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Abstract 

 

Linear sandbanks are located globally in areas where there are strong currents and an 

abundance of sand.  In recent years, these sandbanks have become a strategic interest as a 

potential source of marine aggregates (sand and gravel) and mineral deposits.  They also 

commonly reach the sea surface and thus pose a threat to navigation.  Headland-associated 

linear sandbanks are a specific type of sandbank, which are located in the lee of coastal 

topographic features such as headlands and islands.  Interaction between tidal currents and 

topographic features generate complex three-dimensional circulation patterns that 

significantly influence the distribution of sediments in the vicinity of the feature. 

Field and numerical model investigations of the three-dimensional flow structure have 

been undertaken on the Levillain Shoal, a headland-associated linear sandbank present in 

the lee of Cape Levillain (Shark Bay, Western Australia).  The field data indicated the 

presence of secondary flows near the tip of the Cape and around the bank, which were re-

produced in the numerical simulations.  Sediment transport paths near the Cape and the 

bank indicate that the sandbank is part of a sand circulation cell where the sand is 

circulating around the bank with exchanges between the sandbank and the headland.  A 

morphological model (MTM) has been developed to understand processes responsible for 

the formation of the headland associated linear sandbanks.  With an "idealized" Gaussian 

shaped headland, the formation of two symmetrical sandbanks on each side of the headland 

is observed.  It is shown that sandbanks are formed in regions where there is a net 

accumulation of sand over a tidal cycle, due to the acceleration/deceleration effects of the 

flow in the presence of the headland.  Initially, sandbanks develop in a circular shape and 

grow vertically.  As the sandbanks interact with the tidal flow, they evolve into elongated 

linear deposits (as observed in nature).  The sandbank growth is dependent on the tidal 

regime, secondary flow, sand availability, and sediment grain size.  

 



 

Contents 
 

Preface 

 

Acknowledgements 

 

1 Introduction  …………………………………………………….…………….…….1 

1.1 Overview  ……………………..…………………………………………….…….1 

1.2 Significance  …………………..…………………………………………….…….2 

 

 

2 Literature review  ……………………………………………………….………….5 

 

2.1 Introduction  ………………………………………………………….…………...5 

2.2 Classification ………..……………………………………………….……..…..…7 

2.3 Current definitions  ……………………………………………….……………...10 

2.4 Tidal flow near headland  ………………………………………….……….....…15 

2.5 Mechanisms of sandbank formation and maintenance  ……………..…...…...….17 

2.6 Morphodynamic modeling  …………………………………………....…………25 

 

 

3 Field measurements of the three-dimensional current structure in the vicinity        

of a headland associated linear sandbank  …………………………………….……31 

 

3.1 Introduction  ……………………………………………………………….…….31 

3.2 Methodology  ……………………………………………………………….…...35 

3.2.1 Study region  …………………………………………………………….…...35 

3.2.2 Instrumentation and sampling  ………………………………………….……37 

3.3 Results  ………………………………………………………………….……….39 

3.3.1 Levillain Shoal: Morphological and sediment characteristics  …..…………...39 



A) Sandbank morphology  …………………………………...……….….....39 

B) Sediment grain size distribution………………...………………..............39 

3.3.2 Hydrodynamics  ……………………………………………………….……..41 

A) Eulerian data: Current meter deployments  …………………..…………41 

B) ADCP transect  ……………………………………………...…….…….46 

C) Lagrangian data: Drifter deployments  ..……………………...………....52 

3.3.3 Secondary flows  ………………………………………………….………....55 

A) Secondary currents near the tip of the Cape  …………….……...….…...55 

B) Secondary currents near the sandbank  ………………………..……...…58 

3.4 Discussion  ..…………………………………………………………..…….…...61 

3.4.1 Hydrodynamics and sediment transport  …………………….….…………....61 

3.4.2 Secondary flows: influence on sediment transport  …………..………...…….63 

3.4.3 Conceptual model  ……………………………………………..………...…...64 

3.5 Conclusions  ……………………………………………………………....……..66 

 

 

4 Maintenance of headland associated linear sandbank: modeling the secondary 

 flows and sediment transport  ……………………………..……………………...…69 

 

4.1 Introduction  ……………………………………………………………..…...….69 

4.2 Study site  ……………………………………………………………..……..…..72 

4.3 Methods  …………………………………………………………………..…..…73 

4.3.1 Field observations  …………………………………………………...……….73 

4.3.2 Numerical model  …………………………………………………..………...74 

A) Hydrodynamic module (Hamsom)  ……………………………...………74 

B) Computational setup  ………………………………………...…………..76 

C) Sediment transport module  ………………………………………...……78 

4.4 Results-Discussion  ……………………………………………………………...79 

4.4.1 Hydrodynamics  ……………………………………………………………....81 

A) Main flow  ………………………………………………………………..81 

B) Secondary flows  ………………………………………………………....88 



C) Residual currents  ……………………………………………..……....…94 

4.4.2 Modelled sediment transport  …………………………………………….…..96 

A) Main flow  ……………………………………………………...………...96 

B) Transient eddies  ……………………………………………...………....100 

C) Secondary circulation  ………………………………………...……..….103 

4.4.3 Maintenance  …………………………………………………………………105 

4.5 Conclusion  …………………………………………………………..………….108 

 

 

5 Mechanisms for the formation of headland associated linear sandbanks  ...111 

 

5.1 Introduction  …………………………………………………………………111 

5.2 Numerical Model description  ……………………………………………….114 

5.2.1 Hydrodynamic module (HAMSOM)  ………………………………....114 

5.2.2 Sediment transport module  ……………………………………..…….115 

5.2.3 Seabed evolution module  ……………………………………………..116 

5.2.4 Computational approach  ……………………………………………...117 

5.2.5 Morphological modelling concept (MTM)  ………...………………....118 

5.3 Results  ……………………………………………………………………....121 

5.3.1 Tidal flow near a Gaussian headland  ……….………………….…..…121 

5.3.2 Morphological evolution of the seabed ……………………….………124 

A) Morphological evolution of the bathymetry  …………….………....…..124 

B) Sandbank formation  ……………………………………………….…...126 

5.3.3 Modification of tidal flow due to bank formation: Residuals currents..128 

5.3.4 Sensitivity of the seabed evolution  …………………………………..131 

A) Tidal regime  ……………………………….…………….………....….131 

B) Availability of sand  …………………………………………………....136 

C) Sediment grain size  ……………………………………………………136 

D) Secondary flows  ………………………………………………….…....139 

5.4 Mechanisms of sand deposition  ……………………………………………142 

5.5 Conclusion  ……………………………………………………………..…..144 



6 Discussion and Conclusions  …………………………………..………………..147 

6.1 Summary of conclusions  ……………………………………………...……147 

6.2 Formation of sandbanks near Cape Levillain  ………………………………151 

6.3 Linkage between headland and sandbank  …………………………………..156 

6.4 Recommendations for future work  ………………………………………….160 

 

 

References  ……………………………………………………………………………165 

 

Appendix I  ……………………………………………………………………………175 



 

 

Preface 

 

 

All the work presented herein was carried out by the author under the supervision of Pr. 

Charitha Pattiaratchi.  This thesis is presented as a compilation of three self-contained 

scientific papers.  Only original work carried out by the author is presented in this thesis 

and the usual references are made to existing literature.  This is contribution ED 1598 AB 

from the Centre for Water Research, University of Western Australia.  This work was 

partially funded by the US Office of Naval Research (Award Number: N000140110368).  

 

Paper 1: 

"Field measurements of the three-dimensional current structure in the vicinity of a headland 

associated linear sandbank" Submitted to Continental Shelf Research: CSR486. 

 

Paper 2: 

“Maintenance of headland-associated linear sandbanks: modelling the secondary flows and 

sediment transport”. 2005, Ocean Dynamics. In Press. 

 

Paper 3: 

“Mechanisms for the formation of headland associated linear sandbanks”.  Submitted to 

Ocean Dynamics. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A mes parents, pour leur soutien depuis tout petit 

 

 

 

 

 

 

 



Acknowledgements 

 

I would like to thank Prof. Chari Pattiaratchi for all the help, advice and encouragement.  

He was very supportive and understanding during these four years and especially when my 

back problem was making things difficult.  He has a really positive mind and this has made 

my time working with him very pleasant, for that I am really grateful.  Thank you so much 

David, Joe and Florence, for your crucial help during the field measurements.  Thanks to 

all the students I have shared office with: Antwanet, Alessio, Claire, David, Joe, Matt, Mun 

and Sam, for all the interesting discussions, and for being able to listen to me complaining 

about numerical modeling and discussing wind and wave forecasts every day. 

I would like to thank the James Scheerer II Research Charter crew, Jessie and Craig, for 

making our time on board very pleasant.   

All the numerical modeling was undertaken using a High Performance Computer service at 

the Western Australia Interactive Virtual Environments Centre (IVEC).  I would like to 

acknowledge this facility for reducing the time of simulations from what would have been 

months to days.   

This work was carried out while I was in receipt of an International Postgraduate Research 

Scholarship awarded by the University of Western Australia, which covered tuition fees 

and provided financial support during my study, for which I am grateful. 

 

Finally, I would like to thank my family for being so supportive and kind, even though 

thousands of kilometres separate us. 

Thank you Cara, my newlywed wife, for your patience during these four years and most 

importantly for bringing so much to me everyday and providing such a nice balance in my 

life. 

 



Chapter 1: Introduction - 1 - 

 

 

 

 

Chapter 1 

 

 

Introduction 
 

 

1.1 Overview: 

 

Sandridges and linear sandbanks are located globally in areas where there are strong 

currents and an abundance of sand (Off, 1963; Stride, 1982; Pattiaratchi and Collins, 

1987).  They are present in a wide range of water depths on continental shelves, near 

coastal regions, in embayments and in estuarine regions.  Their location and shape depend 

upon the presence of tidal or storm-generated currents, capable of moving the sand.  There 

are various type of sandbanks according to their morphology, environment and forcing in 

presence.   

 

The study is concerned with a particular type of linear sandbank that is present in tidal 

environment, on the lee of a topographic feature such as headland and island; commonly 

named "Headland-associated linear sandbanks".  There are numerous examples of such 

sandbanks in nature but only few studies have focused on this particular category ( 

Pingree, 1978; Heathershaw and Hammond, 1980; Zimmerman, 1981; Pattiaratchi and 

Collins, 1988; Bastos et al., 2003).  The present contribution investigates the complex 

hydrodynamics and sediment transport present near headland-associated linear sandbanks 

located in Shark Bay, WA (Australia).  

 

This thesis presents work undertaken using both field measurements and numerical 

modeling.  The fieldwork has obtained currents measurement (Eulerian and Lagrangian) 
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and sediment grain size in the vicinity of a headland: Cape Levillain, and its associated 

sandbank: Levillain Shoal Shark Bay (WA, Australia).  The numerical modeling approach 

has used a three-dimensional hydrodynamic model, to investigate the complex 3-D current 

structure and associated sediment transport present near the Cape Levillain and Levillain 

Shoal.  Maintenance processes have been inferred from the field investigation and 

confirmed with numerical modeling.  A morphological model has been developed and 

applied to an idealized gaussian shape headland, to investigate mechanisms leading to the 

formation of these types of linear sandbanks. 

 

The main part of the original work has been presented as a compilation of three paper in 

press, submitted, or to be submitted, to international journals.  Chapter 2 of this thesis 

presents the background of this study and useful definitions and concepts that are used 

frequently in the other Chapters.  Chapter 3 describes the first paper, based upon the field 

measurement of the hydrodynamics near Cape Levillain and Levillain Shoal.  Chapter 4 

describes the second paper, where a numerical study of the hydrodynamics and sediment 

transport near Cape Levillain and Levillain Shoal is presented.  The third paper is 

presented in the Chapter 5, and discusses the use of a morphological model to understand 

the formation of headland-associated linear sandbanks.  Chapter 6 summarises the 

contributions of each chapter and present general conclusions.  It also presents a possible 

explanation for the formation of the Levillain Shoal and discusses the application of the 

morphological model to the real bathymetry of Cape Levillain.  Further discussion on the 

relation between the different velocities and length scales present near a headland, together 

with the location of the associated sandbank, is introduced.  Suggestions for future research 

are detailed.  As Chapter 3, 4 and 5 are self-contained papers; there is some repetition of 

introductory material and discussion to a lesser extent. 

 

1.2 Significance 

 

Sandbanks have emerged as a strategic mineral resource; they are very important, 

commercially, as potential supplies of heavy minerals and quartz aggregates (e.g. European 

Sand and Gravel Resources: EUMARSAND Program).  However, they also commonly 
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reach the sea surface and thus pose a threat to navigation.  The long-term behaviour of 

these sandbanks, especially their growth and mobility, is important for the planning and 

design of shipping channels, pipelines and offshore installations.  Often sandbanks form 

the seaward boundary of the nearshore zone and, therefore, are important for the stability 

of the coastal system (Pattiaratchi, 1986).  Sandbanks are also areas of great importance to 

the health of the fishing industry, as the banks are important nursery and feeding grounds 

for many fish species.  In the geological column, ancient sandbanks form potential oil and 

gas reservoirs (Dyer and Huntley, 1999).  Therefore, there are important economic benefits 

from a better understanding of hydrodynamic and sediment transport processes leading to 

the formation and maintenance of linear sandbanks. 

 

Although most of the studies have focused on morphodynamic behaviour of sandbanks, 

there is no general agreement on the processes that may be responsible for their formation 

and their present day maintenance.  Dyer and Huntley (1999), after reviewing existing 

theories for the formation and maintenance of sandbanks, conclude that 'the state-of-the-art 

is far from being able to predict the scale and evolution of sand banks in most cases'.  

The difficulty in understanding the formation and maintenance of sandbanks can be 

attributed to the spatial and temporal scales involved.  With typical length scales in the 

order of tens of kilometers and typical time-scales in the order of centuries, these sand 

bodies are hard to study experimentally.  Also, the environment in which they occur, the 

inner shelf, is a complex area with different types of forcing.  There may be a variety of 

processes active on the inner-shelf, but they are not necessarily all relevant to the 

formation and maintenance of the sand bodies.  However, in the particular case of 

“Headland-associated linear sandbanks”, their dynamic equilibrium with the tidal currents 

make them amenable to tidal-time scale processes, which makes them a very attractive 

geomorphologic feature to study.  A detailed investigation of the complex hydrodynamic, 

using field measurement as well as numerical results, is an important contribution towards 

a better understanding of the significant processes leading to the maintenance of 

sandbanks.  Furthermore, the development and use of a morphological numerical model is 

ideal in this situation, to investigate the mechanisms leading to the formation of these 

sandbanks.  



Chapter 2: Literature Review - 5 - 

 

 

 

 

Chapter 2 

 

 

Literature Review 
 

 

2.1 Introduction 

 

This Chapter presents an overview of the current knowledge on headland-associated linear 

sandbanks, as well as a description of the current definitions and modelling concepts used 

for this study.  There are a large variety of sandbanks present in coastal environment and 

estuaries, and the characteristics used to classify these various types are presented here.  It 

provides an insight into where this particular sandbank study fit in the broad group of sand 

features.  The particular type of sandbanks studied here is present in tidal environment and 

associated with topographic feature, such as headlands or islands (Figure 2.1).  To 

understand the complex system in which these sandbanks are present, the characteristics of 

the tidal flow in the vicinity of the headland are introduced.  Up until now, only few 

studies have been undertaken on headland-associated linear sandbanks.  Based upon field 

measurements or numerical results, various theories for the maintenance and formation 

have been proposed; they are presented here and provide the base of the present-day 

knowledge for this study.  Part of this study also considers a morphological model 

developed to understand the formation of sandbanks.  Morphological modeling may follow 

various concepts, according to the time-scale of the process investigated and the computer 

time needed to describe it accurately.  The different morphological modeling concepts are 

described in the last section of this Chapter.  



Chapter 2: Literature Review - 6 - 

 

 

 

Figure 2.1: Bathymetry chart, King Sound (Western Australia). Examples of headland-

associated linear sandbanks.  Single sandbanks are present in the lee of headlands and 

islands (pointed by arrows). 
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2.2 Classification: 

 

The global distribution of sandbanks has been described by several investigators (Off, 

1963; Pattiaratchi and Collins, 1987; Dyer and Huntley, 1999).  A number of field studies 

have been undertaken to examine their hydrodynamics, sand transport patterns and their 

methods of formation and maintenance.  These include the North-West European 

continental shelf (Houbolt, 1968; Pattiaratchi and Collins, 1987, Van de Meene and Van 

Rijn, 2000); Atlantic shelf of North America (Swift and Field, 1981; McBride and 

Moslow, 1991, Gelfenbaum et al., 2003); Argentine continental shelf (Parker et al., 1982); 

Moreton Bay, Australia (Harris et al., 1992); China Sea (Yang and Sung, 1988) and White 

Sea, northern Russia (Chakhotin et al., 1972).  Linear sandbanks also occur in many tidal 

embayments and estuaries throughout Australia, especially in Shark Bay, Bass Strait, van 

Dieman Gulf, Joseph Boneparte Gulf, King Sound, Torres Strait, Broad Sound, Hervey 

Bay and Moreton Bay. 

 

There are a number of different types of sandbanks that have been defined in terms of their 

location and morphology.  Generally, sandbanks are 5-30km long, 1-2km wide and are 

oriented at a small angle to the dominant tidal streams and extend to within a few metres of 

the sea surface.  They may exist as extensive fields with their crestlines aligned parallel to 

each others.  Elsewhere, a single sandbank, in the lee of coastal topographic features such 

as headlands and islands developed (Figure 2.1 & 2.2).   

 

Swift (1975) considered three categories of tidal sandbanks. The first consisted of 

sandbanks in embayments and oriented parallel to the axis of the embayment.  The second 

occurred off coastal topographic features and promontories and tend to be coast parallel.  

The third category consisted of sandbanks present on shelf edges.  Amos and King (1984) 

suggested that there are two main categories of sandbanks: tidal- and storm-generated.  

Swift (1985) then made a distinction within each of the three categories proposed, between 

storm and tidal generated sandbanks; those formed on marine erosion surfaces and those  
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a)    b)    

c)  

 

 
d) 

e)  

f)   g)    

Figure 2.2: a) Cape Don and Fitzpatrick Shoal (WA, Australia); b) Carlisle Head (WA, 

Australia); c) Tangalooma Point and Dring Bank (Queensland, Australia); d) Cape 

Levillain and Levillain Shoal (WA, Australia); e) Lacrosse Island and Tucker Bank 

(WA, Australia); f) Lundy Island, North West Bank and Stanley Bank (UK); and g) 

Portland Bill and Shambles Bank (UK). 
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formed by erosional shoreface retreat, as well as banks formed by ebb-channel interaction 

or by rotary tidal currents in the lee of headland and on the open shelf.   

 

Pattiaratchi and Collins (1987) proposed that sandbanks might be broadly classified 

according to their relationships to the orientation of the adjacent coastline and the 

prevailing current directions.  They considered the six following categories: 

1. fields of sandbanks off open coastlines, lying parallel to the coastline 

2. fields of sandbanks off open coastlines, lying oblique to the coastline 

3. fields of sandbanks adjacent to convergent or divergent coasts (e.g. straits) 

4. groups of adjacent banks lying perpendicular to embayment heads or delta fronts, 

often radiating from distributary mouths 

5. isolated sandbanks, lying oblique to coasts, but associated with coastline 

irregularities (headlands etc); and 

6. isolated, spit derived ridges of individual orientation. 

 

Dyer and Huntley (1999) have suggested that this grouping depends largely upon the bank 

orientation relative to the coastline, but that no implication for their origin is suggested.  

They propose that sediment sources need to be considered in the classification of 

sandbanks.  With sediment sources being either the seabed or the coastline, they defined 

three types of banks, with subcategories depending on the shape of the area of formation, 

sediment sources and shoreline evolution. 

 

• Type 1: Open Shelf Ridges 

• Type 2: Estuary mouth: ridges (wide mouth) and tidal deltas (narrow mouth) 

• Type 3: Headland-associated banks: Banner Banks (non-recessional headland) and 

Alternating Ridges (recessional headland) 
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All these various classifications are complementary, as they separate banks using a 

different perspective.  The headland-associated sandbanks, which are the focus of the 

present study, are nevertheless part of a very distinct group.  In most of the different 

proposed classifications, the type of sandbanks studied here are part of a distinct class from 

the other sandbanks, mainly due to their association with a coastal topographic feature.  

They are defined by Group 5, isolated sandbanks, of Pattiaratchi and Collins (1987).  This 

group is divided in two subcategories by Dyer and Huntley (1999), depending upon 

recession of the headland.  Due to the active retreat of the coastline, an equivalent retreat in 

the sediment source leads to the creation of other banks. This subcategory (B), Alternating 

Ridges, proposed by Dyer and Huntley (1999) corresponds to the creation of multiple 

banks of the subcategory (A), Banner Banks 

 

The review of these different classifications shows that a variety of sandbanks may be 

present in a same environment.  Even though there might be common features suggesting 

relationships between the different sandbanks, it is essential to focus on a particular group 

to define processes relevant to their formation evolution and maintenance. 

 

2.3 Current Definitions 

 

Oceanic currents are usually described in various mathematical ways, used to isolate 

particular characteristics of the flow.  Averaging methods are commonly employed to get a 

representation of the current over a particular temporal or spatial scale.  The present study 

focuses on morphological processes present in tidal environment where the tidal currents 

are the principal forcing of the system.  Different current definitions are employed 

throughout this thesis and this paragraph aims to detail this various definitions. 
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Depth-averaged current 

 

Tidal currents are frequently considered to be two-dimensional with a negligible variation 

in the vertical.  Due to the lack of availability of 3-D data in the past, in field measurement 

as well as numerical modelling, the average over the vertical of the currents have been 

commonly considered as a representation of the current to describe ocean forcing.  In 

recent years, progress in instrumentation and computer capabilities have led to the 

development of current meters and hydrodynamic model able to provide current data in 

three-dimensions.  However, even though three-dimensional effects have appeared to be 

important in some case (upwelling area, secondary flows, and undertow…), a description 

of the current at one point as an average over the vertical has been proved very useful and 

appears to be sufficient to describe most of the processes present in open ocean and coastal 

system.  Depth-averaged current is defined as follow: 

∫=
h

udz
h

u
0

1

                                   (2.1) 

h is the total depth of the water (including the free surface η, i.e. h(x,y,t)=H(x,y)+η(x,y,t) ) 

and u is the current velocity at a particular height z above the seabed. 

 

Residual current 

 

In most coastal areas the dominant motion is oscillatory flow driven by the tides of the 

adjacent ocean basin.  Even though a knowledge and understanding of the tidal dynamics 

is important, it is not sufficient to determine the transport of properties associated with the 

water, such as heat, salts, pollutants, suspended material etc.  Their mean distribution is 

influenced by the tidal oscillatory flow acting to disperse their concentration.  If the tidal 

excursion is comparable to or greater than the scale of the residual structures then the mean 

distribution of water column properties is caused by nonlinear tidal processes (Zimmerman 

1981); however, if the length scale of the residual flow structures is larger than the tidal 



Chapter 2: Literature Review - 12 - 

excursion, their tidal mean transport is controlled by the residual flow (Robinson, 1983).  

Residual flow speeds may be one or two orders of magnitude less than the tidal streams.  

They represent the average over a certain period (one or a number of tidal cycles) of the 

tidal current and are calculated as follow: 

dtu
T

u
t

t
R ∫

+

=
11

                              (2.2) 

T is the tidal period (or period over which the residual is calculated), u  is the depth-

averaged current and t is the time. 

 

Secondary currents 

 

Secondary flow refers to the deviation of the depth-averaged flow resulting from the 

effects of curvature and/or acceleration of Coriolis.  Both effects cause the horizontal 

velocity vector to rotate over the vertical (Kalkwijk and Booij, 1986).  The difference 

between the actual velocity and the depth-averaged velocity yields the secondary flow 

component (Figure 2.3).  

Considering a curvilinear coordinate system s, n and z with the streamwise coordinate s 

oriented in the direction of the vertically averaged flow and the cross-stream coordinate n 

oriented normal to the flow. By definition the vertical average of the normal flow, 
n

u is 

zero everywhere, and the vertically varying velocity 
n

u  constitutes the secondary 

circulation.  The transverse momentum equation can be approximated by: 

 

0)(
2

=
∂

∂

∂

∂
−

∂

∂
+++

∂

∂
+

∂
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u

t

u
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s

s

sn

s

n
η                          (2.3) 

ηηηη is the water level, g is the acceleration of gravity , Rs is the local radius of curvature of 

the streamline, f is the coriolis parameter and Av is the vertical eddy viscosity coefficient.   
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Taking the vertical mean of (2.3) gives: 

0
2
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ρ
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n
τ  is the transverse bottom stress and h is the water dept, ρ is the mass density.  

Subtracting (2.4) from (2.3) and neglecting the first term in (2.4), which tends to be small 

(Kalkwijk and Booij, 1986).  A simple expression for the secondary circulation is obtained: 

)()(
22
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∂
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τ
             (2.5) 

 

The left-hand side of (2.5) contains, respectively, the time variation, streamwise advection 

and frictional dissipation of the secondary circulation.  The right-hand side of (2.5) 

includes the forcing by curvature and the Earth's rotation, due to deviations of the 

streamwise velocity from its vertical mean (Geyer 1993).  More details on the 

mathematical description of the secondary flow can be found in Kalkwijk and Booij, 

(1986). 

 

In this study, the secondary flow SCu  at a particular height z over the seabed is calculated 

as follow:  

uuu zSC −=                               (2.6) 

u  is the depth-averaged current and zu is the current at a height z above the seabed; its 

magnitude is small, compared to the characteristic horizontal velocity.  Therefore, it is 

mostly neglected in the computation of nearly-horizontal flows; however, in some case it 

may have a pronounced effect on the distribution of the flow.  
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Figure 2.3: Schematic of the secondary flow, showing the veering of the current over the 

vertical (left) and the representation of the depth-averaged current and the secondary 

current neat the bottom of the water column (right). 
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2.4 Tidal flow near a headland 

 

The interaction between currents and topographic features generate complex three-

dimensional circulation patterns that influence significantly the distribution of sediments in 

the vicinity of the feature.  Over the past decade, the formation and structure of these flows 

have been investigated using theoretical, field, numerical (mainly depth-averaged) and 

remote sensing techniques (Pingree and Maddock, 1979; Zimmerman, 1981; Wolanski et 

al., 1984; Falconer et al., 1986; Pattiaratchi et al., 1987; Pattiaratchi and Collins, 1987; 

Black and Gay, 1987; Signell and Geyer, 1991; and Pattiaratchi, 1994). 

 

Observations and numerical models have demonstrated that residual eddies are formed by 

vorticity generated by frictional effects associated with the headland (Tee, 1976; Pingree 

and Maddock 1978, 1979).  In the absence of friction, potential flow theory predicts 

acceleration of the flow around a coastal promontory (Robinson, 1981).  With friction 

included, the effect of lateral shear in the flow generates vorticity during both the flood and 

ebb, even when the depth is uniform (Figure 2.4a).  In addition, if the depth varies in a 

direction normal to the local velocity, there is a shear in the depth-distributed friction force. 

This effect of sloping bottom is responsible for the generation of vorticity (Figure 2.4b).  

The vorticity generated by the promontory is advected away from the promontory, on both 

flood and ebb tide; this creates a pattern of eddies on either side of the promontory.  Figure 

2.5 shows the tidal residual flows modeled by Pingree (1978). The vertical residual 

circulation pattern of such eddies has been approximated to that in a teacup, with 

downwelling at the edge of the eddy and upwelling near the centre.  This results in the 

convergence of flow towards the centre of the eddy near the seabed and divergence at the 

surface (Pingree, 1978; Wolanski, et al.1984).   
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Figure 2.4: Vorticity generation mechanisms for flow near a promontory: (a) gradient of 

friction force due to gradient of flow speed; and (b) gradient of depth-averaged friction 

due to changing water depth (from Robinson, 1981) 
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Due to the interaction to the tidal currents with the headland, flow separation may also be 

present.  When flow along a boundary encounters an adverse pressure gradient, the 

deceleration due to the combined effect of the pressure gradient and the frictional drag 

causes the flow very close to the boundary to reverse. Far from the boundary, where 

frictional effects are not as strong, there is adequate momentum to keep the flow from 

reversing.  This results in flow separation and creation of transient eddies in the lee side of 

the headland (Signell and Geyer 1991; Davies et al., 1995).  Signell and Geyer (1991) have 

described in detail the influence of friction, time-dependence and headland geometry for 

the formation and evolution of these transient eddy parameters controlling the eddy 

formation.  In tidal flow, this phenomenon occurs during each half cycle.  As the tip of the 

vortex sheet leaves the point of flow separation, the velocity induced by the sheet causes 

the sheet to spiral into a large ‘blob’ of vorticity.  The transient eddy is reflected by strong 

reverse flow downstream of the headland, nearly equal to the free-stream flow.  The eddy 

is then advected downstream or dissipated (Signell and Geyer 1991).  Robinson (1983) 

concluded that the effect of flow separation is probably limited as it operates on a small 

scale (Order of km).  Nevertheless, Bastos et al (2003 & 2004), after showing the presence 

of a fairly large transient eddy near Portland Bill, concluded that sediment transport on the 

Shambles Bank was controlled by the formation of a transient eddy, during the flood phase 

of the tide. 

 

2.5 Mechanisms of sandbank formation and maintenance: 

 

Sandbank formation and maintenance have been generally descriptive where the sand and 

water movements are considered to be part of a single inter-related system.  Most of the 

predictions of sandbank characteristics consider that the sandbank develop as a result of 

spatial variations in hydrodynamic conditions.  However, another interesting approach, 

proposed by Huthnance (1982a), considers a seabed stability analysis approach, using a 

coupled system of sediment and hydrodynamic equations.  Huthnance (1982) found that 

the fastest growing mode had a wavelength and orientation comparable to those of 

observed tidal sandbanks.  This model was studied and extended in several ways by  



Chapter 2: Literature Review - 18 - 

 

 

 

 

 

Figure 2.5: Modelled tidal residual flows in the vicinity of Portland Bill, southern 

England, showing the relationship between the residual flow gyre and the Shambles 

Banks (from Pingree, 1978) 
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Hulscher et al. (1993), De Swart and Hulscher (1995), Hulscher (1996), Gerkema (2000) 

and Walgreen et al. (2003).  Results of the linear stability analysis by Hulscher (1996), 

demonstrated that one can distinguish between four different types of behaviour of (initial) 

perturbed bottom; i.e. flat bottom, tide-parallel ridge, sandbanks and sandwaves.  In 

addition, Hulscher (1996) showed how process-based models explain the formation of 

residual circulation cells; the residual flow components near sand waves cause a residual 

circulation which favours the growth of the bed form, this hydrodynamic problem could be 

seen as equivalent to circulation cells on either side of a headland.   

 

More generally, the explanation for sandbanks existence falls into three types: those based 

on secondary flows; those considering long period wave motion; and those based upon 

stability analysis (Dyer and Huntley 1999). 

For the particular type of sandbanks studied here: headland-associated linear sandbanks, 

there have been various theories proposed for their formation and maintenance: 

 

The theory proposed by Pingree (1978) suggests that sand accumulates at the centre of the 

eddy (see above) thus initiating the growth of a sandbank (Figure 2.5).  This is similar to 

that observed in stirring sugar in a teacup – the undissolved sugar tends to accumulate at 

the centre of the cup.  Therefore, the location of the sandbank is controlled 

hydrodynamically. As the sandbank grows, the interaction between tidal currents and the 

sandbank can enhance the eddy (Huthnance, 1973) further enhancing the growth of the 

sandbank; this illustrates the importance of the ‘feedback’ processes.   

 

Pingree (1978) has shown that the formation of a sandbank at the centre of an eddy 

depends upon the balance between the Coriolis and centrifugal forces within the eddy.  If 

both forces are of equal importance, then sediment will accumulate in the centre of the 

eddy, forming a sandbank. For the northern hemisphere, Pingree (1978) has shown that in 

an anti-cyclonic eddy, Coriolis and centrifugal forces, together with bottom friction, 

reinforce each other to produce a convergence of bottom currents to the centre of the eddy 

resulting in accumulation of sediment (Figure 2.6).   
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Figure 2.6.  Schematic of the tidal stirring hypothesis for sandbank generation around 

tidal headlands.  Reversing tidal flows generate symmetric residual eddies on either side 

of the headland.  The inward-directed pressure gradient force PG, however, is larger in 

the cyclonic eddy because it must balance the Coriolis force C in addition to the 

centrifugal force CF.  In the anti-cyclonic eddy, the Coriolis force helps balance the 

centrifugal force and thus the pressure gradient force is smaller.  The hypothesis states 

that this asymmetry in pressure gradient force would result in asymmetry in sandbank 

generation, since sand moving down-pressure gradient near the bottom would feel a 

stronger force in the cyclonic eddy.  This is indicated pictorially by the larger stippled 

region inside the cyclonic eddy (from Signell and Harris, 1999) 
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Pingree (1978) used this argument to explain the difference between the well developed 

Shambles Bank present within the anti-cyclonic eddy generated by tidal flow past Portland 

Bill (English Channel) and a smaller sandbank in the cyclonic eddy formed on the opposite 

side (western side) of Portland Bill.   

In the Southern Hemisphere, we would expect the reverse situation i.e. a cyclonic 

circulation to produce a sandbank at the centre of the eddy.  Examination of the bathymetry 

in the vicinity of Cape Levillain, Shark Bay (Figure 2.2) reveals that a sandbank is present 

supposedly, at the centre of the cyclonic eddy (Levillain Shoal) and a less developed 

sandbank at the centre of the anti-cyclonic eddy.  These results are consistent with 

Pingree's theory for the formation of headland-associated tidal sandbanks.  However, 

Signell and Harris (1999), using idealised numerical simulation with parameters 

representing conditions at Portland Bill, showed that the effect of Coriolis on the 

development of symmetrical sandbanks on each side of a headland was not observed.  

 

A recent study by Bastos et al. (2002) on the associated suites of sedimentary deposits 

present near Portland Bill has shown that the “tidal stirring concept “ may provide a 

satisfactory explanation for the formation of sandbanks but proposed a slightly different 

concept based upon the development of bedload convergence zones.  With sedimentary 

facies observations and numerical simulation, Bastos et al. (2002) proposed that the facies 

around the headland can be explained in terms of a conceptual model, considering 

headland-associated eddy/bedload convergence zones.  Associated with headlands, a scour 

zone is present at the tip and the sedimentary facies are distributed along axes, which 

follow the bed shear stress gradients.  They defined two distinct mobile-sand regions: the 

inner zone with a net sand transport towards the headland; and the outer zone with a net 

sand transport away from the headland.  Bedload convergent zones develop in between 

these two distinct regions (Figure 2.7).   
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Figure 2.7: Map showing the occurrence of two conceptually distinct regions of 

sedimentary processes (shaded), on both sides of the headland (from Bastos et al., 2002) 
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However, Bastos et al. (2003) have also recently shown that that the Portland bank, present 

on the western side of Portland Bill, does not coincide with the position of the residual 

eddy.  They also mentioned that the original proposed theory by Pingree (1979) might not 

provide a simple explanation for the formation and maintenance of the Shambles Bank.  As 

argued by Isamato (1983), the tidal residual patterns are only the results of an averaging 

calculation; therefore they may not be relevant in terms of sediment transport due to its 

non-linear aspect. Due to the complex three-dimensional nature of the flow, the presence 

of transient circulation features and the non-linear property of sediment transport, the 

residual current does not represent the pattern of net sand transport and deposition (Bastos 

et al., 2003).  Hence, it is unlikely that the ‘flow in a tea-cup’ analogy is applicable for the 

formation of sandbanks, although this theory has been generally accepted as the only 

plausible mechanism for the formation of such sandbanks (Wright, 1995). 

 

An alternative theory is that, due to the curvature of flow resulting from the presence of an 

island or headland, secondary flows (or ‘helical’ flow cells) are generated which act to 

collect sand into elongate sand deposits (Heathershaw and Hammond, 1980).  This is 

similar to processes observed at river bends where sediment accumulation is observed on 

the inside of the river bend (Figure 2.8).   

 

Field evidence for this hypothesis has been very mixed, but recent progress in the 

instrumentation has shows a different picture.  The presence of secondary flow patterns 

near headlands has been confirmed by field observations (Geyer and Signell, 1989; Geyer, 

1993) and numerical simulations (Alaee, 1998).  The magnitude of the secondary flow can 

be up to 15% of the primary flow (Alaee, 1998).  Hulscher (1996), using a stability 

analysis concept, showed that although secondary currents are small, they are important in 

triggering smaller-scale bed forms like sandwaves.  However, secondary flows induced by 

a pre-existing sandbank appear to be very small (Loder et al., 1992) particularly in the 

absence of water column density stratification.  Bastos et al. (2004) indicated the presence 

of secondary flows near the Shambles; however, they concluded that their contribution to 

sediment transport is still unclear. 
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a)                                                                               b) 

Figure 2.8: a) Schematic of the secondary flow present at river bend; b) Sand 

accumulation at river bend. 

 

 

 

Figure 2.9: The Skerries Bank, Start Bay, southern England, showing the streamlines on 

flood and ebb tide and of the tidal residual (Dyer and Huntley, 1999). 
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Some analogy to the formation of "Banner Banks" (Dyer & Huntley, 1999) could also be 

considered (Figure 2.9).  Accumulation of sand eroded from the tip and deposited in the lee 

of the headland may create a bank with an elongated pear-shaped form, the broad end 

directed towards the tip.  There is a marked asymmetry in the bank profile, with flank of 

the bank facing the sea characterized by a steeper slope than on the landward side.  As the 

bank grows and interacts with the flow field, it separates from the tip due to the reversal of 

the tidal flow.  However, this theory of formation and development has received limited 

attention; as it depends on rising sea level conditions and therefore implies an evolution of 

the hydrodynamic conditions.  In addition, the pear-shaped form (with broad end directed 

towards the tip) and bank profile asymmetry described has not been commonly observed 

(see Figure 2.2). 

 

2.6 Morphodynamic modelling 

 

Morphodynamic models are indispensable tools used by engineers and scientists working 

in coastal, river and estuarine systems.  They are used to analyse erosion problems, assess 

morphological evolutions and impacts of human interference, and to aid the design of 

coastal defenses.  They are also used in order to understand and investigate processes and 

mechanisms responsible for morphological evolution of bed forms, beach profiles, and 

inlets. 

 

Coastal evolution processes are generally three-dimensional; however, coastal behaviour 

could be predicted using modelling concept based on fewer dimensions.  From De Vriend 

et al. (1993), there are four main types of morphodynamic models: 

• coastal models, which predict coastline change using longshore processes (vertical and 

cross-shore processes are integrated); 

• coastal profile models, which predict the cross-shore profile evolution and ignore the 

longshore variation; 

• coastal area models, which predict changes in both horizontal dimensions using depth-

averaged current modules; and 
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• local models, which predict small-scale phenomena (e.g. ripple formation) and ignore 

larger and intermediate horizontal scale. 

 

Recent progress in computer capabilities has allowed the development of three-

dimensional models.  Generally, the approach is similar to coastal area model but three-

dimensional processes are included.  This is the type of model that we shall be interested in 

this study, in order to describe the formation and maintenance of linear sandbanks.   

 

Coastal area models generally consist of a number of standard module representing 

physical processes (waves, current, sediment transport), coupled with a bottom evolution 

module based on sediment conservation. There are three basic concepts (Figure 2.10), as 

outlined below: 

• Initial Sedimentation Erosion (ISE) models, which proceed through the sequence of 

constituent model only once.  The bed topography is assumed to be invariant and only the 

rate of sedimentation or erosion for the bed topography is computed. 

• Medium Term Morphodynamic (MTM) models, in which the new bed topography is fed, 

back into the hydrodynamic and sediment transport modules.  Changes in bed topography 

are "felt" by the hydrodynamic module, which provide a dynamic time-evolution of the 

bed.  Timescale of the morphodynamic simulation should be substantially larger than the 

hydrodynamic time scale. 

• Long Term Morphological (LTM) models, in which the constituent equations are not 

representing the individual physical processes but integrate the long-term processes. 

 

ISE models 

 

Due to the relatively small computational effort involved and the relatively easy 

implementation, ISE models are the widest used in practice.  However, they can only 

provide information on a mechanism at time scales smaller than the morphological time 

scale of evolution, therefore, they remain limited in terms of long-term seabed evolution.   

Given this limitation, they provide results of sediment transport field and 

erosion/deposition patterns that are of great interest to investigate the seabed evolution 
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under ‘natural’ input conditions.  ISE models appear very useful in comparative studies, 

particularly in the designs of coastal structures (Walker et al, 1991).  They provide insight 

into the processes presented and their impact upon the natural system.  Another application 

of the ISE model is to test the contributions of various individual sets of conditions (neap 

tide, spring tide, storm, and calm weather periods…) to residual transport and 

erosion/deposition patterns (Steijn and Louters 1992).  They are also used for the analysis 

of sediment transport processes in complex situation and to describe the fate of cohesive 

sediment (Villaret and Latteux, 1992; Jiang et al., 2000; Van Leeuwen and De Swart, 

2002; Deleu et al., 2004).  

 

MTM model 

 

Numerous, 2DH morphodynamic models have been developed recently (Latteux, 1980; De 

Vriend, 1987a; Gallerano and Rufini, 1989; Anderson et al., 1991; Clarke et al., 1998; 

Cayocca, 2001; and Hibma et al., 2003, 2004).  The modelling concept used in these 

models is explained by DeVriend et al. (1993); they consist usually of a wave module, 

simulating wave shoaling-refraction-diffraction, a depth-averaged currents module (that 

calculate the velocity field), a sediment transport module (which calculates sediment 

transport rates) and a bed evolution module (which solves the 2D sediment continuity 

equation and evaluates bed level changes).  The combination of these components provides 

some understanding into the dynamic behaviour of a particular system (Cayocca, 2001).  

2DH MTM models are frequently used for beach evolution studies.  However, the bed 

slope related gravitational transport, that enables the beach profile to reach a state of 

equilibrium, is neglected in most of the models.  Due to the depth-averaged nature of these 

models, they are unable to simulate the vertical structure of the cross-shore flow.  They 

also require diffusive terms in the bed evolution equation to render them stable.  In tidal 

estuaries and coastal systems, the interaction of tidal currents with river outflow, together 

with the presence of complex three dimensional flow structure are not considered in a 2DH 

model concept.  To overcome this limitation, a 3D hydrodynamic model is used in the 

current field calculation module.   
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Figure 2.10: Morphological model concepts. 
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With the recent progress in computer capabilities, the development of 3D medium-term 

morphodynamic models has generally increases; these are commonly used when 3D 

hydrodynamic processes are relevant to the understanding of the morphological evolution.  

Many studies have been undertaken using quasi-3D model (Wang et al., 1995; Zyserman et 

al., 2002; Van Leeuwen et al, 2003; Lesser,. 2004; Van der Molen et al., 2004); they 

assume a given (e.g. logarithmic) vertical structure of the current.  There are no results 

using full 3D models that have been published until now. 
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Field measurements of the three-

dimensional current structure in the 

vicinity of a headland-associated linear 

sandbank 

 

 

3.1 Introduction: 

 

Linear sandbanks are located in areas where there are strong currents and an abundance of 

sand (Pattiaratchi and Collins, 1987); they are present on continental shelves, near coastal 

regions, in embayments and in estuarine regions.  The global distribution of sandbanks has 

been described in several works (Off, 1963; Pattiaratchi and Collins, 1987; and Dyer and 

Huntley, 1999).  Headland-associated linear sandbanks are typically 5-10km long, 1-2km 

wide and may extend to within a few metres of the sea surface.  They usually develop as a 

single sandbank, in the lee of coastal topographic features such as headlands and islands 

(Figure 3.1).  Field studies have been undertaken to examine sand transport patterns and 
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their method of formation and maintenance (Pingree, 1978, Heathershaw and Hammond, 

1980, Pattiaratchi and Collins, 1987; and Bastos et al., 2002).  Although most of the studies 

have focused upon the morphodynamic behavior of linear sandbanks, there is no general 

agreement on the processes that are responsible for their formation and maintenance.   

 

The interaction between currents and topographic features generates complex three-

dimensional current patterns that significantly influence the distribution of sediments 

within the vicinity of the feature.  Over the past decade, the formation and structure of 

these flows have been investigated using theoretical, field, numerical (mainly depth-

averaged) and remote sensing techniques (Wolanski et al., 1984; Falconer et al., 1986; 

Pattiaratchi et al., 1986; Pattiaratchi and Collins, 1987; Signell and Geyer, 1991; 

Pattiaratchi, 1994; and Bastos, 2003), but no detailed three-dimensional hydrodynamic 

studies have been undertaken.  Previous studies have shown that headland-associated linear 

sandbanks are generally built up on otherwise flat beds; the location of the sandbank is 

controlled hydrodynamically; and the bank is in equilibrium with the present day 

hydrodynamics. 

 

There have been various theories proposed for the formation and maintenance of headland-

associated linear sandbanks.  Pingree (1978) suggests that the sand accumulates at the 

centre of the residual eddies, generated on either side of the headland by the reversing tidal 

flows.  As the sandbank grows, interaction between tidal currents and the sandbank can 

enhance the eddy (Huthnance, 1973), further enhancing the growth of the sandbank.  

Pingree (1978) speculated that the formation of a sandbank at the centre of an eddy 

depends on the balance between the Coriolis and centrifugal forces in the eddy.  Another 

theory considers secondary flows (or ‘helical’ flow cells), that are generated due to the 

curvature of flow resulting from the presence of an island or headland; these act to collect 

sand into elongate sand deposits (Heathershaw and Hammond, 1980).  This is similar to 

processes observed at river bends, where sediment accumulation is observed on the inside 

of the river bend (Bathurst et al., 1977; Thorne and Hey, 1979). 
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a)    

b)  

 
Figure 3.1: a) Location of the study area, Cape Levillain and Levillain Shoal, (Shark 

Bay, Western Australia), showing instruments locations; b) Satellite image of Shark Bay 

and of the location of the study area, Cape Levillain and Levillain Shoal, Shark Bay. 
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The presence of secondary flow patterns near headlands has been confirmed by field 

observations (Geyer and Signell, 1989; Geyer, 1993) and numerical simulations (Alaee et 

al., 1998). 

 

The generation mechanisms described above are not mutually exclusive and the presence 

of the sandbanks could be the result of a combination of different physical processes.  

Although the theory proposed by Pingree (1978) considers the Coriolis force important, the 

Rossby number is typically greater than 1 for most sandbanks, indicating that inertial 

forces are more important than Coriolis forces.  Furthermore, numerical simulation 

presented by Signell and Harris (2000) showed that changing the sign of the earth's rotation 

had no significant effect on the formation of sandbanks in their idealised simulation of 

Portland Bill.  The theory proposed by Pingree (1978) also assumes that sediment is 

transported by residual currents and residual eddies.  As indicated by Imasato (1983), in 

the case of tidal inlets, where the scale of the residual is small or comparable to the tidal 

excursion, tidally-induced residual currents are the result of the averaging process of 

transient phenomena and do not represent a physical reality.  This is also the case around a 

headland, where the important length scales are frequently of the same order (i.e. (1) the 

length scale of the headland, (2) the length scale of the tidal excursion, and (3) the length 

scale over which eddies are spun down due to friction).  Bastos et al. (2003) conclude, 

from numerical simulations, that the presence of the Portland Bank on the west side of 

Portland Bill (UK) does not coincide with the centre of the clockwise residual eddy.  In 

addition, sediment transport is a non-linear process.  Zimmerman (1981) argues, however, 

that since higher order harmonics are formed whenever residuals are formed, that the 

residuals may be related to the patterns of sand transport regions. 

 

Many headland-associated linear sandbanks are located in environments with strong tidal 

currents.  The sediment composing these banks is of a medium to very coarse grain size, 

which would mainly be transported as bedload by the tidal currents.  Due to the complex 

three-dimensional nature of the flow, the presence of transient circulation features and the 

non-linear property of sediment transport, the residual current appears not to be 

representing the pattern of net sand transport as bedload and deposition (Bastos et al., 
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2003).  The investigation into the instantaneous complex flow resulting from the 

interaction of the headland and the tidal flow, is therefore of central importance for the 

understanding of the processes responsible for the maintenance of the headland-associated 

linear sandbanks.  Until now, only sporadic hydrodynamic studies provided the basis for 

the proposed maintenance theories of these banks. 

Due to recent developments in instrumentation (ADCP, GPS drifters, etc…), this study 

provides the first extensive data set using the most recent techniques of current 

measurements.  The focus of this paper shall be to describe the complex hydrodynamics 

present and examine their implications for the maintenance of these sandbanks.  

 

3.2 Methodology 

 

3.2.1 Study region 

 

Field studies were undertaken in the vicinity of Cape Levillain in Shark Bay, Western 

Australia, situated at 25°30' S and 113°E, along the northern shoreline of Dirk Hartog 

Island (Figure 3.1).  A headland-associated linear sandbank, the Levillain Shoal, is situated 

to the south of Cape Levillain.  A less developed sandbank is also present to the north of 

Cape Levillain.  Thus, the study region is similar to Portland Bill and the Shambles Bank 

(Pingree, 1978) but with the orientation reversed for the Southern Hemisphere.  The study 

region experiences a semi-diurnal tidal range, with a large diurnal inequality (Figure 3.2), 

it has a maximum tidal range of 1.5m and maximum measured tidal currents of 1m/s 

(Logan. and Cebulski, 1970; and Burling et al., 1999).  Like most of the Western 

Australian coastline, southerly winds are prevalent throughout the year (Nahas et al., 

2003).  There is a distinct seasonal variation in the wind pattern, with the strongest and 

most persistent winds occurring during summer.  The mean wind speed is 8m/s during 

summer and 4-5m/s during winter, with a direction confined between Southwest to 

Southeast (Logan and Cebulski, 1970; Nahas et al., 2003). 
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The field investigation was undertaken on the James Scheerer II Research Charter from the 

4
th

 to the 10
th

 November 2002, during a spring period of the tidal cycle in order to observe 

the hydrodynamics when maximum currents were present in the area. 

 

 

 

 

 

Withnell Point, Shark Bay Western Australia 

1 November 2002 - 14 November 2002 

    01       02      03      04       05      06       07       08      09      10       11       12       13     14 

DAYS 

The tide graphic is generated by XTide version 2.5 by David Flater,presented at the 

http://tbone.biol.sc.edu/tide web site by N. Dean Pentcheff. 

Figure 3.2: Tidal elevation at Withnell Point (south of Cape Levillain) for a spring/neap 

cycle, from the 1
st
 to the 14

th
 of November 2002, this include the days of field 

investigation. 
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3.2.2 Instrumentation and sampling 

 

The flow around Cape Levillain and near the Levillain Shoal was investigated using: (a) 

three current metres moored at different locations (Figure 3.1); (b) a boat mounted ADCP; 

and (c) deployments of GPS drifters.  In addition to current speed and direction, all current 

metres recorded pressure and temperature.  Seabed sediment samples were also collected 

(d).   

 

a) • A 2MHz ADCP, Aquadopp Profiler from Nortek-As, was deployed at the tip of 

the cape at a depth of ~8.7m (A, Figure 3.1).  The instrument was positioned on the bottom 

facing upward.  Profiles of three-dimensional currents averaged over 1 minute bursts were 

collected every 5 minutes.  The cell size was 50cm and the blanking distance over the 

profiler was 40cm. 

• A single point current meter, S4 from InterOcean, was deployed between the bank and 

the coast at a depth of ~18m (S, Figure 3.1).  The instrument measured the current 

characteristics at 2m above the seabed.  Current velocity and direction was averaged over 2 

minutes. 

• A 3D acoustic Vector currentmeter from Nortek-As, was deployed at a depth of 19m (V, 

Figure 3.1).  The instrument sampled at 8Hz and measured velocity data over 1 minute 

bursts at 5 minutes intervals.  The instrument measured the current velocity and direction 

~36cm above the seabed. 

b) A 1200kHz ADCP from RD Instruments mounted on the research vessel James 

Scheerer II Research Charter and using a bottom-tracking mode was employed to obtain 3-

D current measurements.  The survey consisted of 20 transects crossing the Levillain Shoal 

at different locations of the bank and different times of the tidal flow.  The boat was 

travelling at a speed of 2-3m/s and the ADCP collected velocity samples every 0.3 

seconds.  The raw data was then processed by averaging over 20 ensembles giving a 

sample every 6 seconds and a horizontal resolution in the range of 12-18m.  Vertical 

resolution of the velocity is 80cm starting at 1m below the surface and extending to the 

bottom.  A GPS was linked to the ADCP in order to fix the position of the transect. 
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c) Drifters were constructed at the Centre for Water Research (University of Western 

Australia) were used for Lagrangian measurements (Figure 3.3), namely a GPS drifter 

developed by Johnson et al. (2003), attached to a drogue following the same design 

outlined in Davis (1985).  Niiler et al. (1995) defined the ratio, R, as the ratio of the drag 

area of the drogue, to the sum of the drag areas of the GPS unit and surface floats.  They 

found that the condition R>40 is necessary, in order to reduce the wind-produced slip of 

the surface floats compared to the measurement of the velocities at the drogue depth.  The 

drifters built for this study satisfy this ratio, with a total surface drag of the drogue (drogue 

+ buoy) of 3.85m
2
 and the surface ensemble (GPS unit + surface floats) of 0.093m

2
. 

d) Sediment samples were collected using a sediment grab sampler and the sediment 

grain size (d50) was determined using a settling tube (Gibbs 1971, 1974). 

 
                                                            a)                       b) 

Figure 3.3: Schematic of the drifters: constituted of a drogue and a GPS unit: a) surface 

drifter; and b) underwater drifter. 
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3.3 Results 
 

3.3.1  Levillain Shoal: Morphological and Sediment Characteristics 

 

A) Sandbank morphology 
 

The Levillain Shoal is an elongated elliptic sandbank, 5000m long and 1500m wide, 

oriented north-northwest to south-southeast.  The bank is located at a water depth of 15m 

and reaches 2m below the surface at the centre (Figures 3.4a & 3.4b): it is asymmetric, 

with a large east flank with a very mild slope (0.4-0.6 %) and a narrow, steep west flank 

(up to 16% slope).  The northern part of the bank is less asymmetrical, with a narrow crest 

(see Profile A, Figure 3.4).  Over its middle section (Profile B, Figure 3.4), the bank is 

wide and flat at the centre, with two asymmetric flanks.  At its southern section, the bank 

has a very large eastern flank, with a mild progressive slope and a short and steep west 

flank (see Profiles C and D, Figure 3.4). 

 

B) Sediment grain size distribution 
 

The Levillain Shoal is mostly composed of medium and coarse sand, with a mean grain 

size of 0.5mm.  Results from two transects across the bank indicate that the sediment grain 

size is well sorted across the bank (Figure 3.4).  The sediment is finer on the top of the 

bank and coarser on the flanks, away from the centre.  Profile A shows that along the 

northern section of the bank, the mean sediment grain (d50) size is 0.3mm and coarser on 

its flanks, with d50=0.6mm.  Sediment on the middle section of the bank is very well sorted 

(Profile B) with d50=0.5mm on its centre and coarsening towards the eastern flank, with d50 

up to 0.7mm.  These results are consistent with other studies on isolated sandbanks 

(Pattiaratchi and Collins, 1987 and Bastos et al., 2002), where finer sediment is present on 

the top of the sandbank.  However, field of tidal sand ridges may present different 

distribution with coarser sediment present on the top of the ridges, as demonstrated by 

Walgreen et al. (2004).  The tip of Cape Levillain is connected to a sandy spit that extends 

almost 1km offshore.  The absence of sand between the northern tip of the bank and the 

cape (Profile A) is noteworthy as it implies that the currents between the bank and the cape 

tip are too strong to allow deposition of sand in this area. 
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a) 

 
b)

 
Figure 3.4: Sandbank shape profiles and sediment grain size; a) Profile positions and 

sediment sampling locations; b) Profile bathymetry collected with ADCP bottom tracking 

mode and sediment grain size represented by column bars (grain size in mm). 
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3.3.2 Hydrodynamics 

 

The tidal signal during a Spring tide shows a very strong diurnal inequality, particularly on 

the ebb (Figure 3.2).  Therefore, the daily tidal flow is decomposed into an alternation of a 

flood, with a small ebb and large ebb. 

 

A) Eulerian data: Current meter deployments 

 

The spatial structure near the sandbank and associated headland was investigated, by 

comparing the results from the three fixed instruments.  Results from all three instruments 

deployed on the 6
th 

and 7
th

 November 2002 (Days 310 and 311) are shown in Figure 3.5a.  

In order to compare the data from the Vector to the data from the S4, we calculate the 

current magnitude at 2m above the bed assuming a logarithmic profile:  

)ln()(
0

*

z

zu
zu

κ
=                                                     (3.1) 

Where u* the current-related bed-shear stress (calculated by fitting a logarithmic profile to 

the data), κ the Karman constant, z the depth and z0 the roughness length. 

The roughness length z0 is determined using velocity profiles from the ADCP transects, 

undertaken near the Vector deployment during the flood and gives a z0 = 0.0027m.  The 

velocity magnitude and direction presented here are measured at 2m above the seabed.  

This provides a spatial description of the current near to the seabed, responsible for the 

sediment transport due to the tidal current.  

 

During the flood phase, the currents near the tip of Cape Levillain are strong, up to 

160cm/s, and are directed southeast (135°).  On each flank of the sandbank, the tidal flow 

is weaker, with a maximum of 40cm/s, flowing southward (180°) on the western side, and 

flowing southeast (135°) on the eastern side.  Results from the S4 and Vector indicate that 

the tidal flow on each side of the bank is quasi-parallel with the isobaths.  During the ebb, 

the tidal flow is oriented towards the north at the tip, slightly northeast (20°) on the west 

side of the sandbank and northwest (290°) on the east side.  The currents converge at the 

northern part of the sandbank.   
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a) 

 
b) 

 
Figure 3.5: a) Velocity magnitude measured at the ADCP, S4 and Vector (from 

November the 6
th

 2002 (day 310) to November the 8
th

 2002 (day 312).  b) Product of 

along-bank velocity at the Vector and at the S4 calculated from measurements made from 

November the 6
th

 2002 (day 310) to November the 8
th

 2002(day 312), the peaks are 

representing the periods of anticyclonic rotation across the bank, i.e. when along-bank 

components are in opposite direction. 
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During the 'large' ebb, the currents near the tip are as strong as 120cm/s and 40cm/s, on 

each side of the sandbank.  During the 'small' ebb, the currents near the tip are weak and 

reach only 20cm/s on the western side of the bank.  There is almost no ebb on the eastern 

side. 

 

The comparison of the current magnitude at the S4 and Vector shows that the ebb is more 

significant, in terms of duration (almost twice as long), on the western side of the bank (S4 

measurements) and the flood is more significant, in terms of magnitude, on the eastern side 

(Vector measurements).  A schematic of the tidal currents at the three fixed instruments, 

during flood and ebb, is presented in Figure 3.6.  Overall, the currents are very strong at 

the tip and only one-third to one-fourth of this magnitude on each side of the bank, during 

the ebb and flood. 

 

During the period of maximum currents, there was no evidence of significant flow 

separation, resulting in the development of a large permanent eddy around the bank.  

Nevertheless, a small transient eddy was present during the second part and end of the 

flood periods.  This is detailed further with the ADCP transect measurements.  During the 

flow reversal from ebb to flood, the currents between the bank and the coast (S4) were still 

ebbing, whilst the currents at the tip (ADCP) and east side of the bank (Vector) were 

already flooding.  This phase lag at the S4, compared to the other instruments, suggests 

that the area between the bank and the coast acts like a channel; where during the ebb, the 

flow is constricted between the bank and the Cape.  Tidal harmonics of third-diurnal and 

quarter-diurnal periods are generated locally, due to the effects of bottom friction that 

oppose the flow.  Analysis (Table 3.1) of the pressure measurements at the three 

instruments reveals that higher harmonics of 8 and 6 hour periods are significant near the 

S4, with a third-diurnal harmonic up 12.6% and a quarter-diurnal up to 3.6% of the local 

pressure signal.  The reduced magnitude during the ebb, of the current in the channel, is 

reflected in the generation of these higher harmonics.  The current plateau near maximum 

ebb periods. This plateau or lengthening of the ebb between the bank and the coast has also 

been observed near the Skerries Bank, southern England (Dyer, 1986).  Dyer explained 

that the asymmetry between the longer flatter ebb and a sharp flow is responsible for the 
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Skerries Bank shape asymmetry, with the steeper flank facing offshore.  However, in the 

case of the Levillain Shoal, the bank is asymmetric in shape but with the steeper flank of 

the bank facing the coast.  Here, the phase lag in the reversal results in a clockwise eddy 

around the bank, this continues for 1 hour before the current switches southward on both 

sides of the bank. 

 

The currents measured at the S4 and Vector sites are decomposed into along-bank and 

cross-bank components.  The along-bank component is fixed in a direction equivalent to 

the main flood and ebb direction represented, in Figure 3.6.  The product of the along-bank 

components, at each site, quantifies the periods of the opposing flows.  A circulation 

around the bank is created when the tidal flow is moving in opposing directions, on each 

side of the bank.  Figure 3.5b shows that, during periods of slack water, the currents on 

each flank of the bank flow in opposite directions (representing periods of anticyclonic 

rotation of the currents across the bank).  A clockwise eddy was therefore present during 

slack water, when the flow reversed.  

 

 

 

 

Stations: Diurnal Semi-diurnal Third-diurnal Quarter-diurnal 

ADCP 67.5% 31.5% 0.5% 0.5% 

S4 52.3% 31.5% 12.6% 3.6% 

Vector 64.2% 35.7% Less than 0.1% Less than 0.1% 

Table 3.1: Percentage of the Diurnal, Semi-diurnal, Third-diurnal and Quarter-diurnal in 

the pressure signal, measured at the three moored instruments: ADCP, S4 and Vector. 

 



Chapter 3: Field measurements of the 3D current structure near a linear sandbank - 45 - 

 

 

 

 

 

 
Figure 3.6: Location of the moored instruments and an indication of the along-shore and 

cross-shore directions used for the analysis of the ADCP measurements. Schematic of the 

tidal current at the ADCP, S4 and Vector.  The black arrows represent the current during 

the ebb and the white arrows represent the current during the flood (arrows are not to 

scale, but indicate relative magnitude). 
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B) ADCP transects 

 

Three-dimensional current measurements were collected with the boat-mounted ADCP.  

Transects were undertaken across the Levillain Shoal, during the flood and ebb.  Figure 

3.7a shows an ADCP transect undertaken, at maximum currents, during the flood.  

Currents are flowing south-southeast on the eastern flank of the bank and converging 

towards the bank.  Currents on the top of the bank are oriented south, then south-

southwest, on the western flank (Figure 3.7a).  The maximum current speed on the east 

flank is 120cm/s, at the surface.  The current veers across the bank and the velocity 

magnitude decreases to 80cm/s, at the surface.  The average bottom velocity magnitude on 

the eastern flank is approximately 50cm/s.  The velocity decreases rapidly on the western 

flank and a strong gradient is present on the top of the bank, with the magnitude decreasing 

from 80cm/s to 50cm/s
 
at the surface and 50cm/s to less than 20cm/s at the bottom.  Other 

transects undertaken during different times of the flood have similar structures to those 

during the maximum current (Figures 3.7b & 3.7c), except that the currents are weaker. 

 

On the northern section of the bank, the currents are strong on the eastern flank 

(~130cm/s).  There is a gradient in the velocity magnitude across the bank from east to 

west but, in contrast to the middle section of the bank, the current is still fairly strong (~ 

80cm/s) on the western flank (Figure 3.7b). 

 

Transects undertaken during the latter part of the flood show the presence of a small 

transient eddy present between the bank and the tip (Figures 3.7b & 3.7c).  The veering of 

the current near the coast, from east to south for the transect shown in Figure 3.7b, and in 

the opposite direction (North) to the main flow (South) for the transect shown in Figure 

3.7c; this describes the transient clockwise eddy.  This eddy eventually enlarges towards 

the end of the flood, as observed in other transects not shown here and is expected to be 

advected away from the coast when the current decreases and the flow reverses towards the 

ebb.  During the flow reversal from the flood to the ebb, the transient eddy disappears 

rapidly.  Its development is reduced in size to a few kilometres and located in the area 

between the bank and the southeast coast of the Levillain Cape.   
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An interesting feature of the flow near the sandbank is the presence of a 'channel flow' 

between the bank and the coast (Figures 3.7a & 3.7c).  With a velocity magnitude 

maximum in its centre, this channel flow is similar to a 'river' flow (Triton, 1988; Allen, 

1997).  Figure 3.7c shows this channel flow very clearly, with velocity in its centre at 

~70cm/s.  This feature initiates near the tip of the headland, where the tidal flow is 

constrained between the bank and the tip of Cape Levillain (Figure 3.7b).  It flows between 

the bank and the coast and is still present near the southern end of the bank.  On both sides 

of these maxima, the current speed is weaker, with both the surface and bottom currents 

flowing southward towards 190° and 160°, respectively. 

 

During the ebb, the currents are strong between the bank and the coast and flow northward 

(Figure 3.7d).  They also veer over the bank with a significantly weaker speed.  This 

transect undertaken during the small ebb show that the maximum velocity magnitude 

between the bank and the coast is ~35cm/s.  During the large ebb, the direction of the 

currents is expected to be similar, as implied by the Eulerian data, but with greater 

magnitudes.  Similar to what happens during the flood, vorticity generated as a result of the 

frictional torque during the ebb, bends the flow towards the centre of the bank on the 

upstream flank and along the bank on the downstream flank (Robinson, 1981; Zimmerman, 

1981; and Dyer and Huntley, 1999).  Between the bank and the coast, the 'river' type flow 

is still present with a maximum in its centre and a strong clockwise veering towards the 

bank, of the currents; i.e. through the water column the currents near to the seabed flow 

northeast (40°).  
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Figure 3.7a: Current transect during the flood at maximum currents (ADCP transects, 

07/11/2002 at 10h48min). Figures are showing the surface currents and contour plot of 

velocity magnitude and contour plot of current direction.  
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Figure 3.7b: Current transect during the flood (ADCP transects, 07/11/2002 at 

11h50min). Figures are showing the surface currents and contour plot of velocity 

magnitude and contour plot of current direction. 
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Figure 3.7c: Current transect during the flood (ADCP transects, 07/11/2002 at 

12h27min) Figures are showing the surface currents and contour plot of velocity 

magnitude and contour plot of current direction. 
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Figure 3.7d: Current transect during the ebb at maximum currents (ADCP transects, 

06/11/2002 at 16h10min).  Figures are showing the surface currents and contour plot of 

velocity magnitude and contour plot of current direction. 
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C) Lagrangian data: Drifter deployments 

 

GPS drifters were deployed during the flood stage of the tide.  The previous Eulerian 

measurements indicate that this period of the tidal cycle may be more significant in terms 

of sediment transport for the southeastern side of the cape and Levillain Shoal.  Six drifter 

tracks are presented in Figure 3.8.  The deployments were undertaken over 4 days, from 5 

November 2003 to 8 November 2003, during different periods of the flood.  In order to 

visualise and compare them, the data are presented in Figure 3.8c, with the time of the 

deployments superimposed on the same flood for the 7
th

 November 2003 (Day=311).  The 

current magnitude at the ADCP, S4 and Vector are represented on the same graph. 50 

minutes per day (i.e. lunar day) was added, or subtracted, depending on the day the 

drifter’s deployments were undertaken. 

 

The tidal flow leaving the cape appears to produce two different flows.  The first type of 

flow is situated on the outside flank of the bank, where the currents flow along the bank 

and veer towards the centre of the bank at nearly 45° compared to the mean streamline of 

the tidal flow.  Drifters 1, 2, 3 and 4 illustrate this pattern.  Drifters 1 (surface) and 2 (4m 

deep) travelled 8-9km from the tip of the cape along the bank and to a point situated just 

southeast of the bank where other sand features (small sandbanks and sandwaves) are 

present.  These two drifters were deployed simultaneously at the tip of the cape at the onset 

of the flood.  They followed the same path, with the deeper drogue slightly overtaking the 

surface drogue.  This could be attributed to the wind that was blowing at 8m/s from the 

South during the deployment, therefore slowing down the surface drifter. Surface drifter 2 

commenced at the tip of the cape with a velocity of 20cm/s
 
and reached 100cm/s at the 

time of maximum current (Figure 3.8b). 
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a)    

b)  

c)  

Figure 3.8: a) Drifter tracks. deployment starts are indicated with an 's' and the retrievals 

are indicated with an 'f '.  b) Velocity magnitude in cm/s for drifter tracks No 2, 5 and 6. c) 

Drifter deployment period compared with the current measurement at all 3 moored 

instruments (ADCP, S4 and Vector). 
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It is particularly interesting to note that their deployment, from the start of the flood to the 

peak of the current, represents a length scale of the first half of the flood tide i.e. the tidal 

excursion.  Drifter 3 (4m deep) was deployed closer to the tip of the cape and travelled at 

an average speed of 80cm/s, along a path parallel to drifters 1 and 2.  However, no 

evidence of convergence towards the bank was observed (Figures 3.8a).  The convergence 

of the flow towards the bank was illustrated by Drifter 4 (2m deep), which travelled 

directly southwestward and was stopped on the shallows of the bank where breaking wind 

waves were present.  Its averaged speed was 70cm/s.  Although its path was short, it 

showed a trajectory at 45° from the mean stream tidal flow present east of the bank 

(Drifters 1, 2 & 3). 

 

After crossing the bank, the magnitude of the currents decrease considerably and the tidal 

flow veers to join with the 'river' flow present between the bank and the coast, described in 

the ADCP transect section and demonstrated by Drifter no. 5.  Deployed at a depth of 2m 

during the period of maximum tidal current, eastward from Drifter 4s deployment, it 

initially travelled south-southeast along the bank then veered south-southwest and crossed 

the bank.  Subsequently, the drifter travelled southward (Figure 3.8a).  Prior to crossing the 

bank, the drifter velocity was 100cm/s and as it crossed the bank the velocity dropped 

gradually to 40cm/s (Figure 3.8b).  

 

The second type of flow, between the cape and the bank, is associated as a channel flow or 

'river' where the maximum currents are present in the centre of this channel (Allen, 1997; 

Triton, 1988).  This was demonstrated by Drifter no. 6.  Deployed at 2m depth, between 

the bank and Cape Levillain during the second part of the flood, it flowed south along the 

bank at a speed of 40cm/s and decreasing to 20cm/s further downstream (Figure 3.8b).  It 

followed the channel flow or 'river' present on the west of the bank and detailed further in 

paragraph 4.4. 
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3.3.3 Secondary flows 

 

A) Secondary currents near the tip of the Cape 

 

In order to visualise the vertical structure of the flow at the tip of the headland, the currents 

are decomposed into an along-shore component, pointing southeastward 150°, and a cross-

shore component, pointing northeastward 60° (Figure 3.6).  During the flood, the currents 

have a very small cross-shore component and mainly flow perpendicular to the Cape.  In 

contrast, during the ebb, the currents consist of a cross-shore component.  The currents are 

directed southeast (135°) during the flood and north (0°) during the ebb.  It was observed 

that the currents during the flood and ebb, at the tip, are found not to be in opposing 

directions but only at 135° (Figure 3.6).  This suggests that there is less curvature of the 

streamlines around the cape, during the ebb. 

 

For a curvilinear system [s, n, z] with the streamwise coordinate, s, oriented in the direction 

of vertically-averaged flow and the cross-stream coordinate, n, oriented normal to the flow, 

Kalkwijk and Booij (1986) found that a simplified momentum equation in the n direction 

gives an expression for the secondary flow as: 
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Here, η is the water level, g the acceleration due to gravity, Az the vertical eddy viscosity, 

Rs the radius of curvature of the depth-averaged flow, τn the bottom friction in the n-

direction, h the depth, ρ the density of water and f the Coriolis parameter. 

 

If we consider the depth-averaged current at the ADCP as the streamwise component of the 

flow, us , by definition the depth-averaged transverse velocity, nu , is zero.  The transverse 

component, un, of the current within each layer, then represents the secondary current.   
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Figure 3.9: Time-series of secondary currents calculated from ADCP current 

measurements near the tip of Cape Levillain, for the 7
th

 of November 2002 (year Day 

311, profile starts at 6:04am) a) cross-shore component.  Scale of the secondary currents 

magnitude is represented by tick marks on the x-axis (i.e. -12.5; 0; 12.5 cm/s); b) 

Averaged secondary currents over 4 days of data acquisition (positive value means away 

from the Cape). 

 



Chapter 3: Field measurements of the 3D current structure near a linear sandbank - 57 - 

Figure 3.9a depicts a time-series of the vertical distribution of the secondary current 

decomposed into the along-shore and cross-shore components (the cross-shore component 

is oriented at 60°).  The secondary currents are divided into two distinct layers: a surface 

layer of approximately 2m where the secondary flow is directed away from the tip of the 

cape; and a bottom layer of approximately 6m, where the secondary flow is directed 

towards the Cape.  During the flood periods, the secondary flows are particularly strong; 

up to 25cm/s in the surface layer and 12.5cm/s in the bottom layer.  During ebb periods, 

the secondary flow is weaker, partly due to the fact that the main flow is flowing 

northward and, therefore, the curvature of the flow is not as pronounced as during the 

flood. 

 

Averaged over 4 days of data, the residual secondary circulation near the cape is directed 

away from the tip, within a surface layer of 3m and reaches 13cm/s and towards the cape in 

a bottom layer of 6m and a magnitude of 7cm/s (Figure 3.9b).  This pattern suggests that 

there is a net flow of water veering towards the tip of the cape in the bottom layer, 

retaining the transported material near the coast. 

 

Observations made by Geyer (1993) near Gay Head another headland, showed an 

inflection point of the secondary flow at mid-depth.  In the case of Cape Levillain, the 

inflection point is situated closer to the sea surface (at 3m depth, in a total water depth of 9 

m) and the two layers are therefore non-equal in width (Figure 3.9b).  The magnitude of 

the instantaneous secondary current is approximately 15% of the streamwise tidal flow, 

which is similar to the measurements at Gay Head by Geyer (1993).  

 

The presence of secondary flow results from the interaction of the flow with an obstacle.  

Alaee et al. (1998, 2004) studied secondary flows near Rottnest Island, Western Australia, 

and proposed a classification of different types of secondary flows.  This classification uses 

Rom
 
, the equivalent Rossby number, and Ref , the equivalent Reynolds number, (Pingree 

and Maddock, 1979; Pattiaratchi et al., 1987; and Signell and Geyer, 1991), which are 

defined as follows: 
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The equivalent Reynolds number Ref and equivalent Rossby number Rom for Cape 

Levillain are calculated using a depth of H=20m, a velocity of us=1.5ms
-1

, a streamwise 

length scale L=1800m, a radius of curvature in s-direction Rs=3000m, and a bottom drag 

coefficient CD= 0.0025. 

 

Cape Levillain is situated at 25°29' latitude South which gives a Coriolis parameter of f = 

2ωsinϕ= 6.27.10
-5 

rads
-1

.  With Ref =H/LCD=4.44 and Rom =2us/fRs=15.9, i.e. Ref>1 and 

Rom>1, there is a balance between inertial and centrifugal forces, which correspond to 

regime D of Alaee et al. (2004) 

Using the predictive method for the strength of the secondary flow proposed by Alaee et al. 

(2004) for regime D, un could be written as follows: 

s
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Ku =                                     (3.5) 

b is the semi-minor axe of an idealised elliptical island.  b is assumed to be the width of the 

headland; in this case b=1800m and   KD =0.27 (constant for regime D).  The magnitude of 

the secondary current yields un=24cm/s, which is in accordance with the secondary 

velocity measured at Cape Levillain.  This result suggests that the method proposed by 

Alaee (2004) does predict the secondary currents for Cape Levillain. 

 

B) Secondary currents near the sandbank 

 

Observation of the vertical variation of the flow direction, throughout the water column 

provides some evidence of the presence of secondary circulation near the Levillain Shoal.  

During the flood, the vertical distribution of the current direction on the west flank shows 

that the currents are flowing southwest (210°) at the surface and southeast (160°) at the 

bottom, converging toward the bank (Figures 3.7a & 3.7c). 
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a) b)

 

c) d) 

Figure 3.10: ADCP Transects showing bottom currents (black arrows) and surface 

currents (white arrows), in cm/s, during the flood (a) and during the ebb (c).  Secondary 

currents calculated from ADCP transect measurements during the flood (b) and during 

the ebb (d). Schematics of the secondary currents near the sandbank are represented with 

black arrows. 
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On the east flank, the current direction is also different at the surface (flowing generally 

southeast) compared to the bottom (flowing generally southwest).   

The veering of the current is shown in Figure 3.10a where the bottom current, represented 

by black arrows, converges towards the bank on both sides of the bank.  The secondary 

currents are represented in a profile view in Figure 3.10b; they are calculated using the 

same procedure as for the fixed ADCP measurements as described in the previous Section.  

The secondary currents converge towards the bank at the bottom and diverge from the 

centre at the surface.  With magnitudes of up to 15cm/s, they represent 10-15% of the 

primary flow (~120cm/s).  This generation of secondary current on the east side may result 

from advection of vorticity generated at the tip of the headland, or local vorticity generated 

due to the frictional torque (Zimmerman, 1981; Robinson, 1983).  On the west side of the 

bank, as the tidal current flows along the coast, the curvature of the bank drives surface 

water towards the coast and bottom water away from the coast, due to conservation of 

mass.  By analogy to what happens at river bends (Barthurst et al., 1977; Thorne and Hey, 

1979), secondary currents near the bed are directed towards the centre of curvature i.e. 

towards the bank, in this study. 

 

During the small ebb, there is a distinct variation of the current direction throughout the 

vertical (Figures 3.10c & 3.10d) principally on the eastern side of the bank.  Surface 

currents are directed northwest 30° (represented by white arrows) and bottoms currents are 

directed north-northeast (represented by black arrows).  In the channel between the bank 

and the coast, the secondary currents have magnitudes of around 5cm/s (around 15% of the 

main flow, of ~30cm/s).  Secondary flows are directed away from the bank, in a surface 

layer approximately 9m thick; they are directed towards the bank in a bottom layer, of 

approximately 6m.  On the eastern side of the sandbanks, the secondary circulation cannot 

be observed clearly as the currents are very weak and their direction is varying randomly, 

during the small ebb.  During most of the tidal cycle, the surface secondary currents are 

directed away from the bank and the bottom secondary currents towards the bank. 

Figures 3.11a & 3.11b show a schematic that summarizes the secondary circulation and 

main flow, on both sides of the bank during the flood and the ebb. 
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3.4 Discussion 

 

3.4.1 Hydrodynamics and sediment transport 

 

This field investigation provides some insight into the complex three-dimensional 

hydrodynamics near a headland-associated sandbank and, hence, potential sediment 

transport pathways. 

 

With a mean sediment grain size of 0.5mm over the area, assuming the logarithmic profile 

and using the results from Paphitis (2001), the threshold velocity needed to transport 

sediment is around uth=1.7cm/s, i.e. 20cm/s at 2m from the seabed.  Results from the 

various moored instruments, together with the drifters, show that the magnitude of the 

current is highly variable in space.  In general, very strong currents are present near the tip 

of the headland, due to the constraint of the tidal flow by the Cape (Figures 3.11a & 

3.11b).  During the flood, strong currents are present near the tip; on the eastern flank of 

the bank, they veer towards the centre of the bank.  Therefore, it is expected that the 

resulting sediment transport will not only be directed along the bank, but also across it.  A 

strong gradient in the velocity magnitude is present across the bank implying the presence 

of a gradient in the sediment transport, together with a possible erosion-deposition process 

and deposition of sand on the top of the bank.  This pattern is consistent with the well-

sorted sediment grain size distribution present across the bank (Figure 3.4).  The western 

flank experiences a weak current, whilst a 'river type’ flow is present between the bank and 

the coast.  At maximum current, and as the current is always above the threshold velocity, 

sediment is expected to be transported from the tip of Cape Levillain to the bank and from 

the eastern flank along and to the centre of the bank.  At slack water, due to the reversal of 

the flow, the currents are weak near the bank.  They flow in opposite directions on the 

eastern and western flanks, which creates a transient eddy until the flow reverses to the ebb 

on the eastern flank.  As the currents are weak, there is no or very limited sediment 

movement during this period 
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a)  

b)  

Figure 3.11: Schematic of the depth-averaged flow and secondary flow: a) during the 

flood; and b) during the ebb, near Cape Levillain and Levillain Shoal. 
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During the ebb, strong currents are present between the bank and the coast, veering across 

the bank and flowing northeast on the eastern flank.  This pattern implies that the ebb flow 

may erode sediment from the western flank of the bank and transport it towards the north 

of the bank, thence, towards the tip of the Cape.  Due to the asymmetry of the tidal signal, 

the transport on the eastern flank occurs mainly during the 'strong ebb'.  At slack water 

(low tide), the currents are weak and circulate clockwise around the bank; this suggests 

that during this period, the sediment may be rearranged towards the crest and the north of 

the bank. 

 

3.4.2 Secondary circulation: Influence on sediment transport 

 

The depth-averaged horizontal currents may be considered as the primary transport 

mechanism for sediment around the bank.  However, the secondary currents present near 

the headland and on each side of the bank are 10-15% of the primary flow; they remain 

critical, with regards to direction of the flow near the bottom.  The headland controls the 

flow structure present near the sandbank, farther downstream.  As a result of the flow 

curvature around the headland, secondary flows are generated.  These secondary currents 

interact with the main flow, producing a helical motion as described by Heathershaw and 

Hammond (1980).  Near the bank, secondary flows near the bed are directed towards the 

centre of the bank, on both flanks.  These secondary currents are associated with strong 

instantaneous tidal currents, which are responsible for the transport of sediment (Figures 

3.11a & 3.11b).  Their presence is therefore relevant, in terms of bedload sediment 

transport, which has a non-linear relationship to the flow velocities.   

Field evidence for the existence of transverse secondary flows has been somewhat limited; 

likewise, their implications in terms of sediment transport, near sandbanks, has received 

mixed attention.  Although the scale of such circulation might be much smaller in the case 

of offshore sandbanks (Dyer & Huntley 1999), in this particular type of coastal headland-

associated sandbanks, they appear to be significant.  The location of the bank and the 

collection of the sediment in elongate deposits could be the result of these secondary flows 

creating a convergence zone along the main stream flow (Figures 3.11a & 3.11b).   
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This mechanism is similar to the secondary circulation responsible for the creation of a 

sandbank at a river bend (Barthurst, 1977): helical motion present near the headland-

associated sandbanks may act to concentrate the sediment in the linear deposits. 

3.4.3 Conceptual model 

 

Based on the data presented here, a conceptual model for sediment pathways could be 

proposed, where the sandbank is part of a circulating cell in which sediment is rearranged 

around the bank and may also be transported between the bank and the tip of the headland 

(Figure 3.12).  Bastos et al (2004) proposed a model for the net sediment transport pattern 

near Portland Bill, characterised by an inner and an outer sand mobile zone, where the 

boundary between those zones represents a sand convergence zone.   

 

In this study, the scale of the headland (Cape Levillain) and the surrounding bays are of a 

somewhat smaller scale, compared to Portland Bill; nevertheless the inner zone could be 

represented by the channel between the Levillain Shoal and the coast, with the outer zone 

being the area east of the bank.  In the case of Cape Levillain, considering the closeness of 

the bank to the tip of the headland, the strong currents present and sand availability in the 

area; this may lead to an exchange of sand from the headland to the bank and vice-versa.  

The main net transport of sediment is present on the outside flank (i.e. eastern flank) 

during the flood, and on the inside flank (i.e. western flank) during the ebb.  Sediment may 

be transported from the bank towards the tip during the ebb and deposited when the 

currents weaken at slack water.  This sediment may be returned to the bank at maximum 

current, during the flood.  During the large ebb, sediment may also be transported towards 

the other side of the headland and, supposedly, towards the less-developed bank on the 

north side of Cape Levillain.   

As sediment transport in the area appears to be flood-dominated, due to a very strong 

diurnal inequality in the tidal signal, the development of the bank on the opposite side of 

Cape Levillain may be limited.  This interpretation provides a possible explanation for the 

difference, between the well-developed Levillain Shoal and less developed symmetrical 

bank on the North side of the Cape.  This hypothesis also agrees with that of Bastos et al. 

(2002, 2003 & 2004) which has suggested that irregularities in coastal and sea bed 
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morphology should be considered in order to explain the difference between the two 

symmetrical banks near Portland Bill.  Although the Cape Levillain is particularly 

symmetrical, the presence of a tidal inequality is a direct result of the shape of the 

surrounding basin. 

 

 

 

 
Figure 3.12: Conceptual Model for sediment pathways near the Levillain Shoal. 
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It is important to note that unlike the Shambles Bank, where Bastos (2002, 2003 & 2004) 

showed that no sediment is present at the tip of the Portland Bill, the Cape Levillain has a 

sandy spit prolonging the cape.  Ashton et al. (2001) have discussed the formation of capes 

and cuspate forelands by a nearshore transport instability associated with high-angles 

waves.  McNinch and Luettich (2000) have shown that the coupling of tidal and wave-

driven processes provide a mechanism for accretion near a headland, in microtidal 

environment.  These processes may explain the extension of a spit-like protuberance at the 

tip of Cape Levillain.  However, here the tidal currents are strong and sediment is eroded at 

the end of this spit during maximum current, flood and ebb.  In order to maintain the 

equilibrium shape of the headland spit, sediment is brought back from each side of the 

Cape, during the reversal current, i.e. ebb and flood.  Nearshore processes may also 

contribute in supplying sediment to the headland tip (McNinch and Luettich, 2000; and 

Ashton et al. 2001).  It is important to note that, due to the diurnal inequality in the tidal 

cycle, sediment transport mainly results from two floods and only one ebb per day.  The 

Levillain Shoal may therefore be flood-dominated, which could lead to an asymmetry in 

the sediment transport patterns and the bank shape; this is consistent with observations of 

the bank shape, as shown in Figure 3.4. 

3.5 Conclusions 

 

This field study of the hydrodynamic processes near a headland-associated linear sandbank 

provides new and direct measurements of the hydrodynamic processes responsible for the 

maintenance of the sandbank.  The complex three-dimensional structure of the tidal 

currents was investigated and sediment pathways for the maintenance of the bank, based 

on hydrodynamic observations, inferred.  Physical processes derived from previous 

proposed theories for the formation of headland-associated sandbanks were observed, but 

the maintenance of the bank appears to be a combination of theories, where the sediment 

may be circulating around the bank and also transported between the bank and the tip of 

the headland.  The theory relying on residual tidal eddies proposed by Pingree (1978) may 

be inappropriate, as residual currents are not representative of the net sediment transport 

patterns (Bastos et al., 2002).  The maintenance of the sandbanks appears to result from the 

combination of the flood and the ebb, acting at different times and locations around the 
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bank.  The description of the complex instantaneous three-dimensional currents present 

near the linear sandbank and associated tidal headland is crucial for the understanding of 

the associated non-linear sediment transport.  The application of a numerical model to the 

Cape Levillain area may provide further understanding into the significance of the residual 

patterns, to the maintenance processes. 

 

The presence of secondary currents was observed and, although they may not be 

principally responsible for the accumulation of sand in linear sandbanks behind a headland, 

their contribution should not be ignored.  An analogy to the formation of sandbank at  a 

river bend, due to the presence of secondary currents, has been proposed as an important 

mechanism for the maintenance of headland-associated linear sandbanks.  The importance 

of secondary flows, in terms of long-term sand concentrations, still needs to be fully 

investigated.  The use of a numerical model, calculating the three-dimensional 

hydronamics and associated sediment transport, may be an interesting way to test their 

relevance.  This approach may allow determining if the use of bottom currents is a 

controlling factor in the transport of sediment as bedload; likewise in the long-term 

behaviour of these features.  Furthermore, such a model would be a useful tool to confirm 

the validity of the proposed maintenance conceptual model. 

 

A sandbank symmetrical to the Levillain Shoal is present on the north side of Cape 

Levillain. However, no hydrodynamic comparison was made between the three-

dimensional current structures present on each bank.  In order to provide further insights 

into the development of symmetrical headland-associated sandbanks, further work should 

include the investigation of the significance of local asymmetrical characteristics, as well 

as asymmetrical tidal forcing.  As it may be difficult and time-consuming to investigate 

these hypotheses in the field, a three-dimensional morphodynamic model would be a 

useful tool to test the relevance of those parametres.  
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Chapter 4 

 

 

Maintenance of headland-associated linear 

sandbank: modelling the secondary flows 

and sediment transport 

 

 

4.1 Introduction 

 

Headland-associated linear sandbanks develop in the lee of coastal topographic features, 

such as headlands and islands (Figure 4.1); they are typically 5 to 10km long, 1 to 2km 

wide and extend to within a few metres of the sea surface.  Generally, headland-associated 

linear sandbanks are built up on otherwise flat beds; the location of the sandbank is 

controlled hydrodynamically, and the bank is in equilibrium with the present-day 

hydrodynamics.  Interaction between the currents and the topographic features generates 

complex three-dimensional circulation patterns, that influence significantly the distribution 

of sediments in the vicinity of the feature.  
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Figure 4.1: Study area: field location of the Levillain Shoal, where (A), (S) and 

(V) show instrument locations, and the dashed lines represent the ADCP transects 

location. 

 

There have been various theories proposed for the formation and maintenance of headland-

associated linear sandbanks.  The theory of "tidal stirring", proposed by Pingree (1978), 

using numerical modelling of tidal circulation around Shambles Bank associated with the 

headland Portland Bill (UK), suggests that the sand accumulates at the centre of the 

residual eddies generated on either side of the headland, by the reversing tidal flows.  More 

recently, Bastos et al. (2004) propose that occurrence of the sandbanks is not fully 

explained by the Pingree’s theory (1978), but that sediment is transported between an inner 

and an outer sand mobile zone.  Another theory considers secondary flows (or ‘helical’ 

flow cells) that are generated due to the curvature of flow resulting from the presence of an 

island or headland (Heathershaw and Hammond, 1980).  This process is akin to that 

documented at river bends, where sediment accumulation is observed on the inside of a 

river bend (Bathurst et al., 1977; Thorne and Hey, 1979).  Recent progress in 

instrumentation (ADCPs) and computing capability allow for a greater insight into the 
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physical processes that control sediment transport in the proximity of a headland.  The 

presence of secondary flow patterns, near headlands, has been confirmed by field 

observations (Geyer and Signell 1989; Geyer, 1993) and numerical simulations (Alaee et 

al., 1998, 2004).  Secondary flows near sandbanks have only received little attention and 

transverse secondary flows, induced by a pre-existing sandbank have appeared to be very 

limited (Loder et al. 1992) particularly in the absence of density stratification.  However, 

the presence of secondary flow, up to 15% of the primary flow, near the Levillain Shoal has 

been demonstrated in Chapter 3 using field measurements.  However, the role of secondary 

currents in the sediment transport patterns in the headland/sandbank system needs to be 

defined.  

 

Based on a hydrodynamic field data, a conceptual model for the maintenance of the 

Levillain Shoal, and more generally of headland-associated linear sandbanks has been 

suggested in Chapter 3.  Here sand is circulating around the bank and with exchanges 

between the bank and the tip of the Cape (Figure 4.2).   

However, due to the complex three-dimensional nature of the flow, the presence of 

transient circulation features and the non-linear properties of sediment transport, processes 

leading the maintenance of headland-associated sandbanks are still far from being fully 

understood.  This Chapter provides a detailed study of the hydrodynamics and associated 

sediment transport present, using field measurements together with a three-dimensional 

numerical analysis.  It aims to investigate the relevance of "tidal stirring", the significance 

of the secondary flow in term of sediment transport; further it examines the validity of the 

proposed conceptual model, using numerical simulations. 
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Figure 4.2: Conceptual model of maintenance processes near the Levillain Shoal 

(from Chapter 3).  Arrows show sediment transport due to ebb and flood acting 

at different time and space scales on the bank. 

 

4.2 Study site: 

 

Field studies were undertaken in the vicinity of Levillain Cape in Shark Bay, Western 

Australia, located at 25°30' S and 113°E, along the northern shoreline of Dirk Hartog Island 

(Figure 4.1).  A linear sandbank is present on each side of the Cape Levillain. The Levillain 

Shoal, situated to the south of the Cape is a somewhat more developed and is the focus of 

this study.  Cape Levillain and Levillain Shoal are the Southern Hemisphere equivalent of 

Portland Bill and Shambles Bank, U.K., as described by Pingree (1978).  The study region 

experiences a semi-diurnal tidal range, with a large diurnal inequality and has a maximum 

tidal range of 1.5m (Burling et al. 1999).  Due to this inequality, the tidal signal could 

generally be considered to be the succession of: a flood; a small ebb; a flood; and a large 
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ebb.  There are other forcing mechanisms in the area that may be relevant in terms of the 

dynamics inside Shark Bay.  The Leeuwin Current, a warm oceanic current flowing north 

to south, along the edge of the continental shelf of the coast of Western Australia; this 

creates a north-south steric pressure gradient that reaches up to 2.10
-6

 variation within the 

area.  The magnitude of the Leeuwin current has been estimated at 0.4-0.6m/s with a total 

southward transport of 3.7Sv (Smith et al. 1991; and Thompson 1984).  In addition, the 

strong southerly winds present in the region with strongest winds occurring during the 

summer season (Burling et al., 1999; Nahas et al. 2003; and Woo et al. 2004) contribute to 

the bay-shelf exchange process (e.g. buoyant intrusion).. The magnitude for the surface 

drift currents can be expected to be between 0.1-0.3m/s on average (Burling et al., 1999).  

Burling et al. (1999) showed that the influence of the prevailing southerly wind may 

enhance the exchange flow though Naturaliste Channel (north of Dirk Hartog Island); i.e. 

the wind-driven coastal currents on the seaward side of Dirk Hartog Island may strengthen 

the water intrusion into Shark Bay.  However, for this study, the effect of wind-driven 

currents is neglected as its contribution near the field study area remains unclear.  

 

4.3 Methods 

 

4.3.1 Field Observations: 

 

During November 2002, a field experiment was completed near Cape Levillain.  Current 

meter observations were obtained at three sites around the sandbanks (Figure 4.1): a 2MHz 

ADCP (Nortek, Aquadopp), near the tip of the headland (A, Figure 4.1) at a depth of 

8.7meters, a single point current meter S4, between the bank and the coast (S, Figure 4.1) at 

a depth of 18 m; and a 3-D acoustic Vector current meter (Nortek), on the east side of the 

bank (V, Figure 4.1), at a depth of 19 m.  ADCP transects across the bank were undertaken 

using a boat-mounted ADCP (1200kHz from RD Instruments).  Full details of the field 

experiment are provided in Chapter 3. 
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4.3.2 Numerical Model 

 

The present model is composed of a three-dimensional hydrodynamic module and a 

sediment transport module (Figure 4.3).  The modelling concept is based upon an Initial 

Sedimentation Erosion Model (ISE): for a given bathymetry, the current field is calculated 

in a hydrodynamic module (de Vriend 1993).  The results are used as input in a sediment 

transport module that calculates the potential sediment transport rate. 

Erosional/depositional patterns are calculated, by performing gradient analyses in the x and 

y directions of the sediment transport rate. 

 

A) Hydrodynamic module (HAMSOM) 

 

The three-dimensional primitive equation model, Hamburg Shelf Ocean Model 

(HAMSOM), is used in this study. It is based upon a semi-implicit numerical scheme (for 

details, see Appendix I).  The model was originally developed by Backhaus (1985) and 

Stronach et al. (1993) for the North Sea and has been adapted to the Perth Coastal Waters 

region by Pattiaratchi and Backhaus (1992).  The model has been applied successfully to 

several coastal systems, since 1985: North American Waters (Stronach et al. 1993) and 

southwestern Australia (Pattiaratchi et al. 1994).  Recently, HAMSOM has been used to 

simulate flow patterns around headlands and islands and has shown good correlation with 

field measurements (Blyth et al.1997; Green 1998; Alaee 1998; Pattiaratchi 1998; and 

Burling et al., 2000).  The model has provided also the hydrodynamic fields for the 

morphological model of seasonal tidal inlet closure (Ranasinghe et al. 1999); it has been 

used also specifically in Shark Bay, by Burling et al. (2000) and Nahas et al. (2003). 

 

HAMSOM is a finite-difference free surface model and is defined in Z coordinates on the 

Arakawa C-grid.  Pressure is assumed to be hydrostatic and the Boussinesq assumption is 

invoked.  A quadratic friction law parameterizes bottom stress, whilst a vector upstream-

approach is taken for the advection of momentum.  The horizontal eddy viscosity 

coefficient was set to 50m
2
/s and the vertical eddy viscosity coefficient was specified using 

the Kochergin (1987) formulation (for details, see Appendix)  
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Figure 4.3: Flowchart of Initial Sedimentation Erosion (ISE) Model (De Vriend et al 

1993) 
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B) Computational setup 

 

The numerical domain bounded by latitudes 25º24’S-25º39’S and longitudes 112º56’E-

113º10’E, is described by 110m x 110m grid cells (Figure 4.4).  The computational grid 

dimensions consist of 250x238 cells in the horizontal and 13 layers in the vertical.  The 

thickness of the layers are 2m for the first 10 layers, 4m for the 11
th

 and 12
th

 layers and 54m 

for the 13
th

 layer.   

The bathymetry from nautical Chart Aus749 (Australian Hydrographic Service) was 

digitised and interpolated onto the 110m grid. The bathymetry near the southern boundary 

has been modified and smoothed, in order to allow the tidal wave to propagate without 

generating sharp gradients in the velocities; there create instabilities in the model, at the 

boundary. 

 

Tidal forcing is applied at all of the open boundary, by specifying the phases and 

amplitudes of the principal tidal components, i.e. M2, S2, K1 and O1.  The tidal conditions at 

the boundaries of the model are obtained from a larger-scale model of Shark Bay (Burling 

et al. 2000). The Leeuwin Current is imposed at the northern boundary, using a pressure 

gradient difference (1x10
-6

) over the domain. 

 

The three-dimensional velocity field, calculated with HAMSOM, provides output every 

hour.  Assuming that the currents are constant over this period, the velocity field is used as 

input in the sediment transport module.  Simulation, using bathymetry where the sandbank 

has been removed, is also presented to investigate the modification of the tidal flow by the 

bank itself.  
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Figure 4.4: Representation of the bathymetry of Cape Levillain and its associated 

sandbanks, within the numerical model. 
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C) Sediment transport module  

 

Sediment sampling undertaken in the vicinity of Cape Levillain and the Levillain Shoal, has 

shown that the median sediment grain size (d50) ranges from 300µm (medium sand) to 

700µm (coarse sand).  Sediment is well distributed across the bank, with coarser sand grain 

on the bottom of each flank and finer grains on the flat of the bank.  The sediment grain 

size used for the model is considered to be medium to coarse sand grain, d50=500µm, which 

corresponds to a mean value of the sediment present in the area.  With a threshold friction 

velocity uth=1.7 cm/s (Paphitis 2001) and a fall settling velocity of 7 cm/s (Van Rijn 

1984a), a particle of sand of 500µm of diameter will be transported mainly as bed load, 

considering the current strength present in the area of interest.   

 

Sediment transport rates are estimated using the method proposed by Van Rijn (1984a,b).  

Assuming sand availability, the potential bedload sediment transport rate is calculated, 

using the following equation (Eq. 4.1). 
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material, T is the dimensionless bed-shear stress parameter due to current and waves; and 

*
D  is the dimensionless particle parameter (details in Van Rijn, 1984a).   

 

In this module, an option is available to use either the bottom current direction or the depth-

averaged current direction, for the calculation of the sediment transport rate.  In both cases, 

the current magnitude used for the calculation remains the depth-averaged current 

magnitude, as proposed by Van Rijn's (1984) equation.  This option is used to investigate 

the contribution of the complex three-dimensional hydrodynamics, present near the Cape 

Levillain, to sediment transport. 

 

In this module an option is available to use either the bottom current direction or the depth 

average current direction for the calculation of the sediment transport rate.  In both cases, 
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the current magnitude used for the calculation remains the depth average current magnitude 

as proposed by Van Rijn's equation (1984).  This option is used to investigate the 

contribution of the complex three-dimensional complex hydrodynamics present near Cape 

Levillain, to sediment transport. 

 

After calculating the volumetric sediment transport rates in the x and y directions of the 

computational grid, erosional/depositional zones are calculated, by solving the 2D sediment 

continuity equation (Eq. 4.2). 
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qx, qy are the sediment transport rates (m
2
/s) in x and y directions and DT is the time-scale 

of the sediment transport rate calculation, DZ is the seabed evolution (i.e. bottom 

elevation).  Bed evolution; i.e.deposition and erosion of sediment, results from the 

convergence and divergence of the sediment transport.  No account is made here of the 

effect of bed porosity (p) however one may consider erosion/deposition patterns to be 1/(1-

p) smaller than if porosity is included. 

 

4.4 Results and Discussion: 

 

The results are presented in the following section, by examining two tidal flow conditions 

near the Cape Levillain and Levillain Shoal: (1) during the flood; and, (2) during the ebb 

('large ebb'), as well as the residual over a neap-spring tidal cycle. 

 

Initially, model outputs are compared with field data to determine whether the model 

accurately reproduces the flow behavior measured at the field data locations.  Figure 4.5 

shows the tidal signal at Withnell Point (southern part of the domain) modelled using the 

present model, compared to the tidal signal calculated with the tidal model XTIDE (XTIDE 

program, David Flater, Flaterco.com) using 23 tidal components for this area.  The 

modelled tidal signal shows reasonable agreement with the Xtide model output: the tidal 

amplitude is well reproduced during the spring tide but under-estimated during the neap 
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tide; nevertheless this is considered satisfactory when determining erosional/depositional 

patterns which are the main focus of this Chapter.  The use of only the four main tidal 

components is justified in order to describe the tidal signal present in the area. 

 

 

 

 

 

 

 

Figure 4.5:Tidal amplitude near Withnell Point, simulated in the model and generated by 

the Xtide model, using 23 tidal components(version 2.5 by David Flater). 
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The model output is examined across the domain to understand the spatial and temporal 

extent of the 3-D instantaneous tidal flow, secondary currents and residual circulation near 

Cape Levillain and the Levillain Shoal. 

Sediment transport rates are then determined, to evaluate sediment movement and 

erosion/deposition patterns near Cape Levillain.  Significance of the secondary currents for 

sediment transport and their implication in the maintenance processes of linear sandbanks is 

investigated. 

 

4.4.1 Hydrodynamics: 

 

A) Main flow 

 

Currents measured at all 3 moored instruments: ADCP, S4 and vector are compared with 

the model output and are shown on Figure 4.6.  Overall, the model results are in good 

agreement with the measured currents.  The directions of the modelled currents are 

consistent with the field measurements; however, the magnitude of the currents are slightly 

underestimated during the flood and overestimated during the ebb.  As shown by Burling et 

al. (1999) the wind driven currents ( from the southerly wind) may enhance the water 

intrusion in the Naturaliste Passage situated north of Cape Levillain, therefore 

strengthening the flood and weakening the ebb, which may explain part of the discrepancy.  

Higher harmonics (third diurnal and quarter diurnal), between the Levillain Shoal and the 

coast, are present in the field data set and discussed in chapter 3, however, they are not 

generated by the numerical model.  These higher harmonics tend to reduce the strength of 

the ebb and increase the flood in the channel between bank and coast (location of S4 

current meter).  The currents are highly variable in space and, due to computing time 

restrictions, the grid size of the model is fairly coarse (200m), this may explain the small 

differences between measured and modeled currents.  However, considering that the 

numerical model, HAMSOM, is forced at the boundary by only the four main tidal 

components (M2, S2, K1, O1), the tidal currents predicted by the model provides a good 

representation of the currents in the Cape Levillain region. 
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Figure 4.6: Comparison of model results to the field measurement data, showing the 

magnitude in cm/s (top) and the direction in degrees (bottom), of the current at the 3 

moored instruments (ADCP , S4, Vector). X axis represent days, in Novembre 2002. 



Chapter 4: Maintenance of sandbanks: modeling the secondary flows and sediment transport -83- 

During the flood tide, strong currents (up to 150cm/s) are present near the tip, and on the 

eastern flank of the bank; they veer towards the centre of the bank (Figure 4.7a & 4.7b).  

Figure 4.7b, shows a comparison between a field measurement profile (ADCP transect) and 

results from the numerical model; it demonstrates that the model captures the vertical 

distribution of the current.  A strong gradient in velocity magnitude is present across the 

bank.  The western flank experiences a weaker current of up to 80cm/s, and a 'channel-

type’ flow is present between the bank and the coast (Figure 4.7a & 4.7b).   

 

During the ebb (Figure 4.8a & 4.8b), strong currents are present between the bank and the 

coast (up to 90cm/s), which increase up to 180cm/s towards the tip of the Cape Levillain.  

The tidal flow veers across the bank with a gradient in the velocity magnitude; currents are 

then flowing northwest on the eastern flank. The currents are of similar magnitude on each 

side of the Levillain Shoal, reaching 90cm/s (Figure 4.8b). However onto the bank, they are 

generally stronger on the eastern flank. 

 

Transient eddies are present on each side of Cape Levillain (Figure 4.9a & 4.9b).  Tidally-

induced transient eddies originate from flow separation occurring around the headland 

(Wolanski et al 1984, Black and Gay, 1987; Signell and Geyer (1991); and Davies et al., 

1995).  Such eddies are initiated at the end of the period of maximum currents and develop 

until the flow reverses.   

 

Towards the end of the flood, the currents begin to ebb along the coast and a small 

clockwise eddy is created in the lee of the Levillain Cape (Figure 4.9a).  As the ebb gets 

stronger, the transient eddy grows larger, the currents in the channel between the bank and 

the coast are flowing northward but on the eastern side of the Levillain Shoal, the currents 

are in the flood phase.  A clockwise circulation is present around the bank, until the flow 

completely reverses.  On the northern side of the Cape Levillain the currents are generally 

flooding; however, another clockwise eddy was shed by Cape Inscription, the headland 

situated to the west of Cape Levillain.  

Towards the end of the ebb we observe the reverse situation with a large anticlockwise 

eddy on the northern side.  The flood starts initially closer to the coast, whereas the current 
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are still ebbing on the offshore side of the bank, which create an eddy.  Near the Levillain 

Shoal, the current begins to flood on the eastern side of the bank as they are still ebbing on 

the western side, this results in a clockwise circulation around the bank at slack water. 

 

Numerical results also show that these transients eddies are generated, sometimes, several 

hours before slack water, due to flow separation.  On the north side of the Cape, due to 

strong ebb current, flow separation can occur up to 3 hours prior to low water.  A large 

eddy is observed near near the bank. Further, this eddy was apparent until the flow 

reversed, on the subsequent flood tide (Figure 4.9b).  However, no large transient eddy is 

present on the Levillain Shoal when flood tide currents are maximum, as has been 

documented near the Shambles bank. Portland Bill UK (Pingree et al 1978; Pattiaratchi et 

al. 1986; and Bastos et al. 2004).  In this study, only a small eddy, trapped between the 

bank and the Cape, may be observed. 
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Figure 4.7a: Model results of the surface currents during the flood (cm/s) 

 

 

Figure 4.7b : Currents transect across Levillain Shoal during the flood (cm/s): field 

measurements from ADCP transect (top), model results (bottom) 
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Figure 4.8a : Model results of the surface currents during the ebb (cm/s) 

 

Figure 4.8b : Model results of the currents profile across Levillain Shoal during the ebb 

(cm/s) 
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Figure 4.9a : Model results of the surface currents at the end of the flood 

showing the presence of transient eddies. 

 

Figure 4.9b : Model results of the surface currents at the end of the ebb showing 

the presence of a transient eddy. 
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B) Secondary flows 

 

Observations of the vertical variation in the flow direction throughout the water column, 

provide some evidence of the presence of secondary circulation near Cape Levillain and 

near the Levillain Shoal (Chapter 3).  Secondary currents have been extracted from the 

ADCP obtained at the tip of the headland as well as from the ADCP transects undertaken 

across the bank, using the decomposition method (see equation (2.6) in Chapter 3), 

proposed by Kalkwijk and Booij (1986).  

Estimation of the equivalent Rossby number (Rom), and the equivalent Reynolds number 

(Ref), undertaken in Chapter 3, showed that secondary flows near Cape Levillain 

correspond to a regime where there is a balance between inertial and centrifugal forces 

(Alaee et al., 2002). 

 

Secondary flows have been measured at the tip of the Cape Levillain and reach values of up 

to 25cm/s in the surface layer and 12.5cm/s in the bottom layer, as shown on Figure 4.10a.  

At all times, secondary flows are directed towards the tip, at the bottom, and away from the 

tip, at the surface, irrespective of the primary flow direction. 

 

Near the Levillain Shoal, ADCP transects also provide some evidence of the presence of 

secondary circulation (Figure 4.10c).  The secondary currents converge toward the centre of 

the bank at the bottom; then diverge from the centre at the surface.  Figure 4.10c shows the 

secondary currents during maximum flood tidal currents; they reach a magnitude of 15cm/s 

for a primary flow of ~120cm/s. 
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Figure 4.10: Secondary flows: a) Secondary current measured at the tip of Cape 

Levillain over a 24h period, secondary current magnitude scale is represented by ticks 

marks on bottom axis (i.e. -12.5 and 12.5 cm/s); b) Averaged secondary currents over 4 

days, at the tip of the Cape Levillain, x axis represents the magnitude in cm/s; c) 

Secondary currents measured across the bank during maximum flood currents (ADCP 

measurements) 
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Secondary currents are well described by the model and are present near the tip of the 

Cape, as well as near the bank (Figure 4.11a, 4.11b, 4.12a & 4.12b).  The limited number of 

layers in the model simplifies the secondary flow variability in the vertical: therefore, 

secondary currents are mainly represented by two distinct layers.  During both the flood 

(Figure 4.11a & 4.11b) and ebb (Figure 4.12a & 4.12b), the secondary flows are present at 

the tip and near the bank, due to the curvature of the main flow.  Similar to the field 

measurements, the secondary currents are directed away from the coast in the surface layer 

and towards the coast in the bottom layer near the tip of the Cape Levillain (Figure 4.11a & 

4.12a).  Near the Levillain Shoal, secondary currents are directed away from the bank in the 

surface layer and towards the bank in the bottom layer (Figure 4.11b & 4.12b).  They reach 

magnitudes of up to 25 cm/s near the tip and up to 15 cm/s near the Levillain Shoal.  

Secondary flows, for both model and field data, contribute approximately 10-15% of the 

magnitude of the main flow; these are of similar magnitude to those documented by Geyer 

(1993) near Gay Head (USA). 

 

The averaged secondary currents over one or several tidal cycles are calculated, to 

determine if their circulation patterns are consistent with the previous instantaneous 

observations.  Figure 4.10b shows the averaged secondary circulation, over the complete 

data set measured at the tip of the Cape Levillain.  Figure 4.13a & 4.13b show the averaged 

secondary circulation calculated by the model for both the transect near the tip and near the 

sandbank.  The residual secondary circulation near the Cape and near the bank shows a 

similar distribution in the vertical, than the instantaneous secondary flows present during 

flood and ebb presented previously.  Residual secondary flows are directed toward the bank 

and towards the tip of the Cape, in the bottom layer; they are directed away from the bank 

and away from the tip in the surface layer.  This result indicates that the secondary flows 

are present throughout the tidal cycle; they are significant and should not be neglected.  

Such currents are important when associated with the instantaneous tidal flow, particularly 

at maximum current, i.e. when sediment transport is important.  They are also important for 

other processes, such as the biological transport of particles, when the vertical and 

horizontal mixing scales remain small compared to the advection time scale.  



Chapter 4: Maintenance of sandbanks: modeling the secondary flows and sediment transport -91- 

 

 

Figure 4.11a: Model results of the secondary currents transect near the tip of Cape 

Levillain during the flood (cm/s). 

 

Figure 4.11b: Model results of the secondary currents transect across the Levillain Shoal 

during the flood (cm/s). 
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Figure 4.12a : Model results of the secondary currents transect near the tip of Cape 

Levillain during the ebb (cm/s) 

 

Figure 4.12b : Model results of the secondary current transect across the Levillain Shoal 

during the ebb (cm/s). 

 

 



Chapter 4: Maintenance of sandbanks: modeling the secondary flows and sediment transport -93- 

 

 

Figure 4.13a : Model results of the residual secondary currents transect near the tip of 

Cape Levillain over a neap-spring tidal cycle (cm/s) 

 

Figure 4.13b : Model results of the residual secondary currents transect across the 

Levillain Shoal over a neap-spring tidal cycle (cm/s) 
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C) Residual currents 

 

The numerical model was run for an equivalent of a neap-spring cycle and the residual 

currents were calculated.  Although transient eddies are present on both side of Cape 

Levillain, at various time of the tidal cycle, residual currents describe an eddy occurring 

only on the south side of the Cape Levillain (Figure 4.14a).  The eddy is small in size and is 

centred on the very northern part of the Levillain Shoal.  On the north side of the headland, 

the residual currents are oriented eastward to south-eastward.  Globally, residual currents 

within the domain are flowing south-eastward and reach up to 10cm/s.  Only the channel 

between the bank and the coast is ebb-dominated.  Due to the important constriction, the 

ebb flow accelerates between the bank and the coast. 

The Leeuwin current appears to have limited variation on the residual current, despite a 

range of gradients being tested numerically.  Generally, the Leeuwin current tends to 

strengthen the flood and weaken the ebb, and create more variability in the residual 

patterns.  The Leeuwin Current has been included in all the numerical simulations 

presented in this Chapter. 

 

This pattern is a major difference to Portland Bill (Pingree et al., 1978), in relation to the 

presence of residual eddy on each side of a headland and its implication for sediment 

transport.  It shows that the accumulation of sand and the maintenance of sandbank, on 

each side of a headland, cannot be explained simply by the observation of the residual 

circulation.  This is consistent with recent numerical results from Bastos et al. (2004) near 

Portland Bill, where the residual eddies appear to be not centred on the banks, particularly 

on the Portland Bank. 

 

In order to investigate the modification of the tidal flow by the bank itself, a simulation 

using a bathymetry where the sandbank has been removed is undertaken.  Figure 4.14b 

represents the tidal residual flow for a neap-spring cycle in the absence of a sandbank.  A 

large residual eddy is present to the south of the Cape Levillain, and no eddy is present on 

the northern side.  The residual eddy present when no bank is present is not centred on the 

actual location of the Levillain Shoal (Figure 4.14b).   
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Figure 4.14a: Model result of the tidal residual current over a neap-spring tidal cycle, 

showing residual eddies south of Cape Levillain.  A small residual eddy is present between 

Cape Levillain and the Levillain shoal. 

 

Figure 4.14b: Model results of the tidal residual current over a neap-spring tidal cycle on a 

modified bathymetry where sandbanks have been removed, the thick solid contours 

represent the location of the sandbanks. 
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The presence of the bank therefore modifies the tidal flow significantly (Figure 4.14a & 

4.14b); it generates some variability in the residual and small residual eddies are created.  

Previous studies have shown that tidal residual eddies near headland are generally 

controlled by the size of the headland and the strength of the current (Maddock and 

Pingree, 1978; Pingree and Maddock, 1979; Robinson, 1983; and Signell and Geyer, 1991).  

However, the present study shows that the presence of a sandbank may modify the residual 

currents patterns. 

 

 

4.4.2 Modelled sediment transport. 

 

A) Main flow 

 

Sediment sampling undertaken over the area has shown that other sand features are present 

in the nearshore area and near the sandbanks (e.g. sandwaves near the south east of the 

Levillain shoal); elsewhere the bottom is devoid of sand and only large debris are present 

(e.g. corals, rocks etc).  This has been observed in particular between the north of the bank 

and the headland tip, as well as farther offshore of the sandy spit prolonging the Cape 

Levillain.  Field measurements have shown that both banks are asymmetrical in shape, with 

a steeper flank facing the coast.  In the case of the Levillain Shoal, the western side presents 

a narrow flank with a slope of 16%, as the east side presents a large flank with a gentle 

slope of 0.4-0.6% (Figure 4.10c).  

 

From field measurement undertaken near the Levillain Shoal, sediment transport appears to 

be a combination of flood and ebb, acting differently on each side of the bank (Chapter 3).  

Model results of the sediment movement, during these two stages, are examined in detail.   

 

The potential bedload sediment transport during maximum flood and ebb tidal currents is 

calculated by the model, using the depth-averaged current.  During the flood, high values of 

the sediment transport rates are predicted at the tip of Cape Levillain (up to 0.28kg/ms) and 
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on the eastern flank of the sandbank (Figure 4.15a).  The strong gradient in the sediment 

transport rates present off the tip of the headland, results in an erosion/deposition pattern 

(Figure 4.15b).  Potentially, sand is eroded from the northern side of the tip and deposited 

just farther down stream to south of the headland where the tidal current magnitude 

decreases after flowing past the tip.  On the southern side of the cape, the sediment 

transport rate is high on the area to the east of Levillain Shoal, reaching 0.1 kg/ms.  It 

presents an erosion/deposition pattern, with an overall sediment transport towards the 

southeast (Figure 4.15b).  Sediment transport also occurs on the bank itself, with erosion on 

the eastern flank and deposition on the centre of the bank and on its western flank.  The 

northern bank present on the north side of Cape Levillain, undergoes erosion on the west 

flank and deposition on the east flank.   

During the ebb, sediment transport rate is very high (up to 0.32 kg/ms) near the tip (Figure 

4.16a) with sediment being transported from the southern side, to the northern side, of the 

cape.  Similar to the situation during the flood phase, sand may be eroded from the southern 

side of the tip and deposited farther downstream to the north of the headland, where the 

tidal current magnitude decreases (Figure 4.16b).  On the Levillain Shoal sediment is 

eroded from the eastern flank and deposited on the flat of the bank, at a similar rate than 

during the flood.  Sand also appears to be eroded at the northern end of the sandbank and 

transported towards the tip of the cape.   

 

On the north side of the cape, sediment transport also occurs on the small bank present.  

Although the magnitude of the erosion/deposition pattern seems small, it presents erosion 

on its east flank and deposition on its centre.  
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Figure 4.15a : Model results of the sediment transport rate during the flood (kg/ms) 

 

Figure 4.15b : Model results of the net erosion/deposition during the flood (m/hour) 
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Figure 4.16a : Model results of the sediment transport rate during the ebb (kg/ms). 

 

Figure 4.16b : Model results of the net erosion/deposition during the ebb (m/hour). 
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Over a neap-spring cycle, the study area experiences a succession of floods and ebbs where 

sand is transported from and towards the Cape; likewise, along and across the sandbanks.  

The resulting net transport rate calculated using the depth-averaged current is presented on 

Figure 4.17a & 4.17b.  Overall, the sediment transport converges towards the banks on 

either side of the headland.  In the channel, situated between the Levillain Shoal and the 

coast, the net transport is directed northward due mainly to the magnitude of the ebb 

currents in this region.  On the eastern flank of the Levillain Shoal, the net transport is 

directed south-southeast.  On the Levillain Shoal itself, sediment transport is converging 

towards the centre of the bank (3x10
-5

m/hour).  The western flank of the Levillain Shoal 

(mainly the southern section) is ebb-dominated, whilst the east flank is flood-dominated.  

On the northern section of the Levillain Shoal, strong erosion/deposition is present on each 

flank: on the eastern flank, due to the succession of floods, and on the west flank, to the 

succession of ebb phases. This may explain the quasi-symmetrical shape of the bank in the 

northern section.  Figures 17a and 17b show important deposition of sand occurring near 

the tip of Cape Levillain and erosion on each side of the sandy spit, prolonging the tip of 

the Cape.  High signal variability also occurs on other areas that are not associated with 

sandbanks, however local armouring of the bed will attenuate this large spatial variation.  

Sediment sampling undertaken in these areas of erosion (Figure 4.17b) has shown that only 

very coarse debris was present.  Due to the limited presence of sand available for erosion 

on the side of the tip, this deposition is largely overestimated in the model, compared to the 

actual sediment distribution.  In addition, nearshore processes e.g. wave action, may affect 

the supply of sediment to the tip (Signell and Harris 1999; McNinch and Luettich, 2000; 

and Ashton et al., 2001). 

B)  Transient eddies 

 

As detailed previously, transient eddies are present just prior to or during slack water and 

are associated with weak tidal current (Figure 4.9a & 4.9b).  Considering the medium to 

coarse sand grain size present near the Levillain Shoal, the critical threshold needed to 

initiate sediment movement corresponds to a current speed of 20cm/s at 2 m above the bed 

(Chapter 3).  This threshold velocity is generally not reached in these transient eddies; 

therefore, there is no sediment movement near the sandbanks (Figure 4.18a & 4.18b). 
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Figure 4.17a: Model results of the sediment transport rate over a neap-spring tidal cycle (kg/ms). 

 

Figure 4.17b : Model results of the net erosion/deposition over a neap-spring tidal cycle (m/hour). 
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Figure 4.18a: Model results of the sediment transport rate (kg/ms) during the flood when a 

transient eddy is present on the northern side of Cape Levillain (as shown on Figure 4.9a). 

 

Figure 4.18b: Model results of the sediment transport rate (Kg/ms) during the ebb when a 

transient eddy is present on the southern side of Cape Levillain (as shown on Figure 4.9b). 
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Sediment transport when the transient eddies are present, is weak and limited to the tip and 

offshore of Cape Levillain.  Therefore, the significance of these transient features for the 

sediment transport processes near the sandbanks is minimal.  Only very fine sediment may 

be re-arranged within these eddies, or around the bank when the flow reverses and the eddy 

grows larger and creates circulation around the bank.   

C  Secondary circulation 

 

The presence of secondary currents has been demonstrated near the headland and on each 

side of the bank.  These secondary currents are associated with strong instantaneous tidal 

currents, which are responsible for the transport of sediment.  Therefore their presence is 

relevant in terms of net bedload sediment transport, which has a non-linear relationship to 

the flow velocity.  In order to demonstrate the significance of the secondary flows, in terms 

of sediment transport, the sediment transport rate, over a neap-spring cycle, is evaluated 

using the magnitude of the depth-averaged current and, either the direction of the depth-

averaged current, or the bottom current direction.  Figure 4.19a shows the percentage of the 

difference in the net sediment transport rate, between these two calculations, i.e. the 

component of the net sediment transport, due to the secondary flows.  With values up to 

0.003kg/ms, secondary flows are responsible for up to 30% of the net sediment transport 

rate (i.e. 0.01kg/ms).  Due to the curvature of the flow around the headland, secondary 

flows tend to veer the sediment transport towards the headland and the sandbanks.  

Between the Levillain Shoal and Cape Levillain, they tend to veer the sediment transport 

towards the bank, particularly on the northern section of the bank, where the curvature of 

the flow between the coast and the bank is more important.  Overall, the contribution of the 

secondary flows to the sediment transport is about 20% of the net sediment transport; they 

concentrate the sediment towards the sandbank. 

 

The model was run over a neap-spring cycle on a modified bathymetry, where no 

sandbanks are present.  Similar to Figure 4.19a, the percentage difference in sediment 

transport using the depth-averaged current and the bottom current, is shown on Figure 

4.19b.  
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a)  

b)  

Figure 4.19: Percentage of the sediment transport rate due to secondary currents 

over a neap-spring tidal cycle.  Arrows represent the percentage of the difference 

in sediment transport using the depth-averaged current direction and using the 

bottom current direction: a) real bathymetry, b) bathymetry with no banks. 
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In the absence of sandbanks (Figure 4.19b), the contribution of the secondary flows to 

sediment transport is similar to that when the sandbanks were present representing 

approximately 20 % of the total transport.  The presence of the bank does not have a 

significant effect on the secondary circulation, in terms of sediment transport; nonetheless 

the strong gradients in the sediment transport rate are predicted at the location of the 

sandbank (Figure 4.19).  The bank only appears to somewhat enhance the contribution of 

the secondary flows to sediment convergence on its flanks 

 

These results demonstrate that secondary currents are a major contributor to the sediment 

transport pathways.  This conclusion is similar to that observed in river bends, where the 

deposition of sediment at the inside of the river bed is usually attributed to the secondary 

currents at the river bend (Bathurst et al., 1977; Thorne and Hey, 1979).  Here, due to the 

curvature of the flow around the headland, secondary flows are generated; these modify the 

net sediment transport patterns not only in the vicinity of the headland, but also near the 

sandbanks.  Due to its association to the headland, and more generally, to topographic 

features, a feature of this type of sandbank is the generation of secondary currents on its 

flanks and, therefore, convergence of the sediment towards its centre. 

 

4.4.3 Maintenance: 

 

To date, the majority of the proposed theories for headland-associated sandbanks 

maintenance have been based upon numerical studies (Pingree 1978, Maddock and Pingree, 

1979); these have utilised coarse spatial resolution and depth-mean flows, which were 

unable to capture either the secondary flows or the fine scale structure of the flow field; in 

particular, the location of the residual eddies.  In fact the coarse resolution models predicted 

the presence of residual eddies associated with headlands although the model bathymetry 

did not resolve the sandbank associated with the headland (e.g. Pingree 1978; Maddock and 

Pingree, 1979; and Owen, 1981).  A good example of these discrepancies may be found 

through the differences in the residual current patterns with and without the presence of the 

sandbank (Figure 4.14) where the presence of the sandbank alters the residual current field, 

in particular, the location of the eddies.  Theories based on field measurements, used single 
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point current meters (Heathershaw and Hammond, 1980; Pattiaratchi and Collins, 1987), 

therefore, these resolved only the hydrodynamics at a coarse scale.  Field measurements 

using surface current radar (Hammond et al., 1986) also indicate the absence of flow 

separation at the headland but the location of transient eddies during flow reversal.  

Similarly, calculation of residual currents, as in Pattiaratchi and Collins (1987) and using 

point measurements may not have provided an accurate spatial description of the residual 

current pattern.  Bastos (2004) and the work presented here, examine the hydrodynamics 

with a higher spatial resolution, as well as describing the 3-D currents characteristics; this is 

crucial for the understanding of mechanisms responsible for the maintenance of these type 

of sandbanks. 

 

Sediment transports pathways have been inferred from residual current patterns (Pingree & 

Griffith, 1979; and Ferentinos and Collins, 1979).  However, this study demonstrates that 

sediment movement based upon residual currents (see Figure 4.14a) present a different 

"picture" to that of net sediment transport presented in Figure 4.17b.  Whilst the headland is 

responsible for tidal flow modification, the resulting residual currents are only a spatial and 

temporal average of the tidal flow in the region (Isamato, 1983; Bastos et al., 2004).  

Signell and Harris (1999) stated that the teacup effect was not likely the proper mechanism 

to explain the tidal headland sandbanks development in regions like Portland Bill (UK).  

The presence of residual tidal eddies appeared not to be responsible for the presence of the 

sandbanks, as Pingree (1978) suggested.  The non-linearity of the sediment transport, 

combined with the fact that sediment transport is only significant at maximum tidal flow, 

appear to be the main process responsible for the maintenance of these linear sandbanks.  

Therefore, Levillain Shoal is maintained due to an ebb/flood asymmetry, whereby the 

eastern flank is flood-dominated and the western flank is ebb-dominated. In addition, it has 

been demonstrated that secondary currents modify the sediment transport and act to 

concentrate the sand towards the centre of the sandbanks. 

 

The conceptual model for the maintenance of the Levillain Shoal (Figure 4.2) presented in 

Chapter 3, is verified here by the numerical model results.  The sandbank maintenance is a 

result of a combination of two phases (i.e. flood and ebb), when currents are competent to 
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move sediment; these shape the bank, alternatively, on each side.  Sediment is transported 

during maximum flows.  At slack water, and due to the weaker currents, the sediment is 

simply rearranged around the bank over its shallower parts.  The convergence of the sand 

towards the centre of the bank is enhanced by secondary flows. 

 

No current measurements were undertaken in the vicinity of the sandbank present on the 

northern side of the Cape Levillain.  Nevertheless, numerical model results indicate similar 

processes, with the flood and ebb acting on the opposite sides than on the Levillain Shoal: 

i.e. the flood dominance on the western side of the small bank and ebb dominance on the 

eastern side.  It could be inferred that the maintenance of the bank, on the northern side, is 

resulting from the same mechanisms and follows a similar conceptual model.   

 

The bank situated on the north side is less developed than the Levillain Shoal.  Pingree 

(1978) proposed that, in the case of the residual eddy theory, the Coriolis force is acting in 

a different direction in the clockwise and anticlockwise eddies; therefore, this increases the 

pressure gradient on one side, compared to the other. However, this study demonstrates that 

the theory of “tidal stirring’’ ‚appears not applicable to explain the bank maintenance.  

Bastos et al. (2003) have suggested that the difference in the bank sizes near Portland bill 

might be the results of local characteristics and irregularities in coastal and seabed 

morphology and in particular the triangular shape of Portland Bill.  Near Cape Levillain, 

the particularly asymmetrical shape of the basin and the resulting tidal signal could explain 

the asymmetry in the bank development.  Indeed, the area to the north of the Cape Levillain 

shows a steep slope, with a maximum depth of 73 m; the region situated to the south-east of 

the Cape (Denham Sound) has a fairly flat bottom, with an averaged depth of 17 m, with 

few sand features.  The resulting tidal wave shows a strong diurnal inequality, as described 

previously.  Even though the shape of the Cape Levillain is fairly symmetrical, the 

asymmetry in the tidal currents and basin may be responsible for the difference in the 

sandbanks development, on each side of the Cape.   
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4.5 Conclusions 

 

This study of the hydrodynamic processes and resulting sediment transport patterns near a 

headland-associated linear sandbank provides new understanding of the hydrodynamic and 

sediment transport processes responsible for the maintenance of the sandbank.  The 

complex three-dimensional structure of the tidal currents has been reproduced, whilst the 

results of the numerical simulations confirm the validity of the conceptual model for the 

maintenance of headland-associated linear sandbanks for this specific case.  The 

maintenance of the sandbanks should not be considered as a result of residual circulation 

patterns, but as the result of an ebb/flood asymmetry, where the flood acts on one flank fo 

the sandbank and the ebb acts on the other flank.  

The presence of secondary currents is significant, in terms of direction of the net sediment 

transport; their contribution has been estimated and represents approximately 20% of the 

net sediment transport under depth-mean flows.  Due to the presence of the headland, 

which creates strong secondary circulation, secondary flows are significant for the 

maintenance mechanisms of the sandbanks. 

The processes leading to the formation of these sandbanks still need to be fully 

investigated, as the mechanisms of the initiation of sand deposition on each side of the 

headland are still unclear.  At this stage, none of the proposed theories by Pingree (1978) or 

Heathershaw and Hammond (1980) are able to fully explain the first stage of the bank 

formation.  The use of a morphological model would be a very useful tool to confirm or 

refute their validity; likewise to +-understand what are the other mechanisms that may be 

responsible for the formation of these banks. 
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Chapter 5 

 

 

Mechanisms for the formation of 

headland-associated linear sandbanks 

 

 

5.1 Introduction 

 

Tidal sandbanks are found in many estuaries and coastal areas, where there is an 

abundance of sand and a hydrodynamic regime, which has the competence to transport the 

sand.  Sandbanks are important as potential supplies of marine aggregates (sand and 

gravel), provide a natural coast defence system, but also pose a threat to navigation; they 

are regions of accumulation, not only of sand, but also of larvae and pelagic organisms.  

The morphology of the banks is a result of non-linear interaction between the tidal 

currents, sediment transport and bed topography.  Due to the interaction of these different 

processes, a variety of sandbanks of different origin may exist in the same tidal 

environment, such as in an estuary or embayment.  In the presence of a topographic 

feature, such as a headland or island, sandbanks are usually found in the lee of the feature 

(Figure 3.1).  This category of sandbanks is commonly named ‘headland-associated linear 

sandbanks’.  Their formation and maintenance was first discussed by Pingree (1978) in a 
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study of a sandbank system, the Shambles Bank, near Portland Bill, UK.  Pingree (1978) 

has suggested that headland-associated linear sandbanks form due to the accumulation of 

the sand at the centre of a tidal residual eddy, created on each side of Portland Bill.  

Heathershaw and Hammond (1980) proposed that secondary circulation effects are also 

associated with the mean tidal circulation and they could also contribute to the 

convergence of sand towards the bank.  Pattiaratchi and Collins (1987), through fields 

studies obtained near Scarweather Sands located in Bristol Channel (UK), confirmed the 

existance of a residual eddy and the presence of secondary circulation in the vicinity of the 

sandbank.   

More recently, field measurements, as well as numerical modelling studies, have examined 

the maintenance of headland-associated linear sandbanks.  Signell and Harris and more 

recently Bastos et al. (2004), demonstrated that the Pingree (1978) theory may not fully 

explain the presence of the sandbanks as numerical model results near Portland Bill.  

Bastos et al. (2004), using a higher spatial resolution than Pingree (1978), have indicated 

that the residual eddies on either of the headland were not centered on the sandbanks.  

Bastos et al. (2004) proposed a conceptual model for the short-term dynamics of the 

sediment pathways defined, by an inner and an outer sand mobile zone; here, the boundary 

between those zones represents a sand convergence zone.  In previous Sections of this 

thesis, it was demonstrated that the maintenance of the Levillain Shoal, near Cape 

Levillain (WA, Australia), was due to a combination of the ebb and the flood acting on 

each side of the bank, during the maximum current.  Residual eddies appeared not to be 

relevant in terms of sediment transport.  Secondary flows have also been proven to be 

significant for sediment transport, leading to maintenance of the Levillain Shoal. 

 

However, mechanisms responsible for the initiation of sediment deposition and, more 

generally, of the first stages of the bank formation, are still unclear.  In the case of an open 

coast without coastline irregularities and parallel depth contours, Huthnance (1982b) used 

a "seabed stability analysis" approach to explain sandbank growth and development.  

Huthnance (1982b) showed that sandbanks grow with a particular inclination to the flow 

direction and found that a 27
o
 inclination is associated with the highest growth rate.  In the 

case of headland-associated linear sandbanks, the bathymetry is more complex and the 
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tidal flow curves around the headland; as such Huthnance's theory (1982b) is not directly 

applicable.  Therefore, even though Pingree's theory (1978) does not appear to describe the 

maintenance processes accurately, it remains the only theory proposed for the initiation of 

deposition and the formation of sandbanks, at the centre of the residual eddies. 

 

With the recent progress in computing methods and facilities, morphological modelling has 

become a powerful approach to investigate different mechanisms for bed evolution. Signell 

& Harris (1999) applied a three-dimensional sediment transport model to an idealised 

Gaussian-shaped headland, in order to test Pingree’s theory (1978) for the formation of 

sandbanks.  These investigators showed that the influence of the Coriolis force could not 

explain the difference between bank development, on one side or the other of a headland, 

as suggested by Pingree (1978).  Signell & Harris (1999) discussed the possible generation 

of sandbanks near the centre of tidal residual eddies, if the controlling length-scales 

(headland length scale, tidal excursion length scale and frictional length scale) have 

comparable magnitudes.  However, they focused on suspended load sediment transport and 

generation of sandbanks, due to bedload sediment transport, was only at its first stage.  

Bedload transport has appeared to be the main mode of transport, as the sediment grain 

size that constitute these banks are mainly medium to very coarse sand (Bastos et al., 2004; 

Chapter 3 and 4 of this thesis).  Therefore, further investigations are needed to fully 

understand the mechanisms of formation and the significant parameters in their 

development.   

 

Using a similar approach to that of Signell and Harris (1999), a morphological model has 

been developed and applied to an idealised Gaussian headland, in order to define 

mechanisms responsible for the initiation of the sand accumulation and bank formation.  

The aim of this paper is to identify how sandbanks form on a horizontal seabed, due to the 

simple interaction of the tidal flow with a topographic feature.  The mechanisms that 

control the location of the sand deposition are identified.  Long-term simulations (order of 

years) are undertaken, to understand the significance of different parameters (sand 

availability, grain size, secondary flows) and to investigate the evolution of the sandbank, 

in its first stage of formation. 
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5.2 Numerical Model description: 

 

Long-term evolution of the seabed may be predicted, through the use of different 

numerical modelling concepts (De Vriend, 1993).  Generally, all of the numerical models 

consist of a number of modules representing the physical processes (hydrodynamics, 

including currents and surface gravity waves, sediment transport etc), which are coupled 

with a module describing the net erosion and deposition processes near the seabed.  For 

this study, a Medium-Term Morphodynamic (MTM) model has been developed, consisting 

of three modules: (1) hydrodynamics; (2) sediment transport and, (3) bed evolution.  The 

model progresses through the sequence of modules to predict a revised bed topography; 

this, in turn, is fed back into the hydrodynamic and sediment transport computations.  This 

modelling concept describes the dynamic time-evolution of the seabed.  The different 

modules, composing the morphological model, are detailed below. 

 

5.2.1 Hydrodynamic module (HAMSOM) 

 

The three-dimensional hydrodynamic model, Hamburg Shelf Ocean Model (HAMSOM), is 

used in this study.  The model was originally developed by Backhaus (1985) and Stronach 

et al. (1993), for the North Sea, it has been adapted to the Perth Coastal Waters region, by 

Pattiaratchi and Backhaus (1992).  The model has been successfully used in morphological 

modelling studies as described by Van Leeuwen and Swart (2002, 2003) and Van der 

Molen et al. (2004).   

 

HAMSOM is a three-dimensional, semi-implicit, finite-difference primitive equation model  

using a finite-difference scheme. It is defined in z-coordinate and with the Arakawa C-grid 

(for details, see Appendix I).  The model assumes that the pressure is hydrostatic and that 

the Boussinesq assumption is valid.  A kinematic boundary condition is applied at the 

surface and a non-linear, quadratic bottom stress condition is used.  A vector upstream 

approach is taken, for the advection of momentum.  The horizontal eddy viscosity 
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coefficient was set to 50m
2
/s and the vertical eddy viscosity coefficient was specified using 

the Kochergin (1987) formulation.  Stratification was neglected as their influence tidal 

sandbank growth is usually limited for the type of sandbanks studied here (Pattiaratchi and 

Collins, 1986; Dyer and Huntley, 1999).  Surface gravity waves were excluded; however, 

they may limit growth as the banks approach the surface (e.g. damping the growth rate). 

 

The three-dimensional velocity field calculated with HAMSOM is output every hour. 

Assuming that the currents are not changing over this period, the velocity field is used as 

input in the sediment transport module. 

 

5.2.2 Sediment transport module  

 

In this module, bedload sediment transport rates are estimated using the method proposed 

by Van Rijn (1984a).  Sediment grain size, that compose linear sandbanks associated with 

an headland, have been found to be coarse to very coarse (i.e. d50=300 to 700µm for 

Levillain Shoal, Shark Bay (see Chapter 3), d50=500 to 2000µm for the Shambles Bank 

near Portland Bill, UK (Bastos et al., 2003).  Fall velocity for these sediment sizes is high 

and the strength of the current is, in most cases, not sufficiently strong to transport these 

grains in suspension.  Therefore, sediment transport will predominantly occur as bedload.  

Assuming sand availability, the potential bedload sediment transport rate is calculated 

using the following equation (Van Rijn, 1984): 
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(m);T = dimensionless excess bed-shear stress parameter, due to tidal currents; and 

*
D =dimensionless particle parameter. 

 

The magnitude of the sediment transport rate may vary by up to 50%, depending on the 

sediment transport equations selected.  However, except for formulations for sediment 
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transport that consider the effect of bed slope (Calvete et al. 2001), most formulations for 

sediment transport rates provide similar spatial bed evolution, as the direction of the 

transport and the gradients in space are identical (e.g. Pattiaratchi and Collins, 1985).  The 

use of a different sediment transport equation in the sediment transport module may only 

affect the time-scale of the sediment transport and erosion/deposition and thus the 

evolution time-scale of the sandbank.  However, as the aim of this study is to investigate 

the processes leading to the formation of sandbanks, the use of a single method to predict 

the potential sediment transport rate can be justified.   

 

5.2.3 Seabed evolution module: 

 

After calculating the volumetric sediment transport rates in the x and y directions of the 

computational grid, erosion/deposition zones are calculated by solving the 2D sediment 

continuity equation (Eq. 5.2). 
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z is the bottom elevation, p is the porosity and qx, qy are the sediment transport rates (m
2
/s) 

in x and y directions, respectively.  Equation (5.2) is solved using a Lax-Wendroff scheme, 

to obtain bed elevations. This scheme is explicit, ensures the numerical stability of bed 

evolution and conserves mass.  The scheme has been successfully employed in a number 

of MTM models (De Vriend et al., 1993; Nairn and Southgate 1993; and Ranasinghe et al., 

1999).  The stability of the scheme is dependent on the model time-step being smaller than 

a maximum value calculated internally, using a CFL type criterion for seabed evolution.   

 

Sand availability is limited by assuming a hard bottom condition (sediment transport rate is 

equal to zero), when erosion reaches a selected depth.  A free flux boundary condition is 

used for the sand transport at the open boundaries, i.e. the east, west and north boundaries. 

Accretion in the vertical is limited by the water depth and the model does not allow the 

drying of previously wet surface grid cells. 

 



Chapter 5: Mechanisms for the formation of headland associated linear sandbanks - 117 - 

5.2.4 Computational approach: 

 

In order to identify mechanisms responsible for sandbank formation, an idealised Gaussian 

headland is used.  This idealised situation is close to the geometry of Cape Levillain (Shark 

Bay,WA), and, more generally, to a headland present in nature where linear sandbanks 

usually develop.  In addition, the hydrodynamics near an idealised shape headland has 

been studied thoroughly elsewhere, by Signell and Geyer (1991). 

 

 

 

 

Figure 5.1: Bathymetry of the idealised gaussian shape headland.  
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The numerical domain is described by 200m x 200m grid cells (Figure 5.1).  The 

computational grid consists of 150x80 cells in the horizontal and 10 layers of 2m thickness, 

in the vertical.  The idealised Gaussian headland is 6km long and is located in the middle of 

the southern boundary.  There are open boundaries at the western and eastern boundaries, a 

‘free’ slip wall at the northern boundary and a ‘no slip’ wall at the southern boundary.  The 

water depth is 16m, except near the southern boundary, where it decreases linearly to a 

minimum of 2m over a distance of 2km. 

 

Tidal elevation is prescribed at the western and eastern boundaries, by specifying the 

phases and amplitudes of the M2 tidal component.  For simplicity, the period of the M2 tidal 

component is selected to be equal to 12h.  In order to simulate the tidal current strength of a 

similar range of the currents measured near Cape Levillain, a tidal amplitude ranging 

between 1m to 1.5m has been used 

5.2.5 Morphological modelling concept (MTM) 

 

The main purpose of this modelling study is to undertake long-term morphodynamic 

computations, in order to investigate the development of linear sandbanks.  Hence, the  

morphological model developed here is based on a "medium-term morphodynamic" 

(MTM) concept (De Vriend, 1993), where the modules described previously are coupled 

together (Figure 5.2).   

 

Starting from an initial bathymetry with a horizontal seabed, the hydrodynamic field is 

calculated.  The time-step of the hydrodynamics module (HAMSOM) is set to 10 seconds; 

this module is run for 2 tidal cycles, i.e. 24 hours, which represent the time-step of the 

hydrodynamics (=DThydro).  The current field is output every hour assuming that the 

variability of the current over this period is negligible, in terms of the sediment transport.  

The sediment transport rate is then computed every hour and the net sediment transport rate 

over the period DThydro (= 24 hours) is calculated.  The change in the seabed is then 

calculated within the bed evolution module.  
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Figure 5.2: Medium Term Morphodynamic (MTM) model   

 



Chapter 5: Mechanisms for the formation of headland associated linear sandbanks - 120 - 

 

There are different concepts used in Medium Term Morphodynamic modelling (De Vriend, 

1993), to maximise the bed evolution accuracy and the efficiency in terms of computer 

time.  To achieve this objective, the hydrodynamic field is revised only if the change in 

morphology is significant, to influence the hydrodynamics.  The method of extrapolation 

described by Latteux (1995) is used here, whereby a change in bed after a period of DThydro 

is extrapolated to a period of DTmorpho, with DTmorpho= N*.DThydro .   

The number, N, is determined by undertaking a pre-run that uses a criterion in the bed 

evolution module: i.e. the bed evolution module is run until the change in bathymetry 

reaches 5% of the total water depth.  The value for N is calculated in the bed evolution 

module, if DTmorpho=N.DTmorpho, is insufficient to change the bathymetry corresponding to 

5% of the water depth.  The bed evolution module is then performed with 

DTmorpho=(N+1).DTmorpho .  N may vary at each update of the bathymetry.  In order to have 

a constant morphological time-step for a given simulation, a constant value for N is then 

calculated.  The model is run for a number of updates (corresponding to a change of 5% of 

the water depth), and the minimum value for N over these updates is selected for the final 

simulation.   

This N value is then used in the model for a real run where the bed module systematically 

uses a DTmorpho of N times the hydrodynamic time-step, giving DTmorpho=N.DThydro .  The 

equivalent sediment transport rate for a DTmorpho is then N times the sediment transport rate, 

given for a time DThydro .  For the present simulations, N has a value of 365 (i.e. 1 year) or 

730 (i.e. 2 years), depending on the various test cases. 
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5.3 Results 

 

Results from the morphological model application, to the idealised Gaussian headland, are 

presented in four different sections. The first section presents the tidal current field at 

various stage of the tidal cycle, when the initial bathymetry is considered.  The second 

section describes the morphological evolution of the seabed, under tidal wave forcing and 

the resulting sandbank formation.  Sensitivity of the model is presented in the third section, 

where the influence of the tidal regime, the significance of the sand availability, the sand 

grain size and the secondary flow in the development of these sandbanks are investigated.  

The fourth section discusses the relation between the tidal residual patterns and the 

development of the sandbanks. 

 

5.3.1 Tidal flow near a Gaussian headland 

 

Tidal flow near topographic features such, as headlands or islands, have been studied in 

detail using field measurements as well as numerical studies (Pingree, 1978, Wolanski et 

al., 1984; Pattiarathi et al., 1987; Black and Gay, 1987; Signell & Geyer, 1991; Geyer, 

1993; Davies et al., 1995; Bastos et al., 2003; Alaee et al., 2004; and Chapter 3 & 4 of this 

thesis).  The presence of transient eddies and secondary flows have been measured (Geyer 

and Signell, 1989; Geyer, 1993; and Chapter 3) and modelled using three-dimensional 

hydrodynamic models (Alaee et al., 1998; and Chapter 4).  Idealised-shape headlands have 

also been used to investigate, in detail, the formation and time and spatial scale of transient 

eddy patterns (Black and Gay, 1987; Signell and Geyer, 1991; Davies et al., 1995; and 

Alaee et al., 2004).   

 

Tidal flow patterns around the headland, with 1m tidal amplitude specified at the 

boundary, are shown in Figure 5.3.  The initial bathymetry, with an horizontal seabed and 

no sandbanks, is used here.  The Figures illustrate flow patterns at various stages of the 

tidal cycle, i.e. beginning of the flood/ebb, maximum flood/ebb and slack water period.   
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(a)

 

(b)

(c)

 

(d)

 

(e)

 

(f)

 

Figure 5.3: Tidal flow near an "idealised" Gaussian-shaped headland, in cm/s (tidal 

amplitude of 1m); a) and b) during the flood, c) at slack water, d) and e) during the ebb, and 

f) at slack water. 
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Transient eddies are created in the lee of the headland towards the end of the flood and ebb 

phases of the tidal cycle, which are larger (in space) when the flow reverses near slack 

water.  Tidally induced transient eddies originate from flow separation occurring around 

the headland.  Signell and Geyer (1991) and Davies et al (1995) have described 

mechanisms for the formation of these eddies.  The influence of an adverse pressure 

gradient and frictional drag causes the flow to reverse, close to the headland.  Away from 

the headland, the frictional drag is too weak to force the tidal flow from reversing.  Flow 

separation occurs and vorticity is injected into the main flow, resulting in the formation of 

transient eddies.  Signell and Geyer (1991) have concluded that, for the most common 

range of tidal flows in 10-40m water depth, the frictional effect is sufficiently large to 

damp vorticity, over a tidal cycle.   

 

In a similar way to Signell and Harris (1999), all the length scales used in the idealised 

situation, i.e. tidal excursion, headland length scale and frictional length scale are of the 

same order of magnitude; these represent the conditions most commonly found in nature.  

Flow separation occurs and eddies form on one side of the headland during one phase of the 

tide, but are rapidly dissipated by friction, when the flow reverses; they cannot interact with 

eddies formed on the following phase of the tide (Signell and Geyer, 1991).  The transient 

eddy generated towards the end of the maximum current and at slack water is advected 

away from the headland to disappear when the flow reverses.  With the tidal range and the 

length scale of the Gaussian headland used here, there is no eddy present during the 

maximum tidal currents. This pattern is different from observations made near Portland 

Bill, UK, where an eddy is present on the Shambles Bank during the maximum flood 

currents (Pingree, 1978; Pattiaratchi et al., 1986; Bastos et al., 2003). However, the tidal 

flow and associated pattern of transient eddies are in good agreement with the field 

observations and numerical modelling undertaken for the area near Cape Levillain (Shark 

Bay), as presented in previous sections of this thesis.   

 

Tidal flow is strong near the tip and reaches 170cm/s at maximum flood and ebb phases of 

the tide.  At slack water, when the flow reverses and a transient eddy is present, the currents 

are weak (20-40cm/s) near the eddy, with a maximum of 60cm/s away from the headland.  
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Other simulations have been undertaken using an M2 tidal amplitude of 1.5m specified at 

the boundaries.  For this tidal amplitude, the strength of the current is generally stronger 

and reaches a maximum of 220cm/s, near the headland tip.  However, the pattern of 

transient eddies is similar to that observed for a tidal amplitude of 1m (Figure 5.3) 

 

5.3.2 Morphological evolution of the seabed 

 

A) Morphological evolution of the bathymetry 

 

Initialising the model with a horizontal seabed at 16m depth, the morphological model is 

run using M2 tidal amplitude of 1m, at the boundaries.  The sediment transport rates are 

calculated using the depth-averaged currents.  In addition to the horizontal sea bed, the 

thickness of the sand layer is prescribed to be 4m i.e. erosion is only possible up to a 

maximum depth of 20m, with a layer thickness of 4m available for transport.  The 

morphological time-step, calculated from a pre-run, is DTmorpho=2 years and the model is 

run for an equivalent of 320 years.  Initially, there is deposition at the tip of the headland, 

resulting in the tip to elongate offshore, together with the creation of smaller deposits on 

each sides of the headland (Figure 5.4).  After 150 years, the deposition at the spit ceases, 

preventing its extension offshore, and at this stage, the spit is in dynamic equilibrium with 

the hydrodynamic regime.  As the spit extends offshore, the areas of deposition on each 

side of the headland also migrate offshore simultaneously, indicating a strong relationship 

between the tip of headland and the location of the sandbanks.  As the sandbanks grow, 

they elongate, extending vertically near to the sea surface. 

 

The deposition at the tip of the headland is due to the acceleration/deceleration of the tidal 

flow; its extension offshore is limited by the sand availability in the vicinity of the 

headland.  Observations near Cape Levillain, Shark Bay have shown the presence of a 

sandy spit, prolonging the Cape (Chapter 3).  In nature, this extension may also be limited 

by the transport of sediment in suspension and due to wave action (Signell and Harris, 

1999).   
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Figure 5.4: Seabed morphology evolution over 320 years (tidal amplitude of 1m; 

d50=500µm; 4m layer thickness available for erosion). 
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Simulations (not presented here) have shown that, even though most of the sediment is 

transported as bedload, currents at the end of the tip are at times strong enough to suspend 

sediment.  Transport as suspended load of medium to coarse sand may, therefore, be 

present over short distances at the very end of the tip.  Signell and Harris (1999) have 

shown that when suspended load is considered pure erosion is present near the headland tip, 

however they considered only coarse silt.  Wave energy may concentrate at the tip of the 

headland due to refraction, leading to the transport of sediment away from the end of the 

tip; this may occur at a very small spatial scale compared to bedload sediment transport.   

In nature, when the headland tip is in dynamic equilibrium, sand may be transported as 

suspended load, back and forth, from each side of the sandy spit.  These sediment transport 

processes near the tip occur at sub-grid scale than the present study. The use of a smaller 

grid size model that resolves suspended load sediment transport due to tidal currents and 

wave action, may provide a further understanding of the dynamic equilibrium of the tip 

extension.  

 

B) Sandbank formation 

 

Assuming that the spit at the headland is already in equilibrium (no erosion/deposition is 

possible on the headland itself), a series of simulations are undertaken to isolate the 

mechanisms responsible for the formation of sandbanks. A tidal forcing with a M2 

amplitude of 1.5m is used in this run.  The morphological time-step is 1 year and all the 

simulations begin from a horizontal seabed at 16m depth (i.e. Figure 5.1).  This run is 

considered as the "reference" run, for the reminder of this Chapter; it is assumed that a 4m 

layer of sand, with a grain size d50=500µm, is available for transport.  In the sediment 

transport model, the depth-averaged currents are used to calculate the sediment transport 

rate. 

 

During the initial years of evolution, there is deposition of sand in two circular-shaped 

banks (Figure 5.5).  As the sandbanks grow, they interact with the tidal flow and elongate.  

Sand is transported along the bank itself and deposited farther downstream.   
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Figure 5.5: Sandbank formation under a tidal flow of 1.5m amplitude (d50=500µm; 4m 

layer thickness available for erosion). 
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Due to the development of the bank, another area of erosion/deposition is created; this 

results in a small bump developing in the lee of the bank, farther downstream.  With longer-

term simulation (not shown here), this smaller bank grows and tends to connect to the main 

bank.   

 

This mechanism may repeat itself farther downstream and the sandbanks may elongate if 

sand is available farther offshore and the currents are strong enough to move it.  One should 

note that the simulations undertaken here assume that sand is available everywhere in the 

domain.  This is a reasonable approximation in estuaries, but may not be realistic near a 

coastal promontory, in coastal regions or near islands.  The development of smaller banks 

in the lee of the first bank, together with the important elongation of the first bank, are 

limited by the presence of sand offshore.   

 

These results provide new insights into the development of other sand features near 

headland-associated sandbanks.  As observed in several field sites such as King Sound 

(Western Australia), Shark Bay (Western Australia), Portland Bill (UK), Bristol Channel 

(UK), Nantucket Island (US), sand features (sandbanks, shoal, sandwaves etc.) are present 

in the vicinity of the sandbanks (e.g. Figure 2.1 & 2.2).  The formation of a single bank 

might be responsible for the formation of other banks, farther downstream. 

 

5.3.3 Modification of tidal flow due to bank formation: Residual Currents 

 

Tidal residual eddies are commonly present in the lee of headlands and islands (Pingree et 

al., 1978; Geyer et al., 1993; and Bastos et al., 2004).  Pingree’s theory (1978) for the 

formation of headland-associated linear sandbanks relies on the presence of these residual 

eddies.  However, it has been shown (Chapter 3 and 4) that the location of residual eddies 

does not always correspond to the location of the sandbank, but also that the sandbanks 

could be present even if no residual eddy is present.   

A morphological model is used here to test the Pingree (1978) theory, in terms of initiation 

of the sandbank with regard to sediment deposition; likewise, to investigate whether 
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residual eddies are present throughout the formation of the bank.  Considering the 

"reference" run, the residual current is output every 20 years.   

 

At first (year = 0), when the seabed is flat at 16 m two symmetrical eddies are present on 

each side of the headland.  Following Pingree’s theory (1978), the accumulation of sand is 

expected to initiate at the centre of these residual eddies. 

 

However, two circular shaped sandbanks are created, but are not located at the centre of the 

residual eddy (Figure 5.6).  As the banks develop, then modifies the tidal flow and the 

residual eddies tend to be distorted.  After 40 years, the residual currents are circulating 

around the bank, but the residual eddy is situated between the bank and the headland 

(Figure 5.6).  As the banks develop into elongated deposits, there is more instability in the 

residual current patterns.  After 80 years, there is the formation of other residual eddies in 

the lee of the banks.  These results show that the presence of the bank modify the tidal flow 

and, therefore, the residual currents.  When the sandbanks elongate, instabilities and smaller 

eddies are observed in the tidal residual flow.  This pattern is consistent with the numerical 

observations from "real" bathymetric situations: Bastos et al. (2004) study undertaken near 

Portland Bill (UK), showed that the residual eddy was not centered on the Portland bank; 

near Cape Levillain (Shark Bay, WA), it has been shown that the residual eddy is not 

centered on the Levillain Shoal, and that other smaller circulation patterns are present near 

the bank (Chapter 4). 
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Figure 5.6: Tidal residual current, at various stages of the sandbanks’ formation. 
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5.3.4 Sensitivity of the seabed evolution 

 

The seabed evolution may vary, depending on the initial conditions, i.e. tidal regime, 

sediment layer thickness and sediment grain size.  As detailed previously, secondary flows 

are present near headlands and may be responsible for variability in sandbank formation.  

The sensitivity of the seabed evolution, to these different physical parameters, is 

investigated now by undertaking several runs in which each process is tested. 

 

A) Tidal regime 

 

The influence of the tidal regime on the sandbank formation is investigated, by undertaking 

two runs with the boundary forcing set to tidal amplitudes of 1m and 1.5m, respectively.  

The same bathymetry is used for these two runs and a 4m thicknessof sand is available for 

erosion.  The headland is not considered to be in equilibrium.  The morphological time-

step, calculated with a pre-run, is 1 year for a tidal amplitude of 1.5m and 2 years for a 

tidal amplitude of 1m.  The model sensitivity to the morphological time-step is negligible.  

Both simulations provide similar qualitative results, as outlined previously, with the 

creation of a spit and extension offshore.  There is the initial formation of circular shaped 

sandbanks, which elongate as they grow.  To examine the variability of the seabed 

evolution due to the influence of the tidal regime, square boxes are fitted to the areas of 

interest, i.e. the tip and the sandbanks, on each side of the headland (Figure 5.7).  The nine 

highest points in each box are determined, at each morphological time-step.  A nine-point 

average appeared to be an accurate representation of the bank height and location.  The 

average height and position of the centroid of these nine points are calculated, for each new  

Figure 5.8a represents the development of the spit and elongation of the tip, for the runs of 

1m and 1.5m tidal amplitudes.  In both cases, the tip extends up to 3000m offshore.  

However, in terms of time-scale, the tip reaches its equilibrium after 50 years for a tidal 

amplitude of 1.5m; it is 150 years, for a tidal amplitude of 1m.  Tests have shown that this 

evolution is independent of the morphological time-step. 
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Figure 5.7: Schematic of the tool used for seabed bathymetry evolution: showing the 

square boxes fitted to the area near the tip and near the sandbanks.  The evolution of the 

nine points average, inside these boxes, provides a measure of the tip elongation, bank 

migration and bank growth.  
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As the spit develops, the sandbanks start growing but also migrate offshore, accompanying 

the tip extension (Figure 5.8b).  They migrate up to about 1000m from the initial sand 

deposition area, reaching their final location after approximately 75 years for both 

simulations.  Variation in the speed of the system, as well as the location, is observed in 

Figure 5.8b; this indicates that the system oscillates around its equilibrium position. With a 

tidal amplitude of 1.5m, the bank migrated farther offshore (1200m), due to the rapid 

extension of the tip: however, it regressed back to the same location, as under a 1m tidal 

amplitude regime.   

 

These results show a strong relationship between the extension of the tip and the location of 

the banks.  Evolution of the size of spit prolonging the headland, or a change in the 

headland size, may result in the migration (offshore or onshore) of the banks.  Even though 

these sand features have been considered to be in equilibrium with the present 

hydrodynamics, due to the strong relationship between the headland and the sandbanks, 

variation in the sea water level may result in: (a) sandbank migration inshore, for a 

headland recession; and (b) offshore for a headland extension.   

In the case of shoreline retreat, Swift's study (1975) of alternating ridges has described 

sandbanks that become detached from their headland, i.e. sea level rises or shoreface 

erosion.  However, the time scale of formation of the sandbanks here is small, compared to 

the time scale of sea level variation; this may imply that sandbank migration, due to sea 

level rise, is more likely to occur than complete separation of the headland-sandbank 

system.  

The rate at which the bank grows is shown on Figures 5.8c and 5.8d.  It reaches the surface 

after 50 years for a tidal amplitude of 1.5m and after 200 years for a tidal amplitude of 1m.  

The sand deposition rate is fairly important at first and then stabilises when the sandbank 

appears to be fully developed and less sand is available for transport in the vicinity of the 

headland. 
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Figure 5.8a: Tip elongation (m) and speed of the elongation (m/year). 

 

Figure 5.8b: Bank migration (m) and speed of the migration (m/year). 
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Figure 5.8c: Sandbank growth (m) and growth rate of the sandbanks (m/year). 

 

Figure 5.8d: Sand deposition (Gton) and sand deposition rate (Gton/year). 
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The sandbank growth appears to be highly dependent on the tidal regime and the time-scale 

of the formation may vary from tens, to hundreds of years. As detailed previously, the time-

scale of formation may vary, depending on the sediment transport equation chosen.  

However, this time-scale range is in agreement with the time-scale of formation and 

evolution of sand features in tidal estuaries (De Vriend, 1990; Wang and De Vriend, 1991, 

and Van Leeuwen et al., 2002).  It can be concluded that tidal regime is one of the main 

mechanisms controlling the speed of evolution of this system.  Effect of waves were not 

included in this model, however they may damp the growth rate and contribute to the 

development of lower sandbanks (Roos et al. 2004). 

 

B) Availability of sand  

 

The significance of the availability of sand is investigated, by undertaking a simulation test 

where a layer of only 2m of sand is available.  The results obtained after 60 years are 

compared to the “reference” run (Figure 5.9), these indicate that there is a difference of up 

to 5 meters in the location of the sediment deposition on the bank itself.  The area offshore 

of the tip is depleted of sand very rapidly and sand is transported farther away from the tip.  

This result demonstrates that, when sand availability is limited, the sandbank develops 

slower and is located farther away from the headland.  

 

C) Sediment grain size 

 

A run was undertaken with a 4m sand layer of finer sediment grains compared to the 

"reference" run, i.e. d50 of 400µm.  After 60 years, the bank is higher on its centre with up 

to 2m difference (Figure 5.10).  Deposition is more important on the very end part of the 

bank and near the small ‘bump’, developing on the lee of the bank.  The results indicate 

that finer sediments tend to accumulate near the centre of the bank and farther away from 

the tip. 
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Figure 5.9: Comparison between the formations of sandbanks considering different 

thickness of the sand layer available for erosion (situation after 60years).  The difference in 

sandbank growth (metres) is shown with a 2m layer of sand and a 4m layer of sand.  Areas 

of stronger deposition for the simulation, using a 2m layer of sand available, are circled in 

red. 
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Figure 5.10: Comparison between the formations of sandbanks considering different 

sediment grain size (situation after 60years).  The difference in sandbank growth (metres) is 

shown with d50=400µm and d50=500µm.  Areas of stronger deposition of finer sediments 

(d50=400µm) are circled in red. 
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D) Secondary flows 

 

In the previous Chapters of this thesis, the presence of secondary flow patterns near 

headlands and its associated sandbanks have been confirmed by field observations and 

numerical simulations.  Their contribution to sediment transport has been shown to be 

important; likewise that they are significant in the maintenance of the type of sandbanks 

studied here. 

The contribution of secondary flows to the formation of sandbanks is investigated, by 

undertaking a simulation whereby the bottom current direction is used for the calculation 

of the sediment transport in the sediment transport module.  For consistency, the 

magnitude of the depth -averaged currents is still used in the calculation. 

Grain size and thickness of the sand layer available for erosion are similar to that used in 

the "reference" run.  Figure 5.11 shows the difference in evolution of the bank after 60 

years, when secondary flows are considered.  There is a variation of up to 3m in the shape 

height of the bank.  As the flow curves around the headland and around the bank, bottom 

currents are directed towards the interior of the curvature, leading to a stronger sediment 

transport towards the centre of the bank.   

 

These results show that secondary flows tend to concentrate sediment towards the centre of 

the bank. In the previous Chapter, it was shown that near the Levillain Shoal, Shark Bay, 

the presence of the bank does not enhance the secondary currents significantly.  In the 

idealised simulation presented here, it appears that secondary flows may become more 

significant as the bank develops.  Although assuming the availability of sand everywhere 

in the domain may be unrealistic, in some cases; here, the bank may grow sufficiently to 

modify considerably the curvature of the tidal flow and generate secondary flows. 
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Figure 5.11: Comparison between the formations of sandbanks considering secondary 

current (situation after 60years).  The difference in sandbank growth (metres) is shown, 

when using bottom current direction compare to depth-average current direction, to calculate 

sediment transport rate.  The magnitude of the depth-averaged current is used, in both of the 

calculations.  Areas of stronger deposition are circled in red. 
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(a)

 

(b)

 
(c) 

 
Figure 5.12: Mechanism for initial sand accretion: a) showing erosion/deposition, during 

the flood (currents are represented by black arrows); b) showing erosion/deposition, 

during the ebb (current are represented by black arrows); and c) net erosion/deposition and 

sediment transport rates (represented by the black arrows), over a tidal cycle. 
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5.4 Mechanisms of sand deposition 

 

The formation of headland-associated linear sandbanks has been considered commonly to 

arise from the concentration of sand at the centre of tidal residual eddies (Pingree et al., 

1978); however, results from the present study have proved that this is not the case.  

Initiation of sediment deposition, leading to the bank formation, results from the interaction 

of the tidal flow with the headland.  Furthermore, when the bank develops, it interacts with 

the tidal flow and the residual patterns may become more complex.  The deposition of sand, 

in two zones of accretion on each side of the headland, is the result of a succession of flood 

and ebb creating an asymmetry in the sediment transport on each side of the headland.  

Model results are shown in Figure 5.12, whilst a schematic of the mechanism is presented 

in Figure 5.13.  During one phase of the tidal cycle (Figure 5.12a & 5.13a), sediment is 

eroded from one side of the headland and deposited on the other side.  When the tidal flow 

reverses, a similar mechanism is present on the other side.  The lobe of deposition shown in 

Figure 5.13a, during one phase of the tidal cycle (Flood), is then split into two when the 

flow reverses, i.e. erosion during the ebb “cut through” the area of deposition (Figure 5.12b 

& 5.13b).  Overall, on each sides of the headland, the area where sand deposits during the 

first half of the tidal cycle, not eroded during the flow reversal, develops into a bank.  

Model results of the net potential sediment transport, after the equivalent of a tidal cycle, 

are show on Figure 5.12c, and represented by arrows.  Sediment is eroded from each side of 

the headland and deposited at the end of the tip and farther downstream.  The deposition at 

the tip is limited by the availability of sand on each side of the spit, wave action and the 

transport of sand in suspension.  Figure 5.13c represent the schematic of the net 

erosion/deposition, after the equivalent of a tidal cycle.  There is deposition of sand in two 

symmetrical lobes, on each side of the bank. 

 

Sandbank formation could be divided into two stages: initiation and growth.  The 

deposition of sand initiates, due to an acceleration-deceleration of the tidal flow in the 

presence of the headland, which results in an asymmetry in the sediment transport around 

the headland.   Starting from a flat bed, the sandbanks initially develop in a circular shape.  

As the sandbanks grow vertically, they interact with the tidal flow and elongate (Figure 
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5.13d).  During this second phase of growth, the strength of the tidal flow, the availability 

of sand, the grain size and the presence of secondary currents, are important parameters in 

the growth and shape of the bank. 

 

 

 

a)

 

b)

 

c)

 

d)

 

Figure 5.13: Mechanisms for sand accretion (black arrows represent the sediment 

transport direction): a) showing erosion/deposition, during the flood; b) showing 

erosion/deposition, during the ebb; c) initiation of sand accumulation over several tidal 

cycles, formation of symmetrical circular shape deposits; and d) the sandbanks grow 

vertically and elongate. 
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5.5 Conclusion  

 

Using a morphological model applied to an idealised headland situation, this study 

provides new insights into the formation of headland-associated linear sandbanks. 

Sandbanks are formed due to the asymmetry in the sediment transport on each side of the 

bank, due to the reversing tidal flow.  Initially, sandbanks are circular in shape; then evolve 

into a more elongated (or linear) shape when the height of the banks is significant such that 

they interact with the tidal flow.  Variation in the shape and growth of the banks is 

dependent on the tidal regime, sand availability and grain size.   

The results have shown that secondary flows, resulting from the curvature of the flow 

around the headland, enhance the convergence of the sediment onto the bank.  

 

It has been demonstrated that there is a strong relationship between the headland and the 

sandbanks.  The use of a finer-scale morphological model that resolves wave action, and 

include the suspended load sediment transport due to tidal currents, may provide a further 

understanding into the equilibrium of the tip extension.  Such a model would be very 

useful to investigate how the variation in the sea level may result in sandbank migration: 

inshore, for a headland-recession; and offshore, for a headland-extension. 

 

This study has also shown that, when the availability of sand is important, sandbanks may 

develop in long deposits and modify the tidal flow, creating new zones of erosion and 

deposition.  Numerical investigation of the impact of tidal flow modification, created by a 

sandbank on its surroundings, may provide new insights into the linkages between banks 

situated in the same area.  

Further work should also include the application of the model to the bathymetry of Cape 

Levillain, where sandbanks have been removed; this is in order to provide direct 

observation of the formation of the Levillain Shoal. 
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Chapter 6 

 

 

Discussion and Conclusions 

 

 

6.1  Summary of conclusions 

 

The conclusions of the work presented in the three main chapters of this thesis are 

summarised below. 

 

• Field measurements obtained in the vicinity of Cape Levillain and the Levillain 

Shoal have provided a detailed description of the complex three-dimensional 

hydrodynamics present near a headland-associated linear sandbank.  To the 

knowledge of the author, other than Portland Bill (UK) and the Shambles Bank 

(U.K.), this is to date the only location where this kind of sandbank has been 

studied, using this type of data. 

 

• The presence of secondary flows has been demonstrated by field measurements 

near a headland, but also near a sandbank.  Near the headland tip, secondary flows 

converge towards the headland in the bottom layer and away from the tip in the 

surface layer, irrespective of tidal phase.  Similar observations were made by Geyer 

(1993), near Gay Head (Massachusetts, USA) but a sandbank was not present.  In 

this study, near the sandbank, secondary flows also converge towards the centre of 

the bank in the bottom layer and away from the sandbank in the surface layer.  
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Numerical modelling experiments have been able to effectively reproduce the 

presence of secondary flows. 

 

• The significance of secondary circulation for net sediment transport has been 

shown, using numerical modelling.  Secondary circulation near the sandbanks is 

critical and the association of the sandbanks, to the topographic feature (i.e. 

headland), is what leads to its significance, compared to other type of sandbanks.  

Secondary flows tend to enhance sediment transport, towards the centre of the 

sandbank; their contribution represents ~20% of the net sediment transport. 

 

• Using both field measurements and numerical modelling experiments, a model for 

the maintenance of the Levillain Shoal and, more generally, for headland-

associated linear sandbanks has been proposed.  Maintenance of the bank is due to 

an ebb/flood asymmetry in the sediment transport, where the ebb acts on one flank 

and the flood on the other flank, whilst sand is circulating around the bank.  

Secondary currents are significant in the maintenance mechanism; they modify the 

direction of sediment transport, tending to concentrate sediment towards the centre 

of the sandbank. 

 

• A morphological model, considering the 3-D hydrodynamics, has been developed.  

The application of the model to an “idealised” Gaussian headland has provided a 

fundamental understanding into the formation of headland-associated linear 

sandbanks.  Sandbanks are created due to an asymmetry on the erosion/deposition 

pattern on each side of the headland.  Sandbanks are initiated as a circular shape 

and elongate as they grow vertically, to interact with the tidal flow.  Their growth is 

dependent on the sand availability and the tidal regime.  During the formation 

phase, finer grain sizes tend to concentrate at the centre of the sandbank.  

Secondary currents act to concentrate the sediment, in the centre of the sandbanks.   
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Based on these conclusions, the processes and mechanisms responsible for the formation 

and maintenance of headland-associated may be summarised in three distinct phases 

(Figure 6.1). 

 

a) An "initiation" phase where sand is eroded from each side of the headland and 

deposited in the lee of the opposite side, with the reversal of the flow isolating part of 

the deposition that occurred during the previous tidal phase.  Two symmetrical 

deposition patterns of circular shapes develop around the headland, on each side (as 

demonstrated in Chapter 5). 

 

b) A "growth" phase, where sand deposition increases on the banks.  The banks grow 

vertically, then horizontally as elongation of the banks along the current streamline 

develops.  During this phase, the availability of sediment, the sediment grain size, the 

strength of the tidal currents and the secondary flows play a role in the growth of the 

sandbank (as demonstrated in Chapter 5).  Wave action may also damp the growth rate. 

 

c) A "maintenance" phase, when the growth ends, i.e. the sandbank reaches the surface 

and the elongation stops, due to the lack of sediment availability.  A succession of 

flood and ebb, each acting on one particular side of the bank, results in the sand to 

circulate around the bank.  Secondary flows are also part of this maintenance 

mechanism, by concentrating sediment towards the centre of the sandbanks during both 

flood and ebb.  This was detailed, using field measurement and numerical simulations 

of the Cape Levillain area, in Chapters 3 and 4.  In addition, wave action may also 

contribute to the maintenance of the sandbank by preventing its development above the 

water surface. 
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a)  

b)   

c)  

Figure 6.1: Sandbanks formation and maintenance (see text, for explanation). 
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6.2 Formation of sandbanks near Cape Levillain 

 

Processes leading to the maintenance of the Levillain Shoal in Shark Bay (WA) have been 

described using field measurement, as well as a numerical model in Chapters 3 and 4.  

However, description of its original formation has yet to be considered.  From Dyer and 

Huntley (1999), the origin of the presence of sandbanks falls generally into two broad 

categories: they may be relict features, created during the post-glacial sea level rise, or they 

may be formed as a response to the hydrodynamics and sediment regimes, similar to those 

presently active.  These two different perspectives arise from the different type of research 

studies undertaken either by geologists, geographers or by physical oceanographers.   

The Levillain Shoal and, more generally, headland-associated linear sandbanks are 

considered to be in dynamic equilibrium with the present day hydrodynamics (Dyer and 

Huntley, 1999).  However, no detailed sedimentological study has been undertaken in the 

area of Cape Levillain, which would have provided some insight into the characteristics of 

the sandbanks, from a sedimentological point of view.  Nevertheless, a more general study 

of the whole of Shark Bay, by Logan (1974), provides some understanding of the history 

of sedimentation in the bay.   

 

This section is an attempt to describe the formation of the Levillain Shoal, from an 

hydrodynamic point of view.  This is based on the combination, of the sedimentation 

history of Shark Bay, the detailed study of the hydrodynamics and sediment transport near 

the Levillain Shoal (presented in Chapter 3 and 4), and the new understanding of the 

mechanism leading to the formation of headland-associated sandbanks (Chapter 5).   

 

Shark Bay is the largest, semi-enclosed coastal embayment in Australia; it presents two 

large basins, separated by the Peron Peninsula (Burling, 1999).  Both basins have a water 

depth of approximately 10-15m (Figure 6.2).  The presence of three offshore islands limits 

exchange between the Bay and the shelf, to three main channels.  The Denham Sound lies 

between Dirk Hartog Island and the Peron Peninsula, whilst Cape Levillain is situated at 

the entrance to the Sound, near Naturaliste Channel.  Denham Sound has a mean depth of 
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15m and the depth increases significantly northward, between the Sound and the 

Naturaliste Passage.   

The history of sedimentation in Shark Bay, during the Holocene-recent interval, has been 

summarised in Logan et al. (1970, 1974).  Deposition commenced about 8000 years B.P, 

when the ancestral embayment was flooded by the rising Holocene sea; a maximum level 

of +2m was reached, at about 4000-5000 years B.P. (Figure 6.3). The latter part of the 

Recent has been marked by regression and widespread emergence of intertidal and shallow 

subtidal sediments.  In the embayment itself (plain + basin) sediments are limited to a thin 

Basal sheet (0 to 1m), after sedimentation during the transgressive phase. A thicker 

sublittoral sheet of 0-4m is present on the sublittoral platform, supposedly where the 

sandbanks developed.  These two different layers of sediment, present in the vicinity of 

Cape Levillain, would have provided the possible material for transport and creation of the 

sandbanks. 

 

 

Figure 6.2: Map of Shark Bay , Western Australia 
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Considering this history of sedimentation described by Logan et al. (1970), Denham Sound 

and the area where the Levillain Shoal is located would have been flooded from around 

8000 to 4000 years B.P.  Around 4000 years B.P, the water level reached around 15-17m.  

The proposed formation here is based on the result of the present study, but remains purely 

descriptive and speculative 

During this sea level rise, the area near Cape Levillain would have evolved, from a wide 

and mild slope beach, to a basin where tidal currents would have reworked the sediments.  

Assuming that the local weather patterns were consistent with the actual situation, a regime 

of seabreezes and strong southerly wind would have been present in Shark Bay, during the 

late Holocene and Recent (Burling et al. 1999).  For most of the West-Australian coastline, 

sediment transport is directed northward due the seabreeze activity (Masselink and 

Pattiaratchi, 2000).  Near Shark Bay, wind-wave sediment transport would have been 

generally northward in the Denham Sound, whilst longshore sediment transport due to 

storm wave action (swell) would have been southward, from Naturaliste Channel.  This 

pattern and movement would have created a sediment convergence zone, in the vicinity of 

Cape Levillain.  Once the area reached a significant overall water depth, i.e. a depth larger 

than the tidal amplitude, sediment transport and deposition, due to tidal currents would 

then have initiated, as described in Chapter 5.  Sediment present in the coastal area of 

Levillain Cape may have been eroded from around the Cape, then, deposited in a circular 

patch farther downstream, on each side of the Cape.  The Levillain Shoal may have then 

been initiated.  As the sandbanks would have grown vertically, they may have developed in 

a more elongated deposit and become aligned to the main tidal stream.  Observation of the 

present-day conditions show that the Levillain Shoal seems to be fairly well aligned to the 

tidal streamlines, curving around Cape Levillain.  Due to the important availability of sand, 

the Levillain Shoal would have grown vertically, together with the sea level rise.   

The sandbank present on the north side would have developed simultaneously.  However, 

due to the asymmetry of the shape of the basin around Cape Levillain, the wave action 

and/or the asymmetrical tidal signal (presence of a diurnal inequality) the transport of sand 

may have been enhanced towards Denham Sound.  The sand supply would have therefore 

been limited, for the sandbanks located on the north side of Cape Levillain.  Observation of 

the bathymetry around Cape Levillain shows that other sand patterns (sand wave and small 
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banks) are present to the southeast of the Levillain Shoal.  Due to the abundance of sand in 

the area, they may have been created from spatial variations in the tidal current strength 

due to presence of the Levillain Shoal.  In addition, as observed in Chapter 3, the distance 

of these bedforms from the tip of Cape Levillain is representative of the actual tidal 

excursion.  It is plausible that they would have developed at this location (southeast of 

Levillain Shoal), as it represents the maximum distance from Cape Levillain; here, the 

current would have been sufficiently strong to move the sediment. 

 

 

 

 

Figure 6.3: Graph of Sea level versus time for late Holocene and Recent, Shark Bay  

(from Logan et al 1974). 

 

 

Modelling the formation of Levillain Shoal  

 

The logical extension is to examine the formation of the Levillain Shoal by applying the 

morphological model developed in Chapter 5, to a bathymetry of Cape Levillain used in 

Chapter 4, i.e. where sandbanks and other bedforms are removed.  The initial bathymetry 

and the sand availability present, before the sandbanks development, are unknown.  

Considering the previous description of the sedimentation history in Shark Bay and the 
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present observation of the sediment distribution, an “artificial” initial bathymetry could be 

assumed.  This particular approach has been undertaken, however, to date the simulations 

have not provided satisfactory results.  As well as the headland-associated sandbanks, 

smaller bedforms are created, which modify the localised tidal flow.  The presence of these 

bedforms is not consistent with the actual bathymetry of Cape Levillain.   

The application of the morphological model has revealed two main difficulties, as outlined 

below.  

 

• Distribution of the initial sand availability 

The bathymetry near Cape Levillain is fairly complex, ranging from an average 

depth of 40m, on the north side, to 15m, on the south side, of the Cape.  The initial 

sand layer available for erosion over the numerical domain, together with its 

thickness, must be selected carefully; this may change the resulting sand pattern 

formation. 

 

• Determination of one or more representative tides, to be used as forcing 

The tidal signal near Cape Levillain present a very strong diurnal inequality, during 

Spring tides and, particularly, on the ebb (see Figure 3.2, Chapter 3).  The tidal 

signal varies significantly from the neap, (equivalent flood and ebb phase), to the 

spring tide, where there is a succession of small and large ebb compare to the flood. 

The complete computation of the flow patterns over a neap-spring tidal cycle can 

be very costly.  It is therefore necessary to identify a way to represent the whole of 

the tidal cycle, over a relevant period.  Latteux (1995) considered the use of 

representative tides and of the related weighting factors, so that their cumulative 

effect on the bed morphology represents realistically the effect of the whole tidal 

cycle.  Latteux (1995) showed that the use of a number of representative tides, as 

supposed to one only, reduced significantly the error on derivation of the bed 

evolution.  The estimation of these representative tides is critical, in order to 

perform long-term simulations, with very small error on the bed evolution.  The 

absence of any long-term tidal data from this region has not permitted the accurate 

determination of these representative tides. 
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6.3 Linkage between the headland and the sandbank 

 

In order to place this particular study site, together with Levillain Shoal, within the broader 

group of headland-associated linear sandbank, a simple observation of various examples of 

sandbanks is undertaken.  Generally, physical processes are similar for most headland-

associated sandbanks.  However, the length-scale of the headland and the sandbank, the 

strength of the tidal flow and the location of the bank, compared with the headland, may 

vary for each case.  Island wakes and headland eddies are generated due to tidal flow 

modification created at the tip of the obstacle; Wolanski et al. (1984), and Pattiaratchi et al. 

(1986), have used scaling parameters, to characterise the wakes generated behind 

headlands of islands.  Following this concept, it is assumed that sandbank size and location 

may vary according to the strength of the tidal current, size of the obstacle (i.e. headland, 

island), sand availability and sand grain size.  A length scale D, representing the distance 

between the middle of the bank and the tip of the obstacle, is selected to define the location 

of the sandbank, compared to that of the headland.   

 

Observation of nautical charts shows that some sandbanks like Dring Bank (Moreton Bay, 

Queensland, Australia), Levillain Shoal (Western Australia), and the West Bank of Lundy 

Island (United Kingdom), remain close to the tip of the obstacle, whilst the Shambles Bank 

(Portland Bill, United Kingdom), Carlisle Head Bank (Western Australia), and Fitzpatrick 

Shoal (Cape Don, Western Australia) are located farther away from the tip of the obstacle 

(Figure 2.2).  In order to understand the relevance of different physical parameters to the 

location of the bank, the Reynolds number at the tip of the obstacle is compared to the 

length scale D.  The various length scales and velocity scale have been extracted from 

several nautical charts.  The ratio of inertial forces to viscous forces in the Navier-Stokes 

equation is given by the Reynolds number: 
ν

UL
=Re , with U the maximum tidal velocity 

at the tip of the headland/island during spring tide, L the length of the obstacle (headland, 

island…), and ν the kinematic viscosity.  For flow around an obstacle on a planetary scale 

we use the horizontal eddy viscosity Ah; therefore, 
hA

UL
=Re .  Variation in the horizontal 
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eddy viscosity in coastal water covers 5 orders of magnitude (Pattiaratchi et al 1986), here 

we used a horizontal eddy viscosity of Ah =100m 
2
/s.  The use of the Reynolds number is 

questionable; however, it represents here a useful quantity that characterises the flow near 

the headland.   

Table 6.1 shows the different characteristics of eight different sandbanks from various 

regions in the world, whilst Figure 6.3 represents the Reynolds number presented against 

the distance of the bank from the tip (D).  It appears that for larger Reynolds numbers the 

bank is located farther away from the tip.  Therefore, the position of the bank compared to 

the obstacle is directly related to the velocity at the tip and the length-scale of the headland.  

The longer the headland and/or the stronger the tidal currents, the farther away from the tip 

the centre of the bank will be located.   

 

Two main groups stand out on the graph: Group 1 sandbanks (Shambles Bank, Fitzpatrick 

shoal and Carlisle Head), with a Reynolds number around 200 and located farther away 

from the headland; and Group 2 sandbanks (West Bank and Stanley Bank of Lundy Island, 

Tucker Bank, Levillain Shoal and Dring Bank), with Reynolds numbers below 100 and 

located closer to the headland.  In the Group 1 sandbanks, the velocity at the tip or the 

length scale of the obstacle, or both, are very large; this leads to the presence of a 

sandbank, far from the tip.  In Group 2 sandbanks the velocity at the tip or the length scale 

of the obstacle or both are small, which leads to a sandbank present closer to the tip.  This 

pattern suggests that, for low Reynolds numbers the sandbanks will be close to the tip and 

there may be an interaction between the sediment processes of the bank and the headland.   

In addition, within a tidal environment, the tidal reversal may have an important role in 

terms of isolating a sandbank from its headland.  Indeed, in the case of Group 1, some 

sandbanks are still very distinct from their headland, e.g. Stanley Bank, near Lundy Island 

(Figure 2.2).  This location could be due to a strong reversal flow, which scours between 

the bank and the tip, therefore isolating the bank from the tip, in terms of sediment 

transport.  
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Location Length 
Scale (m) 

Velocity 
(m/s) 

Distance 
from tip 
(m)  

Re=UL/Ah 

Lundy Island (Stanley 
bank) 

4000 2.15 5200 86 

Lundy Island (West bank) 3000 2.1 3350 63 

Portland Bill, Shambles 7400 2.5 6000 185 

Levillain Cape, Levillain 
Shoal 

3000 2 3700 60 

Cape Don, Fitzpatrick 
Shoal 

10400 1.85 9300 192.4 

Lacrosse Island, Tucker 
Bank 

5200 1.5 3300 78 

Tangalooma Point, Dring 
Bank 

1850 0.5 3300 9.25 

Carlisle Head 5700 3.6 7000 205.2 

 

Table 6.1: Headland-associated linear sandbanks length scales, velocity scales 

and Reynolds numbers. 

 

 

Figure 6.3: Reynolds number versus distance of the middle of the bank, to the tip of the 

headland (in metres). 
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This analysis shows that headland-associated linear sandbanks develop at a particular 

location, in relation to the length-scale of the headland/island and the strength of the tidal 

flow.  Interaction between the tip and the bank could be expected, in the case of weak tidal 

flow and/or small length-scale of the headland (i.e. small Re numbers).   

These observations are consistent with the proposed formation mechanisms, presented in 

Chapter 5.  Indeed, morphological modelling has shown that the location of the sandbank 

is dependent on the tidal regime, i.e. the strength of the tidal currents.  Chapter 5 has 

presented the mechanisms responsible for sandbank formation and the significance of 

various parameters in this formation.  This analysis provides direct field observation 

evidence of the validity of some conclusions of this work. 

 

As shown in Chapter 5, the sediment grain size as well as sediment availability is also 

significant for the development and size of the sandbanks.  Finer sand grains accumulate 

farther away from the headland tip (as in Chapter 5) and, therefore sediment grain size also 

plays a role in the location of the sandbank.  Sediment grain size that compose a sandbank 

are also dependent on the strength of the tidal flow present, e.g. the Shambles Bank, near 

Portland Bill, is composed of coarse to very coarse sands (Bastos et al., 2003) and the 

Levillain Shoal is composed of medium to coarse sand: tidal currents present near Portland 

Bill are stronger than at Cape Levillain.  The use of the fall velocity as a parameter 

(representing the sediment grain size), in the length-scale analysis, may provide further 

insight into the location of the sandbanks.   

 

In addition, Signell and Geyer (1991), have shown that the Keulegan-Carpentier number, 

which represents the ratio of the tidal excursion relative to the size of the headland, is an 

important parameter in the headland/island wake processes, as it measures the importance 

of the :transience” of the flow.  If Kc is very large, the classic island wake problems occur 

as if Kc is small there is no flow separation and only phase eddies.  In the situation 

discussed in this thesis Kc is order of 1; however it would be interesting to consider this 

parameter in future analysis of non-dimensional parameters, for the investigation into the 

location and occurrence of sandbanks associated with headland or islands.  
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6.4 Recommendations for further work 

 

The Levillain Shoal study 

 

In order to undertake simulation of the formation of the Levillain Shoal, using the 

morphological model, a detailed sedimentological study of the Cape Levillain and Denham 

Sound (using side-scan sonar surveys and paleo-oceanography techniques), is needed.  

Such an approach will provide insights into sand thickness and spatial distribution, prior to 

erosion by tidal currents. 

In such a study, two representative tides (one near a neap and one near a spring) could be 

considered, in order to describe the spring/neap tidal cycle; likewise used alternatively as 

input to the morphological model.  Using an approach similar to that of Latteux (1995) and 

Cayocca (2001), the computation of the tidal signal over several years would be required in 

order to determine these representative tides.  Long-term field measurements of the 

hydrodynamics near Cape Levillain, are therefore needed to determine accurately the tidal 

characteristics, i.e. phase and amplitude of the tidal constituents, over the area. 

 

Headland-tip dynamic equilibrium 

 

Numerical simulations have shown that the accumulation of sand at the tip of a tidal 

headland due to bedload sediment movement.  In nature, the tip of a headland is in 

dynamic equilibrium.  The resulting extension may be limited by the erosion of sediment, 

due to wave energy concentration near the tip, as well as suspended load sediment 

transport resulting from very strong tidal current present near the tip.  The latter processes 

act at a smaller spatial scale than the bedload sediment movement.  The use of a finer-scale 

model, that considers wave action and suspended load sediment transport may provide 

further insights into the dynamic equilibrium of the headland 

 

Headland-associated sandbanks: Scale Analysis 
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The scale analysis has shown that the location of headland-associated linear sandbanks is 

related to the length-scale of the headland/island and the strength of the tidal flow.  Further 

work should consist of the inclusion of other parameters in the analysis (sediment grain 

size, fall velocity etc), in order to improve the description of the location and development 

of the sandbanks.  Further field investigations of sediment characteristics, current strength 

and length scales (headland, sandbanks etc), at various sites of headland-associated 

sandbanks, are required. 
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Appendix I 

 

 

 

 

Description of Hamsom (HAMburg Shelf Ocean Model) 

 
Hamsom is a three-dimensional baroclinic primitive equation model with a free surface 

(Backhaus, 1985; Stronach et al., 1993).  It utilises two time-levels, and is defined in Z co-

ordinates on the Arakawa C-grid.  The usual assumptions of incompressibility and 

hydrostatic conditions are made while the Boussinesq approximation is invoked.  Stability 

constraints for surface gravity waves and the heat conduction equation are avoided by the 

implementation of implicit schemes.  With a user defined weighting between future and 

presence time levels a hierarchy of implicit schemes is provided to solve for the free 

surface problem, and for the vertical transfer of momentum and water mass properties.  In 

the time domain a scheme for the Coriolis rotation is incorporated which has second order 

accuracy.  

 

 

The governing differential equations 

The Cartesian coordinate system for the model is one with the x-axis directed 

eastwards, the y-axis directed northward, and the z-axis positive upward. 

The continuous partial differential equations of the model are as follows:  

 

Mass Conservation: 
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x-directed Momentum Conservation: 
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y-directed Momentum Conservation: 
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Density Conservation: 
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Hydrostatic Equation: 

g
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u = velocity component in the x-direction 

v = velocity component in the y-direction 

z = velocity component in the z-direction 

f = Coriolis parameter 

P = pressure 

ρ = density 

ρ0 = reference density 

σt = 1000(ρ-1.) 

AH = horizontal kinematic eddy viscosity 

AV = vertical kinematic eddy viscosity 

NH = horizontal eddy diffusivity 

NV = vertical eddy diffusivity 

 

Simple upstream and more sophisticated advection schemes for both momentum 

and matter may be run according to directives from the user. 

The horizontal eddy viscosity AH is specified as a constant (user defined). 
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The vertical eddy viscosity AV is assumed to be constant or specified using the 

Richardson principle (AV depends on Richardson number) or using the Kochergin 

(1987) formulation:  
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ch is a mixing length and N is the buoyancy frequency: 
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Boundary Condition: 

At the surface: 

1. The kinematic surface boundary condition which implies that a particle on the 

surface will remain on the surface 

2. The wind stress boundary condition which gives the wind stress at the surface as: 
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CD is the drag coefficient at the air/water interface. 

 

At the seabed: 

1. The kinematic condition which specifies that flow along the seabed occurs along 

the seabed and hence that there is no flow normal to the bottom boundary. 

2. The bottom stress boundary condition that gives the stress exerted by the seabed 

on the water column as: 
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FC is the drag coefficient at the bottom. 
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At side walls: 

1. The horizontal eddy viscosity is set to zero at the side walls so that the 

assumption of no lateral transfer of stress from the side walls holds. 

 

At open boundaries: 

Either an Orlanski radiation condition or a clamped boundary condition can be 

specifies at the open boundaries. 

 

The Finite difference Grid: 

Variables are defined in Z coordinates on the Arakawa C-grid: the horizontal grid 

spacing is uniform, but the vertical grid spacing varies, while remaining the same 

with respect to horizontal location within the grid.  The grid is defined by the 

horizontal grid spacing and by a set of layer depths which define the vertical 

resolution.  The resolution of a water column may degenerate to just one grid cell. 

Seabed cells may deviate from an undisturbed cell height to allow for a better 

resolution of the topography. 
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