/20 the average wavelength between dunes has increased while the dunes themselves 

have begun to widen and become slightly flatter (Figure 64Figure 65). The dunes remain 

transverse between February and July, however, by October 2020 the majority of the dunes 

in the bay have significantly flattened and become more symmetrical (Figure 64Figure 65). 

Although speculative due to a minimal number of years monitored there does seem to be a 

pattern. The large swell that peaks between April and September results in strong currents 

that flatten and round the crests of the dunes. The current remains consistent throughout 

the summer period but reduces in overall speed due the reduction in wave energy. This 

allows the dunes to morph into more asymmetric transverse shapes with steeper slopes. 

Dune height and definition then peaks around May before large winter swells then return 

and once again rounds the dune crests and flattens them out. In Figure 52there is a clear 

increase in instances of both high Hs and current speed in August and September of 2020 

that likely led to the flattened symmetrical dunes in October.  

This morphological cycle is not unique to Salmon Hole. Although the morphological 

transition being driven by variation in wave energy in a coastal embayment may have not 

been previously noted in the literature, changes in dune morphology due to seasonal 

current velocity variation is not new. Generally, when dunes adapt to changes in flow speed 

it is through the redistribution of sediment between multiple interconnected dunes (Reesink 

et al., 2018). This occurs through the interchange of sediment between dune crests and 

swales and the merging or splitting of dunes (Kostaschuk and Villard, 1996; Reesink et al., 
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2018). Kostaschuk et al. (1989) found that in the Fraser River, Canada, large symmetric 

dunes slowly became replaced by smaller asymmetric dunes as flow speed reduced over the 

discharge season. The lower current velocity was found to create sharper crests whilst less 

transport in suspension created steeper and straighter lee slopes. Smith and McLean (1977) 

hypothesized that the opposite is true for an increase in flow speed and sediment 

suspension as this leads to the infilling of the troughs between dunes. This along with the 

tendency for the crests of the dune to also round under these conditions was later 

confirmed by Johns et al. (1990) numerical models. Kostaschuk and Villard (1996) observed 

crest rounding of dunes to be linked with periods of increased current speed again in the 

Fraser River, Canada. Here the dunes transition from asymmetric to symmetric forms was 

associated with both high bed load and suspended load sediment transport. Increased flow 

led to the rounding of the crest as sediment was transported from the crest into the swale, 

this both widened and lowered the narrow steep asymmetric dunes. As the period of high 

velocity continued, increased bed load transport resulted in the formation of long low lee 

sides as sediment deposition continued to occur in the down-stream swales enlarging the 

dunes and making them symmetric. 
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Figure 64: Oblique images of the northend of the bay taken from the air using a DJI drone on occasions when 
the subaqueous dunes were visible. 



 

165 

 

Figure 65: Orthomosaics created from drone surveys over Salmon Hole Bay conducted on the 25/7/20 and 
28/10/20. The two upper frames showing the entirety of the bay whereas the lower frames focus in on the 
location of the dunes. Increases in wavelength and width along with crest rounding can be seen to have 
occurred between July and October.  

 

The subaqueous transverse dunes visible in the orthorectified aerial images were measured 

in ArcGis Pro by creating lines along their crests and their widest point (from the toe of the 

stoss slope to the bottom of the lee slope slip face). This definition of width was used 

instead of wavelength as a measurement of size as the subaqueous dunes are not spread 

evenly throughout the bay. This means there is often a significant distance between the 

dunes making the use of wavelength unfeasible. The measurements for the longest and 

shortest dunes visible on each occasion are shown in Table 7. The continued erosion of 

Salmon Holes shoreline has resulted in the widening of the lagoon since 2013 and therefore 

the longest dune in 2013 is shorter than those from 2020. The longest dune in 2013 was 
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66.86 m long whilst on the July and October of 2020 the longest dunes were 80.82 and 85.8 

m long respectively. The width of the longest dunes in 2020 changed dramatically between 

July and October with the longest dune more than doubling in width in the three-month 

period between surveys, from 12.53 to 31.41 m wide. The shortest dunes in the bay on each 

occasion were of similar length despite the change in lagoon size. Approximately 30 m long 

dunes were found in both 2013 and July 2020 whilst the shortest dune in October 2020 was 

25.72 m (Table 7). The widths were also relatively similar in all instances.  

Table 7: Comparison measurements for the longest and shortest dunes found in Salmon Hole in the 2013 
orthrectified image, the orthomosaic/georeferenced image from 25/07/20 and the orthomosaic image from 
the 28/10/20. 

Date Size Location Length 
(m) 

Width 
(m) 

Dec 2012 -
March 
2013 

Longest Nth End 66.86 9.47 

Shortest Mid Bay 29.78 6.05 

25/07/2020 Longest Nth End 80.82 12.53 

Shortest Mid Bay 30.1 8.9 

28/10/2020 Longest Nth End 85.8 31.41 

Shortest Mid Bay 25.72 8.35 

 

Table 8 compares measurements of dunes from the 25/7/20 and 28/10/20 orthomosaics 

that are in similar locations to observe changes that have occurred over time. It must be 

noted that although these dunes are in similar locations, they may not be the same dune 

developing overtime due to potential migration between surveys. The dunes are also 

compared visually in Figure 66 with the lines used to obtain the measurements indicating 

which dunes in the orthomosaics are being considered.  
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Both the longest dunes were found in a similar location at the northern end of the bay and 

so the measured dunes compared in row A of Table 8 and 70 are also the found in Table 7. 

As stated above, the biggest difference seen between these dunes is the change in width 

between them. However, another key difference between July and October is a change in 

the location of the crest of each dune. This can be clearly seen in Figure 66 and was noted 

above when comparing the oblique images. The line running the length of the dune that was 

used to measure it also indicates the position of the crest of the dune. In row A the crest of 

the measured dune from the 25/7/20 is asymmetric indicating a gradually sloped stoss slope 

and a sharply angled lee slope (Figure 66). This is in keeping with the morphology of a 

transverse dune. The crest of the corresponding measured dune in row A from the 28/10/20 

on the other hand is symmetric (Figure 66).  

The measured dunes compared in row B are positioned slightly more towards the middle of 

the bay. The measured dune captured in the July drone survey was longer than that 

recorded in October, at 74 m compared to 65.55 m. (Table 8; Figure 66). The measured 

dune from the October survey, however, was once again wider at 26.4 m wide compared to 

22.64 m in July (Table 8). This is only a difference of 3.76 m compared to the 18.88 m change 

between the dunes found in row A (Table 8). This could be due to the dune in row B from 

July being initially wider than the dune July dune from row A (Table 8; Figure 66). Despite 

this dune being wider, which is assisted by a kink mid-way along its length, its morphology is 

still transverse in July, while in October the dune has again flattened and became 

symmetrical in shape. 

Row C compares the two smallest dunes from July and October which are located in a very 

similar area. Here, as mentioned above, the measurements for both were relatively similar. 
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The smallest dune from the July orthomosaic shown in row C (Figure 66) follows the same 

pattern as the other dunes from the July survey and has transverse morphology, (ie long 

stoss slope followed by a steep narrow lee slope). Interestingly, the measured dune from 

the October orthomosaic, unlike the majority of the dunes from this period, also has an 

asymmetric crest. Despite this however, the difference between the dunes from July and 

October in row C is quite stark (Figure 66). The dune in this position has changed in 

morphology from a regular transverse dune to that reminiscent of a barchan. The crescent 

shape of both the measured dune and the one next to it in the October orthomosaic is 

similar to that of barchan dunes found in arid desert environments (Long and Sharp, 1964; 

Watson, 1986; Durán et al., 2010). Barchans and barchanoid shaped dunes have also been 

found in marine environments such as those found in the Gra˚dyb tidal inlet channel in the 

Danish Wadden Sea by Ernstsen et al. (2005). Barchans form in areas with limited sediment 

supply and similar to transverse dunes in regions of unidirectional flow (Hersen, 2004; Kroy 

et al., 2005). These barchans may have formed in this area due to a lack of sediment supply 

to them between July and October due to their location within the bay. The transverse dune 

in this position in July is the last dune before a relatively flat area that covers the rest of the 

southern end of the bay. This means there were no dunes upstream of the current to 

provide sediment to this area under strong current conditions. If dune scarping was minimal 

then there would be limited additional sediment to aid in maintaining the shape of the 

transverse dune in this location resulting in the formation of the two barchan-like dunes.  
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Table 8: Measurements of dunes in similar locations within the bay. Comparisons between the 
orthomosaic/georeferenced image from 25/07/20 and the orthomosaic image from the 28/10/20. 

A) Nth End 25/07/2020 28/10/2020 

Length (m) 80.82 85.8 

Width (m) 12.53 31.41 

B) Mid Bay Large 25/07/2020 28/10/2020 

Length  74 65.55 

Width 22.64 26.4 

C) Mid Bay Small 25/07/2020 28/10/2020 

Length  30.1 25.72 

Width 8.9 8.35 
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Figure 66: Lines used to measure dunes from the 25/7/20 and 28/10/20 orthomosaics that are in similar 
locations using ArcGIS Pro. The longer lines drawn perpendicular to the beach measured the dunes crests 
and the shorter lines measure the width of the dune from the toe of the stoss slope to the end of the lee 
slope.  A) northend end of the bay - large, B) middle of the bay - large and C) middle of the bay - small. 
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Five profiles were drawn along the kayak derived DEM’s in ArcGIS Pro to reveal the 2D 

outline of several of the dunes found in the bay at the time the surveys were undertaken, 

firstly on the 9/4/18 and secondly on the 13/7/18 (Figure 67Figure 68). Due to the sparsity 

of the survey lines, there is insufficient detail for highly accurate DEM’s, however, the 

profiles drawn were either along the survey lines or intersecting multiple measured points 

(Figure 67). Profiles 1, 4 and 5 were drawn along the April survey lines running parrellel to 

the beach that intersected dunes running perpendicular to the coast (Figure 67). Profiles 2 

and 3 cover the lines from the July survey that were close together (Figure 67). Profile 1 was 

able to be used as a comparison between the two surveys as it also intersected survey lines 

from the July survey (Figure 67Figure 68).  

From 13 to 34 m along Profile 1 a dune can be seen both in April and July. April’s dune is ~70 

cm high and has clear transverse morphology, whilst in July the dune appears more 

symmetrical and is of a similar height but positioned slightly deeper. The increased current 

speed from winter swells could again be responsible for this rounding of the dune. However, 

profiles 2 and 3 also show transverse shaped dunes present in the July survey (Figure 68). 

This is not surprising given the transverse appearance of the dunes also from July albeit in 

2020 previously shown in the oblique aerial imagery and orthomosaics (Figure 64Figure 

65Figure 66).  

The July DEM in Figure 67 indicates that profiles 2 and 3 are cross-sections of the same 

dune. Profile 2 is closer to shore and roughly crosses the centre of this large transverse dune 

that is 18 m wide and reaches ~85 cm high, it then goes on to also intersect a smaller more 

symmetrical dune. Profile 3 crosses the end section of the larger transverse dune, at this 

point the dune has narrowed to 12 m whilst remaining roughly the same height. Profile 3 
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still maintains transverse morphology however the crest is further to the centre and the slip 

face is not as steep as in Profile 2.  

Profile 5 crosses five transverse dunes intersected by an April survey line running parallel to 

shore (Figure 67). The dunes range in size from 10 to 25 m wide and 0.4 to 1 m high (Figure 

68). The most northerly dune from Profile 5 is shown in more detail by Profile 4, and clear 

transverse and asymmetric morphology is visible. The transverse morphology of these 

dunes indicates that the current was also predominantly NW leading up to April 2018.  

 

Figure 67: Digtal Elevation Model’s (DEM’s) created in ArcGis Pro unsing GPS enabled kayak deployed 
echosounder depth and positional data (9/4/18 above, 13/7/18 below). Positions of profiles are indicated 
and numbered. The kayak survey lines across the bay are also included. 
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Figure 68: Profiles drawn along the kayak DEM’s using ArcGIS Pro profile stack tool to reveal the 2D outline 
of several of the dunes found in the bay at the time the surveys were undertaken. Firstly, on the 9/4/18 
(orange) and secondly on the 13/7/18 (blue). 
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One of the aims of this study was to better understand the role that the subaqueous 

transverse dunes are playing in the erosion dynamics of Salmon Hole Bay. Due to the length 

in time between orthomosaics and DEM’s the direct monitoring of the migration of 

individual transverse dunes has not been possible. However, the study has confirmed that 

the dunes are in fact generally asymmetric and transverse in morphology for the majority of 

the year due to the consistency of the current. From what is known of transverse dunes in 

subaqueous environments, it is common to see migration (Coleman, 1969; Bartholdy et al., 

2005; Van Dijk and Kleinhans, 2005; Bradley and Venditti, 2017). The aeolian coastal and 

desert literature also indicates that it is likely that the Salmon Hole dunes are in fact 

migrating (Lancaster, 1988; Van Dijk et al., 1999; Momiji and Warren, 2000; Yao et al., 2007; 

Parteli et al., 2011; Ramos et al., 2011; Walker and Shugar, 2013). Transverse dunes are 

known to migrate as flow perpendicular to the crest line erodes sediment from the stoss 

slope and deposits it on the leeward side (Bagnold, 1941). This deposition is caused by a 

reduction in flow speed after the crest created by flow separation as a result of the steep lee 

slope of the transverse dune (Tsoar et al., 2004). Another factor that suggests the migration 

of the dunes at Salmon Hole is that while the exact location of individual dunes was unable 

to be monitored, it was not only the morphology of the dunes but also the location of the 

dunes that was observed to change between the different periods compared in the oblique 

imagery, orthomosacis and DEM’s. Thus, the dunes in Salmon Hole are potentially playing a 

role in sediment transport out of the bay as they migrate, contributing to the ongoing 

erosion. To be certain however, weekly detailed bathymetric surveying of the bay would be 

necessary to clearly monitor the dunes movements. Because they consist of coarse 
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sediment the dunes may only be migrating during high current speed conditions i.e., storms. 

Meaning despite the extremely consistent unidirectional current they may be stationary 

features during low energy periods. This again would need to be determined with more 

consistent detailed bathymetric surveys.   

5.5 Conclusion  

Three key points can be made from the initial analysis of the subaqueous transverse dunes 

found in Salmon Hole Bay. These include:  

• Effectively unidirectional wave dominated current is responsible for subaqueous 

transverse dune formation in Salmon Hole Bay. 

• A predominantly transverse morphology and change in position between images, 

orthomosaics and DEM’s suggests that the dunes are migrating and therefore aiding 

the sediment transport out of the bay and continuing erosion of the beach.  

• Fluctuation in average current speed throughout the year created by seasonal 

variation in wave energy causes the dunes morphology to cycle between being 

narrow, steep, transverse, and asymmetrical to wide, rounded and symmetric. 
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CHAPTER 6 
CONCLUSION 

6.1 Summary of findings  

The four studies presented in this thesis variously examine the spatio-temporal changes, 

history, wind flow and subaqueous dune dynamics in a complex, headland-bay-lagoon-

beach system at Salmon Hole, South Australia. The components studied include determining 

what controls dictate the magnitude of a scarping event, analysing an example of scarping’s 

effect both in the past and present as a proxy for the future, a study of wind flow over a 

sediment starved scarped dune, and monitoring changes in position and morphology of 

subaqueous transverse dunes within the lagoon. This thesis research has also contributed to 

a better understanding of the effect increased scarping will have on sandy coastlines with 

limited to no sediment supply under climate change and sea level rise conditions. In 

particular, how will complex sandy embayment’s typical of those found along the Australian 

coastline react?  The key findings from each of the four specific studies are as follows: 

I. Controls that determine scarping magnitude include water level height, height and 

volume of the foredune, vegetation density and distribution, plant root mass and 

rooting depth, compaction of sediment, presence or not of wrack and large woody 

debris, the original foredune morphology (antecedent conditions), and surfzone-

beach type (Short and Hesp, 1982; Hesp, 1988; Nishi and Kraus, 1997; Pye and Blott, 

2008; Coco et al., 2014; Feagin et al., 2015). A conceptual model summarizing the 

effect of these factors, be it positive or negative, has been presented. Scarping can 

lead to changes to the morphology of the foredune, and on occasion the entire dune 

system. These changes include potential dune translation, blowout and parabolic 
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dune formation, the transition to a transgressive dune sheet or dunefield, and 

potentially complete removal of a dune system. 

II. The shoreline and dune system at Salmon Hole has eroded an average of ~100 m in 

the period 1946 to 2019 at an average rate of 1.44 m/yr. This average rate along the 

length of the bay has varied from 0.63 m/yr to 3.49 m/yr depending on storm 

activity, presence or absence of a tombolo, both natural and artificial, and lagoon 

widening and elongation. The dynamics observed at Salmon Hole indicate the role 

geological inheritance can play in bedrock/reef dominated headland-bay systems 

with the formation of the lagoon potentially largely responsible for the rapid erosion 

of Salmon Hole. The development of the lagoon initiated a divergent evolution that 

continues in the form of a significant longshore current and terminal rip that 

enhances removal of sediment during and following scarping events. 

III. The large, high and long stoss slope of the eroded dune backing Salmon Hole beach 

was comprised of various slope segments. These had a significant impact on flow 

dynamics over the dune. Percentage speed up the stoss slope is similar to that 

previously observed over scarp slopes, foredunes and transverse dunes and due to 

streamline convergence and flow compression. However, flow expansion at a change 

in slope caused a significant reduction in wind speed by the time flow reached the 

upper slope segment. An expected increase in turbulence was observed at the toe 

scarp followed by a gradual decrease up-slope. However, the change in slope and 

subsequent flow expansion resulted in a significant increase in turbulence at the 

crest. Topographic steering of incident flow typically seen in wind flow over scarps 

and foredunes was observed at Salmon Hole. Once flow passed the dune crest, flow 

separation and a reversing vortex were produced. A blowout developed and grew 



 

178 

through dune cannibalization despite the lack of sediment supply from the beach 

and the recession of the shoreline. The study demonstrates that lack of sediment 

delivery back to the dune between storm events results in the inability for dune 

recovery or translation, and therefore net erosion.  

IV. A near unidirectional wave dominated current and  sediment supply from the 

scarped dune system is likely responsible for subaqueous transverse dune formation 

in Salmon Hole Bay/lagoon. The dunes are predominantly transverse in morphology 

and their change in position between images, orthomosaics and DEM’s suggests that 

the dunes are generally migrating towards the NW (i.e. around the lagoon), and 

therefore aiding sediment transport out of the lagoon/bay and continuing erosion of 

the beach-nearshore system. Fluctuations in average current speed, created by 

seasonal variation in wave energy, is causing the transverse dune morphology to 

cycle between being narrow, steep, transverse, and asymmetrical to wide, rounded 

and symmetric. 

The four studies clearly show that scarping impacts the sediment dynamics of the entire 

embayment at Salmon Hole. Large decadal shoreline changes, wind flow dynamics, long 

term dune system morphological changes and sediment transport all revolve around the 

process of scarping reviewed in Chapter 2. The combined studies in this PhD thesis also 

demonstrate the effect that increased levels of scarping and a negative sediment budget will 

have on complex coastal embayment’s backed by dunefields. This is highly relevant for 

understanding a future increased sea level scenario.  

Chapter 3 shows that frequent large scarping events can cause major shoreline/dunefield 

retreat. If, as Chapter 4 highlights, there is a lack of sediment delivery back to the dune 
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between storm events, dune recovery and/or translation is nigh impossible, and therefore 

net erosion results. Aeolian processes post-scarping are also shown to initiate morphological 

changes to dunefields such as blowout formation. Chapter 5 is then an example of how 

coastal processes in complex embayment’s can transport sediment brought offshore post 

scarping out of the bay.  

The significant scarping at Salmon Hole and the processes studied in each of this thesis’s 

chapters therefore indicate that climate change induced sea level rise and increased storm 

magnitude/frequency will result in the removal of dune systems in similar embayments 

lacking in sediment supply. These systems are critical for both the rich ecological habitat and 

protection of infrastructure they provide. 

6.2 Future Work 

6.2.1 Chapter 2 – Controls on Dune Scarping  

The review on scarping controls has highlighted some areas that require attention in the 

future. These include: 

1. Further research conducted on the effects of vegetation on scarping. For example, 

what does the variation in plant root and stem density, depth, strength and mass 

have on dune stability?  

2. Studies into the control surfzone-beach type has on beach erosion and on the degree 

of scarping ought to be conducted, including field observations and numerical 

modelling.  

3. The effect of compaction, particle size and particle roundness have on scarping and 

dune stability needs to be included in future experimentation.  
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4. Further observation and experimentation of the impact of large woody debris and 

wrack on the degree of scarping would be very useful in determining the impact of 

these factors. 

5. Determining to what extent scarping and its controls will be affected by climate 

change conditions. For example, how will dune vegetation respond to warmer 

temperatures, and will species change occur as the climate changes thereby 

potentially increasing or decreasing dune resilience? How will this affect scarping 

and the likelihood of scarping triggering blowout/parabolic formation or entire dune 

system change?   

6.2.2 Chapters 3, 4 and 5 - Salmon Hole Beach Dynamics 

There are opportunities to further investigate the erosion at Salmon Hole. The study has 

also indicated that further work needs to be done on the effect climate change will have on 

dune systems. The following future research is suggested:    

1. To better understand the dynamics of the coastal processes in the bay/lagoon 

further experiments could be conducted to examine waves, currents and transverse 

dune migration and sediment transport dynamics. This will allow actual wave height 

data to be compared to real time current and tide data and dune movement giving a 

much more complete understanding of the erosional processes in the bay.  

2. Further, study into incident wave direction, the morphology of the reef and wave 

refraction over it is needed to further our understanding of the role the reef on wave 

processes in the bay, and the origin of the lagoon unidirectional current. 

3. The dynamics of the Salmon Hole embayment – lagoon system could be analysed 

using numerical modelling. This would also aid in better understanding the processes 
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involved in the erosion as well as potentially answer the question of what initiated 

the erosion period.  

4. To confirm that the subaqueous dunes are migrating and therefore playing a role in 

the overall erosion of the shoreline, weekly detailed bathymetric surveying of the 

bay/lagoon would be necessary to clearly monitor the dune movements. 

5. Future studies into the effect sea level rise will have on sandy coastlines need to 

consider the role of sediment supply to the beach following an erosion event.  

Managing sandy coastlines into the future systems deemed to have a negative 

sediment budget need to take priority, and we need to better understand what level 

of sediment supply to a beach post-storm activity is required to allow a dune system 

to translate as opposed to disappear.  
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APPENDICES 

Appendix 1 

Appendix 1: DSAS statistical results for further investigation into significant periods of change for Salmon Hole. 

Shoreline 

Group 

NSM Av NSM 

Max 

EPR Av EPR 

Max 

EPR Stat 

Sig % 

SCE 

Av 

SCE 

Max 

LRR Av LRR CI LRR 

Max 

LRR Stat 

Sig % 

Pre 1999 -67.3 -75.52 -1.25 -1.4 100 70.04 82.56 -1.09 0.31 -1.29 100 

Post 1999 -33.87 -33.98 -1.8 -2.08 100 34.21 39.98 -1.3 0.44 -1.69 100 

1999 - 

2003 

-13.82 -24.34 -3.49 -6.15 100 13.95 24.34 -3.41 4.03 -5.99 45.45 

Post 2003 -20.05 -28.22 -1.33 -1.85 100 20.42 29.22 -1.03 0.47 -1.39 100 

2003 - 

2007 

-2.95 -8.14, 

1.23 

-0.94 -2.6, 

0.39 

40.91e 

0a 

3.13 8.14 -0.86 21.34 -.2.44e 

0.39a 

0 

1975 - 

1999 

-48.89 -74.75 -1.97 -3.02 100 49.09 76.43 -1.77 0.56 -3.05 100 
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Shoreline 

Group 

NSM Av NSM 

Max 

EPR Av EPR 

Max 

EPR Stat 

Sig % 

SCE 

Av 

SCE 

Max 

LRR Av LRR CI LRR 

Max 

LRR Stat 

Sig % 

1946 - 

1975 

-18.41 -36.21, 

2.08 

-0.63 -1.25, 

0.07 

86.36e 

9.09a 

21.28 36.21 -0.68 0.64 -1.19 100 

1992 - 

1999 

-25.01 -48.09 -3.19 -6.14 100 25.24 48.09 -3.1 10.45 -6.3 18.18 

*e = erosion, a = accretion. Also note where two maximum numbers are given both erosion and accretion occurred along the same shoreline 

for that period.    

Appendix 2 

Appendix 2: DSAS statistical results for further investigation into significant periods of change for Pleasant Cove. 

Shoreline 

Group 

NSM Av NSM 

Max 

EPR Av EPR Max EPR Stat 

Sig % 

SCE Av SCE Max LRR Av LRR CI LRR Max LRR Stat 

Sig % 

N Pre 

1999 

17.01 22.36 0.32 0.42 100 24.85 31.84 0.2 0.24 0.26 11.11 
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Shoreline 

Group 

NSM Av NSM 

Max 

EPR Av EPR Max EPR Stat 

Sig % 

SCE Av SCE Max LRR Av LRR CI LRR Max LRR Stat 

Sig % 

N Post 

1999 

7.87 13.57 0.48 0.83 0e 

88.89a 

30.02 34.99 -0.5 1.08 -1.09, 0.3 88.89e 

11.11a 

N 1999 - 

2003 

23.96 29.46 6.06 7.45 100 30.02 34.99 6.79 11.64 7.89 0 

N Post 

2003 

-16.09 -26.19, 

1.84 

-1.3 -2.12, 

0.15 

88.89e 

0a 

18.51 27.45 -0.91 0.87 -1.6, 0.15 55.56e 

0a 

N 2003 - 

2007 

-13.16 -18.94  -4.2 -6.04 88.89 13.16  18.94 -4.16 12.41 -5.96, 22.22% 

N 1975 - 

1999 

24.75 31.84  1 1.29 100a 24.85 31.84 0.72 0.52 0.88 100 

N 1946 - 

1975 

-7.74 -13.16 -0.27  -0.45 100 9.28 13.16 -0.27 0.42  -0.39 11.11 
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Shoreline 

Group 

NSM Av NSM 

Max 

EPR Av EPR Max EPR Stat 

Sig % 

SCE Av SCE Max LRR Av LRR CI LRR Max LRR Stat 

Sig % 

N 1999 - 

2002 

23.92 34.99 11.21 16.39 100 23.92 34.99 - - - - 

N 2007 - 

2008 

10.62 14.43 9.39 12.75 100 10.62 14.43 - - - - 

N Pre 

2008 

24.89  30.57 0.36 0.44 100 51.48 60.51 0.59 0.25 0.66 100 

N Post 

2008 

-13.55 -19.7 -1.68 -2.44 100 14.11 21.87 -1.72 1.22 -2.64 100 

N 1997 - 

1999 

12.64 15.01 4.49 5.33 100 12.64 15.01 - - - - 

N 2003 - 

2005 

-8.35 -13.29 -5.81 -9.25 77.78  8.35 13.29 - - - - 



 

5 

Shoreline 

Group 

NSM Av NSM 

Max 

EPR Av EPR Max EPR Stat 

Sig % 

SCE Av SCE Max LRR Av LRR CI LRR Max LRR Stat 

Sig % 

N 2005 - 

2008 

5.81 9.52 2.05 3.36 100 10.62 14.43 1.67 42.46 2.94 0 

*e = erosion, a = accretion. Also note where two maximum numbers are given both erosion and accretion occurred along the same shoreline 

for that period. Periods with less than three shorelines do not produce LRR statistics.   
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