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ABSTRACT 

The morphology of sandy beaches is the net result of sediment transport and deposition 

that is driven by a range of dynamic processes, including waves, tides, non-tidal sea-

level fluctuations, beach groundwater fluctuations and winds. Beaches continuously 

change their form in response to variation in the absolute and relative energies of the 

dynamic processes and their interaction with beach sediments. Previous research has 

focussed on the morphology and dynamics of sandy beaches which were controlled 

by moderate to high wave and/or tidal energies. However, a large proportion of 

the world's coastlines experience a combination of both modally low wave-energies 

and micro-tidal conditions. These circumstances may be found in a variety of sites 

including sheltered ocean environments, inland seas, estuaries and lakes. 

This thesis examines the range of beach types that form on micro-tidal sandy 

beaches under conditions of very low wave energy. It extends previous nearshore 

morphodynamic research. Field data were obtained from 51 surveys conducted on 

beaches around the coast of Southwestern Australia; from Geraldton on the west to 

Cape Arid on the south coast. Wave energy at the shoreline of Southwestern Australia 

is generally low, but exhibits a high temporal and spatial variability. This gives rise 

to a wide range of nearshore environments and presents an ideal field environment 

for investigation of the morphodynamics of low-energy, micro-tidal sandy beaches in 

comparison with the forms associated with higher wave energy and/or tidal range. 

Data was obtained along a single shore-normal profile on each beach. The profile 

was representative of the beach systems being examined because the beaches surveyed 

were largely two-dimensional and exhibited little alongshore variability in form or 

process. Six discrete nearshore beach forms were identified from the field investigation 

and are distinguished by their dimension, slope and curvature. The morphotypes 

are ordered on the basis of mean grain size from finest to coarsest as follows: 

flat, moderately concave, concave, moderately steep, stepped and steep. Beaches 

within each of the six morphotypes generally exhibited consistent sedimentologic 

characteristics. However, the process-form coupling observed during the surveyed 

low-energy conditions was generally weak and the characteristics of the extemporary 

dynamics were not sufficiently distinct to discriminate between the morphotypes. 

The six beach forms were found to be associated with the degree of sheltering from 

wave energy, which is a function of the beach orientation and inshore protection. The 
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beach forms can be ranked from most to least sheltered as follows: concave, moderately 

concave, stepped, moderately steep, steep and flat. The steep and flat morphotypes 

were the two most exposed beach forms and represent wave-dominated beach types 

that are adequately described in the literature. The remaining four morphotypes were 

all low-energy, non-barred, beaches and differ substantially from previous models of the 

morphodynamics of wave- or tide-dominated sandy beaches. The low-energy beaches 

were associated with moderate to highly sheltered environments and were generally 

characterized by breaking wave heights below 0.35 m; surf zones less than 10 m in 

width; swash zone widths less than 8 m; and berm widths less than 20 m. 

The low-energy beach forms of Southwestern Australia represent a range of markedly 

different beach types that are developed in response to variations in sediment size, 

waves and short-term sea-level fluctuations. It is postulated that these low-energy 

beach types are largely controlled by sporadic, high-intensity, storm events. Both the 

impact of storm events and the prevailing wave energies at the shoreline are determined 

by the degree of sheltering which is a function of aspect and exposure. Hence, in 

sheltered environments the beach forms established by the major storm events tend 

to persist during the modally quiescent periods. 

Previous field studies have focussed on the relative energies of waves and tides. This 

approach neglects the role of short-term sea-level fluctuations, particularly those 

associated with storm events. As noted, these are important mechanisms that control 

nearshore morphologies iu areas where low wave and tide energies prevail. The 

observations from Southwestern Australia indicate that a combination of the relative 

and absolute energy of waves, tides and short-term sea-level fluctuations provides a 

firm basis for separating beach morphotypes. It is apparent that classification of beach 

morphotypes on the basis of these three factors will enable a finer discrimination of 

beach forms in a wider range of environments than has hitherto been possible. 
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CHAPTER 1 

INTRODUCTION 

1.1. INTRODUCTION 

Beaches and their adjacent nearshore zones act as energy buffers. Consequently 

they are sensitive to change over time-scales ranging from a few seconds to several 

years (Carter 1988). The important energy sources that operate in the nearshore of 

any beach may be divided into several fundamental components: waves, tides, non-

tidal long-period sea-level fluctuations, winds, beach groundwater level changes and 

ice movements (Figure 1.1). In response to the absolute and relative variations in 

these dynamic components sandy beaches undergo a range of reversible changes in 

morphology. However, the resultant beach morphology is ultimately dependent on the 

characteristics of the nearshore sediments since these directly determine the propensity 

for sediment transport. Thus, the sediment characteristics may be considered to be 

a filter through which the dynamic components operate to produce the nearshore 

morphology. An understanding of the beach types that arise through the interaction 

of dynamics and sediments in the nearshore will assist with coastal planning and 

management in such areas as forecasting coastal erosion, marine flooding and siltation 

(Carter 1988). In addition, this understanding can be directly applied to assess the 

recreational usage of beaches. 

In the present investigation, the complex interrelationship between the morphology, 

sediments and dynamics of the nearshore has been examined via a 'morphodynamic' 

approach (Wright & Thorn 1977) which differs in sense, but not in substance, 

from linear mathematical modelling. Both approaches express the mechanisms as 

one (or more) input-process-response energy paths at whatever level of complexity 

or timescale is required (Hardisty 1986, p. 327). An important element of the 

morphodynamic approach is the occurrence of feedback loops (King 1970). A positive 

feedback will tend to amplify instabilities and as a result the system becomes unstable, 

whereas a negative feedback opposes the instability and the systems may remain in a 

state of dynamically stable equilibrium (Hardisty 1986). 'Clearly beaches which tend 

to establish "a delicately adjusted balance among activity, geometry and sediment 
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Figure 1.1. Conceptual model of the beach system. 

transport such that the system will tend to correct interference" (Tanner 1974) are in 

a state of dynamically stable equilibrium' (Hardisty 1986, p. 327). In the nearshore, the 

dynamic elements operate through the transport of sediment to produce the nearshore 

morphology. However, the morphology may also affect the nearshore dynamics via 

feedback mechanisms as conceptualized below. 

DYNAMICS 
< 

SEDIMENTS MORPHOLOGY 

J feedback 

This feedback has been termed "hydrodynamic coupling' and may enable the 

identification of dynamic signatures whereby particular nearshore morphologies m a y 

be identified from the characteristics of their nearshore dynamics (e.g. Wright &; Short 

1983, 1984). 

As noted above, the morphologically important nearshore dynamics may be divided 

into several elements, including waves, tides, long-period non-tidal sea-level fluctua

tions, groundwater level fluctuations, winds and ice movement. The beach ground

water fluctuations and winds may be considered to be secondary processes in fbe 

development of the nearshore morphology and are not directly examined in the cur

rent investigation. The influence of ice in the nearshore has been described by several 

researchers including Davis (1973), McCann (1973), Reimnitz et al. (1991) and Barnes 
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et al. (1993). However, this process does not operate along the coast of Southwestern 

Australia and hence is not considered further in this investigation. 

The full spectrum of nearshore morphologies has only begun to be explored. The 

vast majority of previous research has focussed on barred beach types that develop 

in swell-dominated micro- and meso-tidal environments from sand sized sediments 

(e.g. Wright k Short 1983, 1984; Sunamura 1986, 1989; Lippmann k Holman 1990). 

However, a much broader range of nearshore morphologies exits (Kroon 1991). Recent 

research has begun to investigate the multi-barred beach states that develop in sea-

wave environments subjected to frequent intense storm events (e.g. Goldsmith et al. 

1982; Aagaard 1991; Short 1992). Other research has examined the role of tidal energy 

in controlling nearshore morphologies (e.g. Short 1991; Masselink k Short 1993). Of 

particular note to this investigation of low-energy beaches is the work on sheltered 

beach environments (e.g. Owens 1977; Nordstrom 1980; Nordstrom k Jackson 1992; 

Nordstrom 1992). The current investigation is directed at examining the range of 

beach types that develop on the sandy beaches of Southwestern Australia which are 

subjected to a prevailing wave climate of low-energy swell waves and very low tidal 

ranges. The beach morphologies and processes operating in these environments have 

not previously been examined in detail. 

Along the coast of Southwestern Australia, the tidal amplitude is low and beaches are 

sheltered from high wave energy. In these conditions the impact of non-tidal sea-level 

fluctuations, in particular those associated with storm events, can play a relatively 

important role in controlling the beach morphology. Large and rapid changes in beach 

morphology may occur during intermittent storm events (Plate 1.1). Due to the modal 

conditions of low wave energy, the imprint of these high-energy storm events may 

remain evident for long periods. Thus, the morphology of the low-energy beaches of 

Southwestern Australia may be expected to exhibit a long memory of storm events, 

where memory implies retention (or inheritance) of the morphologic and stratigraphic 

imprint of the event. 
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Plate 1.1. Beach cut caused by a minor storm, Norman's Beach just east of Albany. 

The current investigation describes the range of beach types which develop along the 

micro-tidal coast of Southwestern Australia under conditions of modally low wave 

energy. It examines the morphologic, sedimentologic and dynamic nature of these 

beaches to develop a firm basis for discriminating low-energy beach morphologies 

and their sedimentologic and dynamic associations. This information has important 

implications for coastal management as different beach types have been recognized to 

have different modes and rates of response to changing energy levels (Carter 1988; 

Nordstrom 1992). Thus, a general description of the morphodynamic state and 

behaviour of the beach and nearshore zone will enable more insight in the prediction 

of future coastline development. Previous studies have shown that this is the case on 

wave-dominated coasts (Wright k Short 1984). 

1.2. RESEARCH OBJECTIVE AND AIMS 

The principal objective of this research is to examine the morphology, sediments and 

dynamics of the low-energy, micro-tidal, sandy beaches of Southwestern Australia to 
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extend the current understanding of beach morphodynamics. This research provides an 

assessment of the spatial variability of beach forms and process environments displayed 

by low-energy sandy beaches and involves the first detailed, systematic field survey 

of beaches along the coast of Southwestern Australia. Data were obtained on the 

nearshore morphology, the characteristics of the beach sediments, and the extemporary 

dynamics. 

This objective may be divided into several more specific aims, which are to: 

1: Develop a field array for the measurement of nearshore morphology, sediments and 

dynamics and apply this array to an extensive program of field surveys of the beaches 

of Southwestern Australia. The surveyed beaches were chosen to represent a diverse 

range of micro-tidal beach environments, with particular emphasis on beaches which 

experience conditions of modally low wave energy. 

2: Extract from the field data a suite of variables which enable a comprehensive and 

quantitative description of the morphology, sediments and extemporary dynamics of 

the surveyed beaches. 

3: Examine the form diversity of the beaches to determine whether identifiable 

beach forms might be recognized which are representative of low-energy, micro-tidal, 

conditions. 

4: Describe the interrelationship between beach morphotypes and the sedimentologic 

and dynamic characteristics of these forms. 

5: Examine the low-energy, micro-tidal, beach types in the light of the currently 

available morphodynamic models. 

1.3. PREVIOUS NEARSHORE PROCESS RESEARCH 

Since the late 1960's there has been a dramatic increase in field, laboratory and 

theoretical research dealing with three-dimensional inshore and beach dynamics 

(Wright k Thom 1977). This research may be conveniently divided into three areas 

on the basis of its predominant focus: nearshore morphology, sediment transport 

and hydrodynamics; these three areas of research are often interdependent. However, 

because the amount of nearshore research has burgeoned in recent years it is neither 

appropriate, nor feasible, to present a comprehensive review of all areas of nearshore 



6 INTRODUCTIOls 

process research in this investigation. Notable reviews of nearshore research include 

those by Zeigler (1964), Inman and Brush (1973), Hails (1974), Leonard (1981). 

and more recently, Beardsley et al (1987), Dean (1987), Wiegel (1987, 1988), 

Seymour (1989), Nearshore Processes Workshop (1990) and Ploeg (1991). In lieu 

of a broad overview of nearshore process research, it is useful to focus on nearshore 

morphodynamic research to provide a context for the current investigation. 

1.3.1. Morphodynamic Research 

The 'morphodynamic' approach entails an examination of both energy sources and 

terrigeneous response (Wright k Short 1984) and is particularly concerned with 

examining the mutual coadjustments between process and form as they occur 

at different space and time scales. The morphodynamic approach has been 

comprehensively described by Wright and Thorn (1977). They note that this approach 

to coastal variability is distinguished from previous approaches in that it is equally 

concerned with both processes and their associated morphologic responses. However, 

as noted above, in natural systems there is frequently a close coupling and feedback 

between process and form such that cause and effect are not readily distinguished. 

This is particularly the case in the nearshore system, which may be viewed as the 

result of sediment redistribution arising from the complex mutual adjustments between 

process and form as the system strives to attain an 'equilibrium' in which both process 

behaviour and form can achieve maximum stability (Wright k Thorn 1977). 

Several principles and assumptions which underlie all modern studies of coastal 

morphodynamic phenomena, either implicitly or explicitly were identified by Wright 

and Thorn (1977). They are as follows: 

(1) Morphodynamic processes are generally chaotic in that they contain both 

deterministic and random elements. In a typical coastal system the complexity of 

the morphodynamic interactions increase with proximity to the shoreline. 

(2) Both negative and positive feedback exist between the processes and the 

landforms. Stability of the morphodynamic system is achieved and sustained by means 

of negative feedback and dynamic homoeostasis. 

(3) The association between nearshore processes and forms is governed by frequency-

response principles such that higher excitation frequencies are generally associated 

with smaller response scales. 
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(4) For any set of process-form interactions there is assumed to exist an associated 

equilibrium towards which the system attempts to adjust. Equilibrium states are often 

approached but never quite reached, particularly in coastal systems, where excitation 

frequencies and intensities change continually. However, 'optimum' states may be 

achieved and comprise the most probable process-form condition. 

(5) As a morphodynamic system changes from one state to another it must pass 

through a series of intermediate states, each of which is dependent on the preceding 

stages and on the nature of the processes producing the changes. The rate at which 

the influence of the preceding state becomes obscured ('memory decay') will depend 

on the ability of previous states to resist change relative to the ability of the energy 

sources to induce change. 

(6) Different morphodynamic states and associated paths of adjustment are 

frequently separated by abrupt thresholds. These thresholds not only separate phases 

of positive and negative feedback, but also separate appreciably distinct sequences of 

morphodynamic changes. 

1.3.2. Morphodynamics of Low-Energy Sandy Beaches 

The focus of this investigation is on the morphodynamics of low-energy micro-tidal 

beaches, which may be found in a variety of environments including sheltered ocean 

sites, estuaries, lagoons, bays and fjords. The beaches of Southwestern Australia are 

situated in an open ocean environment but are sheltered from the direct impact of high-

energy swell waves by: (1) offshore reefs, islands or headlands; and/or by (2) the beach 

aspect with respect to the prevailing and storm wave approach. Along the coast of 

Southwestern Australia these two forms of sheltering combine to result in relatively low 

wave energies at the shoreline, both modally and even during storm events. Locally 

generated wind waves are often present, particularly during the summer sea breeze 

cycle (Pattiaratchi et al. 1993, submitted—Appendix A). However, throughout the 

year, and particularly during winter and autumn, the energy of wind waves is generally 

less than the swell wave energy. 

When wave and tidal energy is low then the relative importance of non-tidal sea-level 

fluctuations in controlling the nearshore morphology increases. These fluctuations may 

arise from a variety of sources, including barometric pressure, seiching, shelf waves, 

wind set-up and storm surges. In extremely low-energy environments even boat wakes 
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can be observed and may cause observable morphologic changes (Pattiaratchi k Hegge 

1990; Nordstrom 1992). Beaches which are subjected to low wave and tidal energies, 

such as many of those along the coast of Southwestern Australia, are morphologically 

sensitive (Davis k Hayes 1984) such that small changes in the governing dynamics may 

cause substantial changes in the nearshore morphology (Davis k Hayes 1984; Davis 

1991; Masselink k Short 1.993). 

To date there has been relatively little detailed research on the morphology and/or 

dynamics of sheltered beach systems which experience very low wave energies; notable 

exceptions include Nordstrom (1977), Owens (1977), Nordstrom and Jackson (1992) 

and Nordstrom (1992). Further references are presented by Nordstrom (1992) who 

provides a comprehensive overview of research on low-energy beach systems as found 

in estuaries, lagoons, bays and fjords. This research indicates that beaches which 

experience very low wave energies can respond quite differently to changing wave 

energies than beaches exposed to higher wave energies. 

On sheltered meso-tidal sandy beaches, Nordstrom (1992) and Nordstrom and Jackson 

(1992) observed two types of profile response to changing wave energies that were 

confined to the beachface. The first of these profile response modes involved the 

transfer of sediment from the upper foreshore to the lower foreshore and resulted 

in a concave upward beachface profile (Figure 1.2b). This mode of profile response 

only occurred in response to high wave energy conditions and was thus infrequent 

(Nordstrom k Jackson 1992). The second mode of profile response, to changing wave 

energies, involved a parallel retreat of the foreshore which was largely driven by long

shore current flows (Figure 1.2c). Nordstrom and Jackson (1992) suggest that in 

low-energy environments, changing wave direction may be more important than the 

actual wave height and/or period. 

Sheltered beaches have also been observed to exhibit considerable differences in their 

long-term morphologic changes as opposed to more exposed beaches. Beaches exposed 

to relatively high wave energies generally undergo rapid erosion and accretion in 

response to storm cycles (Nordstrom 1980). The relatively large wave heights which 

occur between storm events on exposed beaches provide a mechanism for rapid recovery 

and hence these beaches undergo a cyclic development of storm and recovery phases 

(Owens 1977; Nordstrom 1980). On the other hand, sheltered beaches tend to exhibit 

a seasonal response to changing wave energies. Wave energies experienced during 

non-storm conditions on these sheltered beaches are often insufficient to cause full 
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Figure 1.2. Profile response to changing wave conditions on (a) high-energy beaches, and low-

energy estuarine beaches, (b) during high-energy conditions and (c) due to shifting long-shore current 

directions (adapted from Nordstrom 1992). 

recovery of the beaches prior to the arrival of the next storm. Hence, 'relic' or inherited 

morphology is often quite important in low-energy environments, where the modally 

quiescent periods are separated by episodic storm events. The morphologies formed 

during the high-energy events may persist through-out the intervening periods of low 

wave energy when the wave energy is often insufficient to remould the morphology 

(Wright et al. 1985). As a result, there is a periodic shoreward displacement of the 

beach profile throughout the storm season and recovery to pre-storm conditions may 

only occur following a long period of quiescence (Owens 1977; Nordstrom 1980). Hence, 

sheltered sandy beaches exhibit a seasonal cycle of profile variations. 

Low-energy sheltered sandy beaches and higher-energy exposed ocean beaches can 

respond quite differently to changing wave energies. Therefore, sandy beaches which 

experience very low wave energies are not simply scaled-down versions of beaches 

in higher-energy environments (Nordstrom 1992; Masselink k Short 1993). Wave 

energies on sheltered beaches may drop below a critical threshold such that nearshore 

bar forms are not developed (Masselink k Short 1993). Masselink and Short (1993) call 

for detailed observations to determine the characteristic morphologies and dynamics 

of very low-energy beaches. 

McLean (1984) notes that despite twenty to thirty years of intense research on coastal 

dynamics, including the relationships between hydrodynamics, sediment transport 

and morphology these relationships are not well understood. Almost a decade later 

this statement still holds true. Nordstrom (1992) notes that the morphologies and 
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dynamics of micro-tidal sandy beaches developing in low-energy environments have 

not been examined in detail. 

The morphodynamic models derived from wave-dominated environments imply that 

beaches, which are subjected to low wave energies, are characterized by steep beachface 

slopes, wave reflection and sub-harmonic wave interactions. However, this is not always 

the case. As wave energy falls to very low levels, other processes, such as tides and 

surges, become relatively more important. The 'state of the art' of morphodynamic 

research clearly highlights the need for further field work on low-energy beaches. It is 

therefore appropriate for additional collection of field data on sheltered sandy beaches 

under a variety of conditions. 

A cursory observation of the coast of Southwestern Australia suggests that the low-

energy beaches in this environment display a wider range of morphologies than those 

described by the available morphodynamic models (Eliot 1993). These beaches are 

generally non-barred and it might reasonably be expected that a range of non-barred 

beach forms could be distinguished along the coast of Southwestern Australia. The 

principal aim of this investigation was to examine the form of the low-energy non-

barred beaches of Southwestern Australia and further to examine the sedimentologic 

and dynamic characteristics of these beaches. 

1.4. SANDY BEACH HIERARCHIES 

The morphology of a beach at any particular time is principally a function of its 

immediate and antecedent wave, tide and short-term sea-level fluctuations; sediment 

characteristics; and antecedent beach state. The complex interactions between these 

elements give rise to a continuum of morphodynamic conditions. However, from 

this continuum it has been possible to identify a series of 'typical' beach states or 

'morphotypes' which may be recognized by their representative morphologic and/or 

dynamic regimes. The concept of 'morphodynamic states' encompasses the complete 

assemblages of depositional forms and coupled hydrodynamic process signatures 

(Wright k Short 1984). These states form the basis of the available morphodynamic 

models. A large volume of research has examined both the two-dimensional (profile) 

and three-dimensional variability of nearshore systems which exist in swell-, storm-

and tide-dominated coasts. A brief outline of the findings of this research is presented 

below and provides a background to the current investigation of the morphotypes 

which develop in low-energy ocean environments. 
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1.4.1. Morphologic Variability 

1.4-1-1 • Profile models 

Beaches that exhibit little alongshore variability may be adequately described by a 

single profile perpendicular to the shoreline. Profile models are available to describe 

both the geometry of the nearshore and the foreshore. One of the earliest of these 

was proposed by Shepard (1950) and Bascom (1954) and has since become the 

'classic' model of beach response to changing wave energies. Their fieldwork was 

conducted on the west coast of the United States where storm waves are typical during 

winter and longer-period swell waves dominate during summer. They distinguished 

between 'summer' and 'winter' beach profiles (Figure 1.3). The 'summer' profile 

marked the accretionary extreme and was characterized by a steep foreshore and 

the absence of nearshore bars, whereas the 'winter' profile marked the erosional 

extreme and was distinguished by a broad flat foreshore and a pronounced nearshore 

bar. Subsequent to the original work, use of the terms 'summer' and 'winter' 

profiles has been discouraged. Other terms which have been proposed include, 

accretionary/erosional, swell/storm and non-barred/barred morphologies respectively. 

Following Greenwood and Davidson-Arnott (1979) the terms 'barred' and 'non-barred' 

profiles will be employed in the present investigation since these terms describe 

the essential differences between beaches from low and high energy environments 

respectively. These early studies recognized that short-period storm waves resulted 

in offshore sediment transport, hence beach erosion and the development of nearshore 

bar forms. Longer period swell waves with gentler wave steepness result in onshore 

sediment transport leading to beach accretion and the development of a berm (cf. 

Komar 1976, pp. 298-294). 

swell (summer) profile 

.., .. ,, \ storm profile shoreline _ /dunes 
swell profile shoreline. \ \ - ^ 

\ V — berm \ / mean water level 

^'T>*r-~"™*S^^ storm (winter) profile 

Figure 1.3. Classic barred and non-barred profiles, previously termed 'winter' and 'summer' profiles 

or 'storm' and 'swell' profiles (adapted from Komar 1976). 
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A simple three-fold classification of beach profiles generated by cross-shore sediment 

transport and observed in laboratory experiments was presented by Sunamura and 

Horikawa (1974). For the purposes of this investigation it is important to note that 

the type I and type II profiles of Sunamura and Horikawa (1974) were characterized by 

nearshore bar forms whereas only the accretionary, type III profile, was distinguished 

by the absence of a nearshore bar form. 

Horikawa (1988) also presents a simple three-fold classification of beach profile 

types based on observations of the Japanese coast by Mogi (1963). This three-fold 

classification distinguishes between smooth, stepped and barred beach profiles. The 

smooth and barred beach types were each divided into two sub-types: steep (la) 

and gentle (lb); and single-bar (3a) and multi-bar (3b) respectively (Figure 1.4). 

This classification of profile types enables the distinction of three non-barred profile 

forms and also makes the important differentiation between single and multiple barred 

beaches. 

Smooth beach 

Steep Oo) 

Gentle (lb) 

Stepped beach (2) 

Barred beach. 

Single bor(3a) 

Multi-bar (3b) 

Figure 1.4. Simple three-fold classification of beach profiles developed by Mogi (1963). 

A model of foreshore profile configurations was presented by Sonu and van Beek 

(1971). Their model was based on two factors: (1) the overall profile shape (convex, 

linear or concave); and (2) the location of the berm (lower, intermediate or upper).' 

The combination of these two factors resulted in a total of 12 possible profile types. 
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However, Sonu and van Beek (1971) noted that 90% of the profiles could be classified 

by a limited set of six profile types: concave upward (A), linear (B) and convex 

upward (C), and each of these with a superimposed berm, concave with a lower 

berm (A'), linear with an intermediate berm (B') and convex with an upper berm (C) 

(Figure 1.5). Typical accretionary and erosional sequences of profile types were 

identified as a result of the long-shore movement of a migratory shoal (Figure 1.5). 

Maximum accretive 
state. 

C' 

Maximum erosive state. 

-»• Accretive change 

-*• Erosional change 

Figure 1.5. Model for transitions between six major profile types as a result of the long-shore 

movement of a migratory shoal (from Sonu &; van Beek 1971). 

More recently, beach profile change has been analysed by empirical eigenfunction 

analysis; this technique has been described in detail by Gould (1967). Application 

of this technique in coastal studies was pioneered by Winant et al. (1975) and has 

been extended by Aubrey (1979), Weishar and Wood (1983), and Clarke and Eliot 

(1982, 1983, 1987). Their results indicated that the complex variation in nearshore 

morphology can be explained in terms of characteristic patterns that recur in particular 

time domains. The most important of these include bar-berm and swash zone-step 

sediment exchange at seasonal and tidal frequencies. 
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The majority of the low-energy, micro-tidal, beaches of Southwestern Australia lack 

any nearshore bar forms and it is noteworthy that a number of the profile models 

distinguish several non-barred profile states (e.g. Mogi 1963; Sonu k van Beek 1971). 

However, the distinction between these non-barred beach forms may be more subtle 

than the distinction between the barred beach forms. Field research on the morphology 

or dynamics of non-barred beaches is limited. 

1.4-1-2. Bar morphologies 

The vast majority of morphodynamic studies of sandy beaches have examined 

sequential changes in wave induced nearshore bar forms. Nearshore bars are 

aggradational features that represent the 'equilibrium morphology for many coastal 

environments, controlled by the incident wave field, secondary waves, and currents 

modulated by the local slope, grain size and tidal regime' (Greenwood 1982, p. 135). 

Sonu (1973) noted that the principal conditions that favour the development of 

nearshore bar systems are: gentle offshore slopes, abundance of nearshore sand 

reserves, small tidal range, limited fetch length, periods of absence of long or high 

swell, and a predominance of lateral wave incidence. It is important to distinguish 

between wave formed nearshore bars and other bar forms which are not directly formed 

by wave processes in the nearshore (e.g. tidal shoals, sand waves and offshore bars). 

An examination of these non-nearshore bar forms was beyond the scope of the present 

investigation. 

Nearshore bars may form a continuous or compartmented, linear, sinuous or crescentic 

pattern in plan view and can range from shore parallel to shore normal in orientation 

(Greenwood 1982). The vast majority of nearshore bars are formed from sand-sized 

sediments (Greenwood 1982). The morphology, formation, dynamics and maintenance 

of nearshore bars have been studied by a number of researchers, some notable examples 

include: Sonu (1973), Greenwood and Davidson-Arnott (1975, 1979), Short (1975, 

1978, 1979), Chappell and Eliot (1979), Wright et al. (1979a, 1979b), Goldsmith et al. 

(1982), Wright (1982), Wright and Short (1983, 1984), Bowman and Goldsmith (1983), 

Katoh (1984), Sunamura and Takeda (1984), Symonds and Bowen (1984), Sallenger 

et al (1985), Lippmann and Holman (1990), and Holman and Sallenger (1993). 

These studies demonstrate that nearshore bars assume a wide variety of forms and may 

occur in response to a number of different mechanisms. Greenwood and Davidson-

Arnott (1979) presented a thorough review of the literature on coastal bars and 
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propose a tentative global classification of six bar types based upon process and site 

characteristics; two of these bar forms represent nearshore bars. Despite the breadth 

of the studies listed above, the origins and dynamics of wave-formed nearshore bars 

are still poorly understood (Greenwood 1982). Several models have been proposed as 

mechanisms for bar genesis. Some of the most important mechanisms that have been 

suggested include: a break point bar mechanism whereby sediment accumulates under 

the break point due to vortices set up by wave breaking (Miller 1976); an infragravity 

model whereby sediment converges to the nodes of the infragravity waves standing 

in the cross-shore (Dhyr-Nielsen k Sorenson 1970; Dally k Dean 1984; Wright et al 

1986); sediment movement to null points in the drift velocity field induced by standing 

edge wave motions (Bowen k Inman 1971); and via sediment transport driven by 

nearshore circulation cells (Hino 1974). The break point and infragravity model are 

the two most common models of bar formation and have been reviewed by Holman 

and Sallenger (1993) in the light of recently obtained field data. They note that both 

mechanisms are important and may modify the bar in an interactive way. Several 

models of barred beach states have been developed and are outlined below. 

A wide range of single-barred nearshore forms have been identified and examined by 

several investigators including: Sonu and van Beek (1971), Davis and Fox (1972), 

Hayes (1972), Sonu (1973), Sasaki and Horikawa (1975), Chakrabarti (1977), Owens 

(1977), Short (1978, 1979), Wright et al. (1978, 1979a), Chappell and Eliot (1979), 

Wright and Short (1983, 1984), Sunamura (1989) and Lippmann and Holman (1990). 

Among the most comprehensive models are those presented by Chappell and Eliot 

(1979), Wright and Short (1983, 1984), Sunamura (1986, 1989) and Lippmann and 

Holman (1990). These models describe a set of barred beach states that were related 

to the immediate and changing wave climate and the antecedent morphology and 

provide a convenient framework in which to study beach changes on wave-dominated 

sandy coasts. 

The most highly evolved beach state model is that developed by Wright and Short 

(1983, 1984) (Lippmann k Holman 1990) and consists of six beach states: two extremes 

(reflective and dissipative) which were separated by four intermediate beach types 

(Figure 1.6). The intermediate states exhibit the most complex morphologies. Each 

beach state may be recognized by both the nearshore morphology and characteristic 

process signatures. The process signatures were based upon; the relative dominance of 

motions due to incident waves, subharmonic oscillations and infragravity oscillations; 

and mean nearshore current circulations (Wright k Short 1984). Lippmann and 
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Holman (1990) have recently extended the bar stage model of Wright and Short (1983, 

1984) to incorporate two non-rhythmic bar states; non-rhythmic three-dimensional bar 

and non-rhythmic attached bar. Sunamura (1986, 1989) synthesized data of several 

researchers to develop an eight stage beach model which consists of an erosional and 

accretional extreme separated by six transitional morphologies, three of which develop 

under erosional conditions and three stages marking beach accretion. 

In the beach state model of Wright and Short (1984), transitions towards erosional 

or accretional beach states involve a sequential change such that each beach state is 

traversed. There is no distinction in the beach states experienced during erosional or 

accretional sequences. However, it is noteworthy that several other beach state models, 

including those of Short (1978, 1979), Sunamura (1989), and Lippmann and Holman 

(1990), do exhibit a different sequence of beach stages during erosional or accretional 

sequences. Transitions between different beach morphologies are characterized by a 

strong response asymmetry whereby the beach response to falling waves is generally 

slower than the beach response to rising waves (Wright et al 1985; Lippmann k 

Holman 1990). Lippmann and Holman (1990) note that transitions of beach state 

towards more erosional states occur at similar time-scales of change as the incident 

wave energy, whereas under accretional (falling energy) conditions the transitions 

appear to be more dependent on the preceding morphology than on the local wave 

height and the time scales of change are much longer than the waves. Thus, during 

transitions towards more erosional beach states the morphology was closely related 

to the incident wave conditions and the sequence of beach states was not necessarily 

sequential. Whereas, during accretional transitions the antecedent morphology plays 

a more dominant role than the incident wave energy and the beach-state transitions 

were generally sequential (Lippmann k Holman 1990). 

A range of distinct multi-barred (up to four nearshore bars) beach types have also 

been identified by several researchers. These beach forms develop along coasts which 

are generally exposed to wind waves and frequent intense storm events (Short 1991). 

When applied to these multi-barred beaches, the single-bar beach state models outlined 

above have limited application and may only be applied to the innermost bar set (e.g. 

Wright k Short 1983, 1984; Sunamura 1986, 1989; Lippmann k Holman 1990). The 

outer bars are generally more stable than the inner bars and are only active during 

highly energetic storm events. During the more quiescent periods, the outer bars are 

dynamically and morphologically arrested (Goldsmith et al 1982; Birkemeier 1984; 

Sonnenfeld k Nummedal 1987; Aagaard 1988a, 1988b, 1991). The configuration of 
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the outer bar is largely controlled by progressive and standing edge wave motions in 

the infragravity band which are present during storm events (Aagaard 1988a, 1990, 

1991; Short 1992). Whereas, the topography of the inner bars is controlled by waves 

occurring during more moderate energy conditions (Aagaard 1991). 

Studies of the dynamics of multi-barred beaches include: Short (1975), Birkemeier 

(1984), Greenwood and Sherman (1984), Dolan and Dean (1985), Sonnenfeld and 

Nummedal (1987), Aagaard (1988a, 1988b, 1990, 1991), Davidson-Arnott and 

McDonald (1989), Kroon (1991), Short (1992) and Lippmann et al. (1993). The 

research by Goldsmith et al (1982), Aagaard (1991) and Short (1992) is of particular 

note in that they each present a model of multi-barred beach states. 

1.4-1-3. Tidal morphotypes 

The above models of beach state have been developed for beaches with relatively 

small tidal ranges in which the influence of the tidal range is secondary to wave 

energy. However, on coasts which experience large tidal ranges and/or low wave energy 

the influence of the tides becomes relatively more important in controlling nearshore 

morphodynamics (Short 1991, 1992). As the tide range increases the beach systems 

become more stable and morphologic changes are slowed because the tidal range causes 

the wave energy to be spread across a broad section of the nearshore profile (Masselink 

k Short 1993). Large tidal ranges cause a rapid translation of the zones of wave 

energy across the nearshore profile and often insufficient time is available to form bar 

features. Thus, a large tidal range tends to mitigate against highly accentuated bar-

trough topographies (Wright et al. 1987; Nordstrom k Jackson 1992). Beach states 

with accentuated bar features are typically associated with tide ranges in the order of 

lm or less and are precluded when the tide range exceeds 1.5 m (Wright et al. 1986). 

Studies of the morphodynamics of tide-dominated beaches have been limited but 

include research by Wright et al. (1982), Short (1991), and Masselink and Short 

(1993). The most comprehensive examination of the morphodynamics of macro-

tidal beaches to date is presented by Masselink and Short (1993). These researchers 

present a conceptual model of beach morphodynamics which builds on the six state 

model of wave-dominated beaches of Wright and Short (1983, 1984). However the 

morphodynamic model presented by Masselink and Short (1993) does not distinguish 

between the four intermediate barred beach states presented by Wright and Short 

(1983, 1984). Masselink and Short (1993) note that as the relative influence of the 
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tide increases the reflective beach type shifts towards a 'low tide terrace and rip' 

morphology and finally towards a 'low tide terrace' beach type without rips. The 

intermediate barred beaches shift towards a 'low tide bar/rip' state and finally an 

'ultra-dissipative' beach state as the relative influence of the tide increases. The barred 

'dissipative' beach which develops under wave-dominated conditions shifts towards 

a 'non-barred dissipative' state and finally an 'ultra-dissipative' beach state with 

increasing relative tidal range. For greater detail on the morphology and/or dynamics 

of these tide-dominated beach states see Masselink and Short (1993). 

The vast majority of research on nearshore morphotypes and morphodynamics has 

examined the range and variability of barred nearshore systems that develop in 

swell-dominated environments. To date there has been no systematic investigation 

of the range and variability of nearshore forms which develop in low-energy ocean 

environments. 

1.4.2. Sedimentary Controls 

The focus of the current investigation is on the morphodynamics of sandy beaches. 

However, for completeness it is important to acknowledge some of the previous research 

on non-sandy beaches. Research on coastal salt marshes has been reviewed by Frey 

and Basan (1985). Investigations of the dynamics and processes operating on cohesive 

sedimentary coasts was reviewed by Klein (1985) and Dyer (1986). Research on shingle 

and gravel beaches is limited and includes work by Zenkovich (1967) in Russia, Hey 

(1967), Carr and Blackley (1973), and Nicholls (1989) in Britain and Kirk (1970, 1975, 

1980) in New Zealand. The review of nearshore researchl^y Hails (1974) includes a 

brief discussion of research on shingle beaches. Rocky coasts are subjected to non

reversible erosion and the process-response patterns are often difficult to determine. 

Trenhaile (1987) and Carter (1988) present recent overviews of the research on the 

geomorphology and dynamics of rocky coasts. The sedimentary controls of beaches 

composed of sand-sized sediment, such as those examined in this investigation, are 

outlined below. 

Sediment grain size and prevailing wave energy are among the most important variables 

controlling the nearshore morphology of sandy beaches. The beachface slope is a 

sensitive measure of the morphology and change of a beach (Dolan k Ferm 1966) 

and pioneering work by Bascom (1951) and Shepard (1963) recognized that the grain 

size and the beachface slope were directly related; as the sediment size increased 
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the beachface slope increased. This relationship may be attributed to the rate of 

percolation of the swash mass since coarse sediments with high permeabilities will 

ensure rapid percolation of the swash mass prior to backwash and hence lower backwash 

velocities will result. Consequently, on coarse grained beaches, sediment accretion 

is favoured and a steeper beach gradient results (Pethick 1984). Grain size sorting 

has also been found to have a significant influence on the morphology of a beach. 

Krumbein and Graybill (1965) and McLean and Kirk (1969) observed that poorly 

sorted sediments, which are generally less permeable than well sorted sediments, were 

associated with steeper beach profiles. 

Komar (1976, p. 304) presents data obtained by Bascom (1951) and Wiegel (1964) 

which indicates that for any given sediment size, steeper beaches will form under 

conditions of low wave energy than under high energy conditions (Figure 1.7). It may 

be extrapolated from this that sandy beaches exposed to low-energy wave conditions 

can develop characteristically different morphologies than beaches exposed to more 

vigorous wave energy despite similar sedimentary characteristics. 

i.o 

0.9 

0.8 

-i 1 1 1 r 1 r n — r 

E 
E 
°-^ 

cu 
Nl 
CD 

C 

n 
L. 
o> 

c 
o 
TJ 
CU 
2 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

• U.S. West Coast Beaches 

O Halfmoon Bay, California 

X U.S. East Coast Beaches 

• ?e)vFort Ord, swell and stor 

1-5 1-6 l>7 l'8 l<9 1=10 I'I2 l<5 l<20 

Beach face slope 

1 = 30 l<40 1:50 1:60 1:70 1=801 = 90 

Figure 1.7. Relationship between beachface slope and median grain size. Note that the beachface 

was steeper for beaches formed under low wave energies (from K o m a r 1976 p 304} 



Sandy Beach Hierarchies 21 

1.4.3. Energy Environments 

The energy available at the shoreline to generate and maintain nearshore morphologies 

is directly determined by the offshore oceanographic climate and the inshore geometry. 

As noted, the important oceanographic energy sources operating along the coast of 

Southwestern Australia include waves, tides and non-tidal sea-level fluctuations. These 

three processes are all expressions of water-level oscillations at different frequencies and 

are important in the formation and development of nearshore morphotypes. However, 

it is advantageous to distinguish between these modes of oscillations since they will 

each have a different morphologic influence. 

The inshore wave climate is a fundamental factor governing the morphology of the 

nearshore. A n examination of the wave climate involves a determination of the both 

the prevailing wave height and period, and the frequency and intensity of storm events. 

Of particular importance for the nearshore morphology is the relative contribution of 

swell and wind waves to the inshore wave climate. The storm climatology is also of 

primary importance in controlling the nearshore morphology since the morphologic 

imprint of major storm events may remain evident for long periods. Wave breaking in 

the nearshore often results in the development of morphologically important secondary 

waves at infragravity frequency, including standing and progressive edge waves. These 

secondary waves are formed as a result of feedback between the morphology and 

the incoming wave field and have been strongly implicated in the development and 

maintenance of characteristic nearshore forms in wave-dominated environments. 

The tide generally operates indirectly to control nearshore morphology since the tidal 

range and type (e.g. diurnal, mixed or semi-diurnal) determine the degree of wave 

action which is concentrated on a particular level on the beach. The tide type is 

generally of secondary importance to the tidal range in controlling the morphology 

of the nearshore (Wright k Thorn 1977). The tide acts to spread the impact of 

other oceanographic processes across the nearshore profile. Consequently, sediment 

transport and morphologic responses driven by these processes are retarded as the 

tidal range increases (Davis 1985; Masselink k Short 1993). Davies (1964) proposed a 

three-fold classification of tidal range: micro-tidal (< 2 m ) , meso-tidal (2 to 4 m ) and 

macro-tidal (> 4 m ) . However, several researchers have argued for the definition of 

the boundary between micro- and meso-tidal beaches to be lowered to 1 m including 

Easton (1970), Hayes (1979) and Nordstrom (1992). Easton (1970) conducted an 

examination of the tides of Australia and noted that coasts subjected to a tidal range 



22 INTRODUCTION 

of less than 1 m, as in Southwestern Australia, are effectively tideless. Nordstrom 

(1992) also suggests that this may be a more appropriate boundary to distinguish 

between major classes of beaches in low wave-energy environments. In some areas, 

tidal currents in the nearshore may produce a direct morphologic imprint (Shepard 

et al 1941; McKenzie 1958; Cook 1970; Russell et al. 1991). However, along the 

coast of Southwestern Australia tidal currents are generally insignificant in controlling 

nearshore morphologies. 

Recently, research on the morphology of the nearshore has stressed the combined 

response to wave- and tide-generated processes (Davis k Hayes 1984; Davis 1991; 

Masselink k Short 1993). These researchers note that although these two processes 

may range widely in their absolute scales, it is the relative interaction between the 

two processes that controls the coastal morphology (Davis 1991). Similar coastal 

features may develop over a wide range in absolute tidal range or wave energy if there 

is a balance between their respective contributions. Hence, in terms of morphologic 

expression, the absolute range of wave or tide processes is secondary to their relative 

ranges. The absolute range of tides or waves will however determine the overall scale 

of the coastal morphology. Coasts exposed to large wave and/or tidal range will result 

in coastal features of greater overall dimensions. In areas of low overall energy the 

balance between wave and tide energy is quite fragile (Davis 1991), as is the case in 

Southwestern Australia. 

Davis and Hayes (1984) and Davis (1991) also examine the importance of fluvial 

processes in controlling coastal morphology. However, these processes will only be 

important adjacent to river and/or estuarine outlets and are of minimal significance 

on the semi-arid coast of Southwestern Australia. Non-tidal sea-level fluctuations 

represent a broad-scale coastal phenomena and may result in characteristic nearshore 

expressions. These non-tidal sea-level fluctuations are a particularly important agent 

of morphologic change on coasts which experience low wave and tide energies. 

Long-period non-tidal sea-level fluctuations may be attributed to several factors 

including atmospheric pressure effects, storm surge, seiching and tsunamis. 

Atmospheric pressure and sea-level are inversely related such that an increase in air 

pressure will result in a decrease in water-level. Hence, the movement of synoptic 

systems across the coast will result in long-period fluctuations in the sea-level. Storm 

induced sea-level fluctuations may be attributed to two factors: low atmospheric 

pressure and strong winds. During a storm these two factors often combine to cause 
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a significant increase in the sea-level at the shoreline. Long-period standing waves 

which occur in enclosed or semi-enclosed water bodies are known as seiches and are 

usually triggered by an impulse, such a storm surge. Seiche motion may also be forced 

continuously by wave groups arriving at a semi-enclosed boundary. A tsunami is a 

seismically induced sea wave that can reach very large amplitudes in shallow water. 

Though tsunamis are rarely of significance along the coast of Southwestern Australia 

the other long-period non-tidal sea-level fluctuations noted above are particularly 

important along this coast and are described in detail in the following chapter. 

The relative importance of waves, tides and non-tidal sea-level fluctuations varies both 

spatially and temporally at a range of scales that may be expected to be expressed in 

the variability of the nearshore morphologies. Characteristic nearshore morphotypes 

will develop in response to the relative and absolute energies of these three processes 

in conjunction with the sedimentologic characteristics. 

Masselink and Short (1993) formalized the concepts of Davis and Hayes (1984) and 

Davis (1991) in the form of a simple ratio, the relative tide range (RTR): 

RTR = «B (1.2) 

where MSR is the mean spring tide range and Hb is the mean breaker height. 

This ratio enables a simple quantification of the relative importance of tidal versus 

wave amplitudes. Values of RTR > 1 indicate tide-dominated conditions, whereas 

RTR < 1 indicates wave-dominated environments. As noted above the 'relative' 

contribution of waves versus tides may be more important than the 'absolute' values of 

these ranges in forming characteristic nearshore morphologies. Use of the terms wave-

or tide-dominated beaches is preferable to micro-, meso- and macro-tidal coasts when 

examining nearshore morphologies. This ratio fails to recognize the importance of the 

whole range of non-tidal sea-level fluctuations in controlling nearshore morphology. 

However, the ratio may be readily extended to a three-part ratio to incorporate 

consideration of the non-tidal long-period sea-level fluctuations. This extension 

provides a measure of the relative importance of the three fundamental processes 

governing nearshore morphologies (waves, tides and non-tidal sea-level fluctuations) 

and may be presented in the form of a ternary diagram. 
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1.4.3.1. Morphodynamic Indices 

A range of morphodynamic indices have been developed to distinguish between 

nearshore morphotypes, including the wave steepness, wave energy, surf-scaling 

parameter, Iribarren number, phase difference and Sunamura's parameter. Kraus 

et al (1991) and Gourlay (1992) provide a review and description of some of these 

nearshore indices. These indices have been most successful in discriminating between 

extreme beach forms of wave-dominated environments. Their utility in low-energy 

coastal environments remains to be examined. 

One of the very first dynamic criteria that was employed to distinguish nearshore forms 

was the wave steepness (7 = H/L) (e.g. Johnson 1949). Dalrymple and Thompson 

(1976) observed in laboratory experiments that a wave steepness in the order 2.5% 

was a critical value above which the nearshore profile was barred; non-barred beach 

profiles had a wave steepness less than 2.5%. Another early attempt to distinguish 

nearshore forms on the basis of the prevailing dynamics was proposed by Short (1980) 

who suggested that a measure of the breaker energy, either simply breaker height or 

power might be employed. Short (1980) proposed that the morphodynamic state of 

micro-tidal, medium to fine sand beaches could be related to breaker wave height. 

Waves larger than 2.5 m produce dissipative beaches. Breaker heights between 1 and 

2.5 m result in rhythmic beach forms. Whereas breaker heights less than l m formed 

steep reflective beach types. Short (1978, 1979) also indicated that the breaker wave 

power (Pb) was closely related to beach stage: 

n - —j-— (1.3) 

where, p is the water density, Cg is the group velocity (Cg = y/gd) and d is the water 

depth at breaking. A threshold wave height of 1.2 m and breaker wave power of 300 

Watts per centimetre of wave crest was proposed by Short (1978, 1979). Erosive stages 

dominated above this threshold and accretive stages prevail below this threshold. 

The spatial and temporal variability of the nearshore morphology and circulation 

patterns may be, at least partially explained, in terms of the relative degree to which 

waves are dissipated by turbulent breaking in the surf zone or reflected from the 

beachface (Wright k Short 1983) and can be quantified by using the surf-scaling 

parameter, e (Guza k Inman 1975): 

a&a>2 

</tan2£ (L4) 
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where a& is the breaker amplitude, <x> is the incident wave radian frequency (a; = 

27T/T;T = period), g is the acceleration of gravity and /? is the surf zone gradient. 

Values of the surf scaling parameter between 1 and 2.5 indicate reflective conditions 

and dissipative conditions prevail when e is greater than 20. 

The Iribarren number (£) (also termed the 'surf similarity' parameter) was first 

proposed by Iribarren and Nogales (1949) to determine whether wave breaking would 

occur or not and may be defined as: 

tan/? ^ ^v 

\jHblL0 

where, f3 is the beach gradient; Hb is the breaking wave height in metres; L0 deep-

water wavelength (L0 — (gT
2)/(2n)) in metres, g is the acceleration due to gravity 

and T is the wave period in seconds. The Iribarren number may be interpreted 

approximately as the relative depth change occurring across one wavelength in the 

surf zone (Sasaki k Horikawa 1975). 

Low values of the Iribarren Number (£ < 0.23) are indicative of dissipative conditions, 

characterized by a flat shoaling slope and a wide surf zone and the predominance 

of infragravity motions. As the Iribarren Number increases the beach morphology 

becomes increasingly reflective in response to an increasing beach gradient and the 

width of the surf zone decreases. Fully reflective conditions prevail when £ > 1 and 

edge wave motions dominate in the nearshore-(Carter 1988; Sasaki k Horikawa 1975). 

Bowen et al (1968) and Battjes (1974) extended the use of the Iribarren number 

and showed that it may also be employed as an index of nearshore dynamics. The 

Iribarren number has been shown to be a reliable indicator of the wave breaking 

criterion, breaker type, breaker height-to-depth ratio, number of waves in the surf 

zone, wave set-up, wave run-up and wave reflection (Sasaki k Horikawa 1975). 

The phase difference index (T) was first proposed by Kemp (1960) to examine the 

influence of wave action on the beach profile characteristics: 

T = \ (1-6) 

where, t is the swash period (s) and T is the wave period. Phase difference values 

of approximately unity are associated with barred beaches with wide surf zones and 

overtaking bores. Beaches with a low phase difference (T < 0.7) have been termed 
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'surge' beaches by Kemp (1960) and are characterized by a steep beachface with 

minimal swash interference. Beach cusps are best developed in these conditions. 

The dimensionless fall velocity parameter (0) is an important parameter that was 

initially suggested by Nayak (1970) on dimensional grounds and later by Dean (1973) 

on physical grounds. This parameter incorporates descriptions of both the wave and 

sediment characteristics and was employed by Dean (1973) as a means of modelling 

onshore/offshore sediment motion: 

ft = Hh/(u>.T) (1.1) 

where Hb is the breaker height, LJS is the sediment fall velocity and T is the wave 

period. This parameter was initially proposed by Dean (1973) as a threshold parameter 

to express the direction of transport of sediment lifted into suspension. Subsequently, 

Wright and Short (1983, 1984) have employed this parameter to distinguish between 

different morphotypes. A value of ft « 1 was found to define the threshold between 

reflective and intermediate beach states: ft must exceed unity before a reflective 

beach is transformed into an intermediate beach state. It is noteworthy that a 

laboratory study by Dalrymple and Thompson (1976) also found ft « 1 to be 

the threshold between non-barred and barred profiles. At the other end of the 

morphodynamic spectrum, ft « 6 defines the threshold between intermediate and 

dissipative conditions. For dissipative states ft typically ranges from 6 to 30. Values 

of the dimensionless fall velocity parameter (ft) between 1 and 6 were associated with 

the four intermediate beach states. However, the dimensionless fall velocity parameter 

was unable to distinguish between the four intermediate beach states. Whether this 

index has utility on very low energy coasts, such as those described by Nordstrom 

(1992) and those found in Southwestern Australia remains open to question. 

Sunamura's parameter (K*) was initially determined from laboratory wave tank 

experiments and was employed as an indicator of the net sediment transport direction 

in the nearshore zone (Sunamura 1986, 1989): 

K'~Wi (L7) 

where, Hb and T ave the daily average breaker height and period respectively and D 

is the sediment grain size. This parameter has been used to distinguish between the 

morphologic states presented in the beach state model of Sunamura (1986 1989) 
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Many of these nearshore indexes are very similar and employ a similar range of 

variables. In fact, the surf similarity (£) and the surf scaling (e) parameters are 

interchangeable (Carter 1988): 

e = TT£2 or £ = xfej^. (1.8) 

The variables of principal importance in these indices include the wave height, wave 

period and nearshore slope. As noted above, waves are one of the fundamental 

oceanographic processes controlling the nearshore morphology. The beach slope is 

an important parameter in many of these morphodynamic indices since the scale of 

beach morphologies is inversely related to beach gradient. Lower beach gradients have 

a greater width and surf zone sediment volume, hence increased wave energy is required 

to modify beaches of low gradient (Short 1979). 

Several of the indices presented above have been used extensively by coastal 

geomorphologists. However, Bauer and Greenwood (1988) have recently cautioned 

against their uncritical use. They note that both the wave height and beach slope 

in the nearshore are highly variable and hence the utility of spot readings of these 

parameters, as required by the morphodynamic indices, is questionable. Bauer and 

Greenwood (1988) suggest that a more important index of the nearshore condition may 

be determined from the temporal and/or spatial variability of these morphodynamic 

indices. They also suggest standardizing the indices to a known water depth (deep-

water) since the value of the indices is often partly dependent on water depth. Despite 

these cautions it is clear from the widespread use of morphodynamic indices that they 

offer some insight into the morphodynamic differences of beach systems. However, to 

date, the real utility of these indices has only been in discriminating between extreme 

conditions, such as the 'dissipative' and 'reflective' beach states (Bauer k Greenwood 

1988). It is noteworthy that these beach states could in fact be discriminated on 

the basis of a wide range of variables due to their marked differences. The subtle 

distinction between intermediate beach types on the basis of simple indices has not 

proven so easy. 

In the present investigation these morphodynamic indices are not examined directly 

since there was an insufficient temporal and/or spatial sample to provide a meaningful 

representation of the beach systems. However, the variables employed in the indices 

were monitored in the current investigation and are employed in a range of multivariate 

statistical procedures to examine the distinction between low-energy beach forms. 

These dynamic variables also suffer from the wiles of the high temporal and spatial 

variability of the nearshore, though they may allow an insight into the extemporaneous 

coupling of dynamics and nearshore morphology. 
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1.5. DISTINGUISHING LOW-ENERGY MORPHOTYPES 

1.5.1. Research Context 

The present investigation adopts an observational, as opposed to experimental, 

approach to field data collection (cf. Ludwig k Reynolds 1988) since it is not possible 

to control the multiplicity of factors operating in the nearshore. Previous studies of 

nearshore morphodynamics, such as those reported by Wright and Thorn (1977), have 

invariably adopted an observational approach. 

A series of surveys were conducted on a range of beaches along the coast of 

Southwestern Australia to examine a wide range of micro-tidal low-energy beach 

systems. Beaches were chosen with regard to variation in energy levels, morphologies 

and sediment characteristics, though the focus of this investigation was on low-energy 

beach systems. To establish continuity with previous morphodynamic research, several 

surveys were conducted on beaches which experience modal conditions of moderate to 

high wave energy. 

The traditional approach to examining and distinguishing the morphodynamic states 

of beaches has been based on relatively easily observed visual features such as nearshore 

bars and strong long-shore rhythmicity. The models thus developed have been able 

to provide significant insight into these beach forms. However, the challenge now 

arises in distinguishing beach morphotypes where the differences between forms are 

more subtle. The distinction of the non-barred beach types of Southwestern Australia 

required a detailed geomcithematical approach of observation and dissection to gain 

new insights into beach morphodynamics. 

The complexity of the nearshore system dictates that a multivariate approach be 

adopted when examining the three-way interaction between the morphology, sediments 

and dynamics. The multivariate statistical analysis undertaken in this investigation 

has only recently been possible with the advent and availability of high-speed 

computing facilities. A range of sophisticated and complex multivariate techniques 

are now available to explore and/or confirm relationships that may be hypothesized. 

The observational nature of the data collection phase of this investigation was reflected 

in the data analysis procedures that were adopted. The majority of the data analysis 

conducted in this investigation was exploratory, because the very nature of the 

observational approach combined with the techniques of exploratory data analysis does 
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not engender hypothesis testing. This approach provides a convenient 'first look' at 

patterns within the data set, particularly when the distinction between forms is subtle 

(Everitt k Dunn 1991). As a result, the current investigation focuses on exploratory 

techniques in the hope of determining non-random patterns and/or structures in the 

data set. Exploratory data analysis techniques are characterized by their emphasis 

on the importance of visual displays and graphical representations and by the lack of 

any associated stochastic model, so that the questions of the statistical significance of 

results are hardly ever of importance (Everitt k Dunn 1991). 

1.5.2. Research Overview 

Though the modal state of the low-energy beaches of Southwestern Australia is non-

barred they exhibit a wide range of forms. It might reasonably be expected that a 

suite of distinct non-barred beach forms, characteristic of low-energy micro-tidal ocean 

environments, could be distinguished from an examination of the form diversity along 

the coast of Southwestern Australia. 

To summarize, the principal objective of the current research was to examine the form 

diversity of the low-energy sandy beaches of Southwestern Australia and to establish 

whether a range of distinct beach forms might be determined. A subsidiary aim 

was then to examine the association between the beach forms on the basis of their 

sedimentologic characteristics and extemporary dynamics. This research will extend 

the current understanding of beach morphodynamics towards very low-energy micro-

tidal beaches. 

The following chapter describes the environmental setting of the coast of Southwestern 

Australia. The prevailing waves along this coast are swell waves from the southwest. 

However, an extensive reef complex on the West Coast and headlands and islands 

on the South Coast ensure that much of the shoreline of Southwestern Australia 

experiences conditions of modally low wave energy. Along this coast, long-period sea-

level fluctuations of non-tidal origin are particularly important. Fifty-one field surveys 

were conducted in this investigation on a diverse range of largely two-dimensional 

beaches. 

An extensive field array was developed and subsequently deployed to monitor the 

morphology, sediments and dynamics at each of the field surveys. The field array and 

the field techniques are described in Chapter 3. The morphology of the field sites 
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was established by using standard levelling techniques. The sediment characteristics 

were determined from sediment obtained from the mid beachface and the sediment 

permeability was determined in situ on the upper beachface. A range of dynamic 

elements were monitored in this investigation including the pre-breaking nearshore 

waves, cross-shore and long-shore currents, swash fluctuations and swash interaction 

characteristics. 

Chapter 4 describes the techniques used to determine the suite of variables employed 

to describe the morphology, sediment and dynamics of the beach systems. The 

variables describing the beach morphology were determined either directly from the 

profile survey or via function fitting techniques. The sedimentologic descriptors 

were obtained from the grain size and settling velocity distributions in addition to 

a measure of the sediment permeability. A series of variables were obtained from the 

time series records to describe the dynamic conditions prevailing during the survey. 

The variables extracted from the time series included measures of the amplitude and 

period of the fluctuations, proportion of energy at different frequency bands and the 

degree of groupiness. Five variables were determined to describe the swash interaction 

characteristics at each survey. The variability of each of these variables is examined 

in Chapter 5. In order to examine the dimensions of variability of the variable sets a 

range of principal component plots are presented. 

The analysis of the variable sets is presented in Chapter 6. A series of cluster 

analysis techniques are employed on the geometric variables to distinguish beach 

morphotypes. The efficacy of the cluster solution is examined via a suite of validation 

techniques, including principal component plots, survey plots, canonical variate plots 

and linear discriminant analysis. The sedimentologic and dynamic characteristics of 

the morphotypes are then examined to determine whether the morphologic groups 

can be discriminated on the basis of their sedimentologic characteristics and/or 

extemporary dynamics. 

The final chapter provides a discussion of the morphotypes and their geometric 

associations. The characteristics of the sediments and extemporary dynamics of 

each morphotype are also discussed. The degree of sheltering and the beach types 

were found to be loosely related. Comparison with other morphodynamics models 

indicates that four of the beach morphotypes identified in this investigation are distinct 

and describe low-energy, micro-tidal, beach forms. A systematic description of these 

beach forms is presented. The thesis concludes by describing areas of potential future 

research. In particular, a preliminary analysis of the role of inheritance on the beach 

forms and sediments of Southwestern Australia. 
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CHAPTER 2 

THE COAST OF SOUTHWESTERN AUSTRALIA 

2.1. INTRODUCTION 

The major factors contributing to the geographical diversity of the sandy beaches 

of Southwestern Australia include: regional geology, sea-level history, coastal 

physiography, weather systems, tide regime, non-tidal sea-level excursions, wave 

climate and offshore/inshore currents. The various combinations of these factors along 

the Southwestern Australian coast have given rise to a wide variety of beach forms. The 

beaches surveyed in this investigation are located along the Southwestern Australian 

coast between Geraldton and Cape Arid (Figure 2.1). This is an open ocean coastline, 

which trends essentially north-south between Geraldton and Cape Leeuwin and east-

west between Cape Leeuwin and Cape Arid. This section of coast has been divided into 

three discrete coastal regions on the basis of geological structure, dominant processes 

and landforms (Woods et al 1985). The West Coast extends from Kalbarri (just north 

of Geraldton) to Cape Naturaliste; the Leeuwin Coast is bounded by Cape Naturaliste 

and Cape Leeuwin; the South Coast extends east from Cape Leeuwin to Cape Arid 

(Figure 2.2). Field sites in this investigation are located in the West Coast and South 

Coast regions. 

The proportion of offshore wave energy which reaches the shoreline provides a measure 

of the degree of beach sheltering and may be directly attributed to the aspect (i.e. 

orientation) of the beach and the level of protection provided by headlands and offshore 

reefs/islands. The aspect of a beach governs the fetch length and hence determines 

the potential wave energy. The degree of shelter offered by the beach aspect must be 

considered in conjunction with the direction of approach of prevailing swell, storm 

waves and local seas. The level of protection of a beach is determined directly 

from the amount of inshore wave energy attenuation, which may be attributed to 

several factors including, wave refraction/diffraction processes over reefs and around 

headlands/islands, and wave energy dampening by inshore seagrass meadows. Thus, 

a beach may have an aspect that faces directly into the prevailing swell but remain 

sheltered by a broad continuous reef chain. 
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Figure 2.1. Location of study area. 

2.2. COASTAL GEOLOGY 

Inland Southwestern Australia is largely composed of Pre-Cambrian igneous 

metamorphic and sedimentary rocks (Geological Survey of Western Australia 1990) 

Along the West Coast, between Geraldton and Cape Naturaliste, the Pre-Cambrian 
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Figure 2.2. Coastal regions and geologic provinces of Western Australia (adapted from Woods et al. 

1985). 

rocks are fringed by a broad coastal plain of younger Phanerozoic sedimentary rocks, 

mainly sandstones and limestones (Figure 2.3) which extend offshore to form a 

wide continental shelf (« 50 km). However, along the South Coast, the fringe of 

Phanerozoic sedimentary rocks is not well developed, except between Cape Leeuwin 

and Pt. D'Entrecasteaux. 

The Phanerozoic sediments of the Perth Basin provide a basement to the Quaternary 

coastal deposits on the West Coast (Figure 2.3). These Quaternary deposits include 

lithified Pleistocene, marine and aeolianitic calcarenites and unconsolidated Holocene 

calcareous sands (Woods et al. 1985). The calcarenite outcrops as a series of shore 

parallel ridges. When they outcrop in coastal waters they provide a considerable level 
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Figure 2.3. Simplified geologic map of Southwestern Australia. The interior is predominantly formed 

from Pre-Cambrian rocks. Younger, Phanerozoic, rocks fringe the West Coast and Pre-Cambrian 

rocks outcrop frequently along the South Coast. 

of protection of the mainland beaches. As a result, the majority of mainland beaches 

on the West Coast are well sheltered. On the West Coast, embayments that form 

in the lee of calcarenite headlands predominantly face north or northeast and the 

modern coastline largely reflects contemporary processes which are only in a limited 

sense influenced by the pre-Quaternary past (Davies 1977). 

In contrast to the West Coast, the Pre-Cambrian inland rocks outcrop in sections along 

the South Coast and these resistant basement rocks have a strong influence on the 

coastal landforms of the South Coast (Woods et al 1985). The majority of headlands 

along the South Coast are formed from the outcrop of the resistant Pre-Cambrian 

basement of granites and gneisses. These headlands result in the development of char

acteristic zeta-form bay beaches of various sizes which generally face southeast (Woods 

et al 1985). Along the South Coast, occasional outcrops of calcarenite occur as offshore 

reefs or appear as capping on the Pre-Cambrian basement rocks (Myers 1990a). 
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The Leeuwin Coast separates the West Coast from the South Coast (Figure 2.2) and 

has a basement of intenselv deformed plutonic igneous r^ks of the Leeuwin Complex 

(Myers 1990a). This is ove. lain by a restricted Pleistocen .mestone complex (Playford 

et al 1976). The Leeuwin Coast is characterized by hard rock headlands as along 

the South Coast, but in similarity with the West Coast, occasional calcarenite reefs 

provide areas of localized protection. Thus, reef and headland protection results in 

the development of several sheltered sandy beaches along the Leeuwin Coast. 

The present form of the coast of Southwestern Australia is largely the product of 

sediment deposition and relocation in Pleistocene basins during and following the 

Holocene marine transgression. It is evident from the very large lithified dune 

sequences that there was massive accumulation of sand during the Pleistocene and 

in places during the Holocene. There is now probably little net accretion except in 

the lee of a few headlands on the South Coast such as Pt. D'Entrecasteaux, Pt. Nuyts 

and West Cape Howe (Colman 1983). 

In a recent global review of Holocene sea-level changes, Pirazzoli (1991) presents 

possible curves of the sea-level history of Southwestern Australia. Data from Playford 

and Leech (1977) and Playford (1988) suggests an abrupt submergence of the land in 

three successive steps between c. 6500 and 5500 yr BP, followed by a sudden emergence 

of 3 m to the present level. Playford (1988) suggests that a new emergence ( « l m ) 

period occurred c. 3100 to 2200 yr BP. However, Searle and Woods (1986) suggest that 

the sea-level reached an elevation of 2.5 m above present about 6400 yr B P and then 

declined gradually to reach the present sea-level shortly after 1000 yr BP. All accounts 

agree that the sea-level of- Southwestern Australia has remained within w 2.5 m of 

the present in the last 6000 yr B P and in the last 2000-1500 yr B P the sea-level has 

remained at approximately the present level. 

2.3. COASTAL PHYSIOGRAPHY 

Inman and Nordstrom (1971) provide a coastal classification scheme based on global 

tectonic activity. Under this scheme the Southwest coast of Western Australia was 

classified as an Amero-trailing edge coast. These coasts are tectonically very stable, 

fronted by wide continental shelves and are generally backed by plateau-like hilly 

or low-lying ares (Davies 1980). Another coastal classification scheme, based on 

coastal climate, was presented by Davies (1977), in which the coast of Southwestern 
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Australian was classified as a warm temperate arid coast. The essential character of 

these coasts is the combination of high offshore wave energy with low relative rainfall 

in the hinterland. 

The combination of long-term tectonic stability, high offshore wave energy and 

low relative rainfall led to the development of massive barrier systems during the 

Quaternary. These barriers have been nourished primarily from sea floor sources and 

are dominated by carbonate sands of biogenic origin (Bird 1982; Davies 1977). The 

presence of such large volumes of marine sand on the inner shelf is a further indication 

of the lack of terrigenous supply and hence hinterland aridity which prevailed during 

lower sea-level phases during the Pleistocene (Bird 1976). The high carbonate content 

of the sediments, combined with the arid climatic conditions has caused secondary 

carbonate precipitation and the partial lithification of several Pleistocene barriers 

along the West Coast (Fairbridge 1950; Searle k Semeniuk 1985). Extensive, shallow 

estuaries and coastal lagoons have formed behind these barriers. 

The Low mean annual rainfall for Southwestern Australia (West Coast 800-1000 mm; 

South Coast 600-1400 m m ) has resulted in few rivers debouching directly to the 

coast. The rivers of Southwestern Australia are generally intermittent and/or flow 

into estuaries, thus fluvial sediment input into the marine environment remains limited 

(Bird 1982; Davies 1977). Detailed descriptions of the coastal geomorphology of the 

West Coast and South Coast regions are presented below. 

2.3.1. West Coast 

Along the West Coast, the Pleistocene inheritance is very important in controlling 

contemporary coastal processes. The Pleistocene calcarenite barriers form a series 

of ridges that run sub-parallel to the modern shoreline both onshore and offshore. 

Offshore, these ridges form a complex chain of reefs and islands, including Rottnest 

Island and Garden Island, that attenuate, refract and diffract the ocean swell waves 

(Figure 2.4). Shoreward of the reef chains are relatively calm, shallow (4-10 m) lagoons 

up to 10 km wide. Hence, the mainland beaches, on the West Coast, are considerably 

protected from the direct impact of the high energy offshore swell. The presence of 

the offshore reef system causes the alongshore distribution of wave energy flux to be 

highly sensitive to the deep-water wave direction (Davies 1982) and to variation in the 

local wind wave regime (Steedman 1977). 
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Figure 2.4. Refraction of waves along the Perth Metropolitan Coast clearly shows the influence of the 

inshore reef complex on refraction and diffraction processes. As a result, the alongshore distribution 

of wave energy flux is highly variable (adapted from Davies 1982). 

Searle and Semeniuk (1985) provide a detailed description of the geomorphology, 

stratigraphy and sedimentation/erosion of the West Coast, which they divide into five 

distinct 'natural' provinces (Figure 2.5). The three northernmost provinces; Dongara 

to Wedge Island, Whitfords to Lancelin and Cape Bouvard to Trigg Island are all 

characterized by a complex offshore topography of Pleistocene ridges and depressions. 

The shoreline is frequently rocky limestone with occasional sandy embayments. 
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Further south, the Leschenault to Preston and Geographe Bay provinces are composed 

of a series of barrier dunes and lagoons and hey have a relatively simple offshore 

bathymetry. The southern most province, Geographe Bay, is a broad, open, north-

facing embayment with a relatively simple bathymetry (Searle k Semeniuk 1988). 
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Figure 2.5. Coastal provinces of the West and South coast identified by Searle and Semeniuk (1985) 

and Hassell (1962). 

In the two southern provinces, Geographe Bay and Leschenault to Preston, quartz 

grains dominate over carbonates and heavy minerals (Searle k Semeniuk 1988). The 

proportion of quartz declines northward. In the Whitfords to Lancelin province, quartz 

only occurs in high concentrations in localised pocket beaches. The abundance of heavy 

minerals declines northward from Cape Naturaliste to Dongara (Searle k Semeniuk 

1988). 

Extensive seagrass meadows are often found in the protected lagoonal waters of the 

inner continental shelf immediately shoreward of the reef system. The dominant 

species in these meadows are Posidonia and Amphibolis. The increased bed roughness 
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introduced by the seagrass meadows can significantly dampen the energies of waves 

(Johnson k Lewis 1989). The baffling effect of the leaves and the beds of fibrous 

stems and rhizomes formed by the seagrass meadows act to stabilize and trap mobile 

sediments (Logan et al 1974; Wanless 1981; Dakin 1987), particularly biogenic 

sediments produced within the seagrass meadows. Grasses growing up through the 

deposited sediments leads to the accretion of the substratum. Hence, these meadows 

are particularly important for their effect on sedimentation in the lagoons. 

2.3.2. South Coast 

Along the South Coast the beaches are predominantly bay beaches formed between 

hard rock headlands (Bird 1985). The headlands and islands along the South Coast are 

formed from high-grade metamorphic and igneous Pre-Cambrian rocks of the Albany-

Fraser Orogen (Yilgarn Block) (Myers 1990b). Local depressions in the basement 

rocks are partially filled with Tertiary and Quaternary sediments which form flat 

coastal plains (Figure 2.3). The hard rock headlands separate a series of south to 

southeast facing zeta-form embayments that are frequently backed by a belt of beach 

ridge dunes and/or Pleistocene calcarenite (Woods et al. 1985). Along some sections of 

the South Coast, the Pleistocene calcarenite forms offshore reefs (e.g. Peaceful Bay and 

Hopetoun). Several of the Pre-Cambrian headlands are overlain by localized deposits 

of calcareous aeolianite. The southeasterly aspect of these bay beaches may provide 

substantial shelter to the updrift (western) section of the bay. The offshore islands 

and reefs can provide localized protection to the mainland beaches. 

The South Coast region may be divided into four broad provinces on the basis 

of physiography and regional geology; Donnelly, Nornalup, Barren and Esperance 

provinces (cf. Hassell 1962; Treloar 1978) (Figure 2.5). The Donnelly province, between 

Cape Leeuwin and Pt. D'Entrecasteaux, is formed at the southern end of the Perth 

Basin. Hence, this section of coast has a similar geomorphology to the West Coast and 

consists of a broad, southwesterly facing bay beach that is only occasionally interrupted 

by Pleistocene calcarenite headlands. This section of coast is quite exposed with 

relatively little shelter offered by the beach aspect or available from reef/island or 

headland protection. 

The Nornalup province extends from Pt. D'Entrecasteaux to Wilson Inlet and 

comprises a relatively narrow coastal plain with an elevation less than 200 m and has 

an average width of approximately 20 k m in the east. The basement geology consists of 
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Pre-Cambrian plutonics, volcanics and metamorphics, overlain by dissected remnants 

of Eocene sandstones, clays limestones and lignites (Hassell 1962). Numerous zeta-

form bay beaches form between the hard rock headlands. These beaches generally face 

southward and consequently are exposed to the prevailing swell energies. Headlands 

provide areas of localized protection on some beaches of the Nornalup province. 

The Barren province extends from the eastern edge of Wilson Inlet to East Mt. Barren. 

The coastal plain has an elevation less than 200 m and narrows eastward to an irregular 

belt less than 2 km wide. Within this province there are three predominant parent 

materials; gneisses cut by dolerites, siliceous Eocene beds and, of less significance, the 

quartzites and phyllites of the Mt. Barren rocks (Hassell 1962; Johnstone et al. 1973). 

The southeasterly aspect of the bay beaches along this section of coast provides some 

shelter from the predominant southwesterly swell waves. However, the majority of 

beaches along this section of coast are moderately exposed. 

The final province in the South Coast region is the Esperance province which has a 

wide coastal plain that broadens eastwards from 40 km to 60 km. The basement rocks 

are formed from Pre-Cambrian gneisses, granites and met a-sediments, overlain by 

Tertiary sediments (Johnstone et al. 1973). The majority of beaches along this section 

of coast are quite exposed as a result of the southerly aspect. Localized protection by 

reefs and headlands occurs on some beaches. 

2.4. CLIMATE OF SOUTHWESTERN AUSTRALIA 

Southwestern Australia experiences a Mediterranean climate characterized by hot 

dry summers and warm wet winters (Gentilli 1972). Nearly 75% of the annual 

rainfall falls during the winter months (May to August) and only 5% during the 

summer months (November to February) (Playford 1988). Mean annual evaporation 

amounts to about 1500 m m (Playford 1988). The prevailing weather conditions of 

Southwestern Australia are largely determined by a subtropical high pressure belt 

dominated by anticyclones (Gentilli 1971). This pattern is periodically disrupted by 

storms generated by mid-latitude and tropical depressions. Strong local sea-breezes are 

also of considerable importance on the coast, particularly in summer. These aspects 

of the climate of Southwestern Australia are detailed below. 
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2.4.1. Anticyclonic System 

The prevailing wind regime of the Southwestern Australian coastline is largely 

controlled by the west to east movement of a subtropical belt of high pressure 

anticyclonic cells (Gentilli 1971, 1972). The anticyclones move with a periodicity 

of approximately 5 to 6 days (Kidson 1925). This anticyclonic, high pressure system 

exhibits a seasonal displacement of approximately 5°to 8°(Gentilli 1972). During 

summer the belt is located between latitudes 37° S to 38° S while during winter it 

rises to between latitudes 29° S to 32° S (Karelsky 1954, 1965). The pressure gradient 

associated with the anticyclones is generally low and hence the resulting winds are 

slight and spiral outwards in an anti-clockwise direction. The seasonal shift of the 

anticyclonic belt results in a predominantly easterly wind component in summer and 

a westerly wind in winter (Figure 2.6 k Figure 2.7) (Gentilli 1972). Hence, on the 

West Coast, anticyclones generate offshore winds in summer and onshore winds in 

winter, whereas on the South Coast these systems lead to longshore winds; eastward 

in summer and westwards in winter. It should of course be noted that this is an 

idealized situation, any particular anticyclone may be more complex than this general 

pattern. 

2.4.2. Storms: Mid-Latitude Depressions, Inter-Anticyclonic Fronts and 

Tropical Cyclones 

The anticyclone system is periodically disrupted by storm events associated with mid-

latitude depressions (extra-tropical cyclones), inter-anticyclonic fronts or, occasionally, 

tropical cyclones. 

During summer the mid-latitude depressions are generally too far south to directly 

impinge on Southwestern Australia. However, the northward displacement of the 

anticyclone belt in winter allows these low pressure cells to directly affect the weather 

of Southwestern Australia. The mid-latitude depressions reach a peak frequency in 

July during which an average of three storms cross the coast (Gentilli 1971; Panizza 

1983). The pressure gradient across a mid-latitude depression is steeper than the 

pressure gradient of a anticyclone, hence the winds associated with these systems 

tend to be stronger. Along the southwest coast the winds associated with a mid-

latitude depression approach from the north then strengthen and back around to 

the northwest. These northwest winds may be accompanied by stronger gusts and 

occasional squalls. As the depression passes the coast the winds rapidly shift through 
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Figure 2.6. Wind roses around the Southwestern Australian coast for January, a typical summer 

month. 

the west to become southwest. The winds may be maintained for up to 24-36 hr 

and will gradually moderate. The South Coast is largely sheltered by aspect from 

the northwesterly winds associated with the approach of the mid-latitude depression. 

However, the strong southwesterly winds (and seas) associated with the passage of the 

mid-Latitude depression across the coast are a significant component of storm impact 

on beaches on the West and the South Coasts. 

Cold fronts occurring in the trough between anticyclonic cells may lead to strong 

west to southwesterly winds. These events have been termed inter-anticyclonic 
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Figure 2.7. Wind roses around the Southwestern Australian coast for July, a typical winter month. 

fronts (Panizza 1983). The storms associated with these systems are generally 

less intense than those derived from mid-latitude depressions since these transitory 

fronts move quickly and usually do not affect the Southwest Coast for more than 

one day (Panizza 1983). These systems are usually most prevalent during summer 

when the mid-latitude depressions are too far south to directly affect the weather of 

Southwestern Australia. The impact of these inter-anticyclonic fronts on the coast 

of Southwestern Australia may be comparable to mid-latitude depressions because of 

their southwesterly approach. 

Tropical cyclones are intense, low pressure, systems that commonly develop during 
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summer over the warm seas off Northwestern Australia and move inland. These 

systems generate intense winds that blow into the low pressure region in an almost 

circular clockwise direction. The wind direction at the coast is dependent upon the 

path of the tropical cyclone southwards. However, tropical cyclones rarely affect 

Southwestern Australia; Steedman (1977) has estimated that tropical cyclones affect 

the Perth Metropolitan Coastline less than 1 in every 10 years, along the South Coast 

this frequency is even lower. Tropical cyclones that do reach the Southwest Coast are 

usually dissipating and the wind strengths have dropped considerably (Panizza 1983). 

Despite the reduction in wind speed, tropical cyclones may still have a considerable 

impact on the coast of Southwestern Australia, particularly since they arrive during 

summer when the modal wave energy is relatively low and they act to reverse the 

direction of the prevailing northerly alongshore current. 

2.4.3. Sea-Breezes 

The sea-breeze is a local scale phenomena that is generated by the temperature 

differential between the land and the ocean. The sea-breeze is typically a summer 

phenomena and generally commences during the late morning to early afternoon when 

the land becomes hotter than the ocean. The hot air over the land rises causing a 

lowering of the air pressure above the land (Hsu 1988). This induces a stream of cool 

air to flow landward from the ocean, the sea-breeze. This processes persists until the 

temperature difference decreases, usually after dusk. In the early morning, when the 

sea temperature may be higher than the land temperature, a weak reverse breeze may 

flow offshore (land breeze). This land breeze is confined to inshore areas and may be 

more pronounced during winter when the land temperature drops substantially below 

the sea surface temperature (Bureau of Meteorology 1986). 

Southwestern Australia is a region of extraordinary sea-breezes (Gentilli 1972). They 

are unique in strength and consistency and are an important part of the coastal 

climate. The strong development of the sea-breezes is in part due to the anticyclonic 

winds in summer that favour the development of a thermal differential between the 

land and the ocean and consequently accentuate the pressure gradient driving the sea-

breeze (Gentilli 1971). A second feature enhancing the sea-breezes is the relatively low 

plateau (300-400 m ) forming the Albany-Fraser Orogen (Yilgarn Block) (Figure 2.2 k 

Figure 2.3); this elevation is not sufficiently high to reduce the temperature differential 

and consequently the dry summer air is heated rapidly and the temperature differential 

soon becomes great (Gentilli 1971). There are very few locations in the world where 

similar geographic conditions occur (Gentilli 1971). 
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The sea-breeze is the dominant wind along the Southwest Coast during summer 

afternoons and occurs on approximately 60% of summer days (Hounam 1945) 

(Figure 2.6). However, it is important to note that the sea-breeze is not restricted 

to summer. In Perth, the sea-breeze has a modal speed of over 30kmh - 1 in January-

February and over 19kmh - 1 from August to April (Gentilli 1972). The sea-breezes 

recorded at other stations along the West Coast, particularly north of Perth, are even 

stronger than those recorded at Perth (Hounam 1945). Maximum wind speeds of over 

6 0 k m h - 1 have been recorded at Jurien Bay (Unpublished data). 

The direction of the sea-breeze is affected by surface friction, the shape and orientation 

of the coastline and the Coriolis force (Bureau of Meteorology 1986). The orientation 

of the sea-breeze varies systematically around the Southwest Coast (Figure 2.6 k 

Figure 2.8). Along the northern and central West Coast, the sea-breeze blows 

alongshore as a southwesterly to southerly wind whereas along the South Coast the 

sea-breeze blows from the south to southeast (Gentilli 1972). 
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Figure 2.8. Sea-breeze approach around the coast of Southwestern Australia (adapted from Gentilli 

1972). 
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2.4.4. Typical Summer and Winter Weather Patterns 

A description of a typical summer and winter synoptic sequence is employed below to 

illustrate several of the important factors controlling the winds (hence waves) along 

Southwestern Australia and to demonstrate the context in which the field experiments 

were conducted. The synoptic patterns occurring during autumn and spring are not 

characteristically distinct in the Mediterranean climate of Southwestern Australia; 

these periods reflect a transition between summer and winter patterns. 

2-4-4-1 • Summer Pattern 

The summer wind pattern associated with the eastward movement of a high pressure 

cell across Southwestern Australia may be typified by the weather experienced from 

05/01/90 to 09/01/90 (Figure 2.9). This sequence may be summarized as: 

Day 1 (05/01/90): A low pressure system extends across the top half of Australia 

with a trough extending in a general north-south direction just inland of the West 

Coast. A high pressure anticyclone was located offshore in the Indian Ocean. The 

West Coast experienced moderate offshore 18-22 k m h - 1 southeasterly winds in the 

morning that swung south. By late morning the sea-breeze blew from the southwest 

at 28-37 k m h_ 1. Along the South Coast the winds were predominantly southerly and 

increased throughout the day. 

Day 2 (06/01/90): The low pressure trough was pushed further inland as the high 

pressure system moved closer onshore. The wind pattern on both the West and South 

Coast was similar to Day 1 thought the sea-breeze was a little weaker and started a 

little later. 

Day 3 (07/01/90): The high pressure system moved further east and was located off 

the South Coast. Along the West Coast and the South Coast a strong easterly wind 

in the morning moderated during the day. A weak sea-breeze (< 1 8 k m h _ 1 ) was 

experienced in the late afternoon. The wind returned to the east and freshened during 

the evening. 

Day 4 (08/01/90): A trough formed along the West Coast as another high pressure 

system was located in the Indian Ocean. Hot offshore northeasterly winds prevailed 

all day along the West and South Coast. The winds lightened in the afternoon. The 

sea-breezes were only light (<18kmh - 1 ) . 
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Figure 2.9. Synoptic pattern occurring in January 1990 illustrates a typical summer sequence. 

Day 5 (09/01/90): The trough developed into a cold front and moved inland bringing 

a cool change. Southwesterly winds prevailed along the West Coast and the South 

Coast and increased in strength throughout the day. The synoptic pattern reverts 

back to Day 1. 

2.44.2. Winter Pattern 

The northward movement of the anticyclone belt in winter results in a significantly 

different synoptic pattern. A typical winter sequence may be illustrated by the synoptic 

sequence from 26/08/91 to 30/08/91 (Figure 2.10): 
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DAY I 
//<?• /ao' /so" /+<>• /so'£ DAY 2 

Figure 2.10. Typical winter weather system illustrated by the sequence of synoptic charts from 

26/08/91 to 30/08/91. 

Day 1 (26/08/91): A high was situated across the eastern states and a strong double 

cold front approached Southwestern Australia. Moderate northerly winds blew along 

the upper West Coast in the early morning. However, by mid-morning these winds 

backed northwest to westerly and strengthened. The lower West Coast and the 

South Coast experienced near gale-force conditions with strong and gusty west to 

southwesterly winds throughout the day. 

Day 2 (27/08/91): The leading cold front passed across the southwest coast. O n the 

West Coast and South Coast strong southwest winds persisted in advance of the second 
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cold front. 

Day 3 (28/08/91): A third cold front developed off the southwest coast and caused 

an intensification of the winds. On the West Coast strong winds blew west to 

southwesterly, while on the South Coast winds were still strong but more westerly. 

Day 4 (29/08/91): The final cold front moved rapidly across the southwest coast and 

a strong high pressure cell is apparent in the Indian Ocean. The onshore movement of 

this anticyclone brings light south to southwesterly winds across the West and South 

Coast. 

Day 5 (30/08/91): The weather pattern was controlled by a large anticyclone located 

inland in South Australia. An intense cold front was located offshore in the Indian 

Ocean. A light west to northwesterly wind occurred along the West Coast. Winds 

along the South Coast were stronger and more northerly. 

2.5. OCEANOGRAPHIC PROCESSES OF 
SOUTHWESTERN AUSTRALIA 

Essentially three oceanographic processes are of importance in controlling the 

morphology of sandy beaches along the coast of Southwestern Australia, these are: 

(1) tides; (2) non-tidal long-period sea-level fluctuations; and (3) the "wave regime. 

To examine the energy contribution of these three phenomena to the coast of 

Western Australia a spectra was computed using the observed and predicted sea-

level record from the standard port of Fremantle (1991) and an eight month record 

of wave observations offshore of Rottnest Island (January 1993 to August 1993) 

(Figure 2.11). It can be seen from this diagram that spectral density of the swell 

waves dominates. The reef system along the Perth Metropolitan Coast results in 

the significant attenuation of the offshore wave energy (§ 2.5.4). To incorporate the 

effects of wave energy dissipation by the offshore reefs, two attenuation coefficients 

were applied to the offshore wave spectra (0.1 and 0.4). However, despite the effects of 

wave attenuation, the swell energy is still the dominant energy source. The diurnal and 

semi-diurnal tides provide a significant energy contribution. The difference between the 

observed record of mean sea-level fluctuations and the predicted tidal signal provides 

an indication of the relative importance of long-period non-tidal oscillations. To 

examine the relative importance of tides, non-tidal sea-level oscillations and waves 
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a cumulative spectral plot was also computed using the observed sea-level oscillations 

and the unattenuated (attenuation coefficient 0.0) wave record from Figure 2.11. This 

diagram (Figure 2.12) clearly demonstrates the overriding importance of swell wave 

energy along the coastline of Southwestern Australia and is a result of their relatively 

short period in comparison with the tidal period. 

These two plots (Figure 2.11 & Figure 2.12) provide a representation of the energy of 

the oceanographic processes. However, the relative amplitude of these phenomena, in 

particular tides, non-tidal sea-level oscillations and waves, determines the total range 

of sea-level fluctuations and hence is of fundamental importance in controlling the 

nearshore morphology. The amplitude of the tide and non-tidal sea-level fluctuations 

directly determine the ranging of the shoreline across the nearshore profile. Whereas, 

the wave amplitude directly determines the sediment transport potential in the 

nearshore and hence is a. fundamental control of the nearshore morphology. The 

characteristics of the tides, non-tidal sea-level fluctuations and waves experienced along 

the coast of Southwestern Australia are outlined below. 
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Figure 2.11. Spectra of sea-level energy along the coast of Southwestern Australia. 
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Figure 2.12. Cumulative spectra of sea-level energy along the coast of Southwestern Australia. 

2.5.1. Tides 

The coastline of Southwestern Australia, like much of the worlds coastline, experiences 

a micro-tidal tide regime (Figure 2.13) and the characteristics of the tides recorded 

at the standard ports along this coastline are essentially similar. This coast 

experiences micro-tidal, mixed, predominantly diurnal tides (Department of Defence 

1990) (Table 2.1). Neap tides, with a range of approximately 0.1-0.2 m are dominated 

by the semi-diurnal constituents, while diurnal constituents prevail during the spring 

tides where the range may be less than 0.5m (Figure 2.14). The range of both diurnal 

and semi-diurnal tides is least at Fremantle and increases to the north and south of 

this port (Hodgkin k Di Lollo 1958). 

The mean tidal range along the coast from Geraldton to Albany is less than 0.5 m; 

the tide range at Esperance is marginally greater with a Mean Higher High Water 

(M.H.H.W.) to Mean Lower Low Water (M.L.L.W.) range of 0.7m (Table 2.1). At 

the standard ports along the coast of Southwestern Australia the range from the Lowest 

Astronomical Tide (L.A.T.) to the Highest Astronomical Tide (H.A.T.) is less than 
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Table 2.1. Tidal range and tidal type of the standard ports of Southwestern Australia. 

Standard Port 

Geraldton 

Fremantle 

Bunbury 

Albany 

Esperance 

M H H W -
MLLW 
0.5 
0.4 
0.5 
0.4 
0.7 

M L H W -
MHLW 
t 
t 
t 
t 
0.2 

LAT-
HAT 
1.3 
1.1 
1.2 
1.5 
1.3 

Tide typet 

Mixed predom. diurnal 

Diurnal 

Mixed predom. diurnal 

Mixed predom. diurnal 

Mixed predom. semi-dii 

fTide type follows the nomenclature of Radok (1976) 

fTide is usually diurnal 

Source: Department of Defence (1990) 

'„" •'•.:>'•"' 1 Micro-' 

Figure 2.13. Global distribution of tidal range in metres at spring tide (from Davies 1980). 

or equal to 1.5m (Table 2.1). The extreme range.of sea-level recorded at Fremantl 

between 1896 and 1968 was only 2.04 m (Steedman 1977). 

2.5.2. Long-Period Sea-Level Fluctuations 

The regular tidal movements of the seas are continuously modified to a greater or lesser 
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Figure 2.14. Predicted tides for January 1991 for Fremantle Boat Harbour. Note the dominance of 

diurnal constituents during the spring tide and semi-diurnal constituents during the neap tide phase. 

extent by the effects of the weather. This exchange of energy between the atmosphere 

and the oceans occurs at all time and space scales (Pugh 1987). It operates via two 

distinctly different processes: (1) changes in atmospheric pressure produce changes in 

the forces acting vertically on the sea surface; and (2) winds caused by spatial gradients 

in atmospheric pressure produce stresses that act parallel to the sea surface and may 

affect the sea-level at the shoreline. Strong offshore winds will result in lowering of 

the water-level at the shoreline, whereas onshore winds will raise the sea-level at the 

shoreline. During intense atmosphere-ocean exchanges (i.e. storms) the effects of air 

pressure and winds usually cannot be separately identified (Pugh 1987). 

Atmospheric pressure and sea-level are inversely related; an increase in air pressure 

will result in a decrease in water-level (Pugh 1987). This is known as the inverted 

barometer effect and has a theoretical (isostatic) ratio of approximately — 1 cm per 

1 hPa. However, this exact isostatic ratio is seldom seen in practice, one reason 

for this is the dynamic response of the shallower waters of the continental shelf to 

the movement of the atmospheric pressure field (Pugh 1987). Along the coast of 

Southwestern Australia this ratio was found to be significantly larger than the isostatic 

value (up to twice), though the precise reason for this is unknown (Hamon 1966). 

Analysis by Hamon (1966) shows that pressure variations account for a considerable 
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proportion of the sea-level excursions; 85% at Albany, between 85% and 56% at 

Fremantle, 43% at Geraldton and 20% at Bunbury. Hence, the small tidal signal 

along the Southwestern Australian coastline is often overwhelmed by meteorological 

forces (Hodgkin k Di Lollo 1958; Eliot k Clarke 1986). Hamon (1966) examined the 

contribution of wind stress to this effect and concluded that the magnitude of this 

stress would be too small to account for the observed exaggerated barometer factor. 

Along the coast of Southwestern Australia, where tidal range is extremely low and the 

shoreline is often protected from the direct impacts of wave activity by the offshore 

reefs, barometric pressure has a disproportionately large effect on sea-level. 

Along the coast of Southwestern Australia a range of non-tidal long-period sea-

level excursions have been identified. The relative importance of tidal and non-tidal 

movements will depend on the time of year and the local bathymetry; meteorological 

influences are greatest in winter, and have greatest effect where they act on shallow 

seas (Pugh 1987). The non-tidal excursions may be readily determined by the removal 

of the predicted tide from the observed sea-level record. These non-tidal sea-level 

excursions may be divided into: (1) (quasi-) periodic; and (2) aperiodic phenomena. 

Periodic and quasi-periodic sea-level oscillations occur at a range of periods from 

inter-annual through to several minutes, whereas aperiodic sea-level excursions have 

no natural period and are the result of transient storm events or wind set-up. The 

fundamental forcing of the (quasi-) periodic sea-level excursions is atmosphere-ocean 

exchange. However, the actual mechanisms that maintain these oscillations may be 

attributed to: El Nino Southern Oscillation (ENSO) phenomena, seasonal shifts of 

the anticyclonic belt, quasi-hebdomadal weather patterns, continental shelf wave's and 

inshore seiching (Table 2.2). Aperiodic sea-level excursions may be induced by storm 

events or local land/sea-breeze systems. Along the Southwestern Australian coast the 

variation in sea-level induced by these factors may at times be over twice as large as 

the range of the tide (Eliot k Clarke 1986). 

Table 2.2. Long-period, periodic and quasi-periodic sea-level oscillations along the coast of 

Southwestern Australia. 

Approx. Approx. 

Mechanism Period Amplitude References 

ENSO 3-5 yr 5 cm Pariwono et al. (1986) 

Seasonal weather patterns 1 yr 20 cm Pariwono et al. (1986); Pattiaratchi & Buchan (1991) 
Synoptic gradients 5-20 days 100cm Hamon (1966); Pariwono et al. (1986) 

Seiching 10-40minutes 5-100cm Steedman (1977); Allison & Grassia (1979Y 

Allison et al. (1980) 
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2.5.2.1. Inter-Annual Oscillations 

Along the southwestern coast of Australia an inter-annual sea-level excursion of 

approximately 5 cm may be attributed to E N S O phenomena (Pariwono et al 1986). 

This signal shows a strong spatial coherence along the coast of Southwestern Australia. 

In an E N S O year the sea-level tends to be anomalously low, whereas in the previous 

year the levels are high (Pariwono et al 1986). 

2.5.2.2. Seasonal Oscillations 

The seasonal migration of the anticyclonic belt produces a corresponding variation 

in mean atmospheric pressure and predominant wind direction along the southwest 

coast of Australia. Along this coast the seasonal sea-level variations induced by this 

migration are uncommonly large («20cm), with respect to the tidal oscillations; this 

constituent is often ranked highly in a list of tidal constants, at Fremantle it is listed 

third (Pariwono et al. 1986; Pattiaratchi k Buchan 1991). 

The sea-level reaches a maximum excursion in early winter (June) and may be 

associated with the strengthening of the westerly winds over the southern coastal ocean 

as the high-pressure atmospheric cell settles in its northerly position over the central 

continent (Curlewis 1915; Pariwono et al 1986). The seasonal minimum sea-level 

occurs during spring in October-November (Pariwono et al 1986). The progression of 

the sea-level maximum is delayed along the central and west coast of Western Australia 

and is linked to the southward movement of the Leeuwin Current (Pattiaratchi k 

Buchan 1991). 

2.5.2.3. Continental Shelf Waves 

The passage of synoptic scale anticyclonic pressure systems across the coast of Western 

Australia induces long-period sea-level oscillations which typically have amplitudes 

in the range of 20 cm, periods of several days and wavelengths of a few thousand 

kilometres (Mysak 1980; Pariwono et al. 1986). These waves are termed continental 

shelf waves and travel along the continental shelf with a node at the edge of the shelf 

and an antinode at the coast. In the southern hemisphere, shelf waves travel with the 

land on the left (Mysak 1980). Hence, in Southwestern Australia shelf waves travel 

southward along the West Coast and eastward along the South Coast. 
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Continental shelf waves were first observed travelling along the continental shelf off the 

east Australian coast by Hamon (1962) and have since been observed to travel along the 

Southwestern coast of Australia with a period of 5-20 days and a height considerably 

greater than generally observed («0.4-lm) (Pariwono et al 1986) (Figure 2.15). 

H a m o n (1966) concluded that shelf waves are always present along the West Australian 

coast south of latitude 28° S. At mid-latitudes, shelf waves are usually generated by 

the surface wind stress associated with synoptic scale weather systems that pass over 

the shelf system (Mysak 1980). O n the Southwestern Australian coast the travelling 

shelf waves tend to increase the sea-level response to pressure variations on the West 

Coast (Hamon 1966). 

10/01/91 £0/01/91 31/01/91 

Date 

Figure 2.15. Long-period, non-tidal, sea-level fluctuations (obtained by subtracting the predicted 

tides from the observed sea-level fluctuations) observed in January 1991 at Fremantle Fishing Boat 

Harbour. The long-period oscillations observed in this record from Fremantle were also consistently 

recognized in the water-level records of the standard ports of Southwestern Australia and may 

be attributed to continental shelf wave activity. Superimposed on these are a series of smaller 

amplitude and higher frequency oscillations that m ay be attributed to inshore seiching (compare 

with Figure 2.14). 

2.5.2.4- Seiching 

Long-period standing waves which occur in enclosed or semi-enclosed water bodies are 

usually triggered by an impulse which may be derived from several sources, including 
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a storm surge, a sudden change in wind direction/air pressure or by surf-beat during 

times of large wind waves (Pugh 1987). The frequency and amplitude of these seiche 

motions along the South and West Coast is dependent on local conditions, in particular 

the width and depth of the basin in which they occur. 

Along the West Coast, seiching has been observed between the shoreline and the 

submerged reef chains that parallel the coast some 5 k m offshore. The offshore reefs and 

islands along the West Coast operate in two opposing modes. Firstly, they effectively 

dissipate wave energy and hence offer protection to the mainland beaches. However, 

the reefs and islands also act as an efficient basin boundary and hence maintain seiche 

motions in the inshore lagoon. Seiching in the inshore lagoon is persistent along 

the West Coast with periods up to 30 minutes and amplitudes in excess of 10 cm 

at the coast (Hodgkin k Di Lollo 1958; Steedman 1977; Petrusevics et al 1979; 

Allison k Grassia 1979; Allison et al 1980). Shorter period seiching within small 

embayments also occurs along the West Coast. In Jervoise Bay, Cockburn Sound, 

sea-level oscillations with a period of 100 s period and an amplitude of 2-3 cm have 

been observed and may be attributed to inshore seiching (Steedman No Date). 

The periodic rise and fall of water-level over the outer reef induced by the seiche motion 

may be sufficient to result in a periodic modulation of wave energy at-the shoreline 

since the degree of wave energy dissipation by the reefs will change with the water 

depth. 

Along the South Coast seiching may be expected to be more localized than along 

the West Coast due to the absence of an extensive shore-parallel reef/island chain. 

Seiching along the South Coast may be present within individual embayments; the 

period and amplitude of the sea-level oscillations Would be dependent upon the basin 

configuration. However, there are few published observations of seiche motion along 

the South Coast, a notable exception is the paper by Morison and Imberger (1992) 

in which sea-level oscillations of 100 s were observed in Esperance Harbour and were 

attributed to seiche motion. Similar oscillations would be expected from seiching in 

other embayments along the South Coast. 
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2.5.3. Aperiodic Sea-Level Excursions 

Aperiodic sea-level excursions may be generated by transient storm events or local 

land/sea-breeze systems. The sea-level excursion associated with a storm-event is 

termed 'storm surge' and is denned by Hsu (1988, 211) as 'an abnormal rise of the 

water level resulting principally from the atmospheric pressure and winds of a storm'. 

During any particular storm, the effect of the atmospheric pressure and winds on the 

sea-level at the shoreline may enhance or oppose each other. The term 'surge' or 'storm 

surge' is commonly employed to refer to a particular event during which a very large 

non-tidal sea-level excursion is generated, rather than to describe the whole continuum 

of non-tidal variability (Pugh 1987). In this investigation the continuum of non-tidal 

variability, excluding short period gravity waves, is broadly referred to as 'non-tidal 

sea-level fluctuations'. 

The amplitude of the aperiodic sea-level excursion at the shoreline will depend on the 

intensity and direction of the storm and the local configuration of the coast. However, 

Silvester and Mitchell (1977) attempted to calculate the expected storm surge elevation 

along the Southwestern Australian coast resulting from 'typical' or 'extreme' storms 

as approximately 0.1m and 0.4 m respectively. This surge is of similar magnitude 

to the persistent shelf wave and seiche oscillations that occur along the West Coast 

but is far less than the surge levels observed during this investigation. Surge levels 

reached by Cyclone Fifi (22/04/91) at Koombana and Eagle Bay were 1.9 m and 

3.5 m respectively. The study by Silvester and Mitchell (1977) neglects the-acute 

spatial variability of surge levels. The considerable difference between the surge levels 

reached at Koombana and Eagle Bay demonstrates this variability which is dependent 

on such factors as shoreline aspect and offshore bathymetry. Geographe Bay is a 

large northwesterly facing embayment (which includes Eagle Bay) that is particularly 

susceptible to surge generated by storms approaching from the northwest. Further 

evidence of the spatial incoherence of surge levels is presented by Eliot and Clarke 

(1986) who described the impact of a minor storm at Sorrento Beach. They observed 

that the tide record at Fremantle could not be used to describe detailed sea-level 

changes only 25 k m north at Sorrento during the storm. 

Local land- or sea-breezes may cause minor aperiodic sea-level excursions. However as 

for storm surges, the amplitude of the sea-level excursions at any particular point on 

the shoreline will be dependent on the configuration of the shoreline and the intensity 

and fetch of the breeze. 
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Along the coast of Southwestern Australia, the frequency and intensity of aperiodic sea-

level excursions show a seasonal cycle. The northward movement of the anticyclonic 

belt in winter allows more mid-latitude storms to impinge on the coast of Southwestern 

Australia. Consequently the frequency of storm surges increases in winter (Allison 

et al 1980; Don Wallace pers. com. 1993). The summer sea-breeze cycle may also cause 

an identifiable increase in aperiodic sea-level excursions during summer afternoons. 

Though the initial sea-level excursion generated by storm surges or local wind set

up is aperiodic, the relaxation of the sea-level may involve time scales of a few days 

and perhaps the generation of periodic sea-level fluctuations such as shelf waves and 

seiching (Mysak 1980). This appears to be an interesting subject for further research. 

2.5.4. Wave Climate 

The southwest coast of Australia is an open ocean coast with a virtually unlimited 

fetch (Eblen k Radok 1977). Along the West Coast the fetch length is practically 

unlimited to the northwest, west and southwest. Along the South Coast the fetch 

length is unlimited to the southwest, south and southeast. The offshore wave climate 

of Southwestern Australia is dominated by a persistent low- to moderate-energy wave 

regime characterized by south to southwesterly swell (Silvester 1976) (Figure 2.16 k 

Figure 2.17). The average annual offshore wave height is approximately 2-3 m and the 

swell period ranges from 10 to 14 s (Silvester 1976; Riedel k Trajer 1978). These swell 

waves are generated by temperate storms in the Indian and Southern Ocean. Wave 

energy conditions during the summer-autumn (December to May) period are relatively 

low and remarkably constant with minimal annual variation. However, wave energy is 

significantly greater during the winter-spring (June to November) period and greater 

interannual variation is possible (Riedel k Trajer 1978). The high variability of wave 

energy during winter-spring may be attributed to the passage of storms associated 

with mid-latitude depressions. 

Despite the moderate offshore wave energy of Southwestern Australia, the inshore 

wave energy is considerably less due to wave energy dissipation via refraction and 

diffraction processes around reefs and headlands. It should also be noted that reefs 

act to filter and dampen the incident wave energy. This effect is particularly apparent 

on the West Coast where an extensive reef chain parallels the coast. Waves measured 

offshore at Garden Island and inside the reef chain at 10 m had median significant wave 

heights of 1.1 and 0.3 m respectively and modal maximum heights of 1.7 and 0.8 m 
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Figure 2.16. Global wave environments (from Davies 1980). 

respectively (Steedman 1977). Wave heights measured offshore of Rottnest Island and 

inshore at Fairway Landfall revealed an attenuation coefficient of 0.48 (Figure 2.18). 

The energy ratio between the offshore and inshore wave spectra revealed that the 

greatest attenuation occurred across the swell wave band (Figure 2.18). Steedman 

(1977) calculated that the reef system along the Perth Metropolitan Coast attenuates 

an average of 3 9 % of the offshore wave energy and hence the shoreline of Southwestern 

Australia experiences modally low wave energies. 

Isolated reefs and offshore islands offer some degree of local protection of the beaches 

along the South Coast. However, wave dissipation along the South Coast is generally 

considerably less than on the West Coast and these beaches are subjected to a 

moderate to heavy southwesterly swell (Radok 1976). Refraction around headlands is 

an important form of wave energy dissipating along the South Coast. 

Superimposed upon the prevailing southwesterly swell are waves generated by mid 

latitude depressions, tropical cyclones and sea-breezes. Mid-latitude depression storms 
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Vo occurrence 

Figure 2.17. Summer (January) and winter (July) swell roses around the Southwestern Australian 

coast. 

may generate locally significant waves with periods ranging from 8 to 10 s and typi

cal breaker heights ranging from 1.5 to 2.5 m. These waves commonly approach the 

coast from the north and northwest and hence have most affect along the West Coast 

(Panizza 1983). Tropical cyclones are rarely experienced along the West Coast and 

even less along the South Coast. However, when they do occur the waves generated 

may have extreme breaker heights of 3 to 4 m. 

The limited fetch of the sea-breezes results in the development of a short-period sea 

that is typically characterized by many whitecaps. These wind waves have a signifi-
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Figure 2.18. Offshore (south west of Rottnest Island) and inshore (Fairway Landfall) wave 

conditions. Wave height attenuation between the offshore and inshore sites was 0.477 and the wave 

energy dissipation was greatest for the swell period waves. 

cantly shorter period and length than the swell and are thus less affected by the inshore 

bathymetry (e.g. reef system along the West Coast). In a field study of the effect of 

the sea-breeze on coastal processes, on the Perth Metropolitan Coast Pattiaratchi 

et al (1993, submitted—Appendix A ) observed that the response of the wave climate 

lagged only 45 minutes behind the onset of the sea-breeze. The wind waves generated 
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by the sea-breeze had an initial period of 3 s; as the sea-breeze imparted more energy 

to the waves the period increased to 4 s. The energy contained in the wind waves also 

increased throughout the afternoon with the maximum energy exceeding the swell 

wave energy. The arrival of the sea-breeze results in a dramatic change in the process 

regime. Storms, like sea-breezes, generate short period, steep waves, and are often 

associated with strong longshore currents. 

2.5.5. Offshore and Inshore Currents 

The ocean currents of Southwestern Australia may be examined at several scales and 

may combine to drive net sediment drifts along the coast. The Leeuwin Current 

operates at the largest scale and was first identified by Gentilli (1972). It is a narrow 

band of warm (> 24 °C), relatively low-salinity (< 35 ppt), water of tropical origin 

about 50 k m wide and some 200 m deep (Pearce k Cresswell 1985; Cresswell 1990). 

This water moves rapidly southwards along the continental slope between Exmouth 

and Cape Leeuwin with maximum speeds at the surface of greater than 1 m s - 1 

(Godfrey k Ridgway 1985). The Leeuwin Current dissipates with distance southward. 

At Cape Leeuwin the Current pivots eastwards, moves on to the continental slope 

and flows into the Great Australian Bight. The Leeuwin Current flows principally in 

autumn and winter (strongest in May) and is unusual in that it flows into the wind 

(Godfrey k Ridgway 1985; Cresswell 1990). This current is primarily a convection 

current driven by an alongshore steric height gradient at the continental shelf (Godfrey 

&; Ridgway 1985). The large steric height difference may be maintained by flow from 

the Pacific to the Indian Ocean through the Indonesian Strait (Godfrey k Ridgway 

1985; Pariwono et al 1986). The Leeuwin Current is an offshore current and as such 

has no direct influence of the nearshore morphology. 

In contrast to the Leeuwin Current, the prevailing southwesterly swell drives littoral 

currents with a presumed net flow from Cape Leeuwin northward towards Carnarvon 

and east towards Esperance (Davies 1977; Woods et al. 1985). This generality would 

appear to be true for waters immediately shoreward of the offshore reef structures on 

the West Coast. However, inside the reef, wave refraction and diffraction processes 

break the inner shelf and nearshore water circulation into discrete cells (Searle and 

Semeniuk 1985). On the South Coast the littoral drift is concentrated in a narrow 

inshore zone within the embayments (Treloar 1978). This littoral current generally 

flows in a net eastward direction but depends on local variations of the coastal 

geomorphology (Hassell 1962). 
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At the smallest scale, local wind effects are significant. Along the West Coast the sea-

breezes generally drive a net northward littoral drift. The resulting longshore current 

in the nearshore may be very strong with an observed mean of 1.3 m s - 1 reported 

by Pattiaratchi et al (1993, submitted—Appendix A). The sea-breezes on the South 

Coast generally do not give rise to a predominant littoral drift direction. 

2.6. SYNOPSIS OF THE COASTAL ENVIRONMENT OF 
SOUTHWESTERN AUSTRALIA 

The tidal range along the coast of Southwestern Australia is extremely low. Hence, 

the influences of waves and non-tidal long-period sea-level excursions on nearshore 

morphology are relatively more important. The offshore wave energy around the 

Southwest Coast is dominated by a persistent low- to moderate-energy wave regime 

characterized by prevailing south to southwesterly swells. 

Extensive reef/island protection on the West Coast causes considerable attenuation of 

the offshore swell wave energy. Consequently, the beaches on the West Coast are 

generally highly- to moderately-sheltered from offshore swell wave energy. Short-

period, locally-generated wind waves, particularly those generated by strong sea-

breeze activity, are less attenuated by the offshore reef chains and may cause a 

significant imprint on the nearshore morphology. The diurnal sea-breeze cycle causes 

a characteristic pattern of cut and fill on the beachface. During the afternoon, 

wind waves generated by the sea-breeze cause significant scour on the beachface; this 

sediment was deposited just offshore of the step. During the evening and morning, 

following the ceasation of the sea-breeze, this sediment was transferred back on to 

the foreshore (Pattiaratchi et al. 1993, submitted—Appendix A). This cycle of cut 

and fill that occurs on the foreshore and nearshore can be considered a small scale 

analogue of the impact of storm events on the beach. Under the prevailing conditions 

of low tidal range and low to moderate wave energy, long-period non-tidal sea-level 

excursions are particularly important and may play a dominant role in shaping the 

nearshore morphology of the West Coast. 

Along the South Coast, attenuation of the offshore wave energy is considerably less 

than on the West Coast. Sheltering, where present, may be attributed to the beach 

aspect where headland protection is locally important on several of the beaches of the 

South Coast. Generally, the nearshore wave energy is greater on the South Coast and 

the majority of these beaches are wave-dominated. 
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Storm systems that impinge on the coast of Southwestern Australia provide a 

significant energy input in a relatively short period. These events can cause large and 

rapid changes in the morphodynamic regime of the beach and the resulting morphologic 

imprint may remain long after the storm system has passed. 

The variety of environmental factors described above will exert considerable control on 

the morphodynamic nature of the sandy beaches along the Southwestern Australian 

coast. Field sites were chosen to obtain a sample of the nearshore systems which 

develop under these varied conditions, with particular attention given to very low-

energy environments. 

2.7. SELECTION OF FIELD SITES 

The Southwestern Australian coast is an ideal region for the investigation of low-

energy, micro-tidal beaches. The low tidal range minimizes lateral translation of the 

shoreline and results in the development of a discrete and quasi-permanent beachface 

and nearshore zone. Under offshore wind conditions the nearshore wave climate is 

characterized by long-period, low-energy swell waves, although modal wave energies 

between the West Coast and the South Coast are considerably different. The West 

Coast beaches are protected by offshore reefs and are consequently subjected to lower 

wave energies than the South Coast beaches. All the beaches sampled were sandy, 

although with considerable variation in grain size. 

Field sites were selected to obtain a range of morphologic, sedimentologic and dynamic 

conditions. The requirements for the selection of the field sites included: 

(1) largely two-dimensional; 

(2) normal wave incidence; 

(3) sand sized sediments; 

(4) little macro-algal drift in the nearshore (to minimize problems associated with 

fouling of equipment); 

(5) adequate beach access; and 

(6) minimal pedestrian and vehicular traffic. 
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Figure 2.19. Field sites were located along the West Coast (including Rottnest and Garden Islands) 

and the South Coast. 
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Figure 2.20. Beach shelter attributed to aspect and degree of protection. Protected beaches located 

towards the centre of the shelter plot. 

Field surveys were generally conducted in the morning so as to measure the prevailing 

swell conditions and minimize the influence of the sea-breezes on the local wind wave 

field. 

A total of 51 surveys were conducted as part of this investigation (Table 2.3). 

Throughout the text, the proper names for the surveys, as listed in Table 2.3, are 

employed. However, for convenience, only the abbreviated mnemonic names will be 

employed in the Figures and Tables. Several surveys were conducted on the same 

beach during a single field campaign: two surveys at City Beach (11/04/89; Citybel 

k Citybe2); three surveys at Swanbourne Beach (19/08/89; Swanl, Swan2 k Swan3); 

three surveys at City of York Bay (26-27/10/90; York21, York22 k York23); two surveys 

at Leighton Beach (30/01/91; Leig21 k Leig22); and two surveys at Coolimba Beach 
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Table 2.3. Location, date and mnemonic name (e.g. Barracks) of the surveys. The proper names for 

the beaches are used in the text and the mnemonic names are employed in the Tables and Figures. 

Survey 

Citybel 

Citybe2 

Dog 

Wbussel 

Forrest 

Wonnerup 

Siesta 

Swanl 

Swan2 

Swan3 

Sc 
Leighton 

Fourth 

Yokinup 

Castle 

Salmon 

Legrand 

Legrand2 

Ocean 

York 

York21 

York22 

York23 

Leig21 

Leig22 

South 

Dongara 

Coolil 

Cooli2 

Ilia 

Cerv 

Warn 

Lei 

Twilight 

Hope2 

Fish 

Cheyne 

Peace 

Eagle 

Koombana 

Quarry 

Sulphur 

Barracks 

Herring 

Strick 

Kingston 

Geordie 

Lady 

Trigg 

Sscarb 

Sscarb2 

Beach 

City Beach 

City Beach 

Dog Beach (Trigg) 

Busselton Town Beach 

Forrest Beach 

Wonnerup Beach 

Siesta Park 

Swanbourne Beach 

Swanbourne Beach 

Swanbourne Beach 

South City Beach 

Leighton Beach 

Fourth Beach 

Yokinup Beach 

Castletoun Beach 

Salmon Beach 

South Le Grand Beach 

Le Grand Beach 

Ocean Beach 

City of York Bay 

City of York Bay 

City of York Bay 

City of York Bay 

Leighton Beach 

Leighton Beach 

South Beach 

Dongara Beach 

Coolimba Beach 

Coolimba Beach 

Illawong Be.ich 

Cervantes Beach 

Warnbro Beach 

Leighton Beach 

Twilight Cove 

Hopetoun Beach 

Fishery Beach 

Cheyne Beach 

Peaceful Bay 

Eagle Bay 

Koombana Bay 

Quarry Beach 

Sulphur Bay 

Barracks Beach 

Herring Bay 

Strickland Bay 

Kingston Beach 

Geordie Bay 

Lady Edelins Beach 

Trigg Beach 

Dog Beach (Scarborough) 

Dog Beach (Scarborough) 

* Rottnest Island 

t Garden Island 

Date 

11/04/89 

11/04/89 

08/06/89 

11/08/89 

11/08/89 

11/08/89 

12/08/89 

19/08/89 

19/08/89 

19/08/89 

01/11/89 

13/02/90 

10/03/90 

11/03/90 

12/03/90 

13/03/90 

15/03/90 

16/03/90 

19/03/90 

21/04/90 

26/10/90 

27/10/90 

27/10/90 

30/01/91 

30/01/91 

07/03/91 

11/03/91 

12/03/91 

12/03/91 

13/03/91 

15/03/91 

17/03/91 

21/03/91 

14/04/91 

15/04/91 

16/04/91 

17/04/91 

18/04/91 

23/04/91 

25/04/91 

26/04/91 

27/04/91 

28/04/91 

29/04/91 

03/05/91 

04/05/91 

05/05/91 

06/05/91 

03/10/91 

23/01/92 

05/03/92 

Location 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

South Coast 

South Coast 

South Coast 

South Coast 

South Coast 

South Coast 

South Coast 

West Coast* 

West Coast* 

West Coast* 

West Coast* 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

West Coast 

South Coast 

South Coast 

South Coast 

South Coast 

South Coast 

West Coast 

West Coast 

West Coastt 

West Coastf 

West Coastt 

West Coastt 

West Coast* 

West Coast* 

West Coast* 

West Coast* 

West Coast 

West Coast 

West Coast 

Lat. 

31° 

31° 

31° 

33° 

33° 

33° 

33° 

31° 

31° 

31° 

31° 

32° 

33° 

33° 

33° 

33° 

34° 

34° 

34° 

32° 

32° 

32° 

32° 

32° 

32° 

32° 

29° 

29° 

29° 

29° 

30° 

32° 

32° 

32° 

33° 

34° 

34° 

35° 

33° 

33° 

32° 

32° 

32° 

32° 

32° 

32° 

31° 

32° 

31° 

31° 

31° 

(S) 

56' 

56' 

52' 

39' 

40' 

36' 

39' 

59' 

59' 

59' 

56' 

00' 

53' 

51' 

50' 

53' 

59' 

57' 

58' 

00' 

00' 

00' 

00' 

00' 

00' 

04' 

15' 

51' 

51' 

42' 

32' 

20' 

00' 

16' 

57' 

25' 

34' 

03' 

33' 

18' 

15' 

12' 

13' 

09' 

01' 

00' 

59' 

01' 

52' 

54' 

54' 

Long 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

121° 

123° 

121° 

121° 

122° 

120° 

117° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

114° 

114° 

. 114° 

114° 

115° 

115° 

115° 

126° 

120° 

119° 

118° 

116° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

115° 

. (E 

45' 

45' 

45' 

20' 

25' 

27' 

15' 

46' 

46' 

46' 

45' 

45' 

50' 
02' 

54' 

51' 

07' 

07' 

21' 

30' 

30' 

30' 

30' 

45' 

45' 

45' 

56' 

59' 

59' 

57' 

02' 

45' 

45' 

02' 

07' 

23' 

46' 

56' 

04' 

39' 

41' 

41' 

41' 

40' 

28' 

33' 

32' 

28' 

45' 

45' 

45' 
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(12/03/91; Coolil k Cooli2). Several surveys were also conducted on the same beach 

but during separate field campaigns: three at Leighton Beach (13/02/90, Leighton; 

21/03/91, Leig21 and Leig22; k 30/10/91, Lei); two at City of York Bay (21/04/90, 

York; k 26-27/10/90, York21, York22, k York23); and two at South Scarborough Beach 

(23/01/92, Sscarb; k 05/03/92, Sscarb2). Surveys were conducted on a total of 40 

unique beaches. The majority of the surveys were conducted on sheltered beaches of 

the West Coast since the principal aim of this investigation is the examination of the 

morphology and dynamics on low-energy beaches. Of the 39 West Coast surveys 8 were 

conducted on Rottnest Island and 4 were conducted on Garden Island (Figure 2.19). 

Only 12 surveys were conducted on South Coast beaches (Figure 2.19). The South 

Coast beaches were generally more exposed than the West Coast sites and were chosen 

to obtain a comparative sample of beach morphologies and dynamics under higher wave 

energy conditions. 

An assessment of the level of protection at each beach was determined from 

hydrographic charts. The factors that determine the level of protection include the 

distance to headlands and offshore reefs/islands, contiguity of offshore reefs/islands, 

width and depth of offshore reefs, offshore bathymetry and the extent of offshore sea 

grasses. The level of protection was denoted by a rating from 0 (fully protected) to 4 

(non-protected). The aspect and the level of protection will determine the degree of 

beach shelter (Figure 2.20). Beaches located on the outer edge and in the southern or 

western quadrates of the shelter plot (Figure 2.20) are the least sheltered and beaches 

located near the centre of the plot are more sheltered. 
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CHAPTER 3 

MEASURING THE MORPHOLOGY, 
SEDIMENTS AND DYNAMICS 

OF THE NEARSHORE 

3.1. INTRODUCTION 

The number and variety of geomorphological investigations of beach processes have 

increased greatly since World War II (Kirk 1975). This expansion has in part 

been fostered by the rapid development of electronic instrumentation. In particular, 

Dugdale (1981) notes that the rapid development of instrumentation in coastal 

geomorphology has few parallels in other branches of geomorphology. The recent 

development of integrated surf zone monitoring systems exemplifies this trend (e.g. 

Koontz k Inman 1967; Lowe et al 1972; Hazen et al 1988). Such systems are capable 

of simultaneous measurement of several process variables and offer considerable 

promise in the determination of the relationship between process and form in the 

surfzone (Dugdale 1981). An unfortunate corollary of the increasing sophistication of 

oceanographic instrumentation is an associated increase in expense for fabrication of 

the equipment and its deployment in the field. 

Basiriski (1989) distinguishes between large, meso and small scale investigations of 

coastal phenomena. Small scale investigations are characterized by spatial scales in the 

order of metres and centimetres and temporal scales of hours, minutes and seconds. 

The current investigation of Southwestern Australian beaches adopts a small scale 

approach in the exploration of natural phenomena and their interrelationships. 

The present chapter describes the field and laboratory techniques employed in this 

investigation to measure the morphology, sediments and extemporary dynamics of 

the nearshore. The nearshore morphology was determined from the surveyed beach 

profile. The sedimentologic parameters measured included granulometry, settling 

velocity and permeability. The extemporary dynamics that were measured in this 

investigation included the nearshore waves, nearshore currents, swash oscillations 

and swash interactions. The techniques employed to measure these parameters are 

described below. 
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3.2. NATURE OF THE NEARSHORE 

The nearshore zone is a particularly complex and chaotic environment and is 

characterized by temporal and spatial instability, with directional variations. 

Equipment deployed in the nearshore must contend with these instabilities and also 

withstand immersion, salt spray, strong wave and flow forces, and high suspended 

sediment concentrations. Each of the three subzones of the nearshore (e.g. breaker, 

surf and swash) is characterized by different hydrodynamic forces and hence requires 

different types of instrumentation. In particular, the swash zone, in addition to the 

above factors, is also characterized by translatory flows with rapid flow reversals; 

rapid accelerations; strong sediment transport; periodically exposed surface; shallow 

flow depths; zonation in sediment saturation; and bed elevation changes. 

These factors require due consideration in the selection and development of field 

equipment. The equipment must be sensitive but also rugged enough to withstand 

powerful water motion and sediment abrasion. It is also necessary to minimize the 

interference of the equipment with the variables being measured. 

3.3. EQUIPMENT DEPLOYMENT 

As part of this investigation, it was necessary to develop an extensive field array to 

enable the simultaneous measurement of the pre-breaking waves, nearshore currents, 

instantaneous shoreline (swash) oscillations, and swash interactions. Because of the 

difficulties of describing alongshore variability of natural beaches that have been 

acknowledged by Hazen et al (1990), data for this investigation were obtained with 

respect to a single shore-normal profile. As noted previously, the beaches chosen 

for field investigation were largely two-dimensional with little apparent longshore 

variability. On the few beaches where minor swash cusps (active or relic) were present 

the profile was located to bisect a cusp salient and thus the profile would be expected to 

bisect the node of any existing edge wave motions (Mizuguchi 1984). The constraints of 

limited equipment dictated that it was beyond the scope of the present investigation 

to examine three-dimensional nearshore processes and the potential for long-shore 

variability on these low-energy micro-tidal beaches remains to be examined. 

The present investigation is a comparative study of beach morphodynamics. Hence 

the equipment deployment and the field techniques employed during each survey were 
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Figure 3.1. Typical field deployment of the complete array of monitoring equipment. Data obtained 

from the nearshore stilling wells, swash probes and groundwater wells is not presented in the current 

investigation. 

replicated as far as possible. A linear array of field equipment was deployed across 

the profile (Figure 3.1 & Plate 3.1). A summary of the equipment deployed at each 

survey is provided in Table 3.1. The effective functionality of the equipment can 

be estimated from the proportion of equipment deployed that returned useable data 

(Table 3.1). The grand average of all the equipment deployed in this investigation 

resulted in an effective functionality of approximately 80% (Table 3.1). Problems 

of grounding associated with a prototype resistance run-up gauge caused the run-up 

gauge to be the least reliable sensor (75%). The current meter was the most reliable 

sensor with a data return of 94%. 

3.4. PROFILE MORPHOLOGY 

The beach profile and equipment were surveyed with an automatic leveller (Wild 

NAK-O) using standard profiling techniques as outlined by Nathanson and Kissam 

(1988). The profiles extended from the foredune to an offshore depth of approximately 
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Plate 3.1. Typical field deployment (Coolimba Beach 12/03/91). 

1.5 m. All significant inflection points of the profile were surveyed, in addition to the 

location of the deployed equipment. 

3.5. SEDIMENT PROPERTIES 

The nearshore sediment provides a fundamental control on the morphodynamic state of 

the nearshore system. The sediment properties examined in this investigation included 

both particle (granulometry and settling velocity) and bulk (hydraulic conductivity) 

properties. The particle properties were determined from sediment samples obtained 

from the mid-beachface following the recommendation of Bascom (1951), Emery (1960) 

and Liu and Zarillo (1989). The samples were obtained from the upper layer of 'active' 

particles and were considered to be representative of the prevailing processes. N o 

attempt was made to sample individual laminae, since the characteristics of individual 

laminae may be the result of effects that are too small-scale to allow effective regional 

comparison (McLaren 1981). The sediment intake rate was determined immediately 

landward of the uprush limit. 
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Table 3.1. The effective functionality of the sensors deployed to measure the nearshore dynamics 

can be determined from the number of sensors deployed (Dpi.) and the number that returned reliable 

data (Rel.). A total of four sensor types were employed in this investigation: capacitance wave gauge 

(Cap. Wve.), pressure wave gauge (Prs. Wve), electromagnetic current meter (Crt. Mtr.) and a 

resistance run-up gauge (Run-up). 

Survey Date Cap. Wve. Prs. Wve. Crt. Mtr. Run-up 
Dpi. Rel. Dpi. Rel. Dpi. Rel. Dpi. Rel. 

Citybel 

Citybe2 

Dog 

Wbussel 

Forrest 

Wonnerup 

Siesta 

Swanl 

Swan2 

Swan 3 

Sc 

Leighton 

Fourth 

Yokinup 

Castle 

Salmon 

Legrand 

Legrand2 

Ocean 

York 

York21 

York22 

York23 

Leig21 

Leig22 

South 

Dongara 

Coolil 

Cooli2 

Ilia 

Cerv 

Warn 

Lei 

Twilight 

Hope2 

Fish 

Cheyne 

Peace 

Eagle 

Koombana 

Quarry 

Sulphur 

Barracks 

Herring 

Strick 

Kingston 

Geordie 

Lady 

Trigg 

Sscarb 

Sscarb2 

11/04/89 1 

11/04/89 1 

08/06/89 2 

11/08/89 1 

11/08/89 

11/08/89 1 

12/08/89 

19/08/89 2 

19/08/89 

19/08/89 1 

01/11/89 1 

13/02/90 1 

10/03/90 1 

11/03/90 1 

12/03/90 1 

13/03/90 1 

15/03/90 1 
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3.5.1. Granulometry 

Sediment grain size is a fundamental control of the sediment transport potential 

and beachface permeability and consequently plays a fundamental role in controlling 

nearshore morphologies. The standard mechanical sieving technique described by Folk 

(1965) and Lewis (1984) was employed to determine the grain-size distribution of the 

sediment samples. This sizing technique is based on an estimate of the least cross-

sectional area of the particles. Sieving is by far the earliest, and continues to be the 

most popular, technique employed in the analysis of sand-sized sediment (Folk 1966; 

Sengupta k Veenstra 1968; Gibbs 1972; Lund-Hansen k Oehmig 1992). Its popularity 

may be partly attributed to the relative simplicity and economy, and the fact that it is 

among the most accurate sizing methods for the analysis of sand-sized sediment (Folk 

1966). 

The sediment sample was first washed to remove salts and then oven dried. Following 

the standard technique described by Folk (1965) and Lewis (1984) a subsample of 

approximately 50 gm was mechanically sieved for 15 minutes using an Endecott sieve 

shaker (Model No. 2 MKII). The sieve set ranged from -1 <f> to -3.5 <f> (2000 /im to 

90 fim) with a 0.25<j> sieve interval. 

The phi (<f>) scale is a logarithmic transform proposed by Krumbein (1934): 

<f> = - log2 D, 

D = 2~+ 

where D is the grain size in millimetres. The phi-scale transforms the sediment 

size distribution data towards a more normal distribution and permits the direct 

application of conventional statistical practice to sedimentary data (Krumbein k 

Pettijohn 1938). This transform was also designed to conform to the commonly 

used Wentworth grade scale for sediments (cf. Griffiths 1967, table 5.2). The Udden-

Wentworth scale for sediments provides a verbal classification of sediment grain size 

and sorting values (Table 3.2). 

The method of moments was used to determine the mean, standard deviation, skewness 

and kurtosis from the phi-transformed sediment-size distribution using the technique 

detailed by Krumbein and Pettijohn (1938, p. 239-253) and Lewis (1984, table 6). 
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Table 3.2. Udden-Wentworth grain-size scale for size and sorting of sand (adapted from Lewis 1984). 

Grain 

Lower 

-1.00 0 

0.00 0 

1.000 

2.000 

3.00 0 

Grain 

Lower 

< 0.35 0 

0.35 0 

0.500 

0.710 

1.000 

2.00 0 

size 

Upper 

0.000 

1.000 

2.00 0 

3.00 0 

4.00 0 

sorting 

Upper 

0.50 0 

0.710 

1.000 

2.00 0 

4.00 0 

> 4.00 0 

Description 

Very coarse sand 

Coarse sand 

Medium sand 

Fine sand 

Very fine sand 

Description 

Very well sorted 

Well sorted 

Moderately well sorted 

Moderately sorted 

Poorly sorted 

Very poorly sorted 

Extremely poorly sorted 

3.5.2. Settling Velocity 

The settling velocity of the nearshore sediments is an important measure of the 

hydrodynamic characteristics of the sediment and was measured in the present 

investigation by an automated settling tube. Several researchers have suggested that 

sediment settling velocity provides a more appropriate measure of the hydrodynamic 

properties of the sediment particles, and hence the transport potential, than does the 

grain size (Sengupta k Veenstra 1968; Reed et al 1975). There have been numerous 

attempts to relate sediment settling velocities to hydraulic equivalent diameters— 

either as a function of shape or density (e.g. Kennedy k Koh 1961; Cook 1969; Watson 

1969; Gibbs et al 1971; Chapman 1981; Baba k Komar 1981; Dietrich 1982; Bryant 

et al 1987). However, Sengupta and Veenstra (1968) have noted that the range of 

particle densities and shapes in natural sediments is likely to introduce large errors 

in this conversion. Several researchers have supported this view and strongly advise 

against converting settling velocities to some measure of equivalent hydrodynamic 

grain-size (e.g. Channon 1971; Reed et al 1975; May 1981). The sediment settling 

distribution was determined in the present investigation and employed in addition to 

the grain size distribution as an alternative measure of the sediment properties. 

Several settling tube designs have been described in the literature, including: Emery 

(1938), Poole et al. (1951), Zeigler et al (1960), Sengupta k Veenstra (1968), Felix 

(1969), Channon (1971), Gibbs (1974) and Rigler et al (1981). The settling tube 

employed in this investigation was based upon the designs of Gibbs (1974) and Rigler 

et al. (1981) and has the advantage that the output from the balance may be directly 
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transferred to a micro-computer. Gibbs (1974) and Rigler et al (1981) provide a 

detailed description of the operation of the settling tube. The settling tube employed 

in this investigation had a nominal height of 2 m (fall length of 1.905 m ) and an internal 

diameter of 142 m m (Plate 3.2). The cumulative weight was measured using a Sartorius 

balance with an accuracy of 0.001 gm. The system was set to sample at 0.25 s for 

5 minutes during each analysis run. To minimize spurious high frequency fluctuations 

introduced by small pan oscillations and the fin-scale resolution of the balance, a 36 

point (9 s) moving average filter was applied to the cumulative weight series prior to 

analysis. 

Plate 3.2. Automated settling tube used to determine the sediment fall velocity distribution 
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Prior to determining the settling velocity distribution, the sediment sample was washed 

to remove salts, then oven dried. Where necessary, the dried sediment was sieved to 

remove platey shell fragments larger than —1(f) (2 m m ) . Though these fragments 

were only present in a few samples, it was considered that the settling velocity of 

these grains could not be accurately determined due to the limited diameter of the 

settling tube. Approximately 3 gm of sediment was wetted and placed on the sample 

introduction plate. The small sample size was chosen to minimize grain-to-grain 

and grain-to-wall interactions (Gibbs 1972). Sampling began automatically when the 

sample introduction plate met the water surface. At the conclusion of a run of samples, 

the water temperature was measured at the top, middle and bottom of the settling tube 

(no vertical stratification was found). This method had a high precision; four repeat 

samples furnished a maximum coefficient of variation of the mean settling velocity of 

less than 6%. 

To standardize and thereby facilitate communication of settling velocity results, 

May (1981) has proposed a standard settling velocity parameter chi (%). This 

is a logarithmic transform of the settling velocity that incorporates a temperature 

correction factor: 

X = -log2(5/5o) (3.2) 

where SQ is a standard settling speed of 1 m s_1 and s is the settling velocity expressed 

in units of metres per second and standardized to 20 °C by the following formulae, 

s = sm + k(20 - tm)sm (3.3) 

where sm is the measured settling velocity in metres per second, tm is the water 

temperature and k is the temperature correction factor: 

( 0.025, if sm < 0.002; 

k = } -0.00555 In sm - 0.00961, if 0.002 < sm < 0.177; (3.4) 

U , if sm> 0.177. 

The chi transform is essentially the same as the psi (vp) scale of settling velocities 

defined by Middleton (1967). However, the latter does not incorporate a temperature 

correction factor. Both these transforms are analogous to the phi {(f)) transformation 

for grain sizes introduced by Krumbein (1934) (Eqn. 3.1). 

The first two moment measures (mean and standard deviation) were determined from 

the settling velocity distributions following the method of moments technique detailed 
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by Krumbein and Pettijohn (1938, p. 239-254). The higher moments of the settling 

velocity distribution were very sensitive to minor variations in the sediment samples 

and oscillations of the pan and were not employed in the present investigation. 

3.5.3. Permeability 

The permeability of the beachface sediments directly determines the rate of swash 

percolation and groundwater outflow and hence is an important determinant of the 

beachface geometry. The rate at which water percolates into the beach sediment 

(hydraulic conductivity) was determined immediately landward of the maximum 

uprush limit by using a single-ring cylinder infiltrometer with a radius of 14.25 m m 

which was inserted approximately 50 m m into the sediment. The surface of the 

sediment was covered by a cloth and water was delivered to the sediment by using 

a Mariotte syphon which permitted a constant head of water to be maintained in the 

infiltrometer. The principle relies on a stoppered bottle as a water reservoir. One tube 

was inserted through the stopper to admit air into the bottle and a second tube was 

inserted into the stoppered bottle to deliver water to the infiltrometer ring (Bouwer 

1986) (Figure 3.2). The base level of the air-inlet tube determined the level of the 

water in the cylinder infiltrometer, which was usually in the order of 10 to 20 m m . 

Using this technique, the sediment intake rate (Ir) was determined from the rate at 

which water was delivered from the syphon. Many of the beach sediments examined in 

this investigation had exceptionally high intake rates and required a Mariotte syphon 

with a substantial reservoir (56 /) and a large diameter outlet hose (25 m m ID). 

Not to scale. 

Figure 3.2. Mariotte syphon employed to maintain a constant head of water above the sediment 

determine the sediment intake rate. 
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The intake rate was employed to determine the saturated, steady-state hydraulic 

conductivity ks (measured in units of cms
- 1) as follows (Turner et al 1984): 

K = -^ (3.5) 

where r is the radius of the infiltrometer in centimetres (14.25 cm), and Ir is the intake 

rate in units of cubic centimetres per second: 

V 
Ir = T (3.6) 

where V is the intake volume (in cubic centimetres) during U seconds. 

3.6. NEARSHORE DYNAMICS 

Excepting the swash interaction records, the dynamic data collected in this 

investigation was obtained from fixed position sensors and hence represent fixed 

point Eulerian measurements. This is in contrast to Lagrangian measurement of flow 

dynamics that apply to a particular water parcel (e.g. as obtained from dye release or 

drogue studies). 

The collection of high-frequency and high-resolution dynamic data was fundamental 

to this study. Field data on the dynamic variables was collected using electronic, 

videographic and manual techniques. The electronic techniques were the principal 

method of obtaining the high-frequency data required for this research, while the 

video record provided a synoptic overview of the beachface for later viewing. The 

videographic and manual data enabled an independent check on the electronic data. 

The dynamic data was collected during an intensive, high-frequency data collection 

period lasting approximately one hour and hence represents the extemporary 

conditions prevailing during the experiment. During this period the majority of the 

electronic data was collected at a rate of 4 Hz. This rate was chosen to minimize 

problems of aliasing (see Appendix B) and equals or exceeds the sampling rate 

employed in many previous high-frequency investigations of nearshore processes (e.g. 

Suhayda 1974; Wright 1976; Bradshaw 1980; Guza k Thornton 1985; Holman k 

Sallenger 1985). A brief description of the data loggers employed to log the electronic 

sensors is provided first and this is followed by a description of the techniques employed 

to measure the extemporary dynamics. 
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3.6.1. Data Loggers 

Data on the extemporary dynamics, including nearshore surface elevation, nearshore 

currents and instantaneous shoreline fluctuations were obtained as time series records 

that were stored on microprocessor data loggers. The data loggers used in this 

investigation were commercially available from Wesdata and were self contained and 

completely watertight. Each logger had 32kb ultra-low power memory and enabled the 

storage of about 15,000 da.ta points; approximately 60 minutes of data could be stored 

at a sampling rate of 4 Hz. The sampling interval of the loggers could be varied from 

0.25 s to 18 hours. Internal real-time clocks enabled synchronous recording between 

several loggers. The loggers were powered by 4 A A type batteries and power back-up 

was provided by a lithium battery. 

These single channel data loggers were employed to record data from the capacitance 

sensors, pressure sensor, run-up wire and current meter. This system allowed great 

flexibility since the same logger could be used to log any one of these sensors. The 

connection of the sensor to the logger was via a 3.5 m m concentric three-contact 

connector. A further advantage of the self-powered, self-contained loggers used in 

this investigation is the cable free deployment of the capacitance sensors and pressure 

sensor. This provided a flexible monitoring system that could be simply and quickly 

installed by only two people. A plastic o-ring provided a watertight seal between 

the sensor and the logger, preventing the intrusion of sand, water and salt. Residual 

moisture in the loggers was absorbed by silica gel placed into the end cap of the logger. 

Data logging was initiated by a remote start unit to ensure synchronous recording. 

The remote start unit was wired to allow the simultaneous starting of up to 16 data 

loggers. A series of light emitting diodes (LED's) attached to the remote start unit 

enabled a rapid visual check on the operation of both logger and sensor. A faulty logger 

and/or sensor was easily identified since it caused an LED to remain illuminated after 

the starting impulse was delivered. 

The data loggers were tested, in conjunction with the sensors, prior to every field 

campaign to ensure operation. Despite this, logger failure was the commonest cause 

of field data loss. The use of the Wesdata loggers in the coastal zone, at a sample 

frequency of 4 Hz was under development during the early surveys (these loggers 

were previously employed for low-frequency monitoring of groundwater levels). The 

sensors, loggers and logging software became increasingly robust as a direct result of 

this interactive development with Wesdata. 
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A three-contact, concentric, jack plug on the top of the logger enabled communication 

with the logger. The logger could communicate with either: (1) a field computer, 

via the RS-232 serial communications port, with software provided by Wesdata; or 

(2) a field transfer unit—supplied by Wesdata. The field computer or field transfer 

unit could be employed to initiate logging and also to down-load data from the logger. 

Data transfer from the logger to the field computer was completed rapidly in the 

field. However, for security, the data remained in the logger memory until the logger 

was restarted. The capture of data could be readily checked in the field following 

the retrieval of the loggers via a simple graphical preview provided for in the logging 

software. 

3.6.2. Wave Parameters 

The wave energy during the survey was a primary input to the dynamics of the 

nearshore. The nearshore wave parameters that were monitored in this investigation 

included breaker height and period and were obtained with both electronic and manual 

techniques which are outlined below. 

A wide range of manual, mechanical and electronic techniques have been employed to 

measure the height and period of oceanic swell waves. These techniques have been 

surveyed by several researchers, including Caldwell (1948), Stewart (1980), Horikawa 

(1988) and Basiriski (1989). In the light of these studies, two electronic techniques were 

adopted; a surface piercing capacitance wave gauge and a bottom mounted pressure 

sensor. 

Capacitance sensors were employed to directly monitor the sea surface elevation and 

are particularly suitable for nearshore wave measurement (Horikawa 1988). The 

capacitance wave gauge employed in this investigation had a nominal length of 2 m 

and was suspended from a large tripod that was positioned just offshore of the breaker 

zone (Figure 3.1). The wave gauge and logger comprised a completely sealed, stand

alone unit (cf. § 3.6.1)—an important consideration for equipment deployment in the 

nearshore where individual recording units are susceptible to damage in a hostile 

environment. Capacitance sensors have been used extensively in the nearshore to 

monitor oscillations of the nearshore water surface elevation (Tsuchiya k Shibano 

1973; Thornton et al 1976; Hotta et al. 1981); fluctuations in the beach groundwater-

table (Waddell 1973; Hegge k Masselink 1991); swash profiles (Waddell 1973; Sonu 

et al. 1974; Hughes 1989, 1992); elevation of the instantaneous shoreline (Horikawa 

1988); and sediment-levels (Waddell 1973; Sonu et al 1974). 
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A capacitor consists of two conducting plates that are separated by a non-conductmg or 

insulating material. The insulator is called the dielectric, the stability of this material 

determines the stability or quality of the capacitor. One plate of the capacitor is 

provided by the lead and the other plate is the water. The capacitance C is given by, 

C « A/di (3-7) 

where A is the plate area and di is the distance between the plates. If the distance 

between the two plates (di) is fixed, then the value of the capacitor is directly 

proportional to the area of the two plates. Hence, with a uniform dielectric thickness, 

capacitance varies directly with water-level fluctuations. 

Commercially available capacitance sensors manufactured by Wesdata were employed 

in this investigation. The Wesdata capacitance probes consisted of a 3.2 m m diameter 

teflon coated brass lead. The teflon coating acted as the dielectric. Teflon has good 

long term stability and zero moisture absorption, and its characteristics are thus not 

affected by water immersion. The top of the capacitance sensor screws on to the base 

of the data logger to provide a completely sealed unit and the sensor electronics were 

connected to the logger circuitry via a 3.5 m m concentric three-contact jack plug. The 

performance of the Wesdata sensors has been examined by Baldock and Tite (1989) 

and Campbell and Tite (1990). They found that these sensors were particularly 

appropriate for short term deployment and had an accuracy of ± 1 % (Baldock k 

Tite 1989). Occasional problems that occurred with the capacitance sensors could be 

attributed to either a hole in the dielectric or a faulty pre-amp unit. These problems 

generally caused a total failure of the sensor and hence were easily recognized. 

The capacitance probes were calibrated prior to field deployment and these calibration 

coefficients were employed to calibrate the subsequent records. This procedure followed 

the advice of Baldock and Tite (1989) and ensured that both the loggers and probes 

were operational and reliable. All the calibration runs showed a strong linear response 

(Figure 3.3). 

Pressure type wave gauges have had a long history of use for recording nearshore waves 

in many countries (Horikawa 1988). A bottom mounted piezo-electric pressure sensor 

was deployed just beyond the breaker zone in several surveys during this investigation 

(Table 3.1). In this investigation, the pressure sensors supplied by Wesdata could be 

attached directly to the data loggers to form a rugged, stand-alone wave monitoring 

system. Klaka et al. (1991) have also used Wesdata pressure sensors and loggers for 

the measurement of offshore ocean waves. Static tests of the Wesdata pressure sensor 

indicated that it had a strongly linear response (Figure 3.4). 
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Figure 3.3. Laboratory calibration of a Wesdata capacitance probe shows the strong linear response. 

The probe was lowered into the calibration tank and the probe units were determined at a series of 

predetermined levels. 

In addition to, and as a back-up for, the electronic measurements, breaker height 

and period were determined visually. The visual estimates provide an effective check 

against the electronic measurements of the wave conditions. When possible, the wave 

height was estimated visually to an accuracy of 0.1 m with reference to the wave tripod 

following the recommendation of Schneider (1981). Wave period was determined from 

the time taken for eleven wave crests to pass the nearshore tripod (Schneider 1981). 

3.6.3. Currents 

Nearshore currents were measured with a biaxial electromagnetic current meter 

manufactured by Marsh-McBirney Inc. (Model 511). This is the most commonly 

used current meter in nearshore investigations (Guza et al 1988; Horikawa 1988) and 

their widespread use has prompted a number of investigations into the accuracy and 

reliability of the sensor for measuring nearshore flow fields (e.g. Derks k Stive 1974; 

Aubrey k Trowbridge 1985, 1988; Doering k Bowen 1987; Hamblin et al. 1987; Guza 

1988; Guza et al. 1988). Recent comments by Greenwood and Osborne (1990) 

allay the concerns about the accuracy and reliability of the Marsh McBirney current 
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Figure 3.4. Typical calibration of the Wesdata pressure sensor shows the strongly linear response. 

meter. They note that the sensor can be used with confidence to measure mean flows 

greater than ~ 0.04 m s - 1 in an oscillatory flow field and that the gain error is not 

more than 10% (Doering k Bowen 1987; Guza et al 1988). Derks and Stive (1974) 

and Guza et al (1988) also conclude that the performance of the Marsh McBirney 

electromagnetic current meter is not grossly degraded in typical surf zone conditions. 

Prior to each survey the current meter was tested using the inbuilt calibration check. 

This test verified the correct performance of virtually all of the circuitry (McBirney 

Instruction Manual). The output signal was filtered with the standard one second 

filter supplied by Marsh McBirney Inc. Aubrey and Trowbridge (1988) noted that 

the response of current meters with this type of filter was not significantly different 

from other sensors fitted with filters modified to enable high-frequency measurements. 

Output from the meter consisted of two voltage signals, one signal for each orthogonal 

axis. In the output ± 1 V corresponded to a current velocity of ± 3 m s - 1 . An 

integrated voltage-to-frequency converter (Analog Devices A D 645) transformed the 

output voltage signals into frequency counts which were recorded separately by two 

Wesdata data loggers. 

The sensor measured currents within approximately one transducer diameter (4 cm) of 

the transducer head. The sensor head was mounted approximately 0.2 to 0.3 m above 
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the bed and oriented with respect to the mounting frame prior to deployment in the surf 

zone (Plate 3.3). In the surf zone the mounting frame was aligned with the shoreline 

so that the two orthogonal axis of the sensor monitored cross-shore and longshore 

currents, this resulted in an estimated orientation error of approximately ±2 °. 

Plate 3.3. The Marsh McBirney current meter was attached to a brass mounting and secured to a 

base plate with a stainless steel riser. 

During all the surveys in this investigation, power for the Marsh McBirney current 

meter was provided by a set of rechargable sealed batteries and it was possible to run 
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the current meter on these batteries for up to 40 hours continuously. This prevented 

interference of the output signal by an A C power supply (60 Hz in Australia); a problem 

recognized by Guza et al (1988). 

3.6.4. Swash Flow 

Previous field investigations of swash dynamics have been fragmentary and monitored 

individual aspects of swash, including swash energy (Schiffman 1965; Kirk 1970, 1975), 

uprush front velocity (Dolan k Ferm 1966), surface velocity (Miller k Zeigler 1958; 

Wright 1976), instantaneous shoreline position (Emery k Gale 1951; Suhayda 1974; 

Guza k Thornton 1982, 1985; Mizuguchi 1984; Holman k Sallenger 1984, 1985; Howd 

k Holman 1984, 1987; Holman 1986; Hegge k Eliot 1991), swash transgression (Nielsen 

k Hanslow 1991), internal velocity (Sonu et al 1974; Huntley k Bowen 1975a), swash 

depths (Waddell 1973; Sonu et al 1974; Wright 1976) and swash interactions (Hegge 

k Eliot 1991). In the present investigation two aspects of swash flow were monitored; 

the location of the instantaneous shoreline (landward edge of the swash mass); and 

the time history of swash interactions. The techniques employed are described below. 

3.6.4-1- Instantaneous shoreline 

The location of the instantaneous shoreline was monitored using a dual-wire resistance 

run-up gauge. The location of the instantaneous shoreline during both uprush and 

backwash caused shorting of the resistance wire at the landward edge. Similar gauges 

have been used by several researchers including, Roos and Battjes (1976), Holman 

(1986) and Guza and Thornton (1982). Horikawa (1988) described a capacitance type 

run-up gauge; however, it is expected that in this application a capacitance wire gauge 

would be more fragile and more expensive (Geoff Smith pers. com. 1990). 

Holman and Guza (1984) compared the use of a dual-wire resistance gauge and a 

video record for determining the location of the instantaneous shoreline. They noted 

that both techniques have advantages and disadvantages and concluded that both 

techniques are appropriate for measuring the location of the instantaneous shoreline 

on natural beaches. The advantages of the dual-wire resistance gauge include ease 

of digitization, insensitivity to visibility and objective recording of the instantaneous 

shoreline during both uprush and backwash. However, a notable disadvantage of the 

resistance gauge technique is the sensitivity of the gauge to the height of the wire above 

the sediment. Guza and Thornton (1985) note that the spectral shape was not greatly 



Nearshore Dynamics 89 

affected by the wire elevation though the level of the spectral variance was. Fouling 

of the wire by seaweed and other debris was another disadvantage of this technique; 

hence field sites were selected such that macro-algal drift was minimal. 

The resistance wire electronics may be powered with either 240 V AC power at 60 Hz 

or 12 V D C power. In all surveys during this investigation the resistance wire was 

powered with 240 V A C power provided by either mains supply or a field generator. It 

was necessary to incorporate isolation transformers to avoid problems associated with 

grounding of the resistance wire electronics (David Hazen pers. com. 1990) (Figure 3.5). 

The voltage output from the resistance wire was converted to a frequency count 

using a voltage-to-frequency converter, similar to the one employed with the Marsh 

McBirney current meter (Analog Devices A D 645), which was subsequently logged 

with a Wesdata data logger. 

Oscillator Amplifier Rectifier Buffer 
Isolation transformers ond 

Electronic 
oscillator 
A.C.signal 
above 6khz 

C=:fe— + <i* 
r 

V Out 

PI 

Wave Resistor Loop 

Figure 3.5. Circuit diagram of the resistance run-up gauge. The signal at the amplifier input is 

proportional to the value of PI. The output of the amplifier is rectified (RECTIFIER) and the resultant 

DC voltage is isolated by BUFFER, whose output appears as V OUT and is proportional to PI. With 

normal stringing of PI down the beach, V OUT maximum represents the minimum water level and 

V OUT minimum represents the maximum water level, 

The resistance run-up gauge was formed from a loop of nichrome wire. The seaward 

end of the loop was supported by a peg placed in the water just beyond the lower 

beachface and the wire was mounted across the beachface using a series of insulated 

mounting brackets (Figure 3.1). The mounting brackets were attached to the survey 

pegs using a series of boss-head clamps which facilitated frequent adjustments in 
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response to the fluctuations of the beachface sediment levels. It was thus possible 

to maintain the resistance wire at an elevation of 2 c m above the bed. 

The resistance run-up wire was calibrated in the field by shorting the wire at known 

locations. In all cases the gain was approximately linear, the degree of fit explained 

by linear regression was tjrpically in the order of r2 > 0.95 (Figure 3.6). 

Figure 3.6. Field calibration of the resistance run-up gauge at Fourth Beach (10/03/90) was strongly 

linear and typical of all beaches surveyed. 

3.6-4-2. Swash Interactions 

The interaction of swash masses on the beachface can provide a convenient indicator 

of the morphodynamic state of a beach system and may be readily identified visually. 

Swash interactions are also generally manifested in the location of the instantaneous 

shoreline through time. In the present investigation, a camcorder (Canon E640) was 

employed to video the swash zone in 8 m m P A L format in order to examine swash 

interactions. The camcorder was located in the swash zone adjacent to the survey 

profile and was mounted on a large tripod (Figure 3.1). A n internal timer in the 

camcorder provided an accurate time count that was synchronized with the data 

loggers. Peregrine and Sand (1990) recognized that conventional process measurements 

are of much greater value if simultaneous film or video records are made. 
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Photographic and video techniques are not only relatively inexpensive and convenient 

but also provide a permanent visual record of the processes. However, a notable 

drawback of this technique is the tedious nature of data reduction—this has 

largely been overcome by recent developments in image processing (cf. Lippman k 

Holman 1989). Unfortunately, tools for image processing were not available for this 

investigation and the identification of swash interactions from the video record was 

completed manually. 

Subsequent analysis involved a visual analysis of a 10 minutes section of the video 

record and the instantaneous shoreline time series to discern the time history of swash 

interactions. This method follows the technique described by Hegge and Eliot (1991) 

and is presented in the following chapter (§ 4.3.2.5). A 10 minutes section of record 

was chosen to ensure that a description of the swash activity over several surf beats 

was recorded. 

Table 3.3. Parameters monitored in this investigation can be conveniently divided into three fields: 

morphologic, sedimentologic and dynamic. 

Variable 

Morphologic 

Profile Survey 

Sedimentologic 

Granulometry 

Settling Velocity 

Permeability 

Dynamic 
Wave Height & Period 

Nearshore Currents 

Swash Flow 

Instantaneous shoreline 

Swash interactions 

Technique 

auto, leveller 

sieving 

settling tube 

Mariotte syphon 

capacitance/pressure 

electromagnetic 

resistance 

video 

Resolution 

Temporal 

-

-
0.25s 

Is 

0.25 s 

Is 

0.25 s 

-

Spatial 

horiz: 20 m m 
vert: 25 m m 

0.25 <£ 

0.001 gm 

0.1 J 

~ 1mm 
1 cm s "" * 

~50mm 
_ 

indicates 'not applicable' 

3.7. SUMMARY 

Data on the nearshore morphology, sediment properties and the extemporary dynamics 

were obtained from a total of 51 surveys. Due to the two-dimensional nature of the 

beaches surveyed in the present investigation the nearshore profile was able to provide 
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an appropriate first-order description of the nearshore morphology. The sediment 

properties measured in this investigation included granulometry, settling velocity and 

permeability. Several parameters of the prevailing nearshore dynamics were monitored 

during the surveys, including: pre-breaking waves (nearshore surface elevation); cross-

shore and long-shore currents; swash oscillations (instantaneous shoreline); and swash 

interactions. A summary of the techniques employed to measure these parameters 

is presented in Table 3.3. The morphologic, sedimentologic and dynamic parameters 

monitored provide a comprehensive overview of the beach conditions prevailing during 

the surveys. This forms the basis of subsequent analyses aimed at determining the 

nature of low-energy beaches. 
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CHAPTER 4 

CHARACTERIZING THE 
MORPHOLOGY, SEDIMENTS AND 
DYNAMICS OF THE NEARSHORE 

4.1. INTRODUCTION 

To examine the low-energy beach forms and their sedimentologic and dynamic 

characteristics, data describing a wide range of parameters were collected from three 

fundamental fields: morphology, sediments and dynamics. These parameters included 

beach profile configuration (morphologic parameter); sediment granulometry, sediment 

fall velocity and beachface permeability (sedimentologic parameters); and nearshore 

water surface elevation, nearshore currents, instantaneous shoreline fluctuations and 

swash interactions (dynamic parameters). 

These parameters enabled a comprehensive description of the nearshore and provided 

an empirical basis to examine the morphodynamic variability of the low-energy sandy 

beaches of Southwestern Australia. However, to facilitate data analysis, it was 

necessary to: (1) prepare the parameters; and (2) extract characteristic variables from 

them. The progression of data processing steps employed in this investigation can be 

summarized as: 

Collection ** Preparation >- Reduction *- Analysis 

These steps represent a process of 'distillation' of the data in each field from several 

broad parameters to a range of characteristic variables. These variables were then 

employed in subsequent analyses (presented in the following chapter). 

An essential component of the data preparation was the establishment of a spatial 

and temporal datum that could be identified in the records for each survey. These 

two data provided a common standard and facilitated comparison of observations both 

within and between surveys. Other aspects of the data preparation included identifying 

natural boundaries on the beach profile (morphologic parameter), washing and drying 
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sediment samples (sedimentologic parameters) and conversion and calibration of time 

series records (dynamic parameters). 

Following the preparation of the parameters, a matrix of characteristic variables was 

derived through the application of a range of techniques, including function fitting to 

the beach profile (geometric variables), statistical moment measures of the sediment 

granulometry and fall velocity distributions (sedimentologic variables) and time and 

frequency domain analysis of the time series records (dynamic variables). 

The matrix of characteristic variables provided an empirical basis for the distinction 

and classification of the surveyed low-energy beaches. Analysis of this matrix of 

characteristic variables was undertaken using univariate, bivariate and multivariate 

techniques, with particular emphasis on techniques of exploratory data analysis. The 

analysis techniques employed in this investigation are outlined in the following chapter. 

The first section of this chapter describes the data preparation steps employed in this 

investigation. This is followed by a detailed description of the data reduction and 

extraction techniques thai; were applied to each parameter in order to derive a suite 

of characteristic variables. The data preparation and reduction techniques applied to 

the sedimentologic data were outlined in the previous chapter and are not described 

here. 

4.2. DATA PREPARATION 

The complete data set obtained during each survey was digitized and stored on an IBM 

386-SX compatible computer. Data for each survey was stored in a separate directory 

which was named using the mnemonic survey name (see Table 2.3). Within each 

of these directories the morphologic, sedimentologic and dynamic observations were 

stored in a variety of separate files. An additional file in each directory was employed 

to store miscellaneous comments and field notes. An important component of the data 

preparation was the use of a consistent naming convention for the directories, files and 

time series to facilitate batch processing. 

The techniques employed to establish the spatial and temporal data are outlined 

below. This is followed by a description of the methods of data preparation employed 

on the morphologic and dynamic parameters to enable the subsequent extraction of 

characteristic variables. 
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4.2.1. Establishing a Spatial D a t u m 

It was necessary to refer the majority of the observations obtained during each survey 

to a common spatial datum that provided the principal reference for both distance 

and elevation measures. The spatial datum should be consistently determined at each 

survey to enable meaningful comparison between surveys. Additional requirements of 

the spatial datum were that: 

(1) it was relatively stable for the duration of the survey («1 hr); 

(2) it was a physically meaningful and/or a 'natural' boundary; and 

(3) the origin, for convenience, should be located on the beachface. 

Several boundaries were available that partially or wholly fulfilled these requirements, 

including: 

(1) Australian Height Datum; 

(2) mean nearshore water-level determined from the stilling 

well; 

(3) mean level of the groundwater outcrop on the beachface; 

(4) intersection of the mean water surface with the beachface; and 

(5) lower swash bound. 

The utility of each of these boundaries as a common spatial datum for this investigation 

is outlined below. Ideally, all of these boundaries would be determined independently 

for each survey. However, this was not always possible and it was necessary to select a 

single boundary that fulfilled all the requirements listed above. As a result the beach 

step was not examined as a datum point as a step was not present during every survey. 

The Australian Height Datum (AHD) was established in May 1971 from the mean sea-

level determined between 1966 and 1968 at thirty tide gauge stations located around 

the coast of the Australian mainland (National Mapping Council of Australia 1979). 

However, A H D was not used as a spatial reference in this investigation because the 

datum surface is not consistent around the coast and minor modifications to this 

surface occur in the Perth and Adelaide Metropolitan Areas. Consequently the datum 

surface adjacent to these 'metropolitan zones' is not planar. An additional problem 

with the use of A H D in this investigation arises because A H D is a fixed datum. Hence, 

the relative location of the swash zone with respect to this datum will vary with the 

tides and other oscillations of the mean sea-level. 
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An alternative spatial datum could be determined from the nearshore mean sea-level 

which was to be determined from the stilling well record. Unfortunately, failure of 

the stilling well probe or data logger during several of the surveys, resulted in an 

incomplete coverage of nearshore mean sea-levels. Thus, a measure of the nearshore 

mean sea-level was not available for every survey and consequently this level could not 

provide a consistent datum. 

The mean elevation of the outcrop of the beach groundwater-table on the beachface 

was also considered as a possible datum. However, this is unreliable for comparative 

purposes. The relative location of the groundwater-table outcrop in the swash zone 

is highly dependent on several factors which varied considerably between surveys, 

including tide state, back-beach groundwater level and sediment characteristics. 

Thus, the groundwater-table outcrop could not provide a consistent datum for this 

investigation. 

The beach groundwater-level and the mean sea-level form a continuous mean water 

surface (Nielsen et al. 1988). The intersection of this surface with the beachface has 

been termed the 'shoreline' by Nielsen et al (1988). This line of intersection could 

provide the basis for the definition of a spatial datum. However, since the mean sea-

level approaches the beachface at an acute, almost tangential angle (Nielsen 1988; 

Nielsen et al 1988; Nielsen 1989a; Nielsen 1989b), the exact location of the 'shoreline' 

is difficult to establish as it requires detailed monitoring of the groundwater-level 

across the beachface. Also, the relative location of the 'shoreline' in the swash zone is 

dependent on several factors which varied between surveys. These factors include tide 

state, sediment characteristics and the elevation of the back-beach groundwater-table. 

Hence, the intersection of the mean sea-level with the beachface is an impractical 

datum for an investigation of swash processes. Gourlay (1992) reached a similar 

conclusion. 

In the context of this project, the lower swash bound was the most appropriate choice 

as a common spatial datum. It may be directly determined from the 'natural' bounds 

of the swash zone and could be readily determined for each survey. The lower swash 

zone fulfils the three requirements of a spatial datum for this investigation listed above 

in that it is: 

(1) relatively stable; 

(2) physically meaningful; and 

(3) located on the beachface. 
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The location of the lower swash bound was close to the level of the mean sea-level 

and was not expected to fluctuate widely over the short- to mid-term. It was also 

expected that the effect of beach sediment characteristics and groundwater-level on 

this boundary would be relatively small. 

Where possible the lower swash datum was determined from the instantaneous 

shoreline record. However, if this record was unavailable it was possible, in every 

instance, to determine the lower swash datum from an alternative source, including 

manual observations and/or video records. These observations could be cross-checked 

with annotations on the survey records and/or field sketch. Determination of the lower 

swash datum from the instantaneous shoreline record required some care and several 

approaches were considered in this investigation. The techniques considered, which 

are outlined below, may also be applied to establish the mean upper swash bound. 

(1) The location of the lower swash datum could be determined on the basis of the 

proportion of time that it was exceeded. For example, the lower swash datum may be 

established on the beachface at the elevation which is exceeded by the instantaneous 

shoreline 9 0 % of the time. Similarly the upper swash bound may be established 

at an elevation which is exceeded by the instantaneous shoreline 10% of the time. 

This approach is relatively straightforward; however, it has the disadvantage that 

the proportional inundation times (e.g. 90% or 10%) defining the limits are chosen 

arbitrarily. A further drawback is that it does not directly examine the turning points 

of the instantaneous shoreline series which are the 'natural' limits of the swash zone. 

(2) The lower swash datum may be determined from the elevation at which a 

given proportion, for example 10%, of the upward turning points recede below. The 

advantage of this approach is that it examines more directly the turning points, hence 

the 'natural' limits of the swash motion. However, this approach has a similar problem 

to the first in that the choice of the proportion of turning points (e.g. 10%) which recede 

below the lower swash bound is chosen arbitrarily. 

(3) In-this investigation the lower swash bound was determined from an examination 

of all of the upward turning points of the instantaneous shoreline record. This 

approach was chosen because it directly examines the 'natural' limits of the 

instantaneous shoreline and hence is physically meaningful. The steps required to 

determine the lower swash bound using this approach are outlined below: 

(i) Identify all the upward (troughs) and downward (crests) turning points of 

the instantaneous shoreline record. 



98 CHARACTERIZING THE NEARSHORE 

(ii) Determine the vertical excursion of each crest-to-trough swash defined by 

the turning points identified in the above step. 

(iii) Calculate the mean elevation of the upward turning points whose crest-

to-trough height exceeds a given threshold height. The threshold height was 

incremented, in small steps (e.g. 0.05 m ) , from 0 m (i.e. all of the upward turning 

points) to the largest observed crest-to-trough height. At each increment of 

the threshold height the mean elevation of the upward turning points was 

determined. 

(iv) The lower swash bound was determined from the grand average of the 

means calculated at each threshold height. 

1-2 

0-4 

MEAN UPPER SWASH 

Upptr Swath 

Lower Swath 

MEAN LOWER SWASH 

0.2 0.4 0.6 0.8 I 

Uprush height exceeded (m) 

1.2 

Figure 4.1. Swash bounds determined at Dongara Beach (11/03/91). As the swash exceedance 

height increases the lower swash bound was observed to stabilize. 

The above technique was also employed to determine the upper swash bound by simply 

substituting the downward turning points into step (iii) above. The lower swash bound 

established using this technique was generally a relatively stable datum and may be 

illustrated by an analysis of the instantaneous shoreline record obtained from Dongara 
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Beach (Dongara) (Figure 4.1). The mean elevation of the troughs calculated from 

swashes with small crest-to-trough heights was typically located relatively high on 

the beachface and this effect may be attributed to swash interactions which occur 

on the mid-beachface. At greater crest-to-trough heights the mean trough elevation 

was relatively stable and did not change markedly with increased swash heights. This 

technique enabled the establishment of the lower swash bound as a consistent spatial 

datum which facilitated comparison of data obtained during different surveys in this 

investigation of the low-energy beaches of Southwestern Australia. 

4.2.2. Temporal Datum 

All observations collected during a survey were labelled with a standard time index 

to facilitate comparative analysis. The time index was measured in seconds past 

midnight. The local time in all the surveys was Western Standard Time ( W S T ) — 

eight hours ahead of Greenwich Mean Time. 

4.2.3. Morphologic Data 

In the study of beach profiles it is important to recognize the existence of several zones 

of characteristically different behaviour, namely: 

(1) the zone seaward of the breakers; 

(2) the surf zone; 

(3). the beachface; and 

(4) the backshore zone. 

Each of these zones is subjected to markedly different processes. In the zone seaward 

of the breakers, the oscillatory flow field of the shoaling waves is the primary process 

operating. The surf zone is characterized by strong asymmetric oscillatory flow fields 

with possible long-shore currents. The swash zone is subjected to rapid translatory 

flows, and sediment permeability is also important in this zone. Storm events, winds 

and extreme swash fluctuations control the geometry of the backshore zone. This mix 

of processes across the nearshore profile almost invariably leads to complicated profiles 

in which different zones have different geometries. 

It has already been noted that the beaches surveyed in this investigation were 

essentially two-dimensional and hence the beach profile provides an appropriate first-

order representation of the beach morphology. To quantify the beach morphology it 

was necessary to extract a range of variables from the surveyed profile at each field site. 
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However, prior to this, the survey notes were reduced using the lower swash bound as 

the datum. Changes in elevation with distance of the profile were measured positive 

upwards and seawards respectively from the lower swash datum in units of metres. 

It should be noted that the nearshore profile is a static representation of a dynamic 

feature that is subject to considerable variability at a range of temporal and spatial 

scales. However, the temporal variability of the beach profile was not examined in the 

present investigation. 

The spatial variability of the beach profile predicates special care in the determination 

of parameters that describe the profile. A variety of representative slopes m a y be 

defined for complicated profiles (Nielsen k Hanslow 1991). In addition to slope, several 

other coefficients (such as curvature or roughness) m a y be employed to describe the 

profile geometry; however, these coefficients have similar problems of definition on 

complicated profiles. To obtain a comprehensive description of the nearshore profiles, 

a range of functions were fitted to both the overall profile and subsections of the profile. 

The boundaries of the profile subsections reflect the process regimes of the nearshore 

profile and hence represent 'natural' limits (Figure 4.2). It should be noted, however, 

that every subsection was not always present on each profile (e.g. a step was not present 

on every profile). 

Figure 4.2. Boundaries of the profile segments employed in the current investigation. 
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4.2.4. Dynamic Data 

The dynamic elements that were examined in this investigation included the 

nearshore surface elevation, cross-shore and long-shore currents, instantaneous 

shoreline movement and swash interactions. Excepting the swash interactions, the 

dynamic elements were all obtained as time series records. These time series records 

downloaded from the data loggers were initially encoded in a binary format for efficient 

usage of the logger memory. However, it was necessary to convert this binary format 

to the American Standard Code for Information Interchange (ASCII) format to enable 

flexible data manipulation and analysis. This conversion was readily accomplished via 

the logger software. During conversion it was possible to include calibration coefficients 

(offset and slope) particular to each probe. The resulting ASCII file was a two column 

array. The first column contained the observation number and was subsequently 

transformed to the temporal datum from a knowledge of the start time and sample 

rate of the time series. The second column was the time series signal. For all time 

series, except the nearshore current records, the signal was measured vertically from 

the lower swash datum in metres. The signal column of the nearshore current records 

was a measure of current velocity in metres per second. The cross-shore currents were 

measured positive onshore and the shore-parallel long-shore currents were positive 

leftward when facing offshore. 

All time series records obtained during a survey were combined within MATLAB and 

saved as a single 'MAT-file'. M A T L A B is a commercial software package developed 

by 'The Math Works Inc.' that allows the interactive manipulation and analysis of 

matrices. In this investigation, all the manipulation and analysis of the time series 

records were conducted using the M A T L A B software package. 

It was necessary to apply a hydrodynamic calibration to the subsurface pressure 

records to enable comparison of these records with other water surface elevation 

records. The hydrodynamic calibration accounts for the dynamic nature of the 

pressure field under shoaling waves and enables recovery of the sea surface elevation. 

Several techniques are available that operate in either the time or frequency domain 

to perform this hydrodynamic calibration, including those detailed by Grace (1978), 

Gabriel and Hedges (1986), Nielsen (1986), Wang et al (1986), Bishop and Donelan 

(1987) and Nielsen (1989c, 1989d). Nielsen (1986, 1989c) describes a 'semi-empirical' 

method of dealing with irregular, nonlinear waves based on the concept of local 

approximations. This technique operates in the time domain and requires 'orders of 
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magnitude less' computational effort than spectral methods or wave-by-wave analysis 

of similar accuracy (Nielsen 1986). Nielsen (1989c) also notes that this technique 

provides greater accuracy than the traditional spectral transfer method. In the light of 

this argument, the method of local approximations was employed in this investigation 

to convert the pressure record to surface elevation following the technique outlined by 

Nielsen (1989c). 

Each time series was examined visually to confirm data reliability. Time series 

generated by faulty sensors were typically characterized by a constant zero reading 

and were thus immediately identified and removed from further consideration. Very 

occasionally, transient glitches, usually less than 10 observations, were apparent in 

an otherwise reliable time series. These glitches were usually associated with widely 

spurious observations and hence were readily apparent. In these instances, the spurious 

observations were interpolated from the adjacent reliable readings. 

A 'working section' of nominally 17 minutes (1024 s) was selected from each time 

series and used in subsequent analyses. This record length compares favourably with 

other oceanographic studies, including the Institute of Oceanographical Sciences (IOS) 

which examined records of 12 minutes duration (Tann 1976). This record length was 

sufficiently long to provide an adequate statistical sample and provided a reasonable 

balance between sampling errors and changes in the underlying wave conditions (Tann 

1976-). 

4.3. REPRESENTING THE NEARSHORE 

At each survey site a quantitative representation of the nearshore was obtained by 

determining a range of variables from the morphologic, sedimentologic and dynamic 

parameters. These variables enabled a comprehensive description of the state of the 

beach during the survey. The techniques employed to determine the morphologic and 

dynamic variables are outlined below. The sedimentologic variables were described in 

the previous chapter. 
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4.3.1. Morphologic Variables 

The beaches examined in this investigation were, amongst other criteria, selected on 

the basis of limited alongshore variability. The beach profiles were therefore considered 

to provide a reasonable measure of the morphologic state of these systems. Despite 

the limited alongshore variability of the beach profiles, the cross-shore nature of the 

profiles was generally complicated and nonlinear. Hence, to adequately describe the 

beach profile, it was necessary to determine a range of variables from both the overall 

profile and subsections of the profile, including the berm (base of foredunes to berm 

crest), nearshore (berm crest to breaker zone), swash intake zone (upper swash to 

berm crest), foreshore (berm crest to lower swash), swash zone (upper swash to lower 

swash), beach step (step crest to step base), surf zone (lower swash to breaker limit) 

and inshore zone (lower swash to offshore profile limit) (Figure 4.2). 

Geometric variables were determined from the profile sections, either directly or via 

function fitting procedures. Variables obtained directly included the width and height 

of the profile sections. The slope and degree of convexity/concavity were among a 

range of geometric variables that were obtained from the profile sections via function 

fitting procedures, following Bruun (1992) who suggested that the behaviour of the 

beach profile may be better described by statistical, rather than physical means. The 

methods employed to determine the geometric variables are described below. 

The beach profile was defined by a series of elevations h(n) and distances x(n), 

measured at N points (i.e. n = 1,2,..., iV) across the backshore and nearshore. 

The onshore and offshore limits of a particular profile section are denoted by n = p 

and n — q respectively in the following descriptions. 

The width (W) and height (if) of the profile sections was directly determined from 

the difference in distance or elevation of the section limits respectively: 

W = x(q)-x(p) (4.1) 

H = h(p) - h(q). (4.2) 

A linear and a power function were employed to approximate the profile sections. 

The coefficients arising from the fitting of these functions to the observed profiles 

were employed to describe the profile geometry. The power function has previously 

been used to describe the geometry of the 'equilibrium' shoreface profile from the still 
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water-line out to the 'depth of closure'. However, in the present investigation this 

power function was employed to derive descriptors of the nearshore profile geometry. 

There was no intent to define an 'equilibrium' nearshore profile via this, or any other, 

function in the present investigation. 

The profile functions were fitted to the observed profile points using standard least 

squares regression techniques (Draper k Smith 1981). In this analysis, the profile 

elevation was the dependent variable and distance was the independent variable and 

this choice is consistent with other investigations of the beach profile (e.g. Keulegan 

k Krumbein 1949; Bruun 1954; Carter 1988; Dean 1991; Bodge 1992). 

4-3.1.1. Linear Function 

Despite the nonlinearity of natural beach profiles, the slope coefficient derived from 

the linear function is the parameter most commonly used to describe the geometry 

of the beach profile. The majority of theoretical investigations of nearshore dynamics 

assume a linear profile (Carter 1988) which may be expressed as: 

h(n) = a + bx(n), (4.3) 

where a is an offset value and b is the slope. Excepting the beach step, the linear 

function (Eqn. 4.3) was separately fitted to each profile section using the method of 

least squares. This method minimizes the squared deviation of the predicted variable 

(h(n)) from the observed {h(n)) (Draper k Smith 1981). The slope (b) and the offset 

(a) were determined as: 

6= EL^W (4'4) 
and 

a = h-bx, (4.5) 

— Y^9 h(n) 
where h is the mean of the elevation points (h = ^+q-^) ) ̂  * is t n e mean of 
the distance points of the profile section (Sokal k Rohlf 1981, p. 465). The value of 

the offset was not expected to provide a practical measure of the profile geometry 

and hence this coefficient was not considered in further analysis. However, the slope 

provided a convenient non-dimensional measure of the 'average' gradient of the profile 

geometry and was employed in this investigation. 
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4-3.1.2. Power Function 

After the linear function (Eqn. 4.3), the next most commonly used geometric 

expression for the shape of the beach profile is the power function, 

h(n) = Ax(n)m, (4.6) 

where m is a nondimensional exponent that indicates the degree of curvature and 

A is a scale factor related to the vertical scale of the profile and has dimensions of 

(metres) ' m (Figure 4.3). The coefficient m enabled a nondimensional measure of the 

degree of concavity /convexity of the profile segment. Curvature values less than unity 

were associated with concave upwards profile segments, a curvature of unity indicates a 

linear profile segment and curvature values greater than unity define a convex upward 

profile segment. The A coefficient has been previously described in the literature as 

a 'scale factor' in which large values of A were associated with profile segments with 

a large vertical range. 

0 10 20 ~30 40 50 60 70 80 90 100 

Distance (m) 

Figure 4.3. Simple power function (Eqn. 4.6) with different values of the curvature (m) and scale 

factors (A). 
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This function has been used by several investigators to describe the 'equilibrium' profile 

shape, including Bruun (1954), Dean (1977; 1991) and Larson (1991). However, Pilkey 

et al. (1993) question the general validity of the equilibrium profile concept. In this 

investigation both the scale factor (A) and the exponent m were determined from 

the observed profile survey and were employed together as descriptors of the profile 

geometry. The power function was separately fitted to the nearshore, swash, foreshore 

and inshore zones. 

The coefficients of the power function were solved using iterative nonlinear least squares 

curve fitting techniques. The method used was the Nelder-Mead downhill simplex 

method of unconstrained nonlinear optimization (Press et al 1989). Press et al. (1989) 

noted that though this method may be slow it can be an extremely robust technique 

and they recommended it for applications in which the nonlinear optimization is an 

incidental part of the 'overall' problem. 

Prior to solving this function from the profile data it was necessary to ensure that there 

were no negative values of elevation or distance. This was accomplished by a simple 

parallel origin shift, so that the landwardmost point of the profile section (x(p), h(p)) 

became the origin (0,0); it was also necessary to invert the elevation axis (Figure 4.3). 

This function was only fitted to profile sections with more than two points. 

4.3.2. Dynamic Variables 

The majority of the dynamic parameters were represented as uniformly sampled time 

series that were composed of a number of waves of different frequencies and amplitudes. 

The statistical analysis of nearshore time series may be undertaken to determine: 

(1) short-term statistics which describe an individual record; or (2) long-term statistics 

for use in forecasting (Tann 1976). The aim of the present investigation is to determine 

the short-term statistical characteristics of the time series in order to identify the 

dynamic conditions prevailing during the survey. 

The irregular nearshore time series may be analysed using two approaches: (1) in the 

time domain by the representation of the irregular waves by measures of the average 

wave condition; or (2) in the frequency domain by means of the spectral density 

function (Goda 1970). Ploeg (1991) noted that both approaches are necessary for 

a comprehensive description and analysis of beach processes and both are employed 

in the current investigation as a result. The time and frequency domain techniques 

employed in this investigation are described below. 
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4-3.2.1. Time Series Statistics 

The mean and standard deviation of each time series provided a first-order description 

of the time series records. These statistics examine each point in the time series 

and as such are distinct from the wave analysis techniques described later which 

describe individual oscillations. The mean is the first moment of the time series 

records and provides a measure of the average elevation of the process being measured 

(i.e. instantaneous shoreline). For the current records the mean provides a measure of 

the net flow direction and rate. The mean of a time series (x(n)) may be calculated 

as: 

n=l 

where N is the number of points in the time series, x(n). 

The second moment of the time series is the variance and provides a measure of the 

spread of points in the time series. The variance of a time series (cr2) may be calculated 

as: 

*2 = ^X>W-%))2 (4-9) 

The standard deviation (cr) of the time series is readily determined from the variance 

(cr = vo^) and provides a measure of variability and hence the amplitude of 

oscillations in the record. 

4.3.2.2. Wave Statistics 

The time series records obtained from the nearshore in this investigation were 

composed of a number of oscillations of different frequencies and amplitudes. The 

nature of these oscillations may be determined in the time domain following the 

identification of individual waves. Several wave definitions are available and each 

definition can lead to quite different statistical values. 

An individual wave in a time series record may be defined with respect to the mean 

of the record. This is known as the 'zero crossing wave' and is determined when the 

time series crosses the mean level (Figure 4.4a). Several previous investigations have 

employed the zero up-crossing wave definition, including Tann (1976), Draper (1966), 

Harris (1970), Tucker (1961) and the Coastal Engineering Research Center (1984). 

However, Horikawa (1988) and the International Association for Hydraulic Research 
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(1989) have recently recommended the use of the zero down-crossing wave as a more 

appropriate definition for nearshore waves. Following their recommendation the zero 

down-crossing wave definition was employed in this investigation (Figure 4.4a). The 

height of a zero down-crossing wave is determined from the vertical range between the 

maximum and minimum elevation of the surface elevation occurring between two down-

crossings of the mean line. The period of a zero down-crossing wave is determined 

from the time interval between adjacent down-crossings. 

Zero 
(A) down-crossjng 

waves 

Mean line 

(B) Crest-to-trough 
waves 

Figure 4.4. Waves m a y be defined from the time series of surface elevation by using either the 

(a) zero down-crossing or (b) crest-to-trough wave definitions. For simple waves that cross the mean 

line, the zero down-crossing and crest-to-trough definitions are equivalent. 

An alternate definition of a wave is the crest-to-trough wave which begins at a local 

maximum of a time series, includes a local minimum and ends at the next local 

maximum (Figure 4.4b). The height of a crest-to-trough wave is the vertical range 

between the second local maximum (crest) and the previous local minimum (trough). 

The period of a crest-to-trough wave is the time interval between the first and second 

local maximum. 

In this investigation of low-energy beaches both the zero down-crossing and crest-to-

trough wave definitions were employed and provide a measure of the low- and high-

frequency wave components respectively. A range of wave statistics were determined 

from both of these definitions using the techniques described below. 

The mean of all the wave heights was readily determined using standard statistical 

techniques (e.g. Matthews 1981) and the mean wave period was defined similarly. The 

average height of the highest one-third of the waves, occurring over a given time interval 

(in this instance 17 minutes) is often termed the 'significant wave height' (#1/3) and 
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has been shown to compare favourably with visual estimates of the wave height (Komar 

1976). The value of #1/3 has been demonstrated in the solution of many engineering 

problems (Coastal Engineering Research Center 1984). The significant period T1/3 is 

defined similarly, as the mean period of the highest one-third of the waves. Though, 

Komar (1983) notes that the significant wave period has less physical meaning than 

the significant wave height. 

4-3.2.3. Wave Groupiness 

Systematic modulation of wave heights has been termed wave grouping. The degree 

of wave groupiness is an important factor affecting the dynamic response of ships and 

structures, surf beat and perhaps wave overtopping. To date, the main interest in 

wave grouping stems from the examination of the response of ship motion in harbours 

to long period waves and wave groups (Medina k Hudspeth 1990) and the importance 

of wave grouping on coastal structures and morphology has only been investigated 

recently. However, it appears that nearshore sediment transport, and consequently 

nearshore morphology, may be more sensitive to a succession of high waves than to 

a single large wave (Hanes 1990; 1991). Wave groups may be associated with long 

period variations in the local mean water depth and the position of the break point in 

the nearshore (Symonds et al 1982). However, it is worth noting that the majority of 

beaches examined in this investigation were subjected to low wave energy and in most 

instances the break point was located at the base of the beachface. 

Wave grouping in nearshore time series may be attributed to several different physical 

processes (Thompson k Seelig 1984): (1) The most widely accepted explanation is due 

to the linear combination of independent frequency components of the sea surface. By 

this process a sea surface composed of relatively few, closely spaced, frequencies would 

be expected to exhibit strong wave grouping with relatively long modulation periods. 

Conversely a time series with a broad range of frequencies would be associated with 

poorly grouped waves and relatively short modulation periods; 

(2) Benjamin and Feir (1967) suggest that a train of steep waves in deep water is 

unstable. This instability will result in a group of uniform steep waves becoming 

highly grouped. Steeper waves would be expected to generate shorter modulation 

periods; and 

(3) Wave grouping may also be attributed to the linear combination of two or more 

independent wave trains. 
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Recent interest in wave grouping has led to the development of a range of techniques to 

identify the groupiness of observed time series. Medina and Hudspeth (1990) provide 

a review of the majority of these techniques and they note that the simple method of 

run lengths, introduced by Goda (1970), has been the most widely used. This method 

is employed in this investigation and is outlined below. 

The degree of wave grouping in an irregular time series record may be determined 

from the number of successive high waves. Goda (1970) formalized this concept in 

the technique of run length analysis where the number of consecutive wave heights 

exceeding a specified threshold value (commonly H1/3) was termed the run length. 

The length of a total run of waves is the total number of wave heights that occur 

between the time of the first exceedance of the specified threshold value and the first 

re-exceedance of the specified value and represents the interval between successive runs 

(Figure 4.5). 

Total run = 10 

a 
5 

Given level ( eg Hsjg ) 

Sequence of successive waves 

Figure 4.5. Definition of groupiness measures, run length and total run length. 

High values of the run length and total run variables are associated with larger wave 

groups and therefore, parameters such as the average run length and average total run 

length have been widely used to characterize wave groups (Medina k Hudspeth 1990). 

The longest reported run length of H > Hi/3 for field observations was 6 for storm 

conditions (Goda 1976; Thompson k Seelig 1984) and 8 for long period swells (Goda 

1983; Thomas et al. 1986). Goda (1970) determined the probability distribution of run 

lengths assuming the process to be random. Later, Kimura (1980) presented a theory 

for the distribution of run lengths and total runs for the case of mutually correlated 
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wave heights which is summarized in the review by Medina and Hudspeth (1990). The 

two groupiness variables employed in the present investigation, run length and total 

run, were determined from the zero down-crossing waves. 

4.3.2.4- Frequency Domain Statistics 

The energy contained in the nearshore time series records may be divided into a 

range of frequency components. Different frequency bands may be attributed to 

different forcing mechanisms. Hence, a knowledge of the frequency distribution of 

energies may provide an indication of the relative importance of particular mechanisms 

in the nearshore. The first step in this analysis is the determination of an auto-

spectral density function which expresses the energy contained in the time series in 

the frequency domain. The techniques employed in this investigation to determine 

the auto-spectral density functions are described in detail in Appendix B. A range 

of variables may be extracted from the auto-spectral density functions to characterize 

the frequency distribution of the dynamic parameters. However, in this investigation 

only the relative contribution of different frequency bands was examined. 

The energy contained in the nearshore time series records may conveniently be divided 

into three components on the basis of frequency: infragravity wave energy, swell wave 

energy and wind wave energy. The frequency limits between each of these components 

must be determined a priori, this problem has been discussed by Guza et al (1984). 

A preliminary examination of a range of spectral density functions determined from 

dynamic data collected in this investigation indicated that the following frequency 

limits would be appropriate: infragravity-swell 0.05 Hz (20 s) and swell—wind 0.20 Hz 

(5 s). The proportion of the variance contained within these three frequency bands 

was determined by using the techniques described in Appendix B. 

4-3.2.5. Swash interactions 

The various wave components combine to produce complex swash motion on the 

beachface. A 'swash event' may be defined to occur between successive crossings 

of the lower swash bound by the instantaneous shoreline and may consist of one or 

more distinct swash motions. Swash interactions arise when one or more of these 

swash motions are coincident on the beachface. It is clear that the above definition 

of a swash event is contingent upon an unbiased definition of the lower swash limit. 

Hence, the importance of a consistent definition of the lower swash bound as described 

in § 4.2.1. 
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Several researchers have observed swash interactions on natural and laboratory beaches 

including, Emery and Gale (1951), Dolan and Ferm (1966), Waddell (1973), Broome 

and Komar (1979) and Mase and Iwagaki (1984). More recently, Hegge and Eliot 

(1991) have demonstrated that it is possible to identify four distinct modes of swash 

interaction from an examination of irregular swash motion on natural beaches. 

The simplest swash mode occurs when a single swash is able to complete its uprush and 

backwash cycle prior to the excursion of the following swash beyond the lower swash 

bound (Figure 4.6a). These swash modes are termed 'free' swash. If the backwash 

flows rapidly into relatively stationary water it is possible for surface shear waves 

to develop (Peregrine 1974). These shear waves are associated with high levels of 

turbulence and hence sediment suspension on the lower beachface and step. 

(A) FREE 
(B) OVER-TAKING 

0 8 

Figure 4.6. Four distinct swash interaction modes may be recognized from the instantaneous 

shoreline record, (a) free, (b) over-taking, (c) over-riding and (d) suppressed. 

In some instances a swash is unable to complete its uprush phase before the following 

swash traverses over and beyond it (Figure 4.6b). This is termed an 'over-taking' swash 

interaction mode. Dolan and Ferm (1966, p. 211) recognized that this interaction 

mode was particularly prevalent during storm conditions in which waves may 'arrive 

so quickly that one swash may actually move shoreward over another'. During an 

overtaking interaction the following swash traverses over and beyond the preceding 

swash. The increased wa.ter depth provided by the initial swash mass reduces the 
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effects of frictional retardation on the following swash motion. Thus, when the leading 

edge of the uprush of the following swash reaches the dry beach it collapses rapidly. 

During these periods accelerations are large and run-up may be maximized (Bradshaw 

1982). 

Under a wide range of wave conditions, collision of the backwash with the uprush 

of the subsequent swash is clearly visible on the beachface. This type of interaction 

may also be evident as a secondary depth maximum on the lower beachface (Waddell 

1973). When the uprush of the following swash is able to extend beyond the zone of 

collision and onto the exposed beach, these interactions are termed 'over-riding' swash 

interactions (Figure 4.6c). This type of interaction mode has been observed by Emery 

and Gale (1951), James and Brenninkmeyer (1977), and Broome and Komar (1979). 

They noted that a roll wave or undular hydraulic jump may be generated under these 

conditions. 

The final mode of swash interaction described by Hegge and Eliot (1991) was termed 

'suppressed' interactions. These swash interactions were originally described by Emery 

and Gale (1951) who noted that the backwash from a large swash was able to break 

down several successive advancing swashes. Suppressed interactions occur when the 

collision of the backwash of a swash and the uprush of the following swash leads to 

nearly complete repression of the uprush motion (Figure 4.6d). 

Free swash interactions are distinguished by no interference. In contrast, the other 

three swash interaction modes are characterized by interference between swashes. The 

interference may be either positive (enhanced) or negative (collisional). The over

taking interaction is an enhanced interference, whereas the over-riding and suppressed 

interactions are both collisional interferences. The four swash interaction modes form 

an ordered sequence on the basis of the relative timing between consecutive swash 

(Table 4.1). 

The collapse of a surf bore at the base of the beach generally results in a single swash 

motion. However, it may be possible for the collapse of a single bore to induce several 

swash wavelets which may be represented in the swash interactions. This nonlinear 

energy transfer is similar to the process of wave collapse at the edge of a reef platform 

as described by Galvin (1990) and Wiegel (1990). It is a process of division of a 

single, long-period, wave crest into multiple crests in shallow water that is associated 

with solitons as described by Galvin (1972). The process of wavelet formation may be 

characteristic of particular beach systems. 
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Table 4.1. Swash interaction modes form an ordered sequence on the basis of the relative timing 

between consecutive swash. 

Enhanced 
Interference 

Over-taking 

Shortest 

relative 

timing 

between 

swash 

Over 

Collisional 

Interferences 

-riding Suppressed 

N o 
Interference 

Free 

Longest 

relative 

timing 

between 

swash 

Swash interaction modes were generally manifested in the instantaneous shoreline 

record (Figure 4.6). Hence, the interaction modes occurring on the profile were 

identified visually from the video record in conjunction with the instantaneous 

shoreline record, when available. The swash interaction modes occurring during a 

10 minutes section of record were determined for each survey. The record length of 

10 minutes was chosen to ensure that a representative description of swash activity 

over several surf beats was recorded. 

In the majority of cases, the five swash interaction variables (Table 4.4) were 

determined during a single pass through a 10 minutes section of the video record by 

a single observer. However, a preliminary examination of the repeatability of swash 

mode identification was conducted on three beaches (Cheyne, Fishery, and Ocean 

Beaches). For both Fishery (Fish) and Ocean (Ocean) Beaches the repeatability of two 

observers was approximately 70% (Laing 1993). However, the repeatability observed 

at Cheyne Beach (Cheyne) was only 36%, and was attributed to the clarity of video 

record and the preponderance of over-taking/over-riding swash interactions. This 

preliminary analysis suggests that there is an inherent element of subjectivity in the 

visual identification of the swash interactions modes and this was compounded when 

the clarity of the video record was poor. Hence, the manually obtained data on swash 

interactions is presented in the current investigation in a preliminary sense and should 

be viewed tentatively. 
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Table 4.2. Twenty seven geometric variables employed to describe the morphology of the beach 

systems (n.d. non-dimensional). 

Variable Units 

W i d t h (7 variables) 

Berm 

Nearshore 

Intake zone 

Foreshore 

Swash zone 

Step 

Surf zone 

Height (7 variables) 

Berm 

Nearshore 

Intake zone 

Foreshore 

Swash zone 

Step 

Surf zone 

Slope coefficients (5 variables) 

Berm slope 

Nearshore slope 

Foreshore slope 

Swash zone slope 

Inshore zone slope 

Scale coefficients (4 variables) 

Nearshore scale factor 

Foreshore scale factor 

Swash zone scale factor 

Inshore scale factor 

Curvature coefficients 

Nearshore curvature 

Foreshore curvature 

Swash zone curvature 

Inshore curvature 

(4 variables) 

»f2b 

wb2r 

Hb2u 

wb21 

»U21 

wc2s 

Hl2r 

hf2b 

hb2r 

hb2u 

hb21 

hu21 

hc2s 

kl2r 

libs 

lbrs 

Ibis 

lnls 

llos 

qbra 

qbla 

quia 

qloa 

qbrm 

qbln 

qulm 

qlon 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

m1/ 

m 1' 

m 1 ' 

m 1' 

n.d. 

n.d. 

n.d. 

n.d. 

Table 4.3. Seven variables employed to describe the sedimentologic characteristics of the beach 

systems (n.d. non-dimensional). 

Granulometry (4 variables) 

Grain size mean 

Grain size standard deviation 

Grain size skewness 

Grain size kurtosis 

Settling velocity (2 variables) 

Settling velocity mean 

Settling velocity standard deviation 

Permeability (1 variable) 

Hydraulic conductivity 

Variable 

sinnn 

simsd 

simsk 

simko 

st36mn 

st36sd 

hymn 

Uni 

phi 

phi 

n.d. 

n.d. 

chi 

chi 

cm3 



116 CHARACTERIZING THE NEARSHORE 

Table 4.4. Forty-six variables employed to describe the extemporary dynamic characteristics of the 

beach systems (n.d. non-dimensional). 

Variable Units 

Waves (10 variables) 

Standard deviation 

Significant zero down-crossing height 

Significant crest-to-trough height 

Significant zero down-crossing period 

Significant crest-to-trough period 

Proportion of variance at infragravity band 

Proportion of variance at swell band 

Proportion of variance at wind band 

Mean run length 

Mean total run 

Cross-shore current (11 variables) 

Mean 

Standard deviation 

Significant zero down-crossing height 

Significant crest-to-trough height 

Significant zero down-crossing period 

Significant crest-to-trough period 

Proportion of variance at infragravity band 

Proportion of variance at swell band 

Proportion of variance at wind band 

Mean run length 

Mean total run 

Long-shore currents (9) 

Mean 

Standard deviation 

Significant zero down-crossing height 

Significant crest-to-trough height 

Significant zero down-crossing period 

Significant crest-to-trough period 

Proportion of variance at infragravity band 

Proportion of variance at swell band 

Proportion of variance at wind band 

Instantaneous Shoreline (11 variables) 

Mean 

Standard deviation 

Significant zero down-crossing height 

Significant crest-tc-trough height 

Significant zero down-crossing period 

Significant crest-to-trough period 

Proportion of variance at infragravity band 

Proportion of variance at swell band 

Proportion of variance at wind band 

Mean run length 

Mean total run 

Swash Interactions (5 variables) 

No. of overtaking swash interactions 

No. of overriding swash interactions 

No. of suppressed swash interactions 

No. of free swash interactions 

No. of swash events 

wastd 

uahzdsig 

vahcsig 

oatzdsig 

Hatcsig 

waifp 

waswp 

wa»wp 

uarunlan 

watotrun 

ccmn 

ccstd 

cchzdsig 

echesig 

cctzdsig 

cctcsig 

ccifp 

ccssp 

ecwap 

ccrunlen 

cctotrun 

clmn 

clstd 

clhzdsig 

clhcsig 

cltzdsig 

cltcsig 

clifp 

clswp 

clWHp 

rwmn 

rwstd 

rshzds ig 

rwhcsig 

rutzdsig 

ratesig 

rwifp 

rwswp 

runup 

rwrunlen 

rstotrun 

ottot 

ortot 

stot 

str2f 

strtot 

m 

m 

m 

s 

s 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

m 

m 

m 

m 

s 

s 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

m 

m 

m 

m 

s 

s 

n.d. 

nTd. 

n.d. 

m 

m 

m 

m 

s 

s 

n.d. 

n.d. 

n.d. 

n.d. 

n.d 

n.d 

n.d 

n.d 

n.d 

n.d 
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4.4. SUMMARY 

The data preparation and reduction procedures described in this chapter enabled 

the determination of a suite of quantitative variables. These variables provide a 

comprehensive description of the morphology, sediments and extemporary dynamics 

of the nearshore systems. At each survey a total of 27 variables were employed to 

describe the nearshore morphology (Table 4.2), seven variables described the sediment 

properties (Table 4.3) and 46 variables describe the extemporary nearshore dynamics 

(Table 4.4). This provides a large multivariate data set of 51 surveys and a total 

of 80 variables which were employed in subsequent analyses to examine the beach 

forms of low-energy open ocean environments and their sedimentologic and dynamic 

characteristics. 
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CHAPTER 5 

BEACH SURVEY RESULTS 

5.1. INTRODUCTION 

The large suite of variables employed to describe the morphology, sediments and 

extemporary dynamics of the 51 surveys examined in this investigation provide a 

comprehensive description of the nearshore systems. The variables were employed 

to examine the range of nearshore forms and subsequently to determine whether 

particular beach forms were associated with particular sedimentologic and/or dynamic 

characteristics. This chapter presents the beach survey results and describes the 

range of each of the variables employed to describe the nearshore systems. The 

present chapter also presents an examination of the association of the variables within 

each of the three discrete variable fields (morphology, sediments and dynamics) and 

subsequently a principal component analysis was conducted to determine the principal 

dimensions of variability within each variable field. Due to the field-based nature of 

this project, a complete data set was not available from each survey; however, an 

examination of the available data is presented below. 

5.2. PROFILE GEOMETRY 

The beach profiles were divided into a series of natural segments, including the berm 

(base of foredunes to berm crest), nearshore (berm crest to breaker zone), swash intake 

zone (upper swash to berm crest), foreshore (berm crest to lower swash), swash zone 

(upper swash to lower swash), beach step, surf zone (lower swash to breaker limit) and 

inshore zone (lower swash to offshore profile limit) (Figure 4.2). These segments are 

essentially related to different scales at which processes and beach responses occur. 

Several coefficients were determined from each of these profile segments, including 

dimensions (width and height), slope, scale and curvature. The range of geometric 

variables obtained in this investigation is described below. Occasionally, several 

surveys were conducted on the same beach during a single field campaign. In these 

instances only the 'active' profile segment was resurveyed. However, the profile was not 

remeasured between the two surveys conducted on Coolimba Beach (Coolil k Cooli2). 
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5.2.1. Dimensions 

The dimensions (width and height) of the profile segments were determined directly 

from the profile surveys (Appendix CI k Appendix C2). 

5.2.1.1. Berm 

The dimensions of the beach berm were determined from 49 surveys; two surveys, 

Fourth Beach (Fourth) and Trigg Beach (Trigg), were omitted since the shoreward 

limit of the berm, the base of the foredunes, was not included in the profile survey 

(Table 5.1). The dimensions of the berm varied widely between survey sites, the mean 

berm width of the 49 surveys was 20.25 m, but the distribution of berm widths had a 

large positive skewness (2.46). Seventy-five percent of the measured berms had widths 

less than 22 m, only nine sites had berm widths greater than 30 m. The berm widths 

measured varied from 2.0m at Peaceful Bay (Peace) to 116.5m at the third campaign 

on Leighton Beach (Lei) (Table 5.2). The height difference across the berm showed a 

similarly wide range of values, though these values were not as highly skewed as the 

berm width measures. The mean height difference across the berm was 0.89 m, but 

varied from 0.01m at Wonnerup Beach (Wonnerup) to 2.61m at the first survey at 

City Beach (Citybel) (Table 5.3). 

Table 5.1. Surveys with missing limits to the profile segments (n.s.- not surveyed; n.p. not present). 

Segment 

Base of foredunes 

Breaker zone 

Beach step 

No. 

2 

9 

25 

Fourth (n.s.) 

Fourth (n.s.) 

Swanl (n.s.) 

Yokinup (n.s.) 

Barracks (n.p.) 

Fish (n.p.) 

Ilia (n.p.) 

Leig21 (n.p.) 

Sc (n.p.) 

Twilight (n.p.) 

Yokinup (n.p.) 

Missing 

Trigg (n.s.) 

Legrand2 (n.s.) 

Swan2 (n.s.) 

Castle (n.p.) 

Forrest (n.p.) 

Koombana (n.p.) 

Leig22 (n.p.) 

Siesta (n.p.) 

Warn (n.p.) 

Ocean (n.s.) 

Swan3 (n.s.) 

Cheyne (n.p.) 

Fourth (n.p.) 

Legrand (n.p.) 

Leighton (n.p.) 

Sscarb (n.p.) 

Wbussel (n.p.) 

Quarry (n.s.) 

Trigg (n.s.) 

Dog (n.p.) 

Hope2 (n.p.) 

Legrand2 (n.p.) 

Peace (n.p.) 

Sscarb2 (n.p.) 

Wonnerup (n.p.) 
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Table 5.2. Widths of the profile segments, all measures in units of metres. 

Profile seg. 

Berm 

Nearshore 

Swash intake 

Foreshore 

Swash zone 

Beach step 

Surf zone 

* Note: Larger 

Variable 

uf2b 

wb2r 

wb2u 

vb21 

wu21 

wc2s 

wl2r 

surf zones 

No. 

49 

42 

51 

51 

51 

25 

42 

M e a n 

20.25 

26.03 

7.88 

16.34 

8.45 

1.00 

12.09 

were observed but 

Std. dev. 

21.21 

14.38 

4.40 

9.57 

6.87 

0.73 

11.40 

Skew. 

2.46 

1.69 

0.91 

2.69 

3.21 

0.77 

2.24 

Minima 

Peace 

Ilia 

Forrest 

Barracks 

Herring 

Sulphur 

Coolil 

South 

Legrand 

Barracks 

Coolil 

Sulphur 

Barracks 

Fish 

Sulphur 

Cerv 

South 

Eagle 

Hope2 

Barracks 

Herring 

were unable to be surveyed. 

2.00 

2.00 

3.00 

3.95 

8.50 

10.00 

1.82 

2.00 

2.00 

3.95 

5.22 

7.72 

1.11 

1.47 

2.87 

0.10 

0.20 

0.20 

0.00 

0.00 

0.06 

M a x i m a 

Lei 

Leighton 

Koombana 

Legrand 

Twilight 

Castle 

Yokinup 

Swan3 

Sscarb2 

Yokinup 

Fourth 

Swan 3 

Yokinup 

Fourth 

Legrand 

Lei 

Tr'g« 
Swan 3 

Legrand 

Castle 

Twilight 

116.50 

65.00 

56.00 

78.00 

62.00 

59.00 

20.00 

20.00 

15.30 

64.00 

36.00 

28.00 

44.00 

25.00 

20.00 

2.75 

2.00 

2.00 

56.00* 

42.54* 

42.00* 

Table 5.3. Height differences across the profile segments, all measures in units of metres. 

Profile seg. 

Berm 

Nearshore 

Swash intake 

Foreshore 

Swash zone 

Beach step 

Surf zone 

Variable 

hf2b 

hb2r 

hb2u 

hb21 

hu21 

hc2s 

hl2r 

No. 

49 

42 

51 

51 

51 

25 

42 

Mean 

0.89 

2.13 

0.80 

1.53 

0.73 

0.21 

0.71 

Std. dev. 

0.76 

1.08 

0.51 

0.78 

0.42 

0.21 

0.50 

Skew. 

0.69 

1.28 

1.25 

1.20 

1.36 

1.32 

0.99 

Minima 

Wonnerup 

Ocean 

Forrest 

M a x i m a 

Barracks 

Herring 

Sulphur 

Legrand 

South 

Legrand2 

Herring 

Sulphur 

Coolil 

Barracks 

Fish 

Ilia 

Sulphur 

Coolil 

Swanl 

Hope2 

Barracks 

Herring 

0.01 

0.03 

0.03 

0.40 

0.82 

0.83 

0.05 

0.14 

0.20 

0.82 

0.83 

0.94 

0.07 

0.20 

0.26 

0.05 

0.06 

0.07 

0.00 

0.00 

0.04 

Citybel 

Citybe2 

Castle 

Salmon 

Citybe2 

Citybel 

Dongara 

Salmon 

Swan3 

Salmon 

Dongara 

Swanl 

Salmon 

Swanl 

Citybe2 

Salmon 

Quarry 

Kingston 

Citybel 

Citybe2 

York22 

2.61 

2.60 

2.42 

5.66 

4.37 

4.36 

2.40 

2.08 

2.03 

4.80 

3.25 

2.85 

2.27 

1.64 

1.56 

0.86 

0.70 

0.63 

2.24* 

1.94* 

1.36* 

* Note: Larger surf zones were observed but were unable to be surveyed. 
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5.2.1.2. Nearshore 

A total of 42 nearshore zones were available for analysis. Vigorous wave activity during 

nine surveys prevented the surveying of the breaker zone, which formed the offshore 

limit of the nearshore (Table 5.1). The ensemble mean of the nearshore widths was 

26.0 m, but was highly skewed (1.69); 75% of the nearshore zones had a width less than 

29 m. The width of the nearshore zone varied from a minimum of 3.95 m at Barracks 

Beach (Barracks) to a maximum of 78.0 m at South Le Grand Beach (Legrand). The 

ensemble mean height difference across the 42 nearshore zones surveyed was 2.13 m, 

moderate skewing of the values of this variable resulted in 75% of the nearshore zones 

having a vertical range less than 2.46 m. The minimum and maximum height difference 

across the nearshore zone were observed at Barracks Beach (Barracks) (0.40 m ) and 

Salmon Beach (Salmon) (5.66 m ) respectively (Table 5.3). 

5.2.1.3. Swash intake zone 

The dimensions of the swash intake zone were determined from all 51 surveys. This 

zone was relatively narrow with an ensemble mean width of 7.88 m and standard 

deviation of 4.40 m (Table 5.2). The height difference across the swash intake zone 

had an ensemble mean of 0.81m, but ranged from only 0.05 m at South Le Grand 

Beach (Legrand) to 2.40m at Dongara Beach (Dongara). 

5.2.1.4- Foreshore 

The foreshore, extending from the berm crest to the lower swash limit, encompassed 

both the swash intake zone and the swash zone. The ensemble mean width and height 

difference across the foreshore were determined from all 51 surveys as 16.34 m and 

1.53 m, respectively. However, the distribution of foreshore widths was highly skewed 

(2.69), such that 75% of the surveys had a width less than 21m. The minimum and 

maximum foreshore widths were observed at Barracks Beach (Barracks) (3.95m) and 

Yokinup Beach (Yokinup) (64.00 m ) , respectively. The distribution of foreshore height 

differences was found to be less skewed than the foreshore widths. The minimum and 

maximum height difference across the foreshore zone were observed at Barracks Beach 

(Barracks) (0.40 m ) and Salmon Beach (Salmon) (4.36 m ) respectively. 
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5.2.1.5. Swash zone 

The swash zone dimensions, determined from all 51 surveys, ranged widely from the 

narrowest at Barracks Beach (Barracks) (1.11m) to the widest at Yokinup Beach 

(Yokinup) (44.00 m ) (Table 5.2). The distribution of swash zone widths had an extreme 

positive skewness (3.21), 75% of the surveyed swash zones had a width less 9 m. 

The swash zone width at Yokinup Beach (Yokinup; 44.00m), Fourth Beach (Fourth; 

25.00m), South Le Grand Beach (Legrand; 20.00m) and Le Grand Beach (Legrand2; 

18.00 m ) were considerably greater than those observed at any of the other surveys. 

The distribution of height differences across the swash zone was less skewed than 

the distribution of swash zone widths. The ensemble mean height difference across 

the swash zone was 0.73 m; however, 75% of the surveyed swash zones had a height 

difference less than 0.90 m. 

5.2.1.6. Beach step 

A beach step was only present on approximately half (25) of the profiles surveyed 

(Table 5.1). The average width and height of these beach steps was 1.00 m and 0.21 m, 

respectively (Table 5.2 k Table 5.3). The highest beach step observed was 0.86m at 

Salmon Beach (Salmon) and the lowest was 0.05 m at Sulphur Bay (Sulphur). 

5.2.1.7. Surf zone 

The surf zone dimensions were measured from the lower swash limit to the breaker 

zone. However, vigorous wave activity in the surf zone of nine beaches prohibited 

surveying out to the breaker zone (Table 5.1). The width of the surf zone at these 

surveys was visually estimated to be in excess of 50 m, except at Salmon Beach 

(Salmon), which was estimated to have a surf zone width of approximately 25 m. 

The mean width of the remaining 42 surf zones surveyed was 12.09 m. However, the 

distribution of surf zone widths was highly skewed with 75% less than 15 m in width. 

No surf zone was present at Barracks (Barracks) and Hopetoun (Hope2) Beaches, due 

to the extremely low wave heights observed on these beaches which precluded the 

development of a surf zone. 
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5.2.1.8. Transformations 

Preliminary examination of the normal probability (quantile-versus-quantile) plots 

indicated that variables with skewness values greater than ±1 should be considered for 

transformation. Transformation of highly skewed variables was conducted to reduce 

the influence of extreme values and to fulfil the assumption of normality required 

by several of the statistical methods employed in this investigation (Figure 5.1). 

However, the need to transform skewed variables was contrasted with the requirement 

of interpretability. Hence, the transforms employed in this investigation were limited to 

essentially two common forms: positively skewed variables were transformed by using a 

natural logarithm transform (logo; or log(a; + 1)) and negatively skewed distributions 

were transformed with a simple power transform (x2). Examination of the normal 

probability plots of the transformed variables indicated that these transforms generally 

resulted in relatively symmetric distribution resembling a normal distribution. 
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Figure 5.1. Variables with a skewness greater than unity were transformed to ensure compliance 

with parametric statistical procedures. 

All of the variables describing the dimensions of the profile segments were positively 

skewed and were transformed using log(z +1). Examination of the normal probability 

plots of the transformed variables indicated that the logarithmic transform was 

sufficient to approximate normality. The transformed variables were employed in 

further analysis. 
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5.2.1.9. Correlations 

Several of the profile segments examined in this investigation are inter-dependent: the 

nearshore zone is the combination of the foreshore and surf zone segments, and the 

foreshore zone is in turn the combination of the swash and swash intake zones. Hence, it 

was expected that the geometric variables describing these subzones would be strongly 

associated with the larger segments. Correlations between segments and subsegments 

have been termed part-whole correlation and are often encountered in Biology (Sokal 

k Rohlf 1981). High correlations between variables describing the part and the whole 

are commonly observed and this is a logical consequence of the way in which the 

variables were determined. Provided that one is mindful of this, Sokal and Rohlf 

(1981) note that there is nothing inherently incorrect with calculating such part-whole 

correlations. One should not be surprised to find high correlations. To examine the 

degree of association between the variables obtained in this investigation the Pearson 

product-moment correlation coefficient was employed (Sokal k Rohlf 1981). 

The correlations between the width and height measurements of each individual profile 

segment were all significant at the 0.05 significance level (Table 5.4). The nearshore 

width was significantly correlated with the widths of all the other profile segments 

except the beach step, whereas the height difference across the nearshore zone was 

correlated with the height differences of all the other profile segments, except the 

foreshore zone. The high correlations between the surf zone and foreshore dimensions 

and the dimensions of the nearshore zone were not unexpected as these two zones were 

subsections of the nearshore zone. 

Table 5.4. Correlation matrix for widths and heights of the profile segments. Significant correlations 

at the 0.05 significance level in boldface type. 

Segment 

Berm width 

Nearshore width 

Swash intake width 

Foreshore zone width 

Swash zone width 

Step width 

Surf zone width 

Berm ht. diff. 

Nearshore ht. diff. 

Swash intake ht. diff. 

Foreshore zone ht. diff. 

Swash zone ht. diff. 

Step ht. diff. 

Surf zone ht. diff. 

Var. 

irf2b 

wb2r 

wb2u 

Hb21 

wu21 

HC2S 

»12r 

hf2b 

hb2r 

hb2u 

hb21 

hn21 

hc2s 

hl2r 

wf2b 

.43 

.14 

.29 

28 

.11 

.40 

.44 
24 

-.02 

.12 

.23 

-.08 

.28 

«b2r 

.43 

.42 

.77 

.67 

-.07 

.86 

.15-

.62 

.22 

.42 

.47 

-.03 

.60 

«b2u 

.14 

.42 

.76 

.33 

.02 

.14 

-.27 

.47 

.66 

.56 

.23 

-.09 

.10 

wb21 

29 

.77 

.76 

.84 

.08 

.39 

-.23 

.60 

.35 

.54 

.55 

-.01 

.26 

wu21 

.28 

.67 

.33 

.84 

.13 

.37 

-.10 

.47 

.01 

.39 

.67 

.09 

.27 

wc2s 

.11 

-.07 

.02 

.08 

.13 

-.12 

.18 

.42 

.42 

.54 

.48 

.73 

.28 

ul2r 

.40 

.86 

.14 

39 

37 

-.12 

.23 

.51 

.07 

.20 

.25 

-.12 

71 

hf2b 

.44 

.15 

-.27 

-.23 

-.10 

.18 

.23 

.29 

-.10 

-.02 

.07 
32 

.44 

hb2r 

.24 

62 

.47 

.60 

.47 

.42 

.51 

.29 

.72 

89 

.74 

.49 

.78 

hb2u 

-.02 

.22 

66 

.35 

.01 

.42 

.07 

-.10 

.72 

.86 

.38 

.41 

.28 

hb21 

.12 

.42 

56 

54 

39 

.54 

.20 

-.02 

89 

86 

.79 

.51 

43 

hu21 

.23 

.47 

.23 

.55 

67 

48 

.25 

.07 

.74 

38 

79 

.48 

.43 

hc2s 

-.08 

-.03 

-.09 

-.01 

.09 

.73 

-.12 

32 

49 

.41 

.51 

.48 

.30 

hl2r 

.28 

.60 

.10 

.26 

.27 

.28 

.71 

.44 

.78 

.28 

.43 

.43 
.30 
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The foreshore zone was divided into two subsections, the swash intake zone and 

the swash zone. As expected, the dimensions of these two subsections were highly 

correlated with the dimensions of the foreshore segment (Table 5.4). The correlation 

between the height differences across the swash and swash intake zone was also 

significant (r = 0.74). The correlations between both dimensions of the berm and 

the surf zone reflect the fact that these two segments are generally broad flat segments 

of the beach profile. 

The height difference across the foreshore and swash zones were significantly correlated 

with both the height of the step and the height difference across the surf zone; however, 

none of the width measurements of these segments were significantly correlated. The 

height of the swash intake zone was correlated with the height difference across both 

the swash zone and the berm. 

The ratio of the swash zone width to the surf zone width indicated that only 11 surveys 

had a swash zone width in excess of the surf zone width, these were: Herring Bay 

(Herring), Geordie Bay (Geordie), Lady Edeline Beach (Lady), Strickland Bay (Strick), 

Wonnerup Beach (Wonnerup), Kingston Beach (Kingston), during the first campaign 

at City of York Bay (York), during the first campaign at South Scarborough Beach 

(Sscarb), Sulphur Bay (Sulphur), Busselton Town Beach (Wbussel) and Salmon Beach 

(Salmon). 

5.2.1.10. Principal component analysis 

Linear principal component analysis was emplo}red in this investigation primarily to 

examine the dimensions of variability of the data sets available. Gifi (1990) describes 

a range of nonlinear multivariate analysis techniques, including nonlinear principal 

component analysis. However, these advanced techniques were beyond the scope of the 

present investigation. Linear principal component analysis is a common multivariate 

technique and is based on the matrix of correlations between variables. The calculation 

steps are relatively straightforward and have been described by a number of authors 

including Chatfield and Collins (1980), Everitt and Dunn (1983), and Manly (1986). 

The principal component analysis in this investigation was undertaken using the SAS 

software package. SAS removes observations (i.e. surveys) that contain missing values 

on any variable during the principal component procedure. To minimize this effect, 

and retain as much of the; original data as possible, it was desirable to estimate the 

missing values where possible. However, due to either (1) the independence of variables 
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or (2) the preponderance of missing values this was not often possible in the present 

investigation. A principal component analysis is aimed at reducing the dimensionality 

of the original data set by finding a small number of linear combinations of the original 

variables (principal components) that retains as much information in the original 

variables as possible (SAS 1990). 

It is possible to extract the same number of principal components from the data 

set as there are variables. The principal components have a variety of useful 

properties: (1) they represent jointly perpendicular axes through the space of the 

original variables; (2) all of the principal components are jointly uncorrelated; and 

(3) each successive principal component explains proportionally less of the variance of 

the original multivariate data set (SAS 1990). Hence, each principal component can 

be considered to measure a different 'dimension' of the original data set. 

Often, the first few principal components account for the majority of the variance of 

the original data set and the contribution of the remaining principal components may 

be negligible. In this instance it may be argued that the effective dimensionality of 

the data set is approximately equal to the small number of principal components that 

account for the majority of the variance. A common 'rule-of-thumb' is to examine 

the principal components with eigenvalues greater than unity (Manly 1986). If the 

variables are standardized prior to a principal component analysis then each original 

variable has a variance of unity, hence principal components with eigenvalues less than 

unity account for less variance than any of the original variables. 

A principal component analysis was conducted on the correlation matrix of all 14 

dimension variables, seven width and seven height variables (Table 5.5). To minimize 

the impact of missing values on the analysis, the width and height of the beach 

steps of the 26 surveys where a beach step was not present were set to 0 m. The 

presence of missing values on other variables resulted in the omission of nine surveys 

(see Table 5.1). The first four principal components of the dimension variables had 

eigenvalues greater than unity and together accounted for 84.6% of the variance of 

the original variables. The first principal component alone accounted for 43.3% of 

the variance, the individual contribution of all subsequent components was less than 

18% (Table 5.5). The loadings of the first principal component were all positive 

and approximately of the same magnitude which indicates that this first principal 

component was essentially a measure of the overall size of the surveyed profiles; positive 

values were associated with larger profile dimensions (Figure 5.2). The loadings of 
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the second principal component were not so readily interpretable but suggested a 

contrast between the dimensions of the beach step, and the nearshore and surf zone 

width; positive values were associated with large steps and narrow surf zones. The 

interpretation of the third and fourth principal components was even less clear, however 

it may be noted the dimensions of the swash intake and foreshore zones had relatively 

large negative loadings. 

Table 5.5. Principal components of the 14 profile dimension variables. 

Prin. Comp. Eigenvalue 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

PRIN9 

PRIN 10 

PRIN11 

PRIN 12 

PRIN 13 

PRIN14 

Segment 

Berm width 

Nearshore width 

Swash intake width 

Foreshore width 

Swash zone width 

Step width 

Surf zone width 

Berm ht. diff. 

Nearshore ht. diff. 

Swash intake ht. diff. 

Foreshore ht. diff. 

Swash zone ht. diff. 

Step ht. diff. 

Surf zone ht. diff. 

6.05747 

2.42854 

2.10037 

1.26176 

0.97492 

0.45825 

0.28525 

0.16431 

0.14162 

0.08608 

0.02719 

0.00996 

0.00341 

0.00086 

Var. 

Hf2b 

wb2r 

wb2u 

Hb21 

uu21 

wc2s 

wl2r 

hf2b 

hb2r 

hb2u 

hb21 

hu21 

hc2s 

hl2r 

Eigenvalues 

Difference 

3.62893 

0.32817 

0.83861 

0.28684 

0.51668 

0.17300 

0.12094 

0.02269 

0.05554 

0.05889 

0.01723 

0.00655 

0.00255 

Proportion Cumulative 

0.432676 

0.173467 

0.150027 

0.090126 

0.069637 

0.032732 

0.020375 

0.011736 

0.010116 

0.006149 

0.001942 

0.000712 

0.000243 

0.000061 

Eigenvectors 

PRIN1 

0.170033 

0.305752 

0.217091 

0.321096 

0.273236 

0.167572 

0.224922 - -

0.135378 

0.381575 

0.258042 

0.352671 

0.325851 

0.191794 

0.276030 

PRIN2 
-.208250 

-.386343 

-.067159 

-.188266 

-.156058 

0.475095 

-.399922 

0.103270 

0.082410 

0.230472 

0.194678 

0.098753 

0.485069 

-.062390 

PRIN3 
0.304716 

0.032130 

-.472233 

-.237410 

0.083658 

0.223146 

0.197066 

0.491175 

-.019623 

-.376357 

-.214819 

0.067753 

0.154527 

0.270594 

0.43268 

0.60614 

0.75617 

0.84630 

0.91593 

0.94867 

0.96904 

0.98078 

0.99089 

0.99704 

0.99898 

0.99970 

0.99994 

1.00000 

PRIN4 
-.058927 

0.003543 

0.168613 

-.280743 

-.580738 

-.061739 

0.285676 

0.177400 

0.199485 

0.306379 

0.017991 

-.347380 

-.099543 

0.412978 

5.2.2. Slope 

Least squares regression techniques were employed to fit a linear function to several 

of the segments of the surveyed beach profile (§ 4.3.1.1). For each profile segment 

the linear function returned a slope coefficient which provided a convenient non-

dimensional measure of the 'average' gradient of the profile segment (Appendix C3). 
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Figure 5.2. Principal component plot of the 14 dimension variables. 

5.2.2.1. Berm 

The ensemble mean berm slope observed in this investigation was 0.067 (3.8°), but 

was highly variable with a standard deviation of 0.066 (3.8°), equalling the mean 

(Table 5.6). A landward berm slope (negative slope value) was observed at seven 

surveys: Ocean Beach (Ocean), during the second campaign at South Scarborough 

(Sscarb2), the three surveys from Swanbourne Beach (Swanl, Swan2 k Swan3), 

Busselton Town Beach (Wbussel) and Wonnerup Beach (Wonnerup), whereas the 

maximum seaward slope of the berm observed in this investigation was 0.229 (12.9°) 

at Herring Bay (Herring). 

5.2.2.2. Nearshore 

The mean nearshore slope of the 42 nearshore segments surveyed was 0.093 (5.3°) and 

was variable among surveys with a standard deviation of 0.035 (2.0°) (Table 5.6). The 

flattest nearshore slope was observed at South Le Grand Beach (Legrand; 0.024, 1.4°) 
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Table 5.6. Summary statistics of the slope measurement from the profile segments. 

Profile segment Var. No. Mean Std. dev. Skewness 

Berm lfbs 49 0.067 0.066 0.80 

Nearshore lbrs 42 0.093 0.035 0.33 

Foreshore Ibis 51 0.105 0.043 0.23 

Swash zone luls 51 0.101 0.042 0.64 

Inshore llos 51 0.054 0.039 1.41 

* Negative slope value indicates backshore sloping section. 

and the steepest nearshore profile was at the second survey from City Beach (Citybe2; 

0.184, 10.4°). 

5.2.2.3. Foreshore 

The foreshore slope was determined from all 51 surveys and had an ensemble mean 

of 0.105 (6.0°). The flattest and steepest foreshore slopes were at Le Grand Beach 

(Legrand2; 0.023, 1.3°) and the second survey from City Beach (Citybe2; 0.184, 10.4°) 

respectively. 

5.2.2-4- Swash zone 

As would be anticipated, the swash zone had a similar range of slope values to those of 

the foreshore, with an ensemble mean slope of 0.101 (5.8°) and an ensemble standard 

deviation of 0.042 (2.4°) (Table 5.6). 

5.2.2.5. Inshore zone 

The slope of the inshore zone provided a measure of the gradient of the subaqueous 

nearshore profile. The inshore zone was generally the flattest segment of the beach 

profile with an ensemble mean slope of 0.054 (3.1°) and a standard deviation of 

0.039 (2.2°). The steepest and flattest inshore zones were observed at Strickland Bay 

(Strick; 0.196, 11.1°) and the third survey at Swanbourne Beach (Swan3; 0.005, 0.3°) 

respectively. 

Minima Maxima 

Sscarb 

Wbussel 

Swan3 

Legrand 

Castle 

Twilight 

Legrand2 

Yokinup 

Fourth 

Legrand2 

Yokinup 

Fourth 

Swan3 

Swanl 

Swan2 

-0.019* 

-0.006* 

-0.003* 

0.024 

0.032 

0.038 

0.023 

0.027 

0.039 

0.025 

0.026 

0.038 

0.005 

0.009 

0.011 

Herring 

Peace 

York23 

Citybe2 

York 

Citybel 

Citybe2 

Citybel 

Quarry 

Citybe2 

Citybel 

Salmon 

Strick 

Kingston 

Citybe2 

0.229 

0.192 

0.190 

0.164 

0.162 

0.159 

0.184 

0.181 

0.178 

0.215 

0.214 

0.164 

0.196 

0.132 

0.127 
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5.2.2.6. Transformations 

The distributions of all five slope variables were positively skewed and hence for 

consistency, a logarithmic transform (log(x + l)) was applied to all the slope variables. 

Examination of the normal probability plots of the transformed variables showed a 

close approximation to normality of all the variables. The transformed slope variables 

were employed in further analysis. 

5.2.2.7. Correlations 

With the exception of the relationship between the swash zone slope and the berm 

slope (r = 0.22) the slope measures from the profile segments were positively and 

significantly correlated with each other at the 0.05 significance level (Table 5.7). The 

strongest correlations were between the nearshore, foreshore and swash zone slopes. 

These strong correlations were not unexpected since the swash zone is a subsection of 

the foreshore, which itself is a subsection of the nearshore segment. The berm slope 

was significantly (a = 0.01), though weakly, correlated with the slopes of the nearshore 

(r = 0.40), foreshore (r = 0.38) and inshore segments (r = 0.40) (Table 5.7). 

Table 5.7. Correlation matrix of slope measures from each profile segment. Significant correlations 

at the 0.01 significance level are in boldface type. 

Segment Var. lfbs lbrs Ibis lnls llos 

Berm slope lfbs .40 .38 .22 .40 

Nearshore slope lbrs .40 .87 .73 .71 

Foreshore slope ibis .38 .87 .89 .47 

Swash slope luls .22 .73 .89 .44 

Inshore slope llos .40 .71 .47 .44 

5.2.2.8. Principal component analysis 

A principal component analysis was conducted on the correlation matrix of all five 

slope variables. Nine surveys were omitted from this analysis due to missing values 

(see Table 5.1). Only the first principal component had an eigenvalue greater than 

unity and this component accounted for 64.1% of the variance of the original variables 

(Table 5.8). The loadings of the first principal component were all positive and 

relatively large indicating that this component was essentially a measure of the overall 

gradient of the beach profile; positive A'alues were associated with relatively steep 
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beaches (Figure 5.3). The second principal component had an eigenvalue slightly less 

than one (0.91) but contributed 18.3% towards the total variance and appeared to be a 

measure of the berm slope and to some extent described a contrast between the slopes 

of the swash zone and the berm. Positive values of the second principal component 

were associated with profiles with relatively steep berms and flat swash zones. 

Table 5.8. Principal components of the five profile slope variables. 

Prin. C o m p 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

Segment 

Berm slope 

Nearshore slope 

Foreshore slope 

Swash zone slope 

Inshore slope 

Eigenvalue 

Var. 

lfbs 

lbrs 

Ibis 

luls 

llos 

3.20601 

0.91317 

0.63650 

0.17788 

0.06644 

Eigenvalues 

Difference 

2.29283 

0.27668 

0.45862 

0.11144 

Eigenvectors 

PRIN1 

0.254249 

0.534606 

0.515163 

0.468071 

0.406289 

PRIN2 

0.884869 

0.002109 

-.177119 

-.408081 

0.138206 

Proportion 

0.641201 

0.182635 

0.127299 

0.035576 

0.013289 

PRIN3 

0.332313 

-.097939 

0.318350 

0.300974 

-.829485 

Cumulative 

0.64120 

0.82384 

0.95114 

0.98671 

1.00000 

PRIN4 

0.204741 

-.525625 

-.378958 

0.690055 

0.249027 

PRIN5 

-.003627 

-.654461 

0.676964 

-.218216 

0.256455 

5.2.3. Scale and Curvature 

The power function, h = Ax(n)m (Eqn. 4.6), was fitted to the surveyed profile 

segments by using least squares regression techniques. This power function was fitted 

to the same profile segments as the linear function, excluding the berm segment 

(Appendix C4). The power function was not considered an appropriate model for 

the berm geometry. The power function has previously been used to determine the 

'equilibrium' state of the shoreface profile by Bruun (1954), Dean (1977; 1991) and 

Larson (1991). However, in the present investigation this power function was used to 

determine descriptive variables for comparative purposes. 

5.2.3.1. Nearshore 

The power function was fitted to the 42 nearshore zones surveyed in this investigation; 

as noted above it was not possible to survey out to the breaker zone on nine surveys 

(Table 5.1). The ensemble mean scale (A) and curvature (m) of the 42 surveyed 

nearshore segments was 0.16 and 0.89 respectively (Table 5.9 k Table 5.10). The 



Profile Geometry 133 

3 Y 

in 

« 

a 

a 
> 

a. 
o 
<o 
v 

o 

c 
CD 

c 
o 
Q. 

E 

S o a 
a. 
o 
c 

c 
o 
u 
<u 
to 

-2 

Castle 

.Twilight 

Legrand 

Herring 

Lady 

Sulphur 
Hope2 

Ilia 

Leig22 
'•Leig2l 

.Fish 

Barracks 'Worn 

Cheyne 
Leighton. ̂  Eagle Sc 

Koombana?,Cqrb' '' 'Siesta 'Geordie 
• Cerv 

Wbussel' 
Wonnerup' Forrest 

" Sscarb2 

Peace 

Kingston 

Strick 
•York23 
•York22 
• York2l 

Salmon 

Coolil 
'COOII2 

• Dog 

• Dongara 

York 

Citybel_ 

CltybeV 

-3 -2 -I 0 I 2 

First principal component of the slope variables 

Figure 5.3. Principal component plot of the five slope variables. 

scale factor had a standard deviation of 0.08 and a range from 0.01 at Koombana 

Bay (Koombana) to 0.38 at Dongara Beach (Dongara). The distribution of nearshore 

curvature values had a skewness of 1.57 with 75% of the values below 0.95. The 

curvature values ranged from 0.52 (maximum concavity) to 1.62 (maximum convexity) 

at Eagle Bay (Eagle) and Koombana Bay (Koombana), respectively. Nearshore 

curvature values greater than unity were observed at seven surveys: Koombana 

Bay (Koombana; 1.62); Fishery Beach (Fish; 1.32); Hopetoun Beach (Hope2; 1.23) 

Kingston Beach (Kingston; 1.15); Strickland Bay (Strick; 1.12); Illawong Beach (Ilia 

1.03); and the second survey during the second campaign at Leighton Beach (Leig22 

1.01). This apparent anomaly of convex nearshore zones may be attributed to beaches 

with narrow surf zones, and convex foreshores and/or pronounced beach steps. The 

nearshore zones of Illawong Beach (Ilia) and the second survey of the second campaign 

at Leighton Beach (Leig22) were essentially linear. 
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Table 5.9. Scale factors (A) of the profile segments. 

Profile 

Nearshore 

Foreshore 

Swash zone 

Inshore 

Var. 

qbra 

qbla 

quia 

qloa 

No. 

42 

51 

4!! 

48 

M e a n 

0.16 

0.11 

0.12 

0.14 

Std. dev. 

0.08 

0.07 

0.05 

0.09 

Skew. 

0.64 

0.65 

0.18 

1.20 

Minima 

Koombana 

Fish 

Hope2 

Koombana 

Legrand2 

Leig22 

Legrand2 

Yokinup 

Sscarb 

Leighton 

Legrand 

South 

0.01 

0.03 

0.04 

0.01 

0.01 

0.02 

0.00 

0.03 

0.03 

0.00 

0.01 

0.02 

Maxima 

Eagle 

Dog 

Barracks 

Barracks 

Cerv 

Herring 

Cheyne 

Dongara 

Herring 

Swanl 

Swan2 

Trigg 

0.52 

0.64 

0.65 

0.65 

0.75 

0.77 

0.40 

0.70 

0.75 

0.17 

0.22 

0.32 

Table 5.10. Curvature (m) of the profile sections. Curvature m values greater than unity indicates 

a convex upward profile segment. 

Profile 

Nearshore 

Foreshore 

Swash zone 

Inshore 

Var. 

qbrra 

qbln 

quia 

qlon 

No. 

42 

51 

43 

48 

Mean 

0.87 

1.01 

0.95 

0.76 

Std. dev. 

0.20 

0.21 

0.20 

0.30 

Skew. 

1.57 

1.38 

1.33 

0.89 

Minima 

Dongara 

Dog 

Eagle 

Tr'gg 

York22 

York23 

Dongara 

Quarry 

York 

Trigg 

Strick 

Dongara 

0.38 

0.32 

0.29 

0.28 

0.25 

0.24 

0.24 

0.22 

0.21 

0.50 

0.33 

0.30 

M a x i m a 

Koombana 

Fish 

Hope2 

Koombana 

Leig22 

Legrand2 

Legrand 2 

Sscarb 

Wonnerup 

Leighton 

South 

Legrand 

1.62 

1.32 

1.23 

1.84 

1.40 

1.33 

1.77 

1.37 

1.35 

1.81 

1.33 

1.29 

5.2.3.2. Foreshore 

The mean foreshore scale factor of the 51 surveys obtained in this investigation was 

0.11 with a standard deviation of 0.07 (Table 5.9). The smallest and largest foreshore 

scale factors were observed at Koombana Bay (Koombana; 0.01) and Trigg Beach 

(Trigg; 0.28) respectively. Seventy-five percent of the foreshore curvature values were 

less than 1.14, with a mean curvature of 1.01 (close to linear), but ranged from a 

maximum concavity at Barracks Beach (Barracks; 0.65) to a maximum convexity of 

1.84 at Koombana Bay (Koombana). Twenty-one surveys had a convex foreshore zone. 
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5.2.3.3. Swash zone 

The power function was not fitted to the swash zone segment at Barracks Beach 

(Barracks) and Fishery Beach (Fish) because only two points were measured across 

the narrow swash zones of these surveys. The ensemble mean swash zone scale factor 

of the 49 surveys fitted with the power function was 0.12 but ranged from 0.003 at 

Le Grand Beach (Legrand2) to 0.24 at Dongara Beach (Dongara) (Table 5.9). The 

distribution of the swash zone curvature values had a skewness of 1.33. Seventy-five 

percent of the swash zones surveyed had a curvature less than 1.02 and half of the 

swash zones had a curvature less than 0.91. Fourteen surveys had a convex swash 

zone. The most concave swash zone was observed at Cheyne Beach (Cheyne; 0.40) and 

the most convex swash zone was surveyed at Le Grand Beach (Legrand2; 1.77). 

5.2.3-4- Inshore zone 

The iterative least squares solution of the power function was not able to provide an 

adequate fit to the surveyed inshore zone of three beaches, Quarry Beach (Quarry), 

Salmon Beach (Salmon) and the third survey at Swanbourne Beach (Swan3). The mean 

inshore scale factor of the remaining 48 surveys was 0.14 with a standard deviation of 

0.09 (Table 5.9). The inshore scale factor ranged from 0.004 at the first campaign 

at Leighton Beach (Leighton) to 0.50 at Trigg Beach (Trigg). The mean inshore 

curvature was 0.76 and ranged from a maximum concavity of 0.17 at the first survey 

at Swanbourne Beach (Swanl) to a maximum convexity of 1.81 at the first campaign 

at Leighton Beach (Leighton) (Table 5.10). Convex inshore profiles were observed at 

eight surveys: the first campaign at Leighton Beach (Leighton; 1.81), South Beach 

(South; 1.33), South Le Grand Beach (Legrand; 1.29), Siesta Park (Siesta; 1.25), the 

third campaign at Leighton Beach (Lei; 1.22), the first survey at City Beach (Citybel; 

1.10), Busselton Town Beach (Wbussel; 1.04) and Castletoun Beach (Castle; 1.01). Of 

these, the first survey at City Beach (Citybel), Busselton Town Beach (Wbussel) and 

Castletoun Beach (Castle) exhibited only minor inshore convexity. 

5.2.3.5. Transformations 

Distributions of the four scale and curvature coefficients were all positively skewed. 

To minimize the impact of this skewness on further analysis a logarithmic transform 

(log(x + 1)) was used on both variable sets. The transformed variables were employed 

in further analysis. 
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5.2.3.6. Correlations 

Correlations between the scale factors were all positive and significant at the 0.01 

significance level except for the correlation between the scale factors of the nearshore 

and inshore segments (r = 0.29) (Table 5.11). In contrast to this, the only significant 

correlation between the curvature values was between the foreshore and nearshore 

segments (Table 5.11). The correlations between the scale and curvature values were 

negative in all but one instance; the correlation between the nearshore curvature 

and the inshore scale was positive (r = 0.19) (Table 5.11). Hence, decreasing scale 

factors were generally associated with increasing convexity of the profile segments. 

However, significant correlations at the 0.01 significance level were only found between 

the scale and curvature values of the same profile segment. The strong correlations 

between the scale and the curvature coefficients are largely an artifact of the function 

fitting technique. However, when these variables are considered together they provide 

a convenient measure of the nonlinearity of the profile segments and a means of 

comparing the profile geometries. 

Table 5.11. Correlation matrix of scale (A) and curvature (ra) of the profile segments. Significant 

correlations at the 0.01 significance level in boldface type. 

Segment 

Nearshore scale 

Foreshore scale 

Swash zone scale 

Inshore zone scale 

Nearshore curvature 

Foreshore curvature 

Swash zone curvature 

Inshore zone curvature 

Var. 

qbra 

qbla 

quia 

qloa 

qbrn 

qbln 

qulm 

qlom 

qbra 

.63 

.72 

.29 

-.70 

-.29 

-.31 

-.21 

qbla 

.63 

.53 

.53 

-.36 

-.71 

-.28 

-.13 

quia 

.72 

53 

.50 

-.27 

-.02 

-.59 

-.19 

qloa 

.30 

53 

.50 

.19 

-.19 

-.18 

-.70 

qbrn 

-.70 

-.37 

-.27 

.19 

.48 

.34 

-.03 

qbln 

-.29 

-.71 

-.02 

-.19 

.48 

.27 

.04 

qulm 

-.31 

-.28 

-.59 

-.18 

.34 

.27 

.04 

qlom 

-.21 

-.13 

-.19 

-.70 

-.03 

.04 

.04 

5.2.3.7. Principal component analysis 

To examine the dimensions of variability of the profile scale and curvature values, a 

principal component analysis was conducted on the correlation matrix of the eight scale 

and curvature values (four scale and four curvature). Missing values resulted in the 

omission of 12 surveys from this analysis. Three principal components with eigenvalues 

greater than unity were obtained. The first principal component alone accounted for 

42.5% of the original variance and, as expected, was a measure of the contrast between 

the scale and curvature values of the profile segments (Table 5.12). Positive values 
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of the first principal component were generally associated with large scale values and 

concave profiles (Figure 5.4). The second principal component had relatively large 

positive loadings on the scale of the inshore and the curvature of the nearshore and a 

relatively large negative loading on the inshore curvature. The exact interpretation of 

this principal component was not immediately clear. The third principal component 

accounted for 16.5% of the variance of the scale and curvature data set. Relatively large 

positive loadings of the third principal component were associated with the foreshore 

curvature and the swash scale, which were contrasted against relatively high negative 

loadings on the swash zone curvature and the foreshore scale. 

Table 5.12. Principal components of the scale and curvature values. 

Prin. Comp. Eigenvalue 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

Segment 

Nearshore scale 

Foreshore scale 

Swash zone scale 

Inshore scale 

Nearshore curvature 

Foreshore curvature 

Swash zone curvature 

Inshore curvature 

3.40246 

1.73606 

1.32170 

0.73672 

0.57774 

0.12660 

0.07323 

0.02549 

Var. 

qbra 

qbla 

quia 

qloa 

qbrn 

qbln 

quia 

qlom 

Eigenvalues 

Difference 

1.66640 

0.41436 

0.58498 

0.15898 

0.45114 

0.05337 

0.04774 

Proport ion Cumulative 

0.425308 

0.217007 

0.165213 

0.092090 

0.072217 

0.015825 

0.009153 

0.003186 

Eigenvectors 

PRIN1 

0.468088 

0.436197 

0.404756 

0.322872 

-.313133 

-.291782 

-.293884 

-.230206 

PRIN2 

-.119943 

-.077670 

0.165553 

0.544629 

0.499709 

0.339330 

0.069509 

-.534665 

PRIN3 

0.162951 

-.407759 

0.470826 

-.199982 

-.131220 

0.559621 

-.442237 

0.139791 

0.42531 

0.64232 

0.8O753 

0.89962 

0.97184 

0.98766 

0.99681 

1.00000 

PRIN4 
0.462282 

-.106502 

-.000525 

-.085392 

-.342264 

0.298381 

0.718566 

-.212478 

5.2.4. Principal Dimensions of Geometric Variability 

A principal component analysis was conducted on all 27 geometric variables to examine 

the principal dimensions of variability in the geometric data set. Twelve surveys 

contained missing values and were thus omitted from this analysis (Table 5.1). The first 

seven principal components had eigenvalues greater than unity and together accounted 

for 87.9% of the variance of the geometric data set (Table 5.13). However, only the 

first four principal components each contributed more than 10% towards the variance 

of the data set and together accounted for a total of 71.1% of the variance of the 

original data set. The first two principal components each accounted for more than 



138 BEACH SURVEY RESULTS 

u 
i-

I 3 
L. 

3 
U 
T3 
C 
D _ a 
o 
in 

« 
JC 

2 JD 
c a 

I! 
o 
u 
a 
o. 
« -I 
c 

•o 

S -2 
u 
cn 

-3 V-
-5 

• Koombana 

Hope2 

• Leig22 

Dongara 

Lady 
* 

Ilia . S«carb2 
• .Warn 

•Sc 
• Wonnerup 

, . . .Kingston 
•Leig2l " 

Sscarb 
Twilight. / 

'Citybel 

•Wbussel 

• Strick 

.Citybe2 

G 
•Forrest 

.Cheyn 

•Sulphur 

_ ,, Castle 
S o u t h. ' 'Siesta 

•Lei 
Legrand. 

•Leighton 

•York 

•H-ing .7*«> 
Geordie 

• Herring 

.Coolil 
Cooli2 

e Eagle 
• Peace 

. Cerv 

Dog 

. York22 

- 4 - 3 - 2 - 1 0 I 2 3 

First principal component of the scale and curvature variables 

Figure 5.4. Principal component plot of the four scale and four curvature variables obtained from 

39 beaches surveyed in this investigation. 

20% of the original variance. These proportions suggest that the original 27 variables 

may essentially describe only four dimensions of geometric variability. A preliminary 

examination of the loadings of the first four principal components showed that the 

loadings were generally low and not readily interpretable. To enhance the ability to 

interpret these principal components a varimax rotation was performed. Rotation 

is the application of a nonsingular linear transformation to the components to aid 

interpretation (SAS 1990). Several rotation methods are available and have been 

described by Dillon and Goldstein (1984), and Everitt and Dunn (1991). However, 

the varimax rotation method was recommended by Manly (1986) as the 'standard' 

method of rotation and was adopted in the current investigation. The varimax rotation 

method attempts to find new loadings such that each variable is highly loaded on as few 

components as possible and hence the ability to interpret the components is enhanced 

(Chatfield k Collins 1980). 
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Table 5.13. First four rotated components of the complete set of 27 geometric variables. 

Eigenvalues 

Prin. Comp. 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

PRIN9 

PRIN 10 

PRIN11 

PRIN12 

PRIN13 

PRIN14 

PRIN15 

PRIN16 

PRIN17 

PRIN18 

PRIN19 

PRIN20 

PRIN21 

PRIN22 

PRIN23 

PRIN24 

PRIN25 

PRIN26 

PRIN27 

Eigenvalue 

7.82847 

5.70754 

2.89842 

2.77216 

2.13485 

1.30048 

1.09025 

0.99691 

0.87055 

0.56638 

0.26799 

0.13856 

0.10888 

0.08932 

0.06470 

0.04458 

0.03817 

0.03011 

0.01678 

0.00983 

0.00888 

0.00661 

0.00462 

0.00202 

0.00168 

0.00110 

0.00018 

Segment 

Berm width 

Nearshore width 

Swash intake width 

Foreshore width 

Swash zone width 

Step width 

Surf zone width 

Berm ht. diff. 

Nearshore ht. diff. 

Swash intake ht. diff. 

Foreshore ht. diff. 

Swash zone ht. diff. 

Step ht. diff. 

Surf zone width 

Berm slope 

Nearshore slope 

Foreshore slope 

Swash zone slope 

Inshore slope 

Nearshore scale 

Foreshore scale 

Swash zone scale 

Inshore zone scale 

Nearshore curvature 

Foreshore curvature 

Swash zone curvature 

Inshore zone curvature 

Difference 

2.12093 

2.80912 

0.12626 

0.63731 

0.83438 

0.21022 

0.09335 

0.12636 

0.30417 

0.29839 

0.12943 

0.02968 

0.01956 

0.02462 

0.02012 

0.00641 

0.00806 

0.01333 

0.00695 

0.00095 

0.00227 

0.00199 

0.00260 

0.00034 

0.00058 

0.00092 

Proportion 

0.289943 

0.211390 

0.107349 

0.102673 

0.079069 

0.048166 

0.040380 

0.036922 

0.032243 

0.020977 

0.009926 

0.005132 

0.004033 

0.003308 

0.002396 

0.001651 

0.001414 

0.001115 

0.000621 

0.000364 

0.000329 

0.000245 

0.000171 

0.000075 

0.000062 

0.000041 

0.000007 

Cumulative 

0.28994 

0.50133 

0.60868 

0.71136 

0.79042 

0.83859 

0.87897 

0.91589 

0.94813 

0.96911 

0.97904 

0.98417 

0.98820 

0.99151 

0.99391 
0.99556 

0.99697 

0.99809 

0.99871 

0.99907 

0.99940 

0.99964 

0.99982 

0.99989 

0.99995 

0.99999 

1.00000 

Rotated Factor 

Var. PRIN1 

irf2b 0.05614 

»b2r -0.37886 

»b2u -0.20130 

wb21 -0.18889 

BU21 -0.01360 

»c2s 0.80366 

Bl2r -0.33389 

hf2b 0.49776 

hb2r 0.41933 

hb2u 0.24347 

hb21 0.39619 

hu21 0.41893 

hc2s 0.82245 

hl2r 0.32630 

lfbs 0.45816 

lbrs 0.83996 

Ibis 0.63819 

luls 0.52933 

llos 0.86869 

qbra 0.24337 

qbla 0.55376 

quia 0.37962 

qloa 0.62733 

qbn 0.26486 

qbli -0.19094 

quia 0.08412 

qloe -0.08739 

Pattern 

PRIN2 

0.75438 

0.77225 

-0.04177 

0.40149 

0.60063 

0.09043 

0.77383 

0.52223 

0.50148 

-0.10915 

0.19477 

0.51688 

0.00197 

0.65092 

-0.34730 

-0.18808 

-0.04291 

0.10163 

0.06620 

0.03102 

-0.27373 

-0.12491 

-0.44889 

-0.22445 

0.19916 

0.23496 

0.64424 

PRIN3 
-0.28292 

-0.02231 

-0.24463 

-0.47782 

-0.46703 

0.04754 

0.31558 

0.03355 

0.23283 

0.25504 

0.13593 

-0.11321 

0.06162 

0.27563 

0.25619 

0.28031 

0.64458 

0.47334 

-0.10434 

0.88702 

0.51459 

0.71768 

0.19959 

-0.78391 

-0.30770 

-0.53834 

-0.20336 

PRIN4 

0.07557 

0.37451 

0.82101 

0.66107 

0.15094 

0.00842 

0.12493 

-0.26381 

0.67798 

0.84275 

0.85790 

0.41184 

-0.03199 

0.17020 

-0.35196 

0.30956 

0.29176 

0.29723 

0.05090 

0.23881 

-0.01735 

0.12580 

0.32251 

0.11397 

0.24716 

0.24675 

-0.34428 
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The first rotated component alone accounted for 29.0% of the variance of the original 

geometric data set. Examination of the loadings of the rotated components showed 

that the width and height of the beach step were the only dimension variables that 

were highly loaded on the first rotated component (Table 5.13). However, with the 

exception of the berm slope, the slope variables had a relatively high loading on the 

first rotated component, particularly the slopes of the inshore and nearshore segments. 

Moderately high loadings were also associated with the foreshore and inshore scale. 

None of the curvature variables had a high loading on the first component. From 

these loadings it is apparent that the first component provides an indication of both 

the general slope of the nearshore profile and the dimensions of the beach step; positive 

values were associated with relatively steep nearshore profiles and relatively large steps 

(Figure 5.5). 

51-

n 
n 
a 

E 
o 
tu 

CU 

c 
o 
a. 
E 
o 
u 
a 
a. 

T3 

c 
o 
u 
11 
CO 

3 

2 

I 

0 

-I 

-2 

-3 

-4 

-5 

-6 

CitybeU 
Cirybe2 

Legrand 

•Leig22 
,Leig2l 

.Twilight .Wonnerup 
'Wbussel 

Sscarb • • Sscarb2 

• Lei 
Dongara• 

.Castle 

• Koombana 

• South 

Leighton 
> Dog 

•Sc 

•Siesta 

York. 

York2l 

York 23 • York 22 

.Kingston 

Forrest 'Geordie 

. Eagle 
•Cerv 

.Warn •Strick 
Hope2 

.Ilia 
• Cheyne 

Lady 
Peace 

.Coolil 
Cooli2 

. Sulphur 

•Herring 

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 

First principal component of geometric variables 

Figure 5.5. Principal component plot of the 27 geometric variables obtained from 39 beaches 

surveyed in this investigation. 

Several of the width variables had a high loading on the second rotated component, 

particularly the berm, nearshore and surf zone widths, and less so the swash width. 
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The loadings of the seven height difference variables were generally less than the 

loadings of the width variables. Loadings were highest on the height difference variables 

of the berm, nearshore and surf zone segments. The only other variable that had a 

relatively high loading on the second component was the inshore curvature. This 

second component was interpreted to be a measure of the general dimensions of the 

nearshore profile, particularly the nearshore width; positive values were associated 

with relatively wide nearshore zones (Figure 5.5). 

The nearshore scale factor had a relatively high positive loading and the nearshore 

curvature had a relatively large negative loading on the third rotated component. 

Relatively high positive loadings were also observed for the swash zone scale factor 

and the foreshore slope variables. The third component was largely a measure of 

the curvature of the nearshore profile and its foreshore slope; positive values were 

associated with generally concave nearshore profiles and relatively steep foreshore 

zones. 

Relatively large loadings of the fourth rotated component were only found on the 

dimension variables. The width of the swash intake and foreshore zones had a relatively 

high positive loading and the height differences across the nearshore, swash intake 

and foreshore zones all had relatively high positive loadings. It may be tentatively 

suggested that the fourth component was a measure of the dimensions of the beachface; 

positive values were generally associated with wider beachfaces and relatively large 

height differences across the beachface. 

Chatfield and Collins (1980) note that it can be dangerous to read too much 

meaning into components. Thus, the interpretations presented above should be viewed 

cautiously. The precise interpretation of the components is not essential for this 

investigation. The principal component analysis of the data sets obtained in this 

investigation was employed as an exploratory data analysis technique to examine the 

principal dimensions of variability of the large multidimensional data sets. 
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5.3. SEDIMENTOLOGIC VARIABLES 

The sediment assemblage of the beach system is a fundamental parameter governing 

the overall morphology of the nearshore and foreshore zones on a sandy beach. A 

total of seven variables: four granulometry measures; two settling velocity measures 

and one permeability measure were employed in this investigation to describe the 

sediment characteristics of the surveys. The sediment samples were obtained from the 

surface sediments of the mid-beachface which has been found to provide an appropriate 

representation of the characteristics of the overall nearshore sediment body (Bascom 

1951; Emery 1960) and may be directly related to the prevailing processes operating 

on the beachface. 

In some instances, several surveys were conducted on the same beach during a single 

field campaign, including: two at City Beach (Citybel k Citybe2); two at Coolimba 

Beach (Coolil k Cooli2); two at Leighton Beach (Leig21 k Leig22); three at Swanbourne 

Beach (Swanl, Swan2 k Swan3); and three at City of York Bay (York21, York22 

k York23). During each of these field campaigns only one sediment sample was 

obtained. Hence, a total of 44 unique sediment samples were possible. In practice, no 

sedimentologic measurements were available from Wonnerup Beach (Wonnerup) and 

only 43 unique sediment samples were obtained (Table 5.14; Appendix C5). 

Table 5.14. Missing values in the sedimentologic data set. 

Parameter No. Missing 

Granulometry 1 Wonnerup 

Settling Velocity 4 Citybel Citybe2 York Wonnerup 

Hydraulic Conductivity 12 Forrest Salmon Siesta Sscarb 

Sscarb2 Wbussel Wonnerup Yokinup 

York York21 York22 York23 

5.3.1. Granulometry 

The sediment grain size distribution was determined by using mechanical sieving 

techniques (§ 3.5.1). Four variables were obtained from the grain size distribution: 

mean grain size, standard deviation, skewness and kurtosis. The majority of the grain 

size distributions obtained in this investigation were unimodal (Figure 5.6a-c), only 

Cervantes Beach (Cerv), Dog Beach (Dog) and Forrest Beach (Forrest) had grain size 

distributions that exhibited considerable bimodality (Figure 5.6). 



Sedimentologic Variables 143 

PEACE B. SALMON 

20 

15 

=- 10-

* 5 

0 2 
Grain size ( fi ) 

ILLA 

^C T_ 
0 2 

Groin sire ( 0) 

30 

^ 20 

£ 10 

I tm* 

D. CERV 

0 2 4 
Grain size ( 0) 

Grain size ( 0 ) 

Figure 5.6. Sediment grain size distributions were typically unimodal: (a) Peaceful Bay (Peace); 

(b) Salmon Beach (Salmon); and (b) Illawong Beach (Ilia). The sediment sample obtained from (d) 

Cervantes Beach (Cerv) was uncharacteristically bi-modal and is presented here for comparison. 

5.3.1.1. Mean 

The 43 grain size distributions available for analysis had an ensemble mean sediment 

size of 1.66^ (0.32 m m ) but ranged from the coarsest mean size of —0.04 0 (1.0 m m ) 

at Trigg Beach (Trigg) to the finest mean size of 2.820 (0.14 m m ) at Yokinup Beach 

(Yokinup) (Table 5.15). Thus, the mean sediment sizes observed in this investigation 

ranged from coarse to fine sand following the Udden-Wentworth grain-size scale 

(Table 3.2). 

5.3.1.2. Standard deviation 

The standard deviation of the grain size distribution provides a convenient measure 

of the degree of 'sorting' of the "sediment sample (Lewis 1984). The ensemble mean 

standard deviation of the 43 grain size distributions analysed in this investigation was 

0.510, but ranged from 0.250 at Yokinup Beach (Yokinup) to the poorest sorting of 



144 BEACH SURVEY RESULTS 

Table 5.15. Summary statistics of the sedimentologic variables. 

Variable 

Grain size mean 

Grain size std. dev. 

Grain size skew. 

Grain size kurt. 

Set. vel. mean 

Set. vel. std. dev. 

Hydraulic conduc. 

Var. 

simmn 

simsd 

simsk 

simku 

st36mn 

st36sd 

hymn 

Units 

<t> 

4> 

n.d. 

n.d. 

X 

X 

cm3 s-1 

No. 

43 

43 

43 

43 

41 

41 

34 

Mean 

1.73 

0.51 

-0.17 

2.26 

4.97 

3.63 

0.0087 

Std.dev. 

0.67 

0.15 

0.40 

3.86 

0.74 

0.63 

0.0059 

Skewness 

-0.46 

0.10 

-0.57 

2.56 

-0.65 

-1.40 

1.54 

Minima 

Trigg 

Salmon 

Quarry 

Yokinup 

York21 

Legrand2 

Cheyne 

Yokinup 

Legrand 

Cerv 

Leighton 

Dongara 

Trigg 

Salmon 

York21 

York21 

Trigg 

Quarry 

Legrand? 

Legrand 

Barracks 

-0.04 

0.53 

0.55 

0.25 

0.28 

0.28 

-1.33 

-0.93 

-0.88 

-0.88 

-0.56 

-0.46 

3.11 

3.37 

3.61 

1.78 

1.89 

2.18 

0.0023 

0.0025 

0.0030 

M a x i m a 

Yokinup 

Legrand 

Cheyne 

Dog 

Leighton 

Warn 

Strick 

South 

Salmon 

Cheyne 

Peace 

Yokinup 

Yokinup 

Legrand 

Legrand2 

Barracks 

Koombana 

Warn 

Trigg 

Dongara 

Citybel 

2.82 

2.74 

2.72 

0.76 

0.76 

0.75 

0.56 

0.55 

0.53 

16.96 

14.60 

-10.52 

6.13 

6.00 

5.97 

4.43 

4.39 

4.34 

0.0261 

0.0253 

0.0174 

n.d. non dimensional 

0.760 at Dog Beach (Dog) (Table 5.15). These low values (below 10) of the standard 

deviation are indicative of well sorted sediments (Table 3.2). 

5.3.1.3. Skewness 

The ensemble mean of the skewness values of the grain size distributions observed 

in this investigation was —0.17, but ranged widely from —1.33 at Cheyne Beach 

(Cheyne) to 0.56 at Strickland Bay (Strick) (Table 5.15). Positive skewness values are 

indicative of fine-skewed (excessive tail of fines) distributions and were obtained from 

18 sediment samples. The remaining 25 sediment samples exhibited a coarse-skewed 

size distribution. The ensemble standard deviation of the skewness values was low 

(0.38). The interquartile range of the grain size skewness values was from 0.07 to 

—0.38, hence the majority of the grain size distributions were characterized by only 

minor skewing. 

5.3.1.4- Kurtosis 

The distribution of the 43 grain size kurtosis values obtained in this investigation 

was highly skewed, with a skewness of 2.56. The ensemble median of the kurtosis 
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values was 0.94 and 75% of the sediment samples exhibited a kurtosis value less than 

2.16. Thirty-six sediment distributions were leptokurtic (positive kurtosis values), 

and these sediment distributions arise when the central portion of the distribution 

is better sorted than the tails (Folk 1965). Only seven sediment distributions were 

platykurtic. Several sediment samples had excessively peaked distributions, including 

Cheyne Beach (Cheyne; kurtosis= 16.96), Peaceful Bay (Peace; kurtosis= 14.60) and 

Yokinup Beach (Yokinup; kurtosis= 10.52), indicating that these sediments had a 

narrow range of sizes and were generally well sorted. 

5.3.2. Settling Velocity 

A total of 41 settling velocity distributions were available in this investigation. 

The settling distribution of the sediments provides a measure of the hydrodynamic 

properties of the sediment sample. These distributions were generally unimodal 

(Figure 5.7). Two variables were extracted from the settling velocity distributions 

and used in this investigation, the mean and standard deviation. Higher moments of 

the settling distributions were particularly sensitive to the fine scale structure of the 

settling velocity distribution and had a relatively low degree of repeatability. Hence 

these higher moments were not examined in this investigation. 

5.3.2.1. Mean 

The ensemble mean settling velocity of the 41 sediment settling distributions examined 

in this investigation was 4.97% (0.034ms-1), but ranged from 3.11% (0.116ms-1) at 

Trigg Beach (Trigg) to 6.13* (0.014ms"1) at Yokinup Beach (Yokinup) (Table 5.15). 

5.3.2.2. Standard deviation 

The standard deviation of the settling distribution provides a measure of the spread 

of settling velocities in the sediment sample and hence a measure of the degree 

of hydraulic sorting of the sediment sample. The ensemble mean of the standard 

deviation values of the settling velocity distributions was 3.63% (0.076 m s - 1 ) . The 

poorest hydraulic sorting was observed in the sample obtained during the second 

campaign at City of York Bay (York21; 1.78x, 0.290ms-1) whereas the greatest 

hydraulic sorting was observed at Barracks Beach (Barracks; 4.43%, 0.046ms-1) 

(Table 5.15). 



146 BEACH SURVEY RESULTS 

PEACE B. SALMON 

0015 

o-oio 

-T 0 005 

0008 

100 , ,200 
Time (s) 

300 

ILLA 

100 200 
Time (*) 

300 

006 

0-04-

002-

mos 

100 200 
Time ( s) 

CERV 

100 200 
Time (s) 

300 

300 

Figure 5.7. Sediment fall velocity distributions were typically unimodal: (a) Peaceful Bay (Peace); 

and (b) Salmon Beach (Salmon). For comparison the bimodal settling velocity distributions obtained 

from the sediment samples of (c) Illawong Beach (Ilia) and (d) Cervantes Beach (Cerv) are shown. 

Comparison with Figure 5.6 shows that the form of the grain size and fall velocity distributions were 

not necessarily similar. 

5.3.3. Hydraulic Conductivity 

The hydraulic conductivity was measured at 34 surveys by using a Mariotte syphon. 

It provided a measure of the rate at which water was able to percolate into the 

sediment matrix, hence the sediment permeability. The distribution of the 34 hydraulic 

conductivity values had a median of 0.0063 c m 3 s-1, and had a skewness of 1.54. 

The surveys at Trigg Beach (Trigg) and Dongara Beach (Dongara) had excessively 

large hydraulic conductivities of 0.0261 c m 3 s-1 and 0.0253 c m 3 s-1 respectively 

(Table 5.15). The least permeable sediment matrix was observed at Le Grand Beach 

(Legrand2; 0.0023 c m 3 s - 1 ). 
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5.3.4. Sedimentologic Interrelationships 

Prior to further analysis it was necessary to transform three of the seven sedimentologic 

variables because they were excessively skewed. A logarithmic transform was applied to 

the grain size skewness (log(x +1)) and hydraulic conductivity (log x). The hydraulic 

sorting variable was negatively skewed and was transformed with a simple power 

transform (x2). These three transformed variables were employed in further analysis, 

together with the four sedimentologic variables that did not require transformation. 

With the exception of the correlation between the grain size standard deviation and 

the skewness, the variables extracted from the sediment grain-size distribution were 

significantly correlated at the 0.05 significance level. Interestingly, the correlation 

between the mean grain size and the standard deviation of the sediment distribution 

was low and not significant at the 0.01 significance level (r — —0.31) (Table 5.16). 

This finding is in contrast to several investigations which have shown that the sediment 

sorting is dependent on grain size (e.g. Hough 1942; Inman 1949). These authors note 

that sediment sorting is best in medium to fine sands and becomes poorer for finer 

or coarser sediments. This relationship is not born out by the data obtained in this 

investigation and it may be that the range of sediment sizes was not sufficient to fully 

examine this relationship. 

Table 5.16. Correlation matrix of sedimentary variables. Significant correlations at the 0.05 

significance level in boldface type. 

Variable 

Grain size mean 

Grain size std. dev. 

Grain size skew. 

Grain size kurt. 

Set. vel. mean 

Set. vel std. dev. 

Hydraulic conduc. 

Var. 

simmn 

simsd 

siisk 

siaku 

3t36mn 

st36sd 

hymn 

siesn 

-.31 

-.73 

41 

96 

.74 

-.83 

simsd 

- 31 

.21 

-.59 

-.27 

.15 

.22 

sinsX 

-.73 

.21 

-.55 

-.75 

-.44 

.57 

simku 

41 

-.59 

-.55 

37 
.07 

-.33 

st36mn 

96 

-.27 

-.75 

.37 

79 

-.83 

st36sd 

.74 

.15 

-.44 

.07 

.79 

-.70 

hymn 

-.83 

.22 

.57 

-.33 

-.82 

-.70 

The strong negative correlation between the mean and skewness of the sediment size 

distribution (r = —0.73) indicates that fine grained sediment samples were associated 

with increasingly coarse-skewed sediments. 

The positive correlation between mean grain size and kurtosis was significant but weak 

(r = 0.41) and indicates a tendency for finer sands to be associated with positive 
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kurtosis values. The moderate correlation between the sorting and kurtosis of the 

grain size distribution (r = —0.59) suggests that increasingly well sorted sands were 

associated with increasing kurtosis as might reasonably be expected. The moderate 

negative correlation between skewness and kurtosis of the grain size distributions 

(Table 5.16) indicates that fine-skewed distributions were generally less peaked than 

coarse-skewed distributions. 

The mean and hydraulic sorting values of the settling velocity distributions were 

strongly correlated (r = 0.79). The mean and skewness values of the grain size 

distribution were significantly correlated with the two moment measures of the 

sediment settling distribution (Table 5.16). The standard deviation of the grain 

size distribution was weakly correlated with the mean settling velocity (r = —0.27). 

However, the grain size skewness was not significantly correlated with either of the 

moment measures of the settling velocity distribution. 

The mean hydraulic conductivity was significantly correlated with both the mean 

and skewness of the grain size distributions and the mean and standard deviation 

of the settling velocity distributions (Table 5.16). Hence, as expected, the hydraulic 

conductivity increased with increasing mean grain size. 

5.3.5. Principal Dimensions of Sedimentologic Variability 

The sedimentologic data set was subjected to a principal component analysis to 

examine the principal dimensions of variability of the sedimentologic measures. Several 

missing values were present in the matrix of sedimentologic variables, the majority of 

which were associated with the hydraulic conductivity variable (10 missing values). 

However, the mean hydraulic conductivity was strongly correlated with the mean 

sediment size (r2 = 0.62) and it was possible to estimate the missing values of the 

hydraulic conductivity from the mean sediment size using linear regression. 

Principal component analysis was conducted on all seven sedimentologic variables. 

However, these variables were measured on several different scales and it was necessary 

to standardize the variables prior to the principal component analysis. Thus, the 

principal component analysis was conducted on the correlation matrix. Three surveys 

had missing values for the settling velocity measures: the first survey at City Beach 

(Citybel), Wonnerup Beach (Wonnerup) and the first campaign at City of York Bay 

(York) and these surveys were omitted from this analysis. 
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Only the first two principal components of the sedimentologic variables had eigenvalues 

greater than unity, and together they accounted for 83.1% of the variance of the original 

data set (Table 5.17). Each of the successive principal components accounted for less 

than 8.5% of the variance and were not considered further in this investigation. The 

first principal component had generally high loadings on all the variables, although 

particularly high loadings were observed on the mean grain size (0.47), mean settling 

velocity (0.46) and hydraulic conductivity measures (—0.42) (Table 5.17). Thus, it 

appeared that the first principal component was essentially a measure of particle mass; 

negative values were associated with sediments with large grain mass (Figure 5.8). 

Table 5.17. Principal components of the seven sedimentary variables. 

Prin. Comp. 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

Variable Var. 

Grain size mean simmn 

Grain size std. dev. simsd 

Grain size skew. simsk 

Grain size kurt. simku 

Settling vel. mean st36mn 

Settling vel. std. dev. st36sd 

Hydraulic conductivity hy»n 

Eigenval ue 

4.28185 

1.53740 

0.57764 

0.31035 

0.21562 

0.05462 

0.02250 

PRIN1 

0.467502 

-.195369 

-.390808 

0.266546 

0.463695 

0.355069 

-.422383 

Eigenvalues 

Difference Proportion 

2.74445 

0.95976 

0.26729 

0.09473 

0.16100 

0.03212 

Eigenvectors 

PRIN2 

0.051973 

0.646118 

0.081479 

-.559928 

0.141311 

0.475935 

-.114844 

PRIN 3 

-.143413 

0.535302 

-.669169 

0.357404 

-.032403 

-.086810 

0.329807 

0.611694 

0.219629 

0.082521 

0.044336 

0.030803 

0.007803 

0.003215 

PRIN4 

-.224332 

0.216350 

0.449961 

0.665700 

-.172896 

0.450750 

-.155489 

Cumulative 

0.61169 

0.83132 

0.91384 

0.95818 

0.98898 

0.99679 

1.00000 

PRIN5 

0.288973 

-.178898 
0.164407 

0.042578 

0.213731 

0.367983 

0.821314 

PRIN6 

0.119146 

0.342574 

0.387481 

0.185876 

0.646371 

-.515646 

0.008324 

PRIN7 

0.781119 

0.248283 

0.114920 

0.090427 

-.520191 

-.188144 

-.028776 

The second principal component was most heavily loaded on the standard deviation 

of the grain size distribution (0.65). Large loadings were also associated with 

the grain size kurtosis (—0.56) and the hydraulic sorting measure (0.48). The 

other sedimentologic variables were weighted low (< 0.15) on the second principal 

component. From these loadings it appears that the second principal component was 

a measure of sediment sorting characteristics; large positive values were associated 

with poorer sorted sediments and platykurtic grain-size distributions. 
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Figure 5.8. Principal component plot of the seven sedimentologic variables. 

5.4. DYNAMIC VARIABLES 

A range of variables describing the extemporary nearshore dynamics were determined 

from each survey and provide a measure of the prevailing nearshore energy conditions. 

The nearshore dynamics are an important element in the transport of sediment and 

hence the formation of characteristic nearshore morphologies. However, through 

feedback relationships, the dynamic variables may also be affected by the nearshore 

morphology. The dynamic data was generally obtained from fixed point sensors and 

provided a Eulerian view of the nearshore dynamics. A 17 minutes (1024 s) time 

series record was employed to determine the dynamic attributes of the waves, cross-

shore and long-shore currents and the instantaneous shoreline. The swash interactions 

were visually determined from a 10 minutes section of the video record. Both time 

and frequency domain variables were extracted from the time series to provide a 

comprehensive description of the dynamic conditions prevailing during the survey. The 

variables extracted included time series statistics, wave statistics (zero down-crossing 

and crest-to-trough), groupiness statistics and frequency domain statistics. 
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Deployment problems and/or equipment breakdowns occasionally resulted in an 

incomplete coverage of time series records and this was reflected in the incomplete 

variable sets. In particular, vigorous wave action in the surf zone of several beaches 

prohibited the location of the wave gauge and the current meter beyond the breaker 

zone. As might be expected, the surveys at which this occurred were the same as those 

on which it was not possible to survey out to the breaker zone. Marked changes in the 

energy and frequency of the incident waves following breaking meant that the wave 

and current records obtained from these beaches would not be directly comparable 

with the other records, which were obtained in the shoaling region just beyond the 

breaker zone. Hence, the wave records obtained from the surf zone were omitted from 

analysis in the present investigation. The records of the instantaneous shoreline were 

determined on the beachface and hence have a consistent reference point between 

surveys. 

5.4.1. Nearshore Surface Elevation 

The nearshore surface elevation was measured just beyond the breaker zone and 

provides a convenient measure of the incoming wave energy. A total of 28 reliable 

nearshore wave records were available for analysis (Appendix C6). All but one of the 

time series of the nearshore surface elevation were recorded with a sampling interval 

of 0.25 s. The exception was the nearshore surface elevation at the second campaign 

at South Scarborough Beach (Sscarb2) which was sampled at 0.5 s. The standard 

deviation of the surface elevation record provided an estimate of the amplitude of 

the nearshore waves. The ensemble mean standard deviation of the nearshore surface 

elevation records obtained in this investigation was 0.09 m, but ranged from a minimum 

of 0.02 m at Sulphur Bay (Sulphur) to a maximum of 0.24m at the first survey at City 

Beach (Citybel). The distribution of the standard deviations of the nearshore surface 

elevation records had a moderate positive skewness (Table 5.18), and 75% of the 

obtained records had a standard deviation less than 0.13 m. 

The distribution of significant wave heights, measured by using the zero down-crossing 

method, exhibited a moderate positive skewness, and 75% of these wave heights were 

less than 0.48 m. The ensemble mean wave height was 0.32 m, and the ensemble 

standard deviation was 0.25 m. The maximum wave height observed was at the 

first survey at City Beach (Citybel; 1.04 m ) whereas the smallest wave height was 

observed on the eastern side of Garden Island at Barracks Beach (Barracks; 0.02m). 

The distribution of significant wave periods measured by using the zero down-crossing 



152 BEACH SURVEY RESULTS 

Table 5.18. Ensemble descriptive statistics of the 10 nearshore surface elevation variables. Twenty-

eight records were available for analysis (ZDX: zero down-crossing; C2T: crest-to-trough). 

Statistic 

Standard deviation 

Significant Z D X height 

Significant C 2 T height 

Significant Z D X period 

Significant C 2 T period 

Proportion of variance 

at infragravity band 

Proportion of variance 

at swell band 

Proportion of variance 

at wind wave band 

Run length 

Total run 

Var. 

uastd 

wahzdsig 

wahcsig 

watzdsig 

watcsig 

waifp 

waswp 

uawwp 

Harunlen 

watotrun 

Mean 

0.09 

0.32 

0.17 

11.68 

1.25 

30.00 

53.11 

16.89 

1.36 

8.98 

Std.dev. 

0.06 

0.26 

0.15 

3.56 

0.43 

23.93 

20.93 

9.63 

0.24 

1.44 

Skew. 

1.00 

1.32 

0.89 

1.22 

0.49 

0.89 

-0.42 

1.66 

0.39 

-0.04 

M i n i m a 

Sulphur 

Peace 

Herring 

Barracks 

Sulphur 

Peace 

Barracks 

Sulphur 

Hope2 

Lei 

South 

Peace 

Herring 

Sulphur 

Peace 

Warn 

Citybel 

Lei 

Hope2 

Barracks 

Peace 

Lady 

Hope2 

Coolil 

South 

Sulphur 

Dog 

Salmon 

Trigg 

Dog 

0.02 

0.02 

0.02 

0.02 

0.04 

0.06 

0.01 

0.02 

0.03 

6.15 

7.34 

7.53 

0.66 

0.67 

0.72 

2.89 

3.57 

5.11 

5.70 

14.62 

26.80 

4.34 

5.19 

5.87 

1.03 

1.04 

1.04 

4.78 

6.00 

6.40 

Max 

Citybel 

Citybe2 

Dongara 

Citybel 

Citybe2 

Dongara 

Lei 

Dongara 

Citybe2 

Fish 

Lady 

Hope2 

Sscarb2 

Leig22 

Cerv 

Hope2 

Barracks 

Lady 

Citybel 

Warn 

Citybe2 

Lei 

South 

Cheyne 

Citybel 

Wbussel 

Herring 

Citybel 

Barracks 

Warn 

una 

0.24 

0.22 

0.18 

1.04 

0.98 

0.70 

0.50 

0.45 

0.39 

21.13 

21.07 

15.66 

2.21 

1.94 

1.90 

89.12 

78.18 

63.62 

86.09 

80.26 

80.18 

50.79 

32.30 

28.93 

1.86 

1.75 

1.75 

11.43 

11.00 

10.93 

method had an ensemble mean of 11.68 s and a standard deviation of only 3.56 s and a 

moderate positive skewness. Seventy-five percent of the surveys had a period less than 

13.36 s. The longest significant zero down-crossing period was observed at Fishery 

Beach (Fish; 21.13 s), whereas the shortest period was observed at the third campaign 

at Leighton Beach (Lei; 6.15s) (Table 5.18). 

As expected, the wave heights and periods measured by using the crest-to-trough 

method were considerably less than the heights and periods of the zero down-crossing 

waves. The distributions of the significant wave heights and periods measured using 

the crest-to-trough method were both positively skewed but displayed less skewness 

than the distributions of the heights and periods of the zero down-crossing waves. The 

significant crest-to-trough height of the nearshore waves observed in this investigation 

had an ensemble mean of 0.17 m with a maximum at the third campaign at Leighton 
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Beach (Lei; 0.50 m ) and a minimum at Barracks Beach (Barracks; 0.01m) (Table 5.18). 

The significant crest-to-trough period had an ensemble mean of 1.21 s and a standard 

deviation between surveys of 0.41 s (Table 5.18). 

The proportion of the wave energy contained in the nearshore surface elevation record 

was divided into three broad bands, infragravity (512s-20s), swell (20s-5s) and wind 

wave (5s-0.5s) energy (Figure 5.9). The ensemble mean energy of the nearshore 

surface elevation records contained in these three frequency bands was 31.69%, 51.14% 

and 17.17% for infragravity, swell and wind wave energy respectively (Table 5.18). 

However these proportions were highly variable. The proportion of infragravity energy 

had a standard deviation of 23.76% and ranged from 2.89% at Warnbro Beach (Warn) 

to 89.12% at Hopetoun Beach (Hope2). The proportion of swell wave energy had a 

standard deviation of 20.58% but ranged from 5.70% at Hopetoun Beach (Hope2) to a 

maximum of 86.09% at the first survey at City Beach (Citybel). The proportion of wind 

wave energy was generally low but ranged from 4.34% at Lady Edeline Beach (Lady) 

to 50.79% at the third campaign at Leighton Beach (Lei). Nine surveys (32.1%) had 

maximum energy in the infragravity band, 18 surveys (64.2%) had maximum energy 

in the swell band and only one survey, the third campaign at Leighton Beach (Lei), 

had most of its energy contained in the wind wave band (Figure 5.9). Very little wind 

wave energy was observed in the surveys of this investigation and is expected due to 

the deliberate sampling bias in this investigation to sample during the prevailing swell 

wave conditions. 

The groupiness of the nearshore surface elevation record was quantified via the run 

length and total run. These variables were determined using the record of zero down-

crossing waves. The ensemble mean of the run length of the 35 nearshore surface 

elevation records was 1.36 and had an ensemble standard deviation of 0.24 (Table 5.18). 

The ensemble mean total run of the nearshore wave records was 8.98 but ranged from 

4.78 at Salmon Beach (Salmon) to a maximum groupiness of 11.43 at the first survey 

at City Beach (Citybel). Both the run length and total run distributions had relatively 

low positive skewness values. 

The distributions of the standard deviations, zero down-crossing heights and zero 

down-crossing periods of the nearshore surface elevation exhibited a relatively large 

positive skewness which indicated that a logarithmic transform would be appropriate. 

Although the skewness of the crest-to-trough height and period were relatively low 

it was considered appropriate to apply a logarithmic transform to these values for 
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Figure 5.9. Relative energy distribution of the nearshore surface elevation records. The proportion 

of energy contained in the infragravity, swell or wind wave bands is expressed by the location of the 

survey points within this ternary diagram. 

consistency. The particular transform applied to these five variables was log(x + 1). 

The variables describing the proportion of energy of the nearshore surface elevation 

record at the infragravity and wind wave bands were also transformed using the 

log(a- + 1) transform. The distribution of the variable describing the proportion of 

energy of the nearshore surface elevation record at the wind wave band was negatively 

skewed and was transformed using a power transform (x2). The mean run length 

was positively skewed and was transformed with a logarithmic transform (log(a; + 1)). 

The distribution of the total runs of the nearshore surface elevation records was not 

transformed. For consistency, the transforms described above were also applied to 

the same variables extracted from the cross-shore currents, long-shore currents and 

instantaneous shoreline records. Examination of the distributions and normality plots 

for each transformed variable indicated that this choice was appropriate. 

A principal component analysis was conducted on the correlation matrix of the ten 

variables extracted from the nearshore surface elevation record. Only the first two 
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principal components had eigenvalues greater than unity and together they accounted 

for 76.9% of the variance of the data set (Table 5.19). The first principal component 

alone accounted for more than half (53.1%) of the variance of the data set and had 

large positive loadings on the three wave height measures: standard deviation (0.40), 

zero down-crossing wave height (0.41) and crest-to-trough wave height (0.40). Positive 

loadings were also associated with the proportion of swell wave energy (0.37) and the 

crest-to-trough period (0.34). A large negative loading on the first principal component 

was associated with the proportion of infragravity energy (—0.40). Hence, the first 

principal component may be interpreted as a measure of both the overall energy of 

the nearshore surface elevation record and the preponderance of swell energy over 

infragravity energy. Positive values of the first principal component were associated 

with large amplitude waves with proportionally more energy in the swell band than 

across the infragravity band (Figure 5.10). The second principal component had a large 

positive loading on the zero down-crossing period (0.52) and a large negative loading 

on the proportion of wind wave energy (—0.54). Both of the groupiness variables, 

run length (0.39) and total run (0.49) had relatively high positive loadings. Thus, the 

second principal component may be interpreted as a measure of the periodicity and 

groupiness of the nearshore surface elevation time series. 

Table 5.19. Principal components of the 10 nearshore elevation variables (ZDX: zero down-crossing; 

C2T: crest-to-trough). 

Prin. C o m p 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

PRIN9 

PRIN10 

Statistic 

Standard deviation 

Significant ZDX height 

Significant C2T height 

Significant ZDX period 

Significant C2T period 

Prop. var. infragravity 

Prop. var. swell 

Prop. var. wind 

Run length 

Total run 

Eigenval ue 

5.30626 

2.38290 

0.94205 

0.48301 

0.41416 

0.25033 

0.14047 

0.05811 

0.01689 

0.00582 

Var. 

sastd 

Bahzdsig 

wahcsig 

eatzdsig 

Hatcsig 

waifp 

easwp 

sassp 

warnnlen 

satotrun 

Eigenvalues 

Difference Proportion 

2.92335 

1.44085 

0.45904 

0.06885 

0.16383 

0.10987 

0.08236 

0.04121 

0.01107 

Eigenvectors 

PRIN1 PRIN2 

0.397526 0.023846 

0.407237 0.018364 

0.402174 -.113035 

-• 081104 0.524001 

0.340165 0.116489 

-. 401554 0.087149 

0.370419 0.081519 

0.170590 -.538663 

0.245372 0.390032 

0.065831 0.491576 

0.530626 

0.238290 

0.094205 

0.048301 

0.041416 

0.025033 

0.014047 

0.005811 

0.001689 

0.000582 

PRIN3 

0.298144 

0.251595 

0.128438 

0.500109 

0.083182 

0.151820 

-.028339 

-.280514 

-.431490 

-.534379 

Cumulative 

0.53063 

0.76892 

0.86312 

0.91142 

0.95284 

0.97787 

0.99192 

0.99773 

0.99942 

1.00000 

PRIN4 

0.328138 

0.265418 

0.386246 

-.119140 

-.230463 

0.337289 

-.615786 

0.058419 

0.027614 

0.329019 

PRIN5 

-.175055 

-.190963 

0.088319 

-.006912 

0.876453 

0.138778 

-.332748 

0.096335 

-.116255 

0.063988 
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Figure 5.10. Principal component plot of the 10 nearshore surface variables. 

5.4.2. Cross-shore Currents 

Cross-shore currents in the nearshore have been implicated in short-term profile 

changes and m a y also be examined for the presence of feedback effects between 

the morphology and the dynamics. A total of 33 cross-shore current records were 

available for analysis in this investigation and all of these time series were sampled 

at Is (Appendix C7). Onshore velocities are described as having positive values and 

offshore velocities are negative in the descriptions below. The ensemble mean velocity 

of the cross-shore currents was —0.03 m s - 1 , and ranged from a m a x i m u m mean 

offshore velocity of —0.23 m s - 1 at the second survey at Coolimba Beach (Cooli2) to a 

max i m u m mean onshore velocity of 0.12 m s - 1 at Twilight Cove (Twilight) (Table 5.20). 

The distribution of mean cross-shore currents had a moderate negative skewness and 

was considerably affected by the large onshore current velocity observed at Twilight 
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Cove (Twilight; 0.12ms - 1 ). Nineteen (57.6%) surveys experienced a net offshore 

current velocity, 10 cross-shore current records displayed no observable net current 

and the remaining four cross-shore current records had a slight onshore current flow. 

The m e a n cross-shore current velocity was generally low; 27 (81.8%) of the records 

had a m e a n cross-shore current less than or equal to 0.05ms- 1. 

Table 5.20. Ensemble descriptive statistics of the 11 cross-shore current variables. Thirty-three 

records were available for analysis. Positive values indicate onshore flows (ZDX: zero down-crossing; 

C2T crest-to-trough). 

Statistic 

Mean 

Standard deviation 

Var. 

ccun 

ccstd 

Significant Z D X height cchzdsig 

Significant C 2 T height cchcsig 

Significant Z D X period cctzdsig 

Significant C 2 T period cctcsig 

Proportion of variance 

at infragravity band 

Proportion of variance 

at swell band 

Proportion of variance 

at wind wave band 

Run length 

Total run 

ccifp 

ccswp 

CCHHp 

ccrunlen 

cctorun 

M e a n 

-0.03 

0.23 

0.82 

0.66 

14.87 

4.22 

18.52 

70.70 

6.77 

1.53 

10.25 

Std.dev. 

0.06 

0.10 

0.36 

0.30 

2.20 

1.03 

14.76 

16.58 

5.45 

0.39 

2.85 

Skew 

-1.37 

0.39 

0.51 

0.69 

-0.52 

-0.06 

1.19 

-0.80 

1.53 

0.94 

0.81 

Minima 

Cooli2 -0 

Sc 

Salmon 

Barracks 

Sulphur 

Hope2 

Barracks 

Sulphur 

Hope2 

Barracks 

Hope2 

Sulphur 

Eagle 

Lei 

Cheyne 

Eagle 

South 

Lei 

M a x i m a 

Warn 

Strick 

York 

Twilight 

Geordie 

Salmon 

Lady 

Strick 

Cooli2 

Twilight 

Castle 

Eagle 

Hope 

Sc 

Eagle 

2 

2 

3 

36 

41 

44 

1 

1 

1 

1 

1 

1 

6 

6 

7 

.23 

18 

12 

02 

10 

11 

.09 

38 

38 

07 

.30 

31 

57 

45 

18 

.95 

.40 

.47 

79 

94 

02 

.75 

.10 

.16 

29 

45 

.49 

.00 

.00 

.09 

.20 

29 

05 

Twilight 

York23 

Strick 

Sscarb2 

Sscarb 

Leig21 

Sscarb2 

Sscarb 

Leig21 

Sscarb2 

Sscarb 

Leig21 

Twilight 

Geordie 

Leig21 

Ilia 

Lady 

Cooli2 

Geordie 

Twilight 

Salmon 

Strick 

Warn 

Lady 

Eagle 

Lei 

Barracks 

Strick 

Herring 

Warn 

Lady 

Warn 

Ilia 

0.12 

0.01 

0.01 

0.46 

0.39 

0.37 

1.68 

1.48 

1.40 

1.49 

1.27 

1.07 

18.47 

18.44 

18.31 

6.16 

6.10 

5.96 

56.57 

54.84 

43.11 

95.61 

94.21 

92.81 

24.02 

19.75 

15.61 

2.50 

2.33 

2.25 

16.33 

16.25 

15.75 

The standard deviation, significant zero down-crossing height and significant crest-to-

trough height are all variables that provide a measure of the magnitude of the cross-

shore current oscillations. The ensemble mean of the standard deviation values was 
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0.23 m s - 1 , but ranged from a minimum of 0.02ms-1 at Barracks Beach (Barracks) 

to a maximum of 0.46 ms" 1 at the second campaign at South Scarborough Beach 

(Sscarb2). The ensemble means of the significant zero down-crossing and crest-

to-trough heights of the cross-shore current records were 0.36ms-1 and 0.30ms-

respectively (Table 5.20). 

The periodicity of the cross-shore current records were determined from the significant 

zero down-crossing and crest-to-trough wave periods. The ensemble mean of the 

significant zero down-crossing periods of the cross-shore currents was 14.87 s and 

ranged from 8.57 s at Eagle Bay (Eagle) to 18.47 s at Twilight Cove (Twilight) 

(Table 5.20). The ensemble mean of the significant crest-to-trough periods was 

considerably less at 4.22 s. The shortest significant crest-to-trough period was observed 

at Eagle Bay (Eagle; 1.98s) and the longest significant crest-to-trough period was 

measured at Illawong Beach (Ilia; 6.16s). 

A total of 31 (93.9%) of the observed current records had a maximum concentration 

of energy across the swell band, and only two records displayed a predominance of 

infragravity energy in the cross-shore current records; Geordie Bay (Geordie) and 

Twilight Cove (Twilight) (Figure 5.11). The proportion of cross-shore current energy 

contained in the infragravity, swell and wind wave bands had an ensemble mean of 

18.52%, 70.70% and 6.77% respectively. The surveys with the greatest proportion 

of cross-shore current energy in the infragravity, swell and wind wave bands were, 

Geordie Bay (Geordie; 56.57%), Strickland Bay (Strick; 95.61%) and Eagle Bay (Eagle; 

24.02%) respectively (Table 5.20). This accords with the deliberate sampling bias to 

survey during periods when swell energy prevailed. 

The degree of groupiness of the cross-shore currents was measured by the run length 

and the total run statistics. The ensemble mean run length and total run of the 33 

cross-shore currents available for analysis was 1.53 and 10.25 respectively. The cross-

shore currents at Strickland Bay (Strick) had the longest run length (average number 

of waves in a group) of 2.50. The survey at Lady Edeline Beach (Lady) had the largest 

number of waves between wave groups with a total run of 16.33 (Table 5.20). 

For consistency, the transforms applied to the nearshore surface elevation and 

instantaneous shoreline variables were also employed to transform the variables 

extracted from the cross-shore current record. The transformed variables were used in 

further analysis. 
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Figure 5.11. Relative energy distribution of cross-shore current records. The cross-shore currents 

at the majority of the surveys were dominated by swell period energy. 

A principal component analysis of the cross-shore current variables was conducted 

on the correlation matrix. The first three principal components had an eigenvalue 

greater than unity and together accounted for 81.5% of the variance of the data 

set. The first principal component alone accounted for 39.5% of the variance of 

the data set. A preliminary examination of the loadings of the first three principal 

components indicated that the majority of the loadings were of a similar magnitude. 

To enhance the interpretability of these components the first three components were 

rotated orthoganally using the varimax method. The rotated components were used 

for the interpretation. 

The first rotated component of the cross-shore current variables had large (> 0.9) 

positive loadings on the standard deviation, zero down-crossing height and crest-

to-trough height variables (Table 5.21). The mean cross-shore current drift had a 

relatively large negative loading on the first rotated component. The loadings of 

the remaining variables on the first component were all relatively low. Hence, it 

appeared that the first component provided a measure of both the magnitude and 
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net drift of the cross-shore current oscillations; positive values were associated with 

large oscillations and a net offshore drift (Figure 5.12). The second rotated component 

had a relatively large negative loading on the proportion of infragravity energy and 

a relatively large positive loading on the proportion of swell energy (Table 5.21). 

The two groupiness variables, run length and total run also had relatively large 

positive loadings. The interpretation of the second component appears to indicate 

both the preponderance of swell energy over infragravity and wind wave energy and 

to some extent the degree of groupiness of the cross-shore currents; positive values 

were associated with a predominance of swell period oscillations over the infragravity 

oscillations and large wave groups. The third rotated component had a relatively 

large positive loading on the two period measures, zero down-crossing and crest-to-

trough period (Table 5.21). A relatively large negative loading was also apparent on 

the variable describing the proportion of energy in the wind wave band. The third 

component was apparently a measure of the periodicity of the cross-shore current time 

series. Long period oscillations were associated with relatively large positive values on 

the third principal component. 

Table 5.21. First three rotated components of the correlation matrix of the cross-shore current 

variables (ZDX: zero down-crossing; C2T crest-to-trough). 

Prin. Comp. 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

PRIN9 

PRIN10 

PRIN11 

Eigenvalue 

4.34922 

2.72921 

1.88651 

0.88529 

0.52950 

0.32246 

0.16777 

0.08795 

0.02823 

0.00957 

0.00429 

Eigenvalues 

Difference 

1.62000 

0.84271 

1.00122 

0.35579 

0.20704 

0.15469 

0.07983 

0.05971 

0.01866 

0.00529 

Proportion 

0.395383 

0.248110 

0.171501 

0.080481 

0.048137 

0.029315 

0.015252 

0.007995 

0.002567 

0.000870 

0.000390 

Cumulative 

0.39538 

0.64349 

0.81499 

0.89547 

0.94361 

0.97293 

0.98818 

0.99617 

0.99874 

0.99961 

1.00000 

Rotated Factor Pattern 

Statistic 

Mean 

Standard deviation 

Significant ZDX height 

Significant C2T height 

Significant ZDX period 

Significant C2T period 

Prop. var. infragravity 

Prop. var. swell 

Prop. var. wind 

Run length 

Total run 

Var. 

ccmn 

ccstd 

cchzdsig 

cchcsig 

cctzdsig 

cctcsig 

ccifp 

ccswp 

CCBHp 

ccrunlen 

cctotrun 

PRIN1 
-0.62542 

0.96790 

0.95800 

0.93831 

0.20656 

0.00827 

-0.07811 

0.07230 

-0.14255 

0.04066 

-0.03548 

PRIN2 
0.13270 

0.03371 

0.11783 

0.25149 

-0.31153 

0.29195 

-0.94939 

0.93774 

-0.43323 

0.58841 

0.65175 

PRIN3 
0.03866 

0.08303 

0.15529 

0.15602 

0.88116 

0.91240 

0.13493 

0.12385 

-0.81189 

0.43691 

0.44104 
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Figure 5.12. Principal component plot of the 11 cross-shore current variables. 

5.4.3. Long-shore Currents 

A total of 25 records of the shore-parallel currents were available for analysis in this 

investigation and have been termed 'long-shore' currents in the present investigation. 

These records describe both the net shore-parallel drift velocity and also fluctuations in 

these shore-parallel currents that may be driven by minor variations in wave direction. 

All of the long-shore current records were sampled at a rate of 1 Hz. Nine variables 

were extracted from these long-shore current time series (Table 5.22; Appendix C8). 

The ensemble mean of the mean long-shore current velocities was zero. The range of 

mean long-shore current velocities observed in this investigation was also low, ranging 

from —0.08 m s - 1 at Cheyne Beach (Cheyne) to 0.09 ms-1at the second campaign at 

South Scarborough (Sscarb2). Seven records had a mean long-shore current velocity 

of 0.00 m s - 1 and 14 records had a long-shore current record less than or equal to 

±0.02 m s - 1 . Nine surveys had a net rightward flowing long-shore drift (negative 

value) and nine surveys had a net leftward flowing long-shore drift (positive value). 

The directions are indicated in relation to a person facing seaward. 
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Table 5.22. Ensemble descriptive statistics of the nine long-shore current variable. Twenty-five 

records were available for analysis (ZDX: zero down-crossing; C2T crest-to-trough). 

Statistic 

Mean 

Standard deviation 

Significant Z D X height 

Significant C 2 T height 

Significant Z D X period 

Significant C 2 T period 

Proportion of variance 

at infragravity band 

Proportion of variance 

at swell band 

Proportion of variance 

at wind wave band 

Var. 

clnn 

clstd 

clhzdsig 

clhcsig 

cltzdsig 

cltcsig 

clifp 

clswp 

clwup 

Mean 

-0.00 

0.08 

0.27 

0.19 

18.85 

4.05 

45.90 

47.70 

6.41 

Std.dev. 

0.04 

0.05 

0.18 

0.14 

4.59 

0.88 

20.16 

20.44 

3.15 

Skew. 

0.35 

1.27 

1.41 

1.52 

0.87 

0.58 

0.09 

-0.02 

1.42 

M i n i m a 

Cheyne 

Kingston 

Dongara 

Barracks 

Sulphur 

Herring 

Barracks 

Herring 

Cheyne 

Barracks 

Cheyne 

Herring 

Coolil 

Sscarb 

Warn 

South 

Coolil 

Cheyne 

Warn 

Strick 

Leig22 

Barracks 

South 

Ilia 

Fish 

Leig21 

Koombana 

-0.08 

-0.07 

-0.05 

0.02 

0.03 

0.03 

0.04 

0.09 

0.09 

0.03 

0.06 

0.07 

10.81 

12.27 

14.00 

2.76 

2.89 

2.98 

9.87 

15.08 

18.96 

14.10 

16.96 

18.17 

1.43 

2.37 

3.72 

Maxima 

Sscarb2 

Twilight 

Leig21 

Leig21 

Sscarb2 

Twilight 

Leig21 

Sscarb2 

Twilight 

Leig21 

Sscarb2 

Twilight 

Barracks 

Peace 

Ilia 

Hope2 

Fish 

Sulphur 

Barracks 

Ilia 

South 

Warn 

Strick 

Leig22 

Coolil 

Cheyne 

Kingston 

0.09 

0.07 

0.04 

0.21 

0.20 

0.19 

0.76 

0.65 

0.57 

0.61 

0.49 

0.37 

29.56 

28.68 

27.33 

6.07 

5.60 

5.43 

79.59 

77.03 

76.81 

84.20 

79.79 

74.61 

15.98 

12.39 

10.56 

The magnitude of the long-shore current oscillations was measured by the standard 

deviation, significant zero down-crossing height and significant crest-to-trough height 

of the long-shore current records. The values of the standard deviation were generally 

low. The ensemble mean of the standard deviation values was 0.08ms- 1, but ranged 

from 0.02 m s - 1 at Barracks Beach (Barracks) to 0.21 at the first survey during the first 

campaign at Leighton Beach (Leig21). The distribution of standard deviation values 

had a moderate positive skewness and 7 5 % of the standard deviation values were less 

than ±0.10 m s - 1 . The significant zero down-crossing height of the long-shore current 

records had an ensemble mean of 0.27 m s - 1 , though this distribution was moderately 

skewed and 7 5 % of the significant zero down-crossing heights were less than 0.29 m s " 1 . 

The distribution of significant crest-to-trough heights of the long-shore current records 

also had a moderate positive skewness, with 7 5 % of the values less than 0.23 m s - 1 . 

The periodicity of the long-shore current records was determined from the significant 

zero down-crossing and crest-to-trough wave periods which had ensemble means of 
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18.85 s and 4.05 s respectively. The two distributions of long-shore period variables 

displayed slight positive skewing, signalling a tendency for more shorter period long

shore current oscillations than longer period fluctuations. 

The ensemble means of the proportion of energy of the long-shore currents was 

relatively evenly split between the infragravity (45.90%) and swell (47.70%) bands. 

The ensemble mean proportion of energy in the wind wave band was only 6.41% 

(Table 5.22). Thirteen long-shore current records had a majority of energy in the 

swell wave band and 12 records had the majority of their energy contained with in 

the infragravity band (Figure 5.13). No long-shore current records had a majority of 

energy contained in the wind wave band. The surveys with the maximum proportion 

of long-shore current energy contained in the infragravity, swell and wind bands were 

Barracks Beach (Barracks; 79.59% infragravity), Warnbro Beach (Warn; 84.20% swell) 

and the first survey at Coolimba Beach (Coolil; 15.98% wind) respectively (Table 5.22). 

WIND 
WAVES 

SWELL 

100 
NFRAGRAVITY 

Figure 5.13. Relative energy distribution of long-shore current records. The long-shore currents 

were dominated by oscillations in the infragravity or swell bands. Very little wind wave energy was 

present. 
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The variables extracted from the long-shore current records were transformed using the 

same transforms as those applied to the variables of the cross-shore current records 

and were conducted to minimize the affect of skewness. The transformed variables 

were employed in further analysis. 

A principal component analysis was conducted on the correlation matrix of the 

variables extracted from the long-shore current records. The first three principal 

components had eigenvalues greater than unity and together accounted for a total of 

89.1% of the variance (Table 5.23). A preliminary examination of the loadings of the 

first three principal components indicated that several of the loadings were generally 

of the same magnitude. To enhance the ability to interpret the principal components, 

the first three components were rotated by using a varimax rotation. The first rotated 

component had large positive loadings on the mean, standard deviation, significant 

zero down-crossing height and significant crest-to-trough height (Table 5.23). The 

loadings on the other variables were substantially less. From these loadings it was 

apparent that the first component provided a measure of the overall magnitude of the 

long-shore current oscillations (Figure 5.14). Large positive values were associated 

with relatively strong long-shore current oscillations. The second rotated component 

had large positive loadings on the significant zero down-crossing period and proportion 

of infragravity energy and a relatively large negative loading on the proportion of swell 

wave energy (Table 5.23). This component may be interpreted as a measure of the 

preponderance of swell band oscillations over the long-period infragravity fluctuations; 

positive values were associated with long-shore currents with long-period oscillations 

and a relatively large proportion of infragravity period energy. The third rotated 

component had a large positive loading on the proportion of wind wave energy and 

large negative loadings on the significant zero down-crossing period and crest-to-trough 

period. The third component was interpreted as a measure of the preponderance of 

short period oscillations of the long-shore currents in the wind wave band; positive 

values were associated with long-shore currents with a preponderance of short-period 

fluctuations. 

5.4.4. Instantaneous Shoreline 

The instantaneous shoreline record was monitored on the beachface and provides a 

measure of the foreshore swash motion. A total of 27 instantaneous shoreline records 

were available for analysis (Appendix C9). All but two of these records were obtained 

with a sampling interval of 0.25 s; the two surveys from South Scarborough (Sscarb 
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Table 5.23. First three rotated components of the long-shore current variables (ZDX: zero down-

crossing; C2T: crest-to-trough). 

Prin. Comp. 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

PRIN9 

Eigenvalue 

3.82542 

2.48691 

1.70915 

0.52163 

0.27811 

0.14030 

0.02897 

0.00520 

0.00430 

Eigenvalues 

Difference 

1.33851 

0.77776 

1.18752 

0.24352 

0.13781 

0.11133 

0.02377 

0.00090 

Proportion 

0.425046 

0.276324 

0.189906 

0.057959 

0.030901 

0.015589 

0.003219 

0.000578 

0.000478 

Cumulative 

0.42505 

0.70137 

0.89128 

0.94924 

0.98014 

0.99573 

0.99894 

0.99952 

1.00000 

Rotated Factor Pattern 

Statistic 

Mean 

Standard deviation 

Significant Z D X height 

Significant C 2 T height 

Significant Z D X period 

Significant C 2 T period 

Prop. var. infragravity 

Prop. var. swell 

Prop. var. wind 

Var. 

clmn 

clstd 

clhzdsig 

clhcsig 

cltzdsig 

cltcsig 

clifp 

clsvp 

clwup 

PRIN1 

0.72500 

0.97935 

0.97006 

0.94450 

-0.09020 

-0.07235 

-0.05828 

0.11620 

-0.31283 

PRIN2 

0.09304 

-0.01755 

-0.13475 

-0.24973 

0.76676 

-0.48301 

0.96450 

-0.94092 

-0.09003 

PRIN 3 

-0.20151 

0.02573 

-0.04662 

-0.06833 

-0.51593 

-0.79656 

0.10917 

-0.24911 

0.90462 

k Sscarb2) were sampled at 0.5 s and 1.0 s respectively. The ensemble mean elevation 

of the 27 instantaneous shoreline records above the lower swash limit was 0.24 m, 

and had a low standard deviation of 0.12m (Table 5.24). The maximum mean 

instantaneous shoreline elevation was observed at Quarry Beach (Quarry; 0.50m), 

whereas the minimum was measured at Fishery Beach (Fish; 0.06 m ) . The distribution 

of mean instantaneous shoreline elevations displayed a slight positive skewness. 

Three measures were extracted from the instantaneous shoreline record that allowed 

a measure of the height of the shoreline oscillations on the beachface: the standard 

deviation of the record, the zero down-crossing height and the crest-to-trough height. 

The ensemble mean standard deviation of the instantaneous shoreline records obtained 

in this investigation was 0.17 m. However, due to the moderate positive skewness 

of the standard deviation measures, 75% of the instantaneous shoreline records had 

a standard deviation less than 0.25. The standard deviation of the instantaneous 

shoreline records obtained from Quarry Beach (Quarry) and Trigg Beach (Trigg) were 

considerably larger than those obtained from the other instantaneous shoreline records 

(Table 5.24). The ensemble mean of the significant wave heights instantaneous 

shoreline records, calculated by using the zero down-crossing method, was 0.60 m 

with a standard deviation of 0.36 m. The significant zero down-crossing height of 
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Figure 5.14. Principal component plot of the nine long-shore current variables. 

the instantaneous shoreline records obtained from Quarry Beach (Quarry) and Trigg 

Beach (Trigg) were considerably larger than the zero down-crossing heights obtained 

from the other instantaneous shoreline records. The smallest significant zero down-

crossing height was measured at Barracks Beach (Barracks; 0.10m) (Table 5.24). The 

significant crest-to-trough height of the instantaneous shoreline had an ensemble mean 

of 0.41m and standard deviation of 0.25 m. The maximum crest-to-trough height of 

the instantaneous shoreline was 1.13m and was observed at Quarry Beach (Quarry). 

The significant zero down-crossing periods of the instantaneous shoreline records had 

an ensemble mean of 15.96s but ranged from 9.15s at Eagle Bay (Eagle) to 24.42s at 

Castletoun Beach (Castle) (Table 5.24). The distribution of the significant crest-to-

trough periods obtained from the instantaneous shoreline records displayed only minor 

skewing. The mean and standard deviation of this distribution was 3.82 s and had a 

standard deviation of 1.03 s (Table 5.24). 
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Table 5.24. Ensemble descriptive statistics of the 11 instantaneous shoreline variables. Twenty-seven 

records were available for analysis (ZDX: zero down-crossing; C 2 T crest-to-trough). 

Statistic 

Mean 

Standard deviation 

Significant ZDX height 

Significant C2T height 

Significant ZDX period 

Significant C2T period 

Proportion of variance 

at infragravity band 

Proportion of variance 

at swell band 

Proportion of variance 

at wind wave band 

Run length 

Total run 

Var. 

rwmn 

rwstd 

rwhzdsig 

rvhcsig 

rwtzdsig 

rvtcsig 

rwifp 

rwssp 

rvwvp 

rwrunlen 

rwtotrun 

Mean 

0.24 

0.17 

0.60 

0.41 

15.96 

3.82 

25.99 

71.22 

2.79 

1.46 

9.78 

Std.dev 

0.12 

0.10 

0.36 

0.25 

3.28 

1.03 

18.70 

18.34 

1.73 

0.51 

3.20 

Skew. 

0.41 

1.17 

1.17 

0.90 

0.85 

0.35 

1.29 

-1.25 

2.29 

2.20 

1.02 

Minima 

Fish 

Barracks 

Ilia 

Barracks 

Fish 

Sulphur 

Barracks 

Hope2 

Fish 

Barracks 

Hope2 

Sulphur 

Eagle 

York 

Fish 

Trigg 
Barracks 

Hope2 

Warn 

York 

Cerv 

Castle 

Ocean 

Sscarb 

Strick 

Castle 

Ocean 

Sscarb 

Kingston 

Castle 

Sscarb 

Ocean 

Leighton 

0.06 

0.07 

0.08 

0.03 

0.06 

0.07 

0.10 

0.21 

0.21 

0.05 

0.10 

0.12 

9.15 

11.56 

13.32 

1.87 

2.43 

2.62 

3.63 

5.49 

7.69 

19.31 

39.22 

41.98 

0.97 

1.20 

1.25 

1.00 

1.00 

1.00 

6.00 

6.00 

6.22 

M a x i m a 

Quarry 

Sc 

Ocean 

Trigg 

Quarry 

York 

Quarry 

Trigg 

York 

Quarry 

Dongara 

York 

Castle 

Ocean 

Hope2 

Strick 

Sscarb2 

Sscarb 

Castle 

Ocean 

Sscarb 

Warn 

Cerv 

York 

Eagle 

Peace 

York 

Warn 

Lady 

Quarry 

Lady 

Strick 

Warn 

0.50 

0.42 

0.40 

0.43 

0.43 

0.28 

1.58 

1.44 

0.98 

1.13 

0.69 

0.68 

24.42 

22.31 

21.93 

6.17 

5.98 

4.94 

79.49 

59.54 

55.28 

93.15 

91.07 

89.63 

9.37 

4.96 

4.88 

3.00 

3.00 

1.86 

17.75 

16.50 

15.50 

The ensemble mean proportion of energy in the infragravity, swell and wind wave bands 

was 25.99%, 71.22% and 2.79% respectively (Table 5.24). The proportion of energy 

in the infragravity band ranged from 3.63% at Warnbro Sound (Warn) to 79.49% at 

Castletoun Beach (Castle). The proportion of energy in the swell band had an ensemble 

standard deviation of 18.34% and ranged from 19.31% at Castletoun Beach (Castle) 

to 93.15% at Warnbro Beach (Warn) (Table 5.24). The wind wave band generally 

contained the least energy and had an ensemble standard deviation of 1.73%. Over 

eighty-five percent (85.2%; 23) of the instantaneous shoreline records had the majority 

of their energy distributed across the swell wave band (Figure 5.15). Only four of the 

observed instantaneous shoreline records had a majority of energy contained within 

the infragravity band: Castletoun Beach (Castle); Hopetoun Beach (Hope2); Ocean 
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Beach (Ocean); and the first campaign at South Scarborough Beach (Sscarb). No 

instantaneous shoreline records had a maximum concentration of energy across the 

wind wave band. 

Cerv 
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00 
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Figure 5.15. Relative energy distribution of instantaneous shoreline records. The fluctuations of 

the instantaneous shoreline were principally in the swell band with some surveys dominated by 

infragravity band oscillations. 

The ensemble mean of the run lengths of the instantaneous shoreline record was 1.46; 

however the distribution of run lengths had a high positive skewness, in part caused 

by the strong grouping exhibited by the instantaneous shoreline records obtained from 

Warnbro Beach (Warn) and Lady Edeline Beach (Lady). The ensemble mean of the 

total run of the instantaneous shoreline records was 9.78 with a standard deviation 

of 3.20. Moderate positive skewing of this variable resulted in 7 5 % of the total run 

values falling below 11.14. 

The mean instantaneous shoreline elevation had a slight positive skewness and was 

not transformed. The other variables were transformed by using the same transforms 

as those employed on the nearshore surface elevation records as described above. 
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A principal component analysis was conducted on the correlation matrix of the 11 

variables extracted from the instantaneous shoreline time series. The first three 

principal components had an eigenvalue greater than unity and together accounted 

for a total of 82.8% of the variance of the original data set (Table 5.25). The first two 

principal components each accounted for approximately 30% of the variance. The first 

principal component had large positive loadings associated with the mean, standard 

deviation, zero down-crossing and crest-to-trough wave height variables (Table 5.25). 

Each of these four variables provides a measure of the amplitude of the instantaneous 

shoreline oscillations. Loadings of the first principal component on the other seven 

variables were generally low (< 0.13). Hence, the first principal component may be 

interpreted as a measure of the amplitude of oscillations of the instantaneous shoreline 

records, and large positive values were associated with large amplitude oscillations 

(Figure 5.16). 

Table 5.25. Principal components of the 11 instantaneous shoreline variables (ZDX: zero down-

crossing; C 2 T crest-to-trough). 

Prin. Comp. 

PRIN1 

PRIN2 

PRIN3 

PRIN4 

PRIN5 

PRIN6 

PRIN7 

PRIN8 

PRIN9 

PRIN10 

PRIN11 

Eigenvalue 

3.91465 

3.24844 

1.94651 

0.96559 

0.34445 

0.30336 

0.14756 

0.09067 

0.02555 

0.01170 

0.00153 

Eigenvalues 

Difference 

0.66621 

1.30193 

0.98091 

0.62114 

0.04110 

0.15580 

0.05689 

0.06512 

0.01385 

0.01017 

Proportion 

0.355877 

0.295313 

0.176955 

0.087781 

0.031314 

0.027578 

0.013414 

0.008242 

0.002323 

0.001064 

0.000139 

Cumulative 

0.35588 

0.65119 

0.82814 

0.91593 

0.94724 

0.97482 

0.98823 

0.99647 

0.99880 

0.99986 

1.00000 

Statistic 

Mean 

Standard deviation 

Significant ZDX height 

Significant C2T height 

Significant ZDX period 

Significant C2T period 

Prop. var. infragravity 

Prop. var. swell 

Prop. var. wind 

Run length 

Total run 

Var. 

rumn 

rwstd 

ruhzdsig 

rwhcsig 

rwtzdsig 

rvtcsig 

rwifp 

rvswp 

ruuwp 

rwrunlen 

rutotrun 

PRIN1 

0.480636 

0.478858 

0.491788 

0.495465 

-.056320 

0.130018 

-.109806 

0.113740 

-.056646 

-.042015 

-.047925 

Eigenvectors 

PRIN2 

-.068821 

-.059684 

-.032679 

0.001972 

-.463135 

-.149486 

-.500801 

0.494327 

0.244973 

0.376865 

0.237888 

PRIN3 

0.008082 

-.091055 

-.046437 

-.011643 

0.254597 

0.484940 

-.072162 

0.125641 

-.587019 

0.306650 

0.479319 

PRIN4 

0.027297 

0.236375 

0.191218 

-.065035 

0.221223 

-.565949 

0.235521 

-.272146 

0.091787 

0.423739 

0.464582 

PRIN5 

0.088633 

-.097972 

-.085862 

0.168446 

-.383126 

0.492959 

0.341458 
-.342379 

0.461869 

0.126194 

0.306497 

PRIN 6 

0.128193 

-.048488 

-.047971 

-.015252 

0.090083 

0.122729 

0.033056 

-.109711 

0.008391 

0.745706 

-.621472 
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Figux-e 5.16. Principal component plot of the 11 instantaneous shoreline variables. 

The second principal component had large negative loadings on both the zero down-

crossing period and the proportion of infragravity energy (Table 5.25). The proportion 

of swell wave energy was associated with a large positive loading of the second principal 

component. The run length variable was also moderately loaded on the second 

principal component. It appeared from this that the second principal component was 

a measure of the periodicity of the instantaneous shoreline oscillations, particularly 

the preponderance of swell over infragravity band oscillations; positive values were 

associated with an increased proportion of swell energy over infragravity energy. The 

third principal component contributed 17.7% towards explaining the total variance of 

the data set and had high positive loadings on the crest-to-trough period and total 

run length. This component also had a large negative loading on the proportion of 

wind wave energy. The interpretation of the third principal component appeared to be 

another measure of the periodicity and grouping of the instantaneous shoreline record, 

with particular focus on the short-period oscillations in the wind wave band and the 

period of wave grouping; positive values were associated with relatively large wave 

groups and relatively long-period crest-to-trough waves. 
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5.4.5. Swash Interactions 

The nature of the swash interactions on the beachface provided a further measure of 

the dynamics of the nearshore systems and may provide a convenient indicator of the 

dynamic state of the beach systems during the surveys. A total of 29 video records were 

analysed for swash interaction modes. The number of occurrences of the four modes of 

swash interaction described above (§ 4.3.2.5) were identified from a 10 minutes section 

of each video record following the technique described by Hegge and Eliot (1991). The 

total number of swash events occurring during the same 10 minutes section of record 

was also recorded. To aid identification, the record of the instantaneous shoreline 

oscillations for the same 10 minutes section was also employed when this was available. 

A total of five variables were employed to describe the nature of swash interactions on 

the beachface: the number of free, suppressed, over-riding and over-taking interactions 

and the number of swash events (Appendix CIO). 

The ensemble mean number of over-taking swash interactions was 12.7 but varied from 

only one at the second survey at City Beach (Citybe2) to a maximum of 28 at the first 

campaign at City of York Bay (York) (Table 5.26). The ensemble mean number of 

over-taking swash interactions was 39.1 and had an ensemble standard deviation of 

16.5. The least number of over-taking interactions were observed at the second survey 

at Swanbourne Beach (Swan2; 11) and the most over-taking interactions were recorded 

at Peaceful Bay (Peace) (Table 5.26). The number of suppressed swash interactions 

had an ensemble mean of only 2.5 but a standard deviation of 4.6. The distribution 

of the number of suppressed swash interactions was highly skewed (Table 5.26) and a 

total of 14 (48%) surveys had no suppression events. The maximum number of swash 

suppressions was 22 and was recorded at Dongara Beach (Dongara) and was twice as 

many as were recorded at the first campaign at City of York Bay (York), the survey 

with the secondmost numerous suppressions. An ensemble mean of 9.9 free swashes 

were recorded, with an ensemble standard deviation of 9.9. The distribution of the 

number of free swashes was moderately skewed, only the survey at Castletoun Beach 

(Castle) had no free swash (Table 5.26). The maximum number of free swash was 

36 and was recorded at the second survey from City Beach (Citybe2). The ensemble 

mean number of swash events was 30.5 and had an ensemble standard deviation of 

13.3. The least number of swash events was recorded at Warnbro Beach (Warn; 12) 

and the most swash interactions were recorded at Eagle Bay (Eagle; 71). 
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Table 5.26. Ensemble descriptive statistics of the five swash interaction variables. Twenty-nine 

records were available for analysis. 

Over-taking swash 

Over-riding 

Suppressed 

Free 

Events 

Var. 

ottot 

ortot 

stot 

str2f 

Btrtot 

Mean 

12.65 

39.14 

2.48 

9.93 

30.48 

Std. dev. 

7.87 

16.51 

4.56 

9.90 

13.29 

Skew. 

0.48 

0.63 

3.21 

1.51 

0.95 

M i n i m a 

Citybe2 

Trigg 

Strick 

Swan2 

Citybe2 

Citybel 

Strick* 

Peace* 

Leighton* 

Castle 

York 

Warn 

Warn 

Fourth 

Castle 

1 

4 

4 

11 

13 

15 

0 

0 

0 

0 

2 

2 

12 

13 

14 

M a x i m a 

York 

Twilight 

Legrand2 

Peace 

Lei 

York 

Dongara 

York 

Trigg 

Citybe2 

Eagle 

Citybel 

Eagle 

York 

Citybel 

28 

26 

26 

88 

59 

58 

22 

11 

6 

36 

35 

28 

71 

50 

48 

*Note: A total of 14 surveys had no suppression interactions. 

5.5. S U M M A R Y 

The beach survey results presented above exhibited a wide range of values and provide 

an excellent basis for an examination of the low-energy beaches of Southwestern 

Australia. The deliberate sampling bias towards low-energy environments with 

prevailing swell conditions was evidenced by the limited range of the dynamic variables. 

The principal component analysis indicated that the number of principal dimensions 

of each of the variable sets was in the order of four for the morphologic variables, 

two for the sedimentologic variables and each of the dynamic variable sets can be 

represented by approximately three principal dimensions. The data set presented 

above provides the basis of the analysis of the beach forms of Southwestern Australia 

and an examination of their sedimentologic and dynamic characteristics. 
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CHAPTER 6 

BEACH MORPHOTYPES 

6.1. INTRODUCTION 

A series of graphical and mathematical exploratory data procedures are emploj^ed to 

analyse the large multivariate data matrix obtained in this investigation. The first 

step was to examine the suite of morphologic variables to determine whether a series 

of characteristic beach forms could be distinguished from the 51 surveys obtained in 

this investigation. Following this, the nature of the sediments and the extemporary 

dynamics of these beach forms are examined. 

6.2. CLASSIFICATION OF NEARSHORE 
MORPHOLOGY 

Natural sandy beaches exhibit a wide range of geometries that may be distinguished 

by both shore-normal and shore-parallel features. As noted, the majority of the 

beaches surveyed in this investigation had minimal alongshore variability and thus 

the shore-normal profile provided an adequate measure of the morphology. However, 

the diversity of the beach profiles precluded a simple visual appraisal of the surveys 

to determine the characteristic beach forms. To enable an objective and adequate 

classification of the beach profiles a series of cluster analysis techniques were employed. 

The results of the cluster analysis was subsequently validated to ensure that they 

provided an appropriate division of the beach forms. 

To determine an empirical classification of the beach geometries, the surveyed profiles 

were divided into a series of natural segments (e.g. berm, foreshore and inshore) and 

a range of coefficients were determined to describe these segments. These geometric 

coefficients provided a firm empirical basis for classification of the beach forms and 

facilitated the determination of a suite of characteristic nearshore forms. 



174 BEACH MORPHOTYPES 

6.2.1. Classification Techniques 

Classification of observations may be conducted to address a variety of objectives 

including: (1) data exploration; (2) data reduction; (3) hypothesis generation; and 

(4) prediction based on groups (Chatfield k Collins 1980). In the present investigation, 

classification was conducted for the purposes of data exploration and reduction. This 

use of classification has also be termed dissection (Everitt 1980) and has been employed 

in several geomorphic investigations including those by Sahu (1964), Krumbein and 

Graybill (1965), and Coleman and Wright (1975). The research by Coleman and 

Wright (1975) is particularly relevant to the present investigation in that they identified 

six characteristic delta types on the basis of a large suite of process and form variables. 

A range of multivariate techniques are presently available for the classification 

of individuals into groups and these techniques may be conveniently divided into 

graphical and mathematical techniques. In practical applications, such as this project, 

these two approaches are often used conjunctively (Everitt k Dunn 1991). Graphical 

techniques enable a visual appraisal of the degree of clustering within the data set 

and mathematical techniques may be employed to provide an explicit classification 

of the observations. A number of essentially graphical techniques for presenting and 

subsequently classifying multivariate data have been proposed, including Andrews 

curves, Chernoff's faces, multidimensional scaling, principal component plots, profile 

plots, Q-mode factor analysis and star plots (Everitt 1978; Wang 1978; Chambers et al. 

1983; Du Toit et al. 1986). The resultant graphics are assessed by eye in an attempt to 

establish groups of similar observations. However, as noted above, the surveys obtained 

in this investigation exhibited a broad range of morphologies and it was considered 

that a simple visual appraisal would be insufficient to distinguish characteristic beach 

forms. Graphical classification techniques were employed in the present investigation 

to assess and validate the results of the mathematical classification. The graphical 

techniques employed in this investigation included principal component plots and 

canonical variate plots; and in addition, the surveyed beach profiles were examined. 

Mathematical techniques for the classification of observations, termed 'cluster analysis' 

techniques are used to classify observations into a set of exhaustive groups. These 

groups are usually, but not necessarily, mutually exclusive such that observations 

within a group are similar to one another while observations in different groups 

are dissimilar (Chatfield k Collins 1980; Everitt k Dunn 1991). Cluster analysis 

is typically employed to group the observations of a data set, as in the present 
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investigation, though it is equally valid to employ cluster analysis to group the variables 

of a data set. Comprehensive reviews of cluster analysis techniques are provided by 

Cormack (1971), Anderberg (1973), Everitt (1980) and Gordon (1981). 

Cluster analysis has been used extensively in many fields, including ecology (Raffaelli 

et al. 1991), anatomy (Oxnard 1983), meteorology (Rosenfeld 1969) and geology (Davis 

1986). Recently, Dolan and Davies (1992) employed a hierarchical clustering technique 

(average linkage) to define an intensity scale for northeast storms on the Atlantic coast. 

However, prior to this project, cluster analysis techniques do not appear to have been 

employed to examine the forms of sandy beaches. 

A wide array of cluster analysis techniques have been developed and these techniques 

may be conveniently divided into three methods: partitioning, hierarchical and 

clumping (Gordon 1981). Clusters determined by both the partitioning and 

hierarchical methods are defined to have no members in common, whereas clumping 

methods allow overlapping clusters. Each clustering technique operates to optimize 

some stated criteria and consequently imposes a certain structure on the data such that 

the obtained clusters are implicitly determined by the clustering technique (Gordon 

1981). Hence, most techniques are biased towards finding clusters possessing certain 

characteristics relating to size (number of members), shape or dispersion. These biases 

often cause different techniques to produce different results when applied to the same 

data. A range of different cluster analysis techniques have been described and reviewed 

by several researchers including Cormack (1971), Gordon (1981), Milligan (1981), 

Manly (1986), and Everitt and Dunn (1991). 

The present investigation employed a range of agglomerative hierarchical clustering 

methods in order to reduce the impact of the bias inherent in any single cluster 

analysis technique. The family of agglomerative hierarchical methods include some 

of the oldest and most frequently used clustering techniques (Everitt k Dunn 1991). 

The results of a hierarchical cluster analysis are generally presented in the form of 

a tree diagram known as a dendrogram (Du Toit et al. 1986). The concept of a 

hierarchical representation of the data arose primarily in biology where biologists are 

often interested in the overall structure of the dendrogram (Everitt k Dunn 1991). 

However, Everitt and Dunn (1991) note that in other fields the hierarchical structure 

may not be appropriate and the logic of their use requires careful consideration. It 

is conceivable that partitions of different levels should not be hierarchically nested 

(Gordon 1981). Despite this caution, hierarchical methods remain the most frequent 

and widespread clustering methods employed and are used in the current investigation. 
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Hierarchical clustering methods produce a series of nested clusters and provide as 

many solution clusters as there are points in the data set . The hierarchical clustering 

techniques employed in this investigation are all agglomerative and begin with each 

observation considered to be a single cluster, through to the final stage in which all 

the observations form one large single cluster. At each stage of this procedure the 

number of clusters is reduced by one by joining the two clusters considered to be the 

most similar (Everitt k Dunn 1991). 

It is worth noting that the clustering techniques employed in this investigation will 

produce a cluster solution regardless of the structure of the data set (i.e. regardless of 

whether or not clusters actually exist). Hence, these techniques will obtain cluster 

solutions even when applied to a multivariate random data set. It is therefore 

important to cross-validate the clustering results with knowledge of the beach systems 

and other techniques (described below) to ensure that the clusters present a meaningful 

dissection of the beach morphologies and are not simply an arbitrary division of a 

random data set. 

A comprehensive review of Monte Carlo tests on a range of clustering techniques using 

both multivariate normal and nonnormal distributions showed that in most of the 

studies the techniques with the best overall performance were the hierarchical methods 

of either Ward's minimum-variance method or average linkage (Milligan 1981). The 

method with the poorest overall performance was invariably single linkage. However, 

Milligan (1981, p. 379) states that 'applied researchers are cautioned concerning the 

uncritical selection of Ward's method for empirical research'. Despite this caution, it 

appears that Ward's method remains the most frequently used clustering technique 

(Griffith k Amrhein 1991). A sensible applied approach to cluster analysis which was 

adopted in this investigation appears to be to experiment with a variety of clustering 

techniques, in addition to the Ward's method. As noted, each clustering technique 

operates slightly differently and thus by using a range of clustering techniques it is 

possible to gain an insight into the grouping structure of the observations. 

In the present investigation, Ward's clustering method was employed with four other 

clustering techniques to examine the morphologic groupings of the surveys. The five 

clustering techniques employed in this investigation were: 

(1) average linkage (Sokal k Michener 1958); 

(2) weighted-average linkage (Sokal k Michener 1958; McQuitty 1966); 

(3) flexible-beta linkage (with /3 = -0.25) (Lance k Williams 1967); 
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(3) equal-variance maximum-likelihood hierarchical clustering (SAS 1990); and 

(5) Ward's minimum-variance method (Ward 1963). 

All these methods are available using the SAS software system and a complete 

description of each technique is provided by Massart and Kaufman (1983), and SAS 

(1990). 

As noted, the hierarchical clustering methods result in as many clustering solutions 

as observations in the data set. Hence, it is necessary to chose the 'optimum' number 

of clusters for a particular application. Several statistical methods are available that 

may help to indicate an appropriate number of clusters. These techniques essentially 

weigh up the gain in generalization at each generation of clustering against the loss of 

information due to grouping. Some of the statistics include the cophenetic correlation 

(Sneath k Sokal 1973; Everitt k Dunn 1991), cubic clustering criterion (Sarle 1983), 

pseudo-F statistic (SAS 1990) and the pseudo-i2 statistic (SAS 1990). However, 

ultimately cluster analysis must be combined with clear thinking and logic and the 

onus remains with the researcher to choose the clustering solution that yields the 

'most satisfactory result' (Davis 1973; Chatfield k Collins 1980). A range of clustering 

techniques were employed in the present investigation and their results compared. A 

series of graphical and mathematical cross-validation techniques were also employed 

to examine the efficacy of the cluster solutions. 

6.2.2. Distance Measures 

All clustering techniques operate on an association matrix which defines either the 

distance or the similarity between observations in a data set. The association 

matrix provides a measure of the multivariate proximity between observations. 

Commonly, the association matrix is determined by using a 'distance' measure such 

that observations that are 'close' are represented by small distances. Occasionally, 

'similarity' measures are employed in which high values indicate proximate 

observations (e.g. correlation coefficient). 

A range of possible distance measures have been employed to determine the association 

matrix and include the Euclidean distance (Everitt k Dunn 1991), Manhattan (city 

block) distance (Rock 1988) and the Bray-Curtis measure (Bray k Curtis 1957). 

The Euclidean metric is the most commonly used distance measure and is simply 

a measure of the 'straight-line' distance between two points (Manly 1986). The 
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Euclidean distance measure has an intuitive appeal and was used in this investigation 

as the basis for cluster analysis. It is noteworthy that the majority of the Monte Carlo 

simulation tests reviewed by Milligan (1981) employed the Euclidean distance metric. 

For two dimensions this distance measure may be defined by Pythagorus' theorem 

which states that the straight line distance (dij) between two points (xi and Xj) is: 

dij = y/(xn - xjt)
2 -r (xi2 - xj2)

2- (6.1) 

However, observations are commonly measured on more than two variables; thus, it 

is necessary to extend the above definition of the Euclidean distance into multiple 

dimensions: 

dij — 

\ 

£>,* - xiky. (6.2) 
k=\ 

To preserve the geometric interpretation of the clusters, the squared Euclidean distance 

was used with the average, median and Ward's clustering methods (SAS 1990). 

From the above definition of the Euclidean distance it is clear that the actual units 

of measurement are important since variables with large absolute values will tend 

to dominate the distance metric. A common means of avoiding this problem is 

to standardize all the dimensions to zero mean and unit standard deviation. This 

requires a conscious (and arbitrary) choice to make the influence of each variable on 

the multivariate distance equal. However, Manly (1986, p. 45) notes that 'in practice 

it is usually desirable for all variables to have about the same influence on the distance 

calculation'. This approach was followed in this investigation, and thus variables were 

first standardized prior to calculating the Euclidean distance metric for use in a range 

of hierarchical clustering techniques. 

6.2.3. Nearshore Forms 

Cluster analysis was employed in this investigation as an aid for summarizing and 

dissecting the observed beach morphologies. Thus, surveys with similar geometric 

characteristics would be grouped together to facilitate a description of the nearshore 

forms of low-energy sandy beaches. However, it should be remembered that the 

nearshore morphology of sandy beaches may be expected to range through a continuum 

of geometries in response to variations in sedimentologic and dynamic characteristics. 

The groups identified by the cluster analysis in this investigation were intended to 

provide a parsimonious summary of the beach morphologies observed during the 

surveys. 
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Cluster analysis was conducted using all 24 of the geometric coefficients determined 

from the active zone of the profile, from the berm crest to the offshore limit of the 

profile (Table 6.1). Only three of these geometric coefficients were determined from the 

beach profile outside the nearshore zone: the inshore slope, curvature and scale. Thus, 

the clustering solutions essentially provide an insight into the nearshore morphologies 

of the surveyed beaches. 

Table 6.1. Cluster analysis was conducted on the following 24 geometric variables. 

NEARSHORE 
Nearshore width »b2r 
Nearshore height difference hb2r 

Nearshore slope lbrs 

Nearshore scale factor qbra 

Nearshore curvature qbrn 

BEACHFACE/FORESHORE 

Intake zone width 

Foreshore width 

Swash zone width 

Intake zone height difference 

Foreshore height difference 

Swash zone height difference 

Foreshore slope 

Swash zone slope 

Foreshore scale factor 

Swash zone scale factor 

Foreshore curvature 

Swash zone curvature 

STEP 

Step width 

Step height difference 

wb2u 

wb21 

wu21 

hb2u 

hb21 

hu21 

Ibis 

lnls 

qbla 

quia 

qblm 

qulm 

wc2s 

hc2s 

I N S H O R E / S U R F Z O N E 

Surfzone width 

Surfzone height difference 

Inshore slope 

Inshore scale factor 

Inshore curvature 

wl2r 

hl2r 

llos 

qloa 

qlom 

A complete data set containing all 24 geometric coefficients was available for 39 surveys. 

Twelve surveys had missing values on some of the geometric variables (Table 5.1) and 

it was necessary to omit these surveys from the initial cluster analysis. However, 

these surveys were later allocated to one of the morphotypes identified via the cluster 

analysis via a discriminant analysis. The discriminant analysis techniques employed 

are described later. 

The initial nine stages determined by all five cluster analysis methods were the same 

(Figure 6.1, Figure 6.2, Figure 6.3, Figure 6.4 k Table 6.2). The first surveys to be 
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grouped together, and hence the surveys with the most similar morphologies, were 

generally those beaches which were surveyed during the same field campaign: two 

at Coolimba Beach (Coolil k Cooli2); three at City of York Bay (York21, York22 k 

York23); two at City Beach (Citybel k Citybe2); and two at Leighton Beach (Leig21 

k Leig22). However, it is noteworthy that in all clustering methods, the surveys 

of Cervantes Beach (Cerv) and Peaceful Bay (Peace) were grouped together at the 

third stage, prior to the grouping of the two surveys from Leighton Beach (Leig21 

with Leig22); and the two surveys from City Beach (Citybel with Citybe2). The next 

two discrete surveys that were joined were Forrest Beach (Forrest) with South City 

Beach (Sc), followed by the joining of Siesta Park (Siesta) with Busselton Town Beach 

(Wbussel) (Table 6.2). 

Hope2 
Koombana 
Castle 
Twilight 
Legrand 
Siesta 
Wbussel 
Leighton 
Leig2l 
Leig22 
Ilia 
Warn 
Forrest 
Sc 
South 
Cheyne 
Sscarb 
Wonnerup 
Stcorb2 Cerv 
Peace 
Coolil 
C ooli2 
Herring 
Sulphur 
Lady 
Dog 
Eagle 
Kingston 
Strick 
Geordie 
Lei 
York2l 
York22 
York 23 
York 
Dongara 
Citybel 
Cltybe2 

01 0 2 0-3 
i | i i i i | • 

0-4 0-5 
• i i I i i i 

0-6 
' I ' ' ' ' I ' 
0-7 0-8 0-9 

• • i I i 

1-0 
— j — i — i — t — i - i 

II 1-2 

DISTANCE 

Figure 6.1. Dendrogram of the average linkage clustering method. 
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Figure 6.2. Dendrogram of the weighted-average linkage clustering method. 

In the hierarchical agglomerative clustering techniques employed in this investigation 

the most disparate beach morphologies were those last combined into a group. The 

last two surveys to join a cluster in the average and weighted-average methods were the 

third campaign at Leighton Beach (Lei) and Dongara Beach (Dongara), respectively. 

In the flexible-linkage, Ward's minimum-variance and the equal-variance maximum-

likelihood methods Dongara Beach (Dongara) was the last beach to join a cluster and 

the third campaign at Leighton Beach (Lei) the second last. In all of the clustering 

methods Cheyne Beach (Cheyne) and Geordie Bay (Geordie) were the third and fourth 

last surveys to be added to a cluster, respectively. 

In the average, weighted-average, flexible-beta and maximum-likelihood clustering 

methods the two-group solution separated seven surveys from the remaining 32. These 

surveys were the same in each method and were: the two surveys from City Beach 

(Citybel k Citybe2); the four surveys from City of York Bay (York, York21, York22 
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Figure 6.3. Dendrogram of the flexible-linkage (/? = —0.25) clustering method. 

k York23); and Dongara Beach (Dongara. The two-group solution determined using 

Ward's minimum-variance clustering method included the above seven surveys into 

a cluster but combined them with three other surveys, Kingston Beach (Kingston), 

Strickland Bay (Strick) and Geordie Bay (Geordie). The four-cluster solution of Ward's 

minimum variance method led to the isolation of these three additional surveys into a 

separate cluster. 

The five hierarchical clustering methods display general similarities. The closest 

agreement was between the average linkage and weighted-average linkage clustering 

methods and between the flexible-beta, Ward's minimum-variance and the maximum-

likelihood clustering methods. In particular, the dendrogram for the maximum-

likelihood method was essentially the same as that determined using Ward's minimum-

variance method and hence is not presented here. 
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Figure 6.4. Dendrogram of the Ward's minimum-variance clustering method. 

Table 6.2. The first nine stages of the five hierarchical cluster analysis methods were exactly the 

same and are presented below (a 'c' in the last column indicates that these beaches were surveyed 

during the same field campaign). 

Cluster 

number 

CLUS38 

CLUS37 

CLUS36 

CLUS35 

CLUS34 

CLUS33 

CLUS32 

CLUS31 

CLUS30 

Clusters joined 

Coolil 

York21 

Cerv 

CLUS37 

Leig21 

Citybel 

Forrest 

Siesta 

Ilia 

Cooli2 c 

York22 c 

Peace 

York23 c 

Leig22 c 

Citybe2 c 

Sc 

Wbussel 

Warn 
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Several statistical techniques were employed to determine the 'optimum' number of 

clusters. In all five clustering methods the pseudo-F statistics show a similar trend 

in dropping rapidly from a large value of approximately 70 at 38 clusters to a value 

of approximately 10 between 2 and 30 clusters. Thus, the pseudo-F statistics did 

not appear to provide a means of discerning an optimum number of groups. The 

cubic clustering criteria was equally unfruitful in providing a measure of the optimum 

number of clusters. However, a local minimum in the pseudo-r;2 statistic at seven 

clusters was observed in all but the average linkage method. Examination of the seven 

cluster solutions indicates that in all of the clustering methods the seventh cluster 

was formed by the separation of the two surveys from City Beach (Citybel k Citybe2) 

from Dongara Beach (Dongara), and the four surveys from City of York Bay (York, 

York21, York22 k York23). The two surveys from City Beach (Citybel k Citybe2) were 

obtained during a single field campaign and their isolation into a separate cluster was 

not considered an appropriate solution for data summary purposes. As a consequence 

the six-cluster solution was adopted. It was considered that the six-cluster solution 

would provide a reasonable balance between the requirements of fine-scale resolution 

of the beach forms and data summarization purposes. The groups associated with six 

clusters from the various grouping methods will be described below. 

The six-cluster solution showed a number of consistencies between the methods 

employed (Figure 6.5, Figure 6.6, Figure 6.7 & Figure 6.8). In all of the clustering 

methods, Kingston Beach (Kingston), Strickland Bay (Strick) and Geordie Bay 

(Geordie) were grouped together. In the flexible-beta and the weighted-average linkage 

clustering methods these three surveys were also joined with the third campaign at 

Leighton Beach (Lei). 

The morphologies of Koombana Bay (Koombana) and Hopetoun Beach (Hope2) were 

combined in the same group by all the clustering methods. In the average linkage and 

the weighted-average linkage methods these two surveys were in a separate cluster on 

their own. However, in the six-cluster solution of the flexible-beta, Ward's minimum-

variance and the maximum-likelihood methods these two surveys were combined within 

a cluster that also contained the survey from the first campaign at Leighton Beach 

(Leighton), South City Beach (Sc), South Beach (South), Illawong Beach (Ilia), Cheyne 

Beach (Cheyne), Warnbro Beach (Warn) and Forrest Beach (Forrest). In the flexible-

beta method this group also contained Sulphur Bay (Sulphur), Lady Edeline Beach 

(Lady) and Herring Bay (Herring). 
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First Principal Component of Geometric Variables 

Figure 6.5. Six-cluster solution of the average linkage clustering method presented in the space of 

the first two principal components calculated from the 24 geometric variables shown in Table 6.1. 

Excepting the flexible-beta method, the following surveys were consistently grouped 

into the same cluster: Dog Beach (Dog); Eagle Bay (Eagle); Cervantes Beach (Cerv); 

Peaceful Bay (Peace); the two surveys from Coolimba Beach (Coolil k Cooli2); Lady 

Edeline Beach (Lady); Herring Bay (Herring) and Sulphur Bay (Sulphur). As noted 

above, the six-cluster solution of the flexible-beta method separated Lady Edeline 

Beach (Lady), Herring Bay (Herring) and Sulphur Bay (Sulphur) into a different cluster. 

At the six-cluster solution, the two surveys from South Scarborough Beach (Sscarb 

k Sscarb2) and Wonnerup Beach (Wonnerup) were grouped together by all of the 

clustering methods. However, excepting the weighted-average linkage method, this 

group also contained Busselton Town Beach (Wbussel) and Siesta Park (Siesta). Ward's 

minimum variance and the equal-variance maximum-likelihood methods also included 

the third campaign at Leighton Beach (Lei) within this group. 

The surveys from South Le Grand Beach (Legrand), Twilight Cove (Twilight) and 

Castletoun Beach (Castle), were combined within a cluster by all clustering methods. 

In the weighted-average method these three surveys formed a discrete group. However, 
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Figure 6.6. Six-cluster solution of the weighted-average linkage clustering method presented in the 

space of the first two principal components calculated from the 24 geometric variables shown in 

Table 6.1. 

in the other four clustering methods these surveys were combined with two surveys 

from the second campaign at Leighton Beach (Leig21 k Leig22). 

The six-cluster solutions identified by the clustering methods employed in this 

investigation indicated a number of consistencies between the methods; the solutions 

of the Ward's minimum-variance and the equal-variance maximum likelihood methods 

were exactly the same. As noted above, Ward's minimum-variance clustering method 

has been recommended by several researchers for applied research (cf. Milligan 1981; 

Griffith k Amrhein 1991). Ward's method was also found to perform consistently well 

in the Monte Carlo simulation tests reviewed by Milligan (1981). In this investigation, 

the six-cluster solution determined by using Ward's minimum-variance method was 

considered to provide the most parsimonious division and was consequently adopted 

(Ta.ble 6.3). This choice was supported by the equal-variance maximum-likelihood 

method. However, because of the nature of cluster analysis it was necessary to examine 

the efficacy of this solution via a series of validation techniques, including canonical 

variate plots and linear discriminant analysis which will be described below. 
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First Principal Component of Geometric Variables 

Figure 6.7. Six-cluster solution of the flexible-beta (/? = —0.25) clustering method presented in 

the space of the first two principal components calculated from the 24 geometric variables shown in 

Table 6.1. 

6.3. VALIDATION OF THE MORPHOTYPES 

Several techniques were employed to examine the validity of the six groups identified 

via the cluster analysis. These validation techniques enabled an examination of the 

geometric differences between and within the six clusters which represent six beach 

forms. The validation techniques employed in this investigation included principal 

component plots, overlaid plots of the surveyed profiles, canonical variate plots and 

linear discriminant analysis. A range of validation techniques were employed to ensure 

that the cluster analysis provided an appropriate description of the beach forms. In 

addition, the linear discriminant analysis was employed to determine the beach form 

of 12 surveys that were omitted from the cluster analysis due to missing values. 

The 'six-cluster solutions' of the various clustering methods were presented in the space 

of the first two principal components (Figure 6.5, Figure 6.6, Figure 6.7 k Figure 6.8). 

These two principal component axes were determined using the same 24 variables 

that were employed in the cluster analysis and together accounted for 5 2 % of the 

variance of the original data set. It is apparent from these principal component plots 
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First Principal Component of Geometric Variables 

Figure 6.8. Six-cluster solution for both Ward's minimum variance and the equal-variance maximum-

likelihood clustering methods presented in the space of the first two principal components calculated 

from the 24 geometric variables shown in Table 6.1. 

Table 6.3. Members of the six morphologic groups identified from the cluster analysis. 

Concave 

(group 1) 

Cerv 

Coolil 

Cooli2 

Dog 

Eagle 

Herring 

Lady 

Peace 

Sulphur 

Steep 

(group 2) 

Citybel 

Citybe2 

Dongara 

York 

York21 

York22 

York23 

Flat 

(group 3) 

Castle 

Legrand 

Leig21 

Leig22 

Twilight 

Moderately 

concave 

(group 4) 

Cheyne 

Hope2 

Ilia 

Koombana 

Forrest 

Leighton 

Sc 

South 

Warn 

Moderately 

steep 

(group 5) 

Lei 
Siesta 

Sscarb 

Sscarb2 

Wbussel 

Wonnerup 

Stepped 

(group 6) 

Geordie 

Kingston 

Strick 
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that the clusters defined by Ward's minimum variance method were generally more 

compact than those clusters arising from the average, weighted-average and flexible-

beta linkage clustering methods. In each of these clustering solutions at least one large 

and disperse group was identified. However, these comments should be prefaced by at 

least two caveats: 

(1) different cluster analysis methods may be biased towards producing clusters with 

certain dispersion characteristics; and 

(2) only 5 2 % of the variance was accounted for by these two principal dimensions. 

Though, the cohesion of the six clusters determined via Ward's technique was visually 

appealing, further validation of this cluster solution was necessary. 

Since the 24 geometric coefficients employed in the cluster analysis were descriptors 

of the profile geometry it makes intuitive sense to simply overlay the surveyed profiles 

of each group. This was done for the surveyed profiles from the berm crest to the 

offshore limit of each morphologic group (Figure 6.9). This figure provides a direct 

visual appraisal of the nearshore geometry of the six morphotypes identified by the 

cluster analysis and indicated that the six morphologic groups identified in the analyses 

were geometrically consistent and describe surveys that were dominantly: concave 

(group 1), steep (group 2), flat (group 3), moderately concave (group 4), moderately 

steep (group 5) and stepped (group 6). It should be stressed that these profile plots 

have utility in validating the cluster analysis solution. However, as noted above, the 

direct classification of beach forms from a simple visual appraisal of the beach surveys 

was not considered to be an appropriate means of determining the morphotypes. 

The concave (group 1) profiles observed were generally featureless and exhibited a 

marked nearshore concavity which arose from the steep beachface which grades into 

a relatively flat inshore zone (Figure 6.9a). The beachface segment of these profiles 

was narrow with an approximate width of 8.0 m. The dimensions and slope of the 

swash zones of the concave (group 1) surveys were very similar with swash widths 

and heights of approximately 3.0 m and 0.4 m respectively. The beachface and swash 

zone segments of Dog Beach (Dog) were considerably steeper and wider than those 

segments of the other concave (group 1) surveys. The offshore segment of the profile 

surveyed at Lady Edeline Beach (Lady) was highly irregular; however, this was due 

to channelling within the inshore seagrass beds and was not due to the presence of 

nearshore bar features. 
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Figure 6.9. Surveyed profiles of the six morphotypes (from the berm crest to the offshore limit): 

(a) concave, (b) steep, (c) flat, (d) moderately concave, (e) moderately steep and (f) stepped. 
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The steep (group 2) surveys were characterized by very steep, linear and relatively 

featureless profiles (Figure 6.9b). The two surveys surveyed at City Beach (Citybel k 

Citybe2), had conspicuously convex beachface profiles. The swash zone dimensions of 

these two profiles were also considerably greater than the other members of group 2. 

The offshore profile of Dongara Beach (Dongara) was relatively flat and irregular, 

in marked contrast with the relatively steep offshore segments of the other beaches 

surveyed in this group. 

The flat (group 3) beaches were generally flat and linear (Figure 6.9c). However, the 

offshore segments of the profiles surveyed during the second campaign at Leighton 

Beach (Leig21 k Leig22) were distinguished by a marked step-like feature located 

approximately 18.0 m offshore of the lower swash zone. The widest and narrowest 

swash zones in this group were at South Le Grand Beach (Legrand; 20.0 m ) and 

Castletoun Beach (Castle; 7.1 m ) respectively. The widest surfzone of the flat (group 3) 

beaches was 56.0 m, observed at South Le Grand Beach (Legrand). The beachface 

widths were all approximately 20.0 m. 

Beach profiles within the moderately concave (group 4) group exhibited a slight, but 

noticeable, concavity (Figure 6.9d). Four surveys within this group had very narrow 

swash zones of approximately 3.5m; Cheyne Beach (Cheyne), Illawong Beach (Ilia), 

Koombana Beach (Koombana) and Warnbro Beach (Warn). The widest swash zone 

of the surveys within this cluster was observed at South City Beach (Sc) which had 

a width of 9.0 m. The moderately concave (group 4) beaches generally had surf zone 

widths of approximately 11.0 m, the widest surf zone of the surveys in this group was 

observed at Cheyne Beach (Cheyne; 16.4m). It is noteworthy that no surf zone was 

present at Hopetoun Beach (Hope2). 

The moderately steep (group 5) beaches were generally linear and featureless with 

wide beachface segments (Figure 6.9e). The large beachface width of these surveys 

was a distinguishing feature and ranged from 15.0 m at Siesta Park (Siesta) to 25.0 m 

at South Scarborough Beach (Sscarb). The swash zone widths were similar and average 

width of approximately 8.0 m; the widest swash zone in this group was 11.1 m and was 

observed at South Scarborough Beach (Sscarb). A small platform located around the 

lower swash limit was apparent on the profile from the third campaign at Leighton 

Beach (Lei). A sharp drop-off just beyond the breaker zone was observed on the profile 

of South Scarborough Beach (Sscarb2). 
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The final group distinguished by the cluster analysis contained only three surveys 

(Figure 6.9f). However, these three stepped (group 6) beaches were all clearly 

distinguished by a marked slope break located near the lower swash limit. This 

step feature was particularly apparent on the profile obtained from Kingston Beach 

(Kingston). The widest swash zone was observed at Geordie Bay (Geordie) with a 

width of 12.5 m. The widest surf zone was 6.9 m at Kingston Beach (Kingston). 

As expected, the profiles within each group displayed a marked similarity. A visual 

appraisal of the six morphologic groups suggested that the profiles of the steep 

(group 2), flat (group 3) and stepped (group 6) beaches were the most distinct because 

of their steepness, flatness and slope break respectively. The concave (group 1) and 

moderately concave (group 4) profiles were distinguished from the other groups by 

their concavity; however, the distinction between these two groups was a little less 

apparent and was based on the degree of concavity. The moderately steep (group 5) 

beaches were distinguished from the other groups by their moderate steepness and 

overall linearity. 

6.3.1. Canonical Variate Analysis 

The overlaid profile plots (Figure 6.9) demonstrate that the six groups identified 

by the cluster analysis describe six geometrically distinct beach forms. The group 

structure of these six beach forms was examined by using canonical variate analysis. 

Canonical variate analysis was also employed to examine the sedimentologic and 

dynamic relationships between the six morphologic groups. A brief description of the 

technique of canonical variate analysis is presented below to facilitate interpretation. 

Canonical variate analysis (also known as multiple discriminant analysis) is a powerful 

data summarizing tool which seeks to describe the multivariate data space in a few 

dimensions such that the between-group variation of the original data set is expressed 

by just a few transformed variates (Albrecht 1980). The transformed variates are 

known as canonical variates and are formed from the linear combination of the original 

variables. Canonical variate analysis is similar to principal component analysis; 

however, unlike principal component analysis, this technique requires preassigned 

groups and subsequently pays due account to both the within-group and between-

group variance. In short, canonical variate analysis seeks to determine a series of 

variables that maximize the difference between the group means while minimizing the 

within group dispersion. The canonical variate analysis technique has been described 
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in detail by several researchers including Gnanadesikan (1977), Albrecht (1980), Manly 

(1986) and Everitt and Dunn (1983, 1991). 

Canonical variate analysis may be dissected both geometrically and algebraically into 

the equivalent of a two-stage principal component analysis. Albrecht (1980) presents 

a simple explanation of canonical variate analysis which may be summarized into the 

following three steps (Figure 6.10): 

(1) Perform a principal component analysis based on the pooled within-group 

dispersion matrix; 

(2) Standardize the within-group dispersions along all axis of the transformed data 

space; and 

(3) Rigidly rotate the rescaled, standardized axes so as to be parallel with the axes 

of between-group variation. 

The final rotation of the axis is such that the first canonical variate is parallel with the 

axis of maximum between-group variation. The canonical variates are constructed to 

be mutually orthogonal and statistically independent with successive axis accounting 

for a smaller proportion of the total between-group variation. Distances in the 

canonical space are scaled to a common measure equal to one standard deviation 

of the pooled within-group variation (Albrecht 1980). 

The interpretation of the canonical variates is by no means straightforward since 

the intercorrelations of several variables may combine to upset the interpretation 

of the canonical variates by simply examining the variable loadings (Manly 1986). 

Several authors have suggested that the canonical variates may be best interpreted by 

examining the correlations between the original variables and the derived canonical 

variates (e.g. Dillon k Goldstein 1984; Manly 1986). Variables that are important for 

a particular canonical variate tend to have a relatively large absolute correlation with 

that variate. 

As with most other multivariate statistical methods, canonical variate analysis 

may be used with rigourous statistical theory and inferential hypothesis-testing to 

examine statistically significant differences between group populations (Albrecht 1980). 

Alternatively, canonical variate analysis can be used to emphasize the geometric 

representations of the statistical functions. In this second exploratory approach 

there is not such a high demand on the data to conform to the structural models 

and the underlying assumptions of multivariate statistical theory (Albrecht 1980). 
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Figure 6.10. T w o dimensional geometric representation of canonical variate analysis (adapted from 

Albrecht 1980). 

This exploratory approach was adopted in the present investigation and enabled the 

underlying descriptive aspects of this technique to be employed to facilitate the display 

and interpretation of the multivariate data sets (Gnanadesikan 1977; Albrecht 1980; 

Everitt k Dunn 1991). A valuable insight into the grouping structure may be gained 

from an examination of displays of the first few canonical variate axis (Gnanadesikan 

1977). This display is known as a canonical variate plot and enables a visual inspection 

of the multivariate separation between the groups, relative to the variation within the 

groups (Everitt k Dunn 1991). The canonical variate plot provides the best two-

dimensional approximation, in the least-squares sense, of the multivariate data set 

(Chatfield & Collins 1980). 

Canonical variate analysis was initially employed in this investigation to examine the 

group structure of the six beach forms in the space of the geometric variables. In this 

analysis, the same 24 morphologic variables used in the cluster analysis (Table 6.1) 
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were employed in the canonical variate analysis and the six groups were as defined from 

the cluster analysis. As with the cluster analysis, it was only possible to determine the 

canonical variates from the 39 surveys that did not have any missing values on these 

24 geometric variables. It was possible to determine five canonical variates from this 

data (number of groups minus one). 

The six morphotypes identified by the cluster analysis were well separated and tightly 

grouped in the space of the first two canonical variates (Figure 6.11). This, pattern 

strongly confirms the geometric groupings identified by the cluster analysis and 

subsequent profile plots (Figure 6.9) and indicates that the clustering solution did 

indeed identify discrete beach forms and was not merely the arbitrary dissection of a 

homogenous data set into six groups. 
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Figure 6.11. Canonical variate plot determined from 24 geometric variables presented in Table 6.1. 

The steep (group 2) and flat (group 3) beaches were the two extreme groups on 

the first canonical variate and did not overlap with any of the other groups on this 

variate (Figure 6.11). However, both of these morphotypes were associated with the 

highest values on the second canonical variate. The concave (group 1) and stepped 

(group 6) beaches were close but discrete on the first canonical variate; however, these 

two groups were widely separated on the second canonical variate. The moderately 

concave (group 4) and moderately steep (group 5) beaches were not discrete on the first 
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canonical axis. In the dimension of the second canonical axis none of the morphotypes 

were discrete; each morphotype overlapped, to some degree, with at least one other 

group. Though it was acknowledged that the number of observations in each group was 

not the same it appeared that the moderately steep (group 5) was the most disperse 

in the canonical variate plot (Figure 6.11). The moderately concave (group 4) beaches 

appeared to be the most compact group in the canonical variate plot (Figure 6.11). 

6.4. ALLOCATION OF THE UNCLASSIFIED BEACHES 
TO THE MORPHOTYPES 

Twelve surveys were omitted from the cluster analysis due to missing geometric 

variables. To enable a complete classification of the beach form of the 51 surveys 

linear discriminant analysis was employed to allocate these 12 surveys with unknown 

beach form into the 'most appropriate' of the six morphologic groups identified above. 

Discriminant analysis is appropriate when the group membership is known a priori and 

enables the determination of a function of several variables that maximally separates 

a series of group means while simultaneously keeping the groups as compact as 

possible (Winter 1989). This function may then be employed to allocate observations 

of unknown group. To facilitate interpretation, a brief description of discriminant 

analysis is presented below. 

Linear discriminant analysis was employed in the present investigation and may be 

conceptualized as a plane in n — 1 dimensions, where n is the number of variables, 

that provides the best separation between a series of known groups. Thus, discriminant 

analysis defines a function of the original variables which predict group membership 

with the least error. Probabilities of group membership must be assigned prior to 

performing a discriminant analysis; these probabilities are commonly assumed to be 

equal between the groups. Discriminant analysis is commonly determined from a 

training set of observations. The resultant discriminant functions may subsequently 

be employed to allocate observations of unknown group. 

Allocation via discriminant analysis operates by determining the multivariate distances 

between an observation and each group mean. The group membership of the 

unallocated observation is then determined by the proximity of that observation to 

the mean of each group, in conjunction with a consideration of the assigned prior 
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probabilities (Manly 1986). The most commonly employed measure of multivariate 

distance between two points is the Mahalanobis distance and is a measure of the 

squared multivariate distance (Seber 1984; Dillon k Goldstein 1984; Manly 1986). 

The Mahalanobis distance was initially defined by Mahalanobis (1948) and may be 

employed to measure the multivariate distance between two group means, between an 

observation and a group mean or between two observations. A detailed description 

of the discriminant analysis technique has been provided by several authors including 

Krumbein and Graybill (1965), Chatfield and Collins (1980), Seber (1984), and Everitt 

and Dunn (1991). 

As noted above, twelve surveys were omitted from the cluster analysis since they 

contained missing values in several of the geometric variables; in particular, the 

geometric variables referencing the breaker zone and the scale and curvature of the 

swash and inshore zones. A linear discriminant analysis was performed on the available 

geometric variables and was employed as a guide for the allocation of these 12 surveys 

to one of the six morphologic groups determined from the cluster analysis. Two 

stages of allocation via discriminant analysis were conducted. In the first stage all 

the geometric variables that referenced the breaker zone were omitted. Discriminant 

analysis on this reduced data set enabled the allocation of 7 of the 12 unassigned 

surveys. To allocate the remaining five surveys to one of the six morphologic groups 

it was necessary to omit a further four geometric variables. In both stages of this 

allocation process the prior probability of group membership was equal for all groups. 

In the first stage of the allocation of the unassigned surveys, variables describing: 

nearshore width and height difference; surf zone width and height difference; nearshore 

slope; nearshore scale; and nearshore curvature were omitted from the discriminant 

analysis. The discriminant function was determined from the remaining 17 geometric 

variables by using the six morphologic groups determined by the cluster analysis. This 

discriminant function resulted in the following allocations: Trigg Beach (Trigg) as a 

steep (group 2) beach, Fourth Beach (Fourth), Le Grand Beach (Legrand2), Ocean 

Beach (Ocean) and Yokinup Beach (Yokinup) as flat (group 3) beaches; and the two 

surveys from Swanbourne Beach (Swanl k Swan2) as moderately steep (group 5) 

beaches. 

In the second stage, the remaining five surveys with unknown morphologic groups were 

allocated. To classify these surveys it was necessary to also omit the following four 

variables from the discriminant analysis: scale and curvature of the swash zone, and 
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the scale and curvature of the inshore zone. The resultant linear discriminant function 

led to the following allocations: Barracks Beach (Barracks) as a concave (group 1) 

beach; Fishery Beach (Fish) and Quarry Beach (Quarry) as steep (group 2) beaches; 

Salmon Beach (Salmon) as a stepped (group 6) beach; and the third survey from 

Swanbourne Beach (Swan3) as a moderately steep (group 5) beach. 

The 'strength' of the discriminant function in correctly allocating the 12 unassigned 

surveys was largely determined by the variables employed. Unfortunately, it was 

necessary to omit several variables from the discriminant analysis in order to allocate 

surveys with missing geometric variables. An indication of the importance of the 

variables for distinguishing between the six morphologic groups may be obtained 

from an examination of the correlations with the first canonical variate (Table 6.6). 

The most 'important' variable omitted in the first stage of the discriminant analysis 

was the nearshore slope and was indeed the most highly correlated variable with the 

first canonical variate. The nearshore slope was also omitted from the first stage of 

allocation, this variable had a correlation with the first canonical variate of (r = 0.67). 

The other variables omitted from the first stage allocation had correlations with the 

first canonical variate of less than r = ±0.48 and may be less important. A further 

four variables were omitted in the second stage of allocation. Two of these variables 

had correlations of r = 0.70 with the first canonical variate and consequently were 

important in discriminating the six morphotypes. The other two variables omitted at 

this stage had correlations with the first canonical variate weaker than r = ±0.34. 

It must be acknowledged that several of the variables omitted from the discriminant 

analysis to enable allocation of the 12 unassigned surveys were important in 

discriminating the six morphotypes. The omission of these variables will inevitably 

lead to less distinction between the six morphologic groups and it must be recognized 

that some of the resultant allocations may not necessarily be correct. A visual 

examination of the profiles and cross-referencing to field notes and photographs 

indicated that the allocations appeared to be correct in all but one instance. It was 

considered that the allocation of Salmon Beach (Salmon) as a stepped (group 6) was not 

appropriate and that the profile from this survey was more closely associated with the 

profiles of the steep (group 2) beaches. It is noteworthy that closer examination of the 

output of the discriminant analysis showed that the probability of group membership 

for Salmon Beach (Salmon) was 0.75 for the stepped (group 6) beaches and 0.25 for 

the steep (group 2) beaches. In the light of this evidence, Salmon Beach (Salmon) was 

manually allocated as a steep (group 2) beach. 
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Table 6.4. Correlations between the geometric variables and the canonical variates. The canonical 

variates were determined from the 24 variables listed in Table 6.1. 

Coefficient 

Nearshore width 

Swash intake width 

Foreshore width 

Swash zone width 

Step width 

Surf zone width 

Nearshore ht. diff. 

Swash intake ht. diff. 

Foreshore ht. diff. 

Swash zone ht. diff. 

Step ht. diff. 

Surf zone ht. diff. 

Nearshore slope 

Foreshore slope 

Swash zone slope 

Inshore slope 

Nearshore scale 

Foreshore scale 

Swash zone scale 

Inshore scale 

Nearshore curvature 

Foreshore curvature 

Swash zone curvature 

Inshore curvature 

Var. 

wb2r 

wb2u 

wb21 

HU21 

wc2s 

»12r 

hb2r 

hb2u 

ht>21 

hu21 

hc2s 

hl2r 

lbrs 

Ibis 

luls 

llos 

qbra 

qbla 

quia 

qloa 

qbrn 

qbln 

quia 

qlom 

1 

-.48 

-.10 

-.37 

-.43 

.64 

-.32 

.42 

.52 

.49 

.20 

.68 

.21 

.89 

.88 

.72 

.59 

.67 

.71 

.70 

.70 

-.07 

-.25 

-.19 

-.33 

Canonical variates 

2 

.23 

-.09 

-.14 

-.16 

-.18 

.38 

.12 

-.01 

-.01 

-.00 

-.24 

.26 

.05 

.24 

.26 

-.30 

.31 

-.04 

.29 

-.00 

-.28 

.23 

-.20 

-.13 

3 

.35 

.02 

.38 

.49 

.39 

.20 

.36 

-.06 

.20 

.44 

.49 

.38 

.11 

-.08 

-.05 

.49 

-.25 

-.15 

.01 

.22 

.34 

.15 

-.07 

.11 

4 

.55 

.67 

.68 

.34 

.12 

.35 

.72 

.69 

.70 

.32 

-.06 

.46 

.19 

.15 

.08 

.11 

.13 

.07 

-.19 

.00 

-.04 

-.00 

.39 

.13 

5 

.11 

-.17 

.08 

.32 

.19 

.06 

.03 

-.06 

.04 

.14 

.26 

-.00 

-.06 

-.01 

-.10 

-.00 

.22 

.33 

-.10 

.05 

-.38 

-.50 

.08 

-.11 

Cluster analysis and the subsequent allocation of surveys via discriminant analysis 

enabled a complete and objective classification of the 51 surveys obtained in this 

investigation into six discrete beach forms (Table 6.7). The majority of the surveys 

(11) were assigned as steep (group 2) beaches. Ten surveys were identified as concave 

(group 1) beaches; and nine surveys each were identified as flat (group 3), moderately 

concave (group 4) and moderately steep (group 5) beaches. Only three stepped 

(group 6) beaches were identified. 

6.5. SEDIMENTS OF THE MORPHOTYPES 

Having established a six-fold morphologic grouping of the 51 surveys, the next 

step in this investigation is to examine whether the groups are associated with 

particular sedimentologic characteristics. This question may be tackled via a 

range of parametric/nonparametric and univariate/multivariate statistical techniques, 

including analysis of variance (ANOVA) test, Kruskal-Wallis, multiple comparison 

i-tests, Mann-Whitney U-test, multiple analysis of variance ( M A N O V A ) and 
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Table 6.5. Members of the six morphologic groups identified from the cluster and discriminant 

analysis. 

Concave 

(group 1) 

Cerv 

Coolil 

Cooli2 

Dog 

Eagle 

Herring 

Lady 

Peace 

Sulphur 

Barracks 

10 

Steep 

(group 2) 

Citybel 

Citybe2 

Dongara 

York 

York21 

York22 

York23 

Tri«g 

Fish 

Quarry 

Salmon* 

11 

* Manual allocation 

Flat 

(group 3) 

Moderately 

concave 

(group 4) 

CLUSTERED 

Castle 

Legrand 

Leig21 

Leig22 

Twilight 

Cheyne 

Hope2 

Ilia 

Koombana 

Forrest 

Leighton 

Sc 

South 

Warn 

FIRST STAGE ALLOCATION 

Fourth 

Legrand2 

Ocean 

Yokinup 

Moderately 

steep 

(group 5) 

Lei 

Siesta 

Sscarb 

Sscarb2 

Wbussel 

Wonnerup 

Swanl 

Swan2 

SECOND STAGE ALLOCATION 

TOTAL 

9 

N U M B E R 

9 

Swan 3 

9 

Stepped 

(group 6) 

Geordie 

Kingston 

Strick 

3 

canonical variate analysis. These tests have been described by several authors 

including Chatfield and Collins (1980), Sokal and Rohlf (1981), Seber (1984), Snedecor 

and Cochran (1989), and Everitt and Dunn (1991). However, in the present 

investigation, canonical variate analysis was employed to provide an insight into 

the sedimentologic characteristics of the six morphotypes. This technique enabled a 

multivariate examination of the differences between the morphologic groups and also 

provided an indication of the within-group dispersions. As noted above, canonical 

variate analysis may be employed as a rigourous statistical procedure to examine 

group differences at given levels of statistical significance. Alternatively, this technique 

may be used as an exploratory tool to facilitate the description, presentation and 

interpretation of the group associations in multivariate space. This second approach is 

equally valid and was adopted in this investigation. This approach has been employed 

in several other studies, particularly in the field of morphometries (e.g. Oxnard 1973; 

Pimentel 1979; Oxnard 1983; Reyment et al. 1984). 

An insight into the consistencies within, and associations between, the sedimentologic 

characteristics of the six morphotypes was provided by canonical variate analysis. This 
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analysis was conducted on all seven sedimentologic variables using the six morphologic 

groups as the classificatory variable. However, prior to the canonical variate analysis of 

the sedimentologic variables it was necessary to omit four surveys due to missing values: 

the two surveys from City Beach (Citybel k Citybe2), Wonnerup Beach (Wonnerup) 

and the first campaign at City of York Bay (York) had missing values for the mean 

fall velocity and hydraulic sorting variables, and Wonnerup Beach (Wonnerup) also 

had missing values on the four grain size variables. The remaining 33 surveys were 

employed to determine five sedimentologic canonical variates (one less than the number 

of groups). The location of the surveys within the space of the first two canonical 

variates provided an indication of the discrimination between the six morphotypes on 

the basis of their sedimentologic characteristics (Figure 6.12). 
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Figure 6.12. Canonical variate plot determined from the seven sedimentologic variables. The 'core' 

observations in each beach morphotype are encircled. 

The first canonical variate was highly correlated with several of the sedimentologic 

variables, including mean grain size (r = 0.87), mean fall velocity (r = 0.95), 
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hydraulic sorting (r = 0.90) and the sediment permeability (r = -0.84) (Table 6.8). 

Relatively low correlations were observed between the first canonical variate and the 

grain size skewness (r = -0.61), grain size sorting and the grain size kurtosis. From 

these correlations it was apparent that the first canonical variate was essentially a 

measure of sediment grain mass. Large negative values of the first canonical variate 

were associated with sediments with relatively large mass and consequently high 

permeabilities. 

Table 6.6. Correlations between the sedimentologic variables and the canonical variates. 

Coefficient 

Grain size mean 

Grain size std. dev. 

Grain size skew. 

Grain size kurt. 

Settling vel. mean 

Settling vel. std. dev. 

Hydraulic conductivity 

Var. 

si mom 

simsd 

simsfc 

simku 

st36mn 

st36sd 

hymn 

1 

0.871437 

0.029597 

-0.606248 

0.133248 

0.952857 

0.903169 

-0.842280 

Canonical variates 

2 

0.203210 

-0.492211 

0.074973 

0.150149 

0.173262 

-0.200251 

0.094123 

3 

-0.138940 

0.624732 

0.525981 

-0.510995 

-0.104450 

0.327375 

0.271401 

4 

-0.297517 

0.311923 

0.152241 

-0.462601 

-0.116890 

-0.034539 

0.386232 

5 

0.238288 

-0.283888 

-0.180505 

0.182481 

0.088493 

0.183432 

0.117960 

The correlations between the second canonical variate and seven sedimentologic 

variables were all relatively low. The largest correlation with this second canonical 

variate was r = —0.49 and was associated with the grain size sorting. The remaining 

correlations were all less than r = ±0.21 (Table 6.8). It appeared from this that the 

second canonical variate was to a large extent a measure of the degree of grain size 

sorting of the beach sediments. 

The canonical variate plot of the first two variates indicates that the concave (group 1) 

beaches had the most disparate sedimentologic characteristics (Figure 6.12). The 

sedimentologic characteristics of these surveys were similar to those of the flat 

(group 3) and moderately concave (group 4) beaches. Despite the diverse nature 

of the sedimentologic characteristics of the concave (group 1) beaches, it was apparent 

that the sediments of Eagle Bay (Eagle) were considerably different from the other 

concave (group 1) beaches. 

The steep (group 2) beaches were generally associated with relatively low values of the 

first canonical variate and were moderately diverse. Fishery Beach (Fish) appeared to 

be an outlier with considerably larger values on the first and second canonical variates 

than the other steep (group 2) beaches. 
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The flat (group 3) beaches formed a relatively compact elongate group in the space 

of the first two canonical variates (Figure 6.12). This group was associated with 

relatively high positive values on the first canonical variate and values on the second 

canonical variate around zero. Fourth Beach (Fourth) appeared to be an outlier, 

with considerably different sedimentologic characteristics from the other flat (group 3) 

beaches. 

The moderately concave (group 4) beaches exhibited a relatively compact grouping in 

the space of the first two canonical variates. These surveys were generally associated 

with small positive values of the first canonical variate and small negative values on the 

second canonical variate. The moderately concave (group 4) beaches did not appear 

to have any sedimentologic outliers in the space of the first two canonical variates. 

The moderately steep (group 5) beaches exhibited a compact grouping in the space 

of the first two canonical variates and hence these surveys exhibited relatively 

similar sedimentologic characteristics (Figure 6.12). Values on both the first and 

second canonical variates were approximately zero. However, there appear to be 

two sedimentologic outliers from this group, South Scarborough Beach (Sscarb) with 

relatively low values on the first canonical variate and Busselton Town Beach (Wbussel) 

with relatively low values on the second canonical variate. 

Only three observations exhibited a stepped (group 6) morphotype. The proximity 

of these surveys in the space of the first two canonical variates indicated that the 

sedimentologic characteristics of these surveys were generally similar, though Geordie 

Bay (Geordie) was somewhat removed from Strickland Bay (Strick) and Kingston Beach 

(Kingston). The stepped (group 6) beaches were associated with slightly negative 

values of the first canonical variate and relatively large positive values on the second 

canonical variate. 

The first canonical axis described the maximum difference between the six 

morphotypes and was essentially a measure of grain mass. The ordering of the means 

of the morphologic groups on the first canonical axis of the sedimentologic data was 

as follows: steep (group 2), stepped (group 6), moderately steep (group 5), concave 

(group 1), moderately concave (group 4) and flat (group 3). Interpretation of the 

first canonical variate indicates that this represents a sequence of fining sedimentary 

characteristics. 
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To examine the sedimentologic associations between the six morphotypes the 

Mahalanobis distances between the six morphotypes were calculated from the seven 

sedimentologic variables (Table 6.9). The steep (group 2) and flat (group 3) beach 

types were the most sedimentologically dissimilar with a Mahalanobis distance of 

23.4. The steep (group 2) and moderately concave (group 4) groups were the next 

most dissimilar beach forms in the sedimentologic space. The morphotypes with the 

most similar sedimentologic characteristics were the concave (group 1) and moderately 

concave (group 4) beaches (Mahalanobis distance= 2.0). The next most similar groups 

were the concave (group 1) and moderately steep (group 5) beaches (Mahalanobis 

distance^ 2.5). 

Tahiti 6.7. Matrix of Mahalanobis distances between the means of the six morphotypes determined 

from the seven sedimentologic variables. 

Morphotype Group 12 3 4 5 6 

Concave 1 15.07 2.53 2.03 2.82 8.29 

Steep 2 15.07 23.38 17.67 6.91 8.74 

Flat 3 2.53 23.38 4.63 8.49 14.24 

Moderately concave 4 2.03 17.67 4.63 4.66 13.92 

Moderately steep 5 2.82 6.91 8.49 4.66 3.01 

Stepped 6 8.29 8.74 14.24 13.92 3.01 

6.6. EXTEMPORARY DYNAMICS OF THE 
MORPHOTYPES 

The association between the nearshore dynamics of the morphologic groups was also 

examined by using canonical variate analysis. As above, this technique was employed 

as an exploratory tool to provide a visual representation of the interrelationships 

between the six morphotypes. The variables describing the extemporary nearshore 

dynamics were divided into five components: nearshore surface elevation, cross-

shore currents, long-shore currents, instantaneous shoreline and swash interactions. 

Canonical variate analysis was conducted separately on the variables within each of 

these components principally to determine whether coupling between the morphology 

and dynamics could be identified. 

The variables describing the characteristics of the nearshore surface elevation, cross-

shore current, long-shore current and instantaneous shoreline of each survey were 
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extracted from single time series records which were obtained by electronic sensors. 

Hence, if a time series record was absent or unreliable then all dynamic variables for 

that component were missing (Table 6.10). The difficulties of monitoring nearshore 

dynamics were evidenced by the number of surveys with missing dynamic variables. 

This was an unfortunate, but unavoidable problem, associated with monitoring 

the highly dynamic land-sea-air interface. The missing values were generally due 

to random equipment breakdowns and were not associated with any particular 

morphotype. In all instances, at least two surveys were available to represent each 

morphotype. 

Table 6.8. Number of records available for analysis. 

Morphotype 

Concave 

Steep 

Flat 

Moderately concave 

Moderately steep 

Stepped 

Total 

Group 

1 

2 

3 

4 

5 

6 

Nearshore 

surface 

elevation 

8 

4 

4 

7 

3 

2 

28 

Cross-
shore 

curr. 

9 

7 

4 

7 

3 

3 

33 

Long

shore 

curr. 

6 

2 

3 

8 

3 

3 

25 

Instant. 

shore

line 

8 

5 

2 

7 

3 

2 

27 

Swash 

inter

actions 

5 

8 

8 

6 

2 

3 

32 

6.6.1. Nearshore Surface Elevation 

The energy of the incoming waves was observed just beyond the breaker zone and 

recorded as the nearshore surface elevation. A total of 28 nearshore surface elevation 

records were available for analysis, and each morphotype had at least two nearshore 

current records (Table 6.10). The concave (group 1) beaches were represented by eight 

nearshore current records. However, due to failure of the wave gauge at Strickland 

Bay (Strick) only two nearshore surface elevation time series were obtained from the 

stepped (group 6) beaches. The moderately steep (group 5) beaches were represented 

by only three nearshore surface elevation records. The characteristics of the nearshore 

surface elevation records were described by 10 variables. 

The first canonical variate of the variables of the nearshore surface elevation was 

most highly correlated with the variables describing the range of oscillations, including 

the significant zero down-crossing wave height (r = 0.80), standard deviation of the 

nearshore wave record (r = 0.76) and the significant crest-to-trough wave height 
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(r = 0.72) (Table 6.11). Moderate positive correlations with the first canonical 

variable were also found with the significant crest-to-trough wave period (r = 0.63) 

and the mean run length (r = 0.64). The correlations with the remaining variables 

were all below r = ±0.53. Hence, the first canonical variate may be interpreted as 

a measure of the magnitude of oscillation of the nearshore surface elevation; large 

positive values were associated with surveys which were subjected to relatively large 

amplitude nearshore waves. 

Table 6.9. Correlations between the 10 nearshore surface elevation variables and the canonical 

variates (ZDX: zero down-crossing; C2T crest-to-trough). 

Variable 

Standard deviation 

Significant Z D X height 

Significant C 2 T height 

Significant Z D X period 

Significant C 2 T period 

Prop, infragravity E. 

Prop, swell E. 

Prop, wind E. 

Run length 

Total run 

Var. 

uastd 

wahzdsig 

K&hcsig 

uatzdsig 

»atcsig 

uaifp 

uaswp 

wauwp 

warunlen 

watotrun 

1 

.76 

.80 

.72 

.29 

.63 

-.52 

.52 

-.07 

.64 

.28 

Canonical Variates 

2 

-.39 

-.36 

-.17 

-.28 

-.13 

.26 

-.36 

-.03 

.23 

.37 

3 

.15 

.08 

.30 

-.10 

.18 

-.17 

-.04 

.23 

.32 

-.01 

4 

.10 

.14 

.30 

-.42 

.49 

-.53 

.46 

.47 

-.09 

-.38 

5 

.27 

.29 

.34 

-.43 

.12 

-.28 

.13 

.63 

-.04 

.18 

The strongest correlations with the second canonical variate were associated with the 

standard deviation (r = —0.39) and total run length (r = 0.37). The significant zero 

down-crossing wave height (r = —0.36) and the proportion of swell wave energy in 

the nearshore surface elevation time series (r = —0.36) were also relatively strongly 

correlated with the second canonical variate. The remaining correlations were all 

below r = ±0.29. The correlations of the original variables with the second canonical 

variate were generally weaker than the correlations with the first canonical variate. 

The interpretation of the second canonical variate appears to some extent to be an 

alternate measure of the magnitude of oscillations of the nearshore surface with more 

emphasis on the degree of wave grouping and proportion of swell wave energy. Negative 

values of the second canonical variate were associated with increased wave height and 

swell wave energy and decreased total run length. 

The six morphotypes appeared to be relatively distinct in the space of the first 

two canonical variates with little overlap of the 'core' observations in each group 

(Figure 6.13). The concave (group 1) beaches were located in the upper left corner 
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of the canonical variate plot and were the most scattered group in this canonical 

space. However, it must be noted that this group also contained the largest number 

of observations (Table 6.10). Despite the dispersion of the concave (group 1) beaches, 

it appeared that Dog Beach (Dog) was considerably different from the other concave 

(group 1) beaches. 
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Figure 6.13. Canonical variate plot determined from the 10 variables describing the nearshore surface 

elevation records. The 'core' observations in each morphotype are encircled. 

Four observations of the nearshore surface elevation characteristics were available from 

the steep (group 2) beaches and all were located in the lower right corner of the 

canonical variate plot. The 'core' of the flat (group 3) beaches was tightly grouped 

and located in the middle lower section of the canonical variate plot and these surveys 

were associated with values on the first canonical variate of approximately zero and 
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slightly negative values on the second canonical variate. The survey at Castletoun 

Beach (Castle) was removed from the 'core' observations of the other flat (group 3) 

beaches. 

The moderately concave (group 4) beaches were relatively tightly grouped in spite of 

having the second largest number of observations. The 'core' of these observations 

was located on the mid-left of the canonical variate plot. The only apparent outlier 

from the surveys in this morphotype was South City Beach (Sc) which had a notably 

higher value on the first canonical variate than the other moderately concave (group 4) 

beaches. 

Only three nearshore surface elevation records were available from the moderately 

steep (group 5) beaches. These observations were located in the upper-right corner of 

the canonical variate plot in a relatively diverse, elongate pattern. However, the third 

campaign at Leighton Beach (Lei) was an apparent outlier and was somewhat removed 

from South Scarborough Beach (Sscarb2) and Busselton Town Beach (Wbussel) with 

higher values on both the first and second canonical variates. The two observations 

from the stepped (group 6) beaches were closely located but overlapped to some degree 

with the 'core' area of the concave (group 1) beaches. 

The order of the mean values of the morphotypes on the first canonical variate was 

as follows: stepped (group 6), moderately concave (group 4), concave (group 1), flat 

(group 3), moderately steep (group 5) and steep (group 2). This sequence may be 

interpreted as a series describing increasing nearshore wave heights. 

The associations between the morphotypes on the basis of the characteristics of 

their nearshore surface elevation characteristics were examined via Mahalanobis 

distances. These multivariate distance measures were calculated by using the 10 

variables extracted from the nearshore surface elevation records (Table 6.12). The 

steep (group 2) and stepped (group 6) beaches exhibited the most dissimilar wave 

conditions. The next most dissimilar morphologic groups were the stepped (group 6) 

and moderately steep (group 5) beaches. The surveys with the most similar nearshore 

surface elevation conditions were the concave (group 1) and stepped (group 6) beaches 

and were recognized from the low Mahalanobis distance between these morphotypes. 

The next most similar morphotypes were the concave (group 1) and moderately 

concave (group 4) beaches (Table 6.12). 
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Table 6.10. Matrix of Mahalanobis distances between the means of the six morphologic groups 

computed from the 10 nearshore surface elevation variables. 

Morphotype 

Concave 

Steep 

Flat 

Moderately concave 

Moderately steep 

Stepped 

Group 

1 

2 

3 

4 

5 

6 

1 

12.11 

5.58 

4.12 

9.80 

2.19 

2 

12.11 

10.90 

14.67 

10.48 

18.43 

3 

5.58 

10.90 

6.13 

11.62 

5.87 

4 

4.12 

14.67 

6.13 

13.26 

6.71 

5 

9.80 

10.48 

11.62 

13.26 

15.02 

6 

2.19 

18.43 

5.87 

6.71 

15.02 

6.6.2. Cross-Shore Currents 

A total of 33 time series records of the cross-shore currents were available for 

analysis. Eleven variables were extracted from each of these time records to enable 

a description of the cross-shore current dynamics (Table 6.13). Each of the six 

morphotypes was represented by at least three cross-shore current records, and the 

concave (group 1) beaches had a total of nine cross-shore current records available for 

analysis (Table 6.10). 

Table 6.11. Correlations between the 11 cross-shore current variables and the canonical variates 

(ZDX: zero down-crossing; C2T: crest-to-trough). 

Variable 

Mean 

Standard deviation 

Significant Z D X height 

Significant C 2 T height 

Significant Z D X period 

Significant C 2 T period 

Prop, infragravity E. 

Prop, swell E. 

Prop, wind E. 

Run length 

Total run 

Var. 

ccmn 

ccstd 

cchzdsig 

cchcsig 

cctzdsig 

cctcsig 

ccifp 

ccsup 

ccwwp 

ccrunlen 

cctotrun 

1 

-.23 

.10 

.01 

.09 

-.20 

-.11 

-.03 

.04 

.06 

.19 

.11 

Canonical Variates 

2 

.20 

-.41 

-.38 

-.40 

.37 

.26 

.41 

-.33 

-.28 

.37 

.20 

3 

.10 

.52 

.55 

.58 

-.04 

-.08 

-.00 

-.05 

-.10 

.28 

.15 

4 

.25 

.23 

.16 

.08 

.23 

.05 

.46 

-.32 

-.01 

-.50 

.20 

5 

.41 

-.52 

-.49 

-.38 

-.04 

.19 

-.09 

.24 

-.18 

-.05 

.13 

The correlations between the cross-shore current variables and the first canonical 

variate were all less than r = ±0.24 (Table 6.13). The strongest correlation with the 

first canonical variate was with the mean cross-shore current velocity (r = —0.23). 

The next most correlated variable was the zero-down crossing period (r = —0.20), 

followed by the run length (r = 0.19). The remaining correlations were all weaker 
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than r = ±0.12. Thus, the first canonical variate of the cross-shore current records 

can be best interpreted as a measure of both the net flow velocity and the periodicity 

of zero down-crossing oscillations. Positive values on the first canonical variate were 

associated with net offshore current flows and relatively short period oscillations. 

The strongest correlation between the original variables and the second canonical 

variate was with the proportion of infragravity energy (r = 0.41). The standard 

deviation and crest-to-trough height of the cross-shore current oscillations were also 

relatively highly correlated with the second canonical variate with correlations of 

r = —0.41 and r — -0.40 respectively. Several of the other variables were also highly 

correlated with the second canonical variate, including significant zero down-crossing 

height (r = -0.38) and period (r = 0.37) and the total run length (r = 0.37). The 

interpretation of the second canonical variate appeared in part to be a measure of the 

magnitude of the cross-shore current oscillations and the preponderance of infragravity 

band oscillations. Positive values on this second canonical variate were associated with 

small cross-shore current oscillations and an increased proportion of infragravity band 

energy. 

In the canonical variate plot, the observations of the concave (group 1) beaches 

overlapped with the core group of moderately concave (group 4) beaches (Figure 6.14). 

The survey from Peaceful Bay (Peace) was somewhat separated from the core of the 

concave (group 1) beaches and therefore had notably different cross-shore current 

characteristics. The steep (group 2) beaches all had very similar cross-shore current 

characteristics and were relatively tightly grouped in the lower left corner of the 

canonical variate plot. Fishery Beach (Fish) and Dongara Beach (Dongara) were 

apparent outliers from the core group of steep (group 2) beaches. The flat (group 3) 

beaches were located in the centre of the canonical variate plot in the form of a 

relatively compact, elongate cluster. The second survey from the second campaign 

at Leighton Beach (Leig22) was somewhat removed from the other flat (group 3) 

beaches. The moderately concave (group 4) beaches were closely grouped and were 

associated with moderate positive canonical variate scores on the first and second 

canonical variates. The moderately steep (group 5) and stepped (group 6) beaches 

each contained only three observations and were located in the lower left and upper 

right corner of the canonical variate plot respectively. South Scarborough Beach 

(Sscarb2) had a notably higher value on the first canonical variate than the two other 

moderately steep (group 5) beaches. The three stepped (group 6) beaches were widely 

separated. The mean values of each morphotype on the first canonical variate were 
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ordered as follows: steep (group 2), stepped (group 6), flat (group 3), moderately 

concave (group 4), concave (group 1) and moderately steep (group 5). Interpretation 

of the first canonical variate suggests that this series represents a sequence from onshore 

directed cross-shore currents with long period oscillations to net offshore current flow 

with short period oscillations. 
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Figure 6.14. Canonical variate plot determined from the 11 variables describing the cross-shore 

current records. The 'core' observations of each morphotype are encircled. 

The association between the six morphotypes on the basis of their cross-shore current 

characteristics was examined via the Mahalanobis distance. This multivariate distance 

was calculated between the means of the six morphologic groups using the 11 variables 

extracted from the cross-shore current time series (Table 6.14). The concave (group 1) 

and moderately concave (group 4) beaches exhibited the most similar cross-shore 



212 BEACH MORPHOTYPES 

current characteristics with a Mahalanobis distance of 1.7. The next most similar 

morphotypes were the concave (group 1) and flat (group 3) beaches. The morphotypes 

with the most dissimilar cross-shore current characteristics were the stepped (group 6) 

and moderately steep (group 5) beaches. The next most dissimilar cross-shore current 

characteristics were observed between the steep (group 2) and moderately steep 

(group 5) beaches. 

Table 6.12. Matrix of Mahalanobis distances between the means of the six morphologic groups 

computed from the 11 cross-shore current variables. 

Morphotype 

Concave 

Steep 

Flat 

Moderately concave 

Moderately steep 

Group 

1 

2 

3 

4 

5 

1 

8.75 

8.06 

1.70 

10.35 

2 

8.75 

9.21 

11.55 

22.11 

3 

8.06 

9.21 

6.79 

16.73 

4 

1.70 

11.55 

6.79 

14.52 

5 

10.35 

22.11 

16.73 

14.52 

£ 

14.39 

13.50 

12.83 

13.84 

27.56 

Stepped 6 14.39 13.50 12.83 13.84 27.56 

6.6.3. Long-shore Currents 

A tot al of 25 long-shore current records were available for analysis in this investigation. 

Each of the morphological groups was represented by at least two long-shore current 

records (Table 6.10). However, the steep (group 2) beaches were only represented 

by two long-shore current records and the flat (group 3), moderately steep (group 5) 

and stepped (group 6) beaches were each represented by three long-shore current 

records. The concave (group 1) and moderately concave (group 4) beaches had six 

and eight long-shore current records respectively. To describe the characteristics of 

the long-shore currents on each morphotype, nine variables were extracted from each 

long-shore current time series record (Table 6.15). 

The mean long-shore current velocity was most strongly correlated with the first 

canonical variate (r = 0.59) (Table 6.15). The next strongest correlation was 

considerably lower (r = —0.38) and was between the significant crest-to-trough period 

and the first canonical variate. The remaining correlations with the first canonical 

variate were all weaker than r = ±0.35. Thus, this first canonical variate appears to 

be principally a measure of the net long-shore current magnitude and direction and to 

a lesser extent a measure of the periodicity of long-shore current oscillations. Positive 
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Table 6.13. Correlations between the nine long-shore current variables and the canonical variates 

(ZDX: zero down-crossing; C2T: crest-to-trough). 

Variable 

Mean 

Standard deviation 

Significant ZDX height 

Significant C2T height 

Significant ZDX period 

Significant C2T period 

Prop, infragravity E. 

Prop, swell E. 

Prop, wind E. 

Var. 

clmn 

clstd 

clhzdsig 

clhcsig 

cltzdsig 

cltcsig 

clifp 

clswp 

clwup 

1 

.59 

.25 

.28 

.31 

-.14 

-.38 

.03 

-.05 

.33 

Canonical Variates 

2 

.38 

.92 

.94 

.93 

-.05 

.17 

-.20 

.27 

-.44 

3 

.34 

.11 

-.05 

-.04 

.16 

-.16 

.38 

-.36 

-.15 

4 

-.14 

.08 

.05 

.10 

-.75 

.06 

-.14 

.10 

.48 

5 

-.15 

.01 

.01 

-.04 

.34 

-.26 

.74 

-.69 

-.11 

values of the first canonical variate were generally associated with net leftward flowing 

long-shore currents and short crest-to-trough wave periods. 

Three variables had very strong positive correlations with the second canonical variate 

of the long-shore currents and were all related to the magnitude of long-shore current 

oscillations; standard deviation (r = 0.92), significant zero down-crossing height 

(r = 0.94) and significant crest-to-trough height (r = 0.93). The remaining 

correlations between the second canonical variable and variables were all less than 

r = ±0.45. The second canonical variate may be readily interpreted as a measure 

of the magnitude of long-shore current oscillations. Positive values on the second 

canonical variate were associated with large long-shore current oscillations. 

In the space of the first two canonical variates of the long-shore currents the 

morphologic groups were relatively compact and no apparent outliers were evident 

(Figure 6.15). However, there was a considerable degree of overlap between the groups. 

Only the steep (group 2) beaches did not overlap with any other beach form, though 

this group was only represented by two long-shore current records. The long-shore 

current characteristics of these steep (group 2) beaches may be considered to be distinct 

from the other morphotypes. The long-shore current characteristics of the moderately 

concave (group 4) beaches overlapped with observations of both the stepped (group 6) 

and concave (group 1) beaches. On the first canonical variate the group means of 

the six morphotypes were ordered as follows: steep (group 2), stepped (group 6), 

moderately concave (group 6), concave (group 1), flat (group 3) and moderately steep 

(group 5). Interpretation of the first canonical variate suggests that this sequence 

represented a series from net rightward flowing long-shore currents with relatively 

long crest-to-trough periods to net leftward flowing long-shore currents with relatively 
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short crest-to-trough periods. The morphologic groups were ordered on the second 

canonical variate as follows: concave (group 1), moderately concave (group 4), stepped 

(group 6), moderately steep (group 5), steep (group 2) and flat (group 3). The second 

canonical variate was largely a measure of the magnitude of the long-shore current 

oscillations, and hence this series represented a sequence of increasing magnitude of 

long-shore current oscillations. 
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Figure 6.15. Canonical variate plot determined from the nine variables describing the long-shore 

current records. The 'core' observations of each morphotype are encircled. 

The association between the long-shore current characteristics of the six morphotypes 

was determined from the Mahalanobis distances between the group means. The 

most similar groups were the concave (group 1) and moderately concave (group 4) 

beaches (Table 6.16). The next most similar morphotypes were the flat (group 3) and 
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moderately steep (group 5) beaches. The morphotypes with the most dissimilar long

shore current characteristics were the steep (group 2) and moderately steep (group 5) 

beaches. The two morphotypes with the next most dissimilar long-shore currents were 

the steep (group 2) and flat (group 3) beaches. 

Table 6.14. Matrix of Mahalanobis distances between the means of the six morphologic groups 

computed from the nine long-shore current variables. 

Morphotype 

Concave 

Steep 

Flat 

Moderately concave 

Moderately steep 

Stepped 

Group 

1 

2 

3 

4 

5 

6 

1 

34.51 

17.81 

1.97 

8.12 

13.48 

2 

34.51 

38.50 

23.00 

40.94 

27.06 

3 

17.81 

38.50 

18.18 

5.61 

21.95 

4 

1.97 

23.00 

18.18 

10.85 

7.97 

5 

8.12 

40.94 

5.61 

10.85 

20.54 

6 

13.48 

27.06 

21.95 

7.97 

20.54 

6.6.4. Instantaneous Shoreline 

The instantaneous shoreline was measured on the beachface and provides a time series 

description of the swash motion. A total of 27 instantaneous shoreline records were 

available for analysis (Table 6.10). However, the flat (group 3) and stepped (group 6) 

beaches were only represented by two surveys. Only three instantaneous shoreline 

records were available from the moderately steep (group 5) beaches. Eleven variables 

were extracted from the time series records to enable a description of the instantaneous 

shoreline dynamics (Table 6.17). To examine the associations between the six beach 

morphotypes on the basis of their instantaneous shoreline characteristics a canonical 

variate analysis was conducted on these 11 variables in which the beach morphotype 

was employed as the category variable. 

The zero down-crossing period was the variable most highly correlated with the first 

canonical variate of the instantaneous shoreline record (r = —0.62) (Table 6.17). The 

proportion of swell wave energy had the second highest correlation (r = 0.57), and 

this was followed in order by, proportion of wind wave energy (r = 0.55), crest-

to-trough period (r = —0.53) and proportion of infragravity energy (r = —0.53). 

The remaining correlations were all below r = ±0.38. All variables describing the 

magnitude of the instantaneous shoreline oscillations were associated with relatively 

low correlations with the first canonical variate (Table 6.17) which was largely a 

measure of the periodicity of the instantaneous shoreline oscillations. It was interesting 
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Table 6.15. Correlations between the 11 instantaneous shoreline variables and the canonical variates 

(ZDX: zero down-crossing; C2T: crest-to-trough). 

Variable 

Mean 

Standard deviation 

Significant ZDX height 

Significant C2T height 

Significant ZDX period 

Significant C2T period 

Prop, infragravity E. 

Prop, swell E. 

Prop, wind E. 

Run length 

Total run 

Var. 

rwmn 

rwstd 

ruhzdsig 

ruhcsig 

rwtzdsig 

rwtcsig 

rwifp 

ruswp 

trwwwp 

mrunlen 

rwtotrun 

1 

-.12 

.13 

.10 

.09 

-.62 

-.53 

-.53 

.57 

.55 

.37 

.01 

Canonical Variates 

2 

.04 

.09 

.06 

.17 

.35 

.45 

.32 

-.33 

-.11 

-.23 

-.26 

3 

.46 

.72 

.67 

.55 

.15 

-.26 

.20 

-.28 

.06 

-.24 

-.27 

4 

.43 

.39 

.43 

.57 

-.44 

.50 

-.27 

.39 

-.16 

-.14 

.14 

5 

-.21 

-.16 

-.18 

-.15 

-.25 

-.17 

.30 

-.30 

.45 

.16 

.04 

to note the contrast between the relatively large positive correlations associated with 

the proportion of swell and wind wave energy and the negative correlation of the 

proportion of infragravity energy. Large negative values of the first canonical variate 

were associated with long period swash oscillations and a large proportion of swash 

energy distributed across the infragravity band. 

The strongest correlation between the instantaneous shoreline variables and the second 

canonical variate was associated with the significant crest-to-trough period (r = 0.45). 

The significant zero down-crossing period was the next most strongly correlated 

variable with the second canonical variate (r = 0.35). The proportion of infragravity 

(r = 0.32) and swell wave (r = —0.33) energy were also associated with moderately 

strong correlations with the second canonical variate. The remaining correlations were 

all weaker than r = ±0.26. The second canonical variate, like the first, appeared to 

be a measure of the periodicity of the instantaneous shoreline oscillations. However, 

unlike the first canonical variate, the second canonical variate emphasized the crest-to-

trough periodicity and the preponderance of infragravity energy over swell wave energy. 

Positive values on the second canonical variate were associated with large significant 

zero down-crossing and crest-to-trough periods and a predominance of infragravity 

energy over swell wave energy. Hence, the first two canonical variates both described 

aspects of the periodicity of instantaneous shoreline oscillations. 

In the space of the first two canonical variates, the flat (group 3), stepped (group 6) and 

moderately steep (group 5) beaches were well separated and hence exhibited distinctly 

different instantaneous shoreline characteristics than any of the other morphotypes 

(Figure 6.16). The two flat (group 3) beaches were moderately separated and located 
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in the extreme left corner of the canonical variate plot and were associated with large 

negative values on the first canonical variate. The two stepped (group 6) beaches were 

closely located and associated with moderate negative values on the first canonical 

variate. The three moderately steep (group 5) beaches were somewhat separated from 

the other morphotypes and located in the upper right corner of the canonical variate 

plot; however, the instantaneous shoreline characteristics of the third campaign at 

Leighton Beach (Lei) appear to be somewhat different from the two surveys from 

South Scarborough Beach (Sscarb k Sscarb2). 
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Figure 6.16. Canonical variate plot determined from the 11 variables describing the instantaneous 

shoreline records. The 'core' observations of each morphotype are encircled. 

The moderately concave (group 4) and steep (group 2) beaches abut in the canonical 

variate plot and both have a relatively small degree of scatter. This indicates that 

instantaneous shoreline characteristics of these two morphotypes are similar. However, 

the survey from the first campaign at Leighton Beach (Leighton) was located some 

distance from the core group of the moderately concave (group 4) beaches and hence 

was an apparent outlier. The steep (group 2) beaches generally had the highest 

values on the first canonical variate. The instantaneous shoreline characteristics of 
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the concave (group 1) beaches overlapped considerably with the observations of both 

the steep (group 2) and moderately concave (group 4) beaches. 

The association between the six beach morphotypes on the basis of their instantaneous 

shoreline characteristics was examined via the Mahalanobis distances between the 

group means. The 11 variables from the instantaneous shoreline record were used to 

determine the Mahalanobis distances between six morphologic groups (Table 6.18). 

The concave (group 1) and moderately concave (group 4) beaches exhibited the most 

similar instantaneous shoreline characteristics with a Mahalanobis distance of 2.3. 

The second most similar morphotypes were the concave (group 1) and steep (group 2) 

beaches (Mahalanobis distance = 9.5). The two morphotypes with the most dissimilar 

instantaneous shoreline characteristics were the steep (group 2) and flat (group 3) 

beaches. The next most dissimilar morphotypes were the concave (group 1) and flat 

(group 3) beaches. 

Table 6.16. Matrix of Mahalanobis distances between the means of the six morphologic groups 

computed from the 11 instantaneous shoreline variables. 

Morphotype 

Concave 

Steep 

Flat 

Moderatel 

Moderatel 

Stepped 

y concave 

y steep 

Group 

1 

2 

3 

4 

5 

6 

1 

9.48 

63.20 

2.35 

23.59 

23.12 

2 

9.48 

75.14 

11.07 

27.84 

37.43 

3 

63.20 

75.14 

56.46 

57.92 

22.87 

4 

2.35 

11.07 

56.46 

12.92 

21.93 

5 

23.59 

27.84 

57.92 

12.92 

34.62 

6 

23.12 

37.43 

22.87 

21.93 

34.62 

6.6.5. Swash Interactions 

The swash interactions of 32 surveys were manually examined from video records 

(Table 6.10). The moderately steep (group 5) beaches were only represented by two 

observations (Table 6.10). The total number of each of the four interaction modes 

and the total number of swash events occurring during a ten minute segment of the 

video record were recorded (§ 4.3.2.5). Hence, a total of five variables were available to 

describe the swash interactions on the beachface. These five variables were employed in 

a canonical variate analysis using the six beach morphotypes as the grouping variable. 

The first canonical variate was highly correlated with the number of swash events 

(r = 0.67) (Table 6.19). The number of free interactions also had a relatively 
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strong correlation with the first canonical variate (r = 0.57). The other variables 

had correlations weaker than r = ±0.38. Hence, the first canonical variate may be 

interpreted as both a measure of the number of swash events and the preponderance 

of free interaction modes. Positive values of the first canonical variate were associated 

with an increase in swash interaction events and free interactions. 

Table 6.17. Correlations between the five swash interaction variables and the canonical variates. 

Canonical Variates 

Variable Var. 1 2 3 4 5 

No. Over-taking ottot -.29 -.13 .33 .87 .15 

No. Over-riding ortot .37 -.33 .47 .29 .67 

No. Suppressed stot .02 .79 -.25 .32 .46 

No. Free str2f .57 -.01 -.29 -.06 -.76 

No. Swash events strtot .68 .44 .29 .03 -.51 

The second canonical variate determined from the swash interaction variables was 

strongly correlated with the number of suppressed interaction modes (r = 0.79). The 

remaining correlations were all weaker than r = ±0.44 (Table 6.19). The second 

canonical variate clearly appeared to be a measure of the preponderance of suppressed 

swash interactions. Positive values on the second canonical variate were associated 

with a relatively large number of suppressed swash interactions. 

The canonical variate plot (Figure 6.17) indicated that there was little consistency in 

the frequency of swash interaction modes both between and within each morphotype. 

Two concave (group 1) beaches, Peaceful Bay (Peace) and Eagle Bay (Eagle), were clear 

outliers in this canonical space. The steep (group 2) beaches were located towards the 

upper right of the canonical plot and hence were associated with a relatively large 

number of interaction events and a preponderance of suppressed and free interaction 

modes. The flat (group 3) beaches were generally located towards the left side of the 

canonical variate plot which indicated that these surveys were commonly associated 

with relatively few interaction events and fewer free and suppressed interaction modes. 

The core observations of the concave (group 1), moderately concave (group 4), 

moderately steep (group 5) and stepped (group 6) beaches were located between the 

steep (group 2) and flat (group 3) beaches and overlapped considerably. The swash 

interactions of these beach morphotypes were generally not distinct. The moderately 

steep (group 5) beaches were only represented by two surveys which were well separated 

in this canonical space and the swash interaction characteristics of this morphotype 

was not readily apparent. 
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Figure 6.17. Canonical variate plot determined from the five swash interaction variables. The 'core' 

observations of each morphotype are encircled. 

The means of the six morphotypes on the first canonical variate were ordered as 

follows: flat (group 3), stepped (group 6), moderately concave (group 4), moderately 

steep (group 5), concave (group 1) and steep (group 2) beaches. This represents 

a sequence towards increasing numbers of both swash events and free interactions. 

The association between the six morphotypes on the basis of their swash interaction 

characteristics was determined via the Mahalanobis distances. The Mahalanobis 

distances between the means of the beach morphotypes were calculated using the five 

swash interaction variables. The concave (group 1) and flat (group 3) beaches exhibited 

the most dissimilar swash interaction characteristics with a Mahalanobis distance of 

8.7 (Table 6.20). The next most dissimilar morphotypes were the steep (group 2) 

and flat (group 3) beaches (Mahalanobis distance = 6.8). The moderately concave 

(group 4) and moderately steep (group 5) beaches exhibited the most similar swash 

interaction characteristics (Mahalanobis distance = 0.7), followed by the moderately 

steep (group 5) and stepped (group 6) beaches (Mahalanobis distance = 1.3). 
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Table 6.18. Matrix of Mahalanobis distances between the means of the six morphologic groups 

computed from the five swash interaction variables. 

Morphotype 

Concave 

Steep 

Flat 

Moderately concave 

Moderately steep 

Stepped 

Group 

1 

2 

3 

4 

5 

6 

1 

4.45 

8.74 

1.77 

2.54 

4.16 

2 

4.45 

6.76 

2.40 

3.75 

4.68 

3 

8.74 

6.76 

4.44 

4.15 

5.39 

4 

1.77 

2.40 

4.44 

0.73 

1.41 

5 

2.54 

3.75 

4.15 

0.73 

1.35 

6 

4.16 

4.68 

5.39 

1.41 

1.35 

6.7. SUMMARY 

The 51 surveys obtained in this investigation were classified into a series of six 

discrete beach forms via cluster analysis and discriminant analysis. The validity 

of the six-fold classification of the beach profiles was confirmed via examination of 

the principle component plots, overlaid profile plots and canonical variate analysis. 

These beach forms describe surveys that were essentially concave (group 1), steep 

(group 2), flat (group 3), moderately concave (group 4), moderately steep (group 5) 

and stepped (group 6). These beach forms generally exhibited discrete sedimentologic 

characteristics and could be ordered on the basis of grain mass, from finest to coarsest, 

as follows: flat (group 3), moderately concave (group 4), concave (group 1), moderately 

steep (group 5), stepped (group 6) and steep (group 2). However, during the surveyed 

low-energy conditions the characteristics of the extemporary dynamics of the beach 

forms were less distinct. The greatest discrimination between the morphotypes, on 

the basis of their extemporary dynamics, was exhibited by the characteristics of 

the nearshore surface elevation records. The implications of these findings for the 

morphodynamics of low-energy sandy beaches of Southwestern Australia are described 

in the following chapter. 
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CHAPTER 7 

MORPHODYNAMICS OF 
LOW-ENERGY SANDY BEACHES 

7.1. INTRODUCTION 

The principal aim of this thesis was to examine the morphotypes exhibited by low-

energy sandy beaches of Southwestern Australia, specifically, to establish whether these 

beach forms could be adequately described by the existing morphodynamic models 

and, if not, whether a series of characteristically different low-energy beach types 

could be identified. Previous work on beach morphodynamics principally focussed 

on the morphology and hydrodynamic coupling existing on swell-dominated micro-

tidal beaches, and included research by Chappell and Eliot (1979), Goldsmith et al. 

(1982), Bowman and Goldsmith (1983), Wright and Short (1983, 1984), Sunamura 

(1985), and Lippmann and Holman (1990). A suite of six morphodynamic beach 

states that were characterized by particular beach morphologies and hydrodynamic 

signatures were identified by Wright and Short (1983, 1984). This beach state model 

was recently extended by Lippmann and Holman (1990) to include two non-rhythmic 

beach states. Subsequent morphodynamic research has essentially focussed on two 

aspects: (1) multi-barred beach states that form in storm environments (Aagaard 

1988a, 1988b, 1990, 1991; Short 1992); and (2) macro-tidal beach states (Short 1991; 

Masselink k Short 1993). However, to date there has been very limited research on 

the beach forms, dynamics and variability of very low-energy sandy beaches, such as 

those found in sheltered environments, as described by Nordstrom (1992). 

The literature which specifically examines the dynamics, morphology and variability 

of low-energy beaches is limited, though a notable exception is the work by Nordstrom 

and his colleague on estuarine and bayside beaches, including Nordstrom (1977, 1980, 

1992) and Nordstrom and Jackson (1992). These investigations clearly indicate that 

sheltered beaches are not simply small scale analogues of the higher energy beaches on 

exposed coasts. Despite these acknowledgements, there has not been any systematic 

investigation into the beach forms that develop under conditions of low wave energy; 
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the work of Nordstrom (1992) remains as the outstanding systematic treatment of the 

subject. 

The morphology, sediments and dynamics of 51 low-energy beaches, located along 

the coast of Southwestern Australia, are examined in this project. The coast of 

Southwestern Australia is subjected to moderate to high energy southwesterly offshore 

swell waves. However, on both the West and South Coasts of Southwestern Australia 

wave energy at the shoreline is substantially attenuated and highly variable alongshore 

due to local wave refraction and diffraction patterns. An extensive offshore reef chain 

along the West Coast results in the dissipation of approximately 40% of the offshore 

wave energy (Steedman 1977). Hence, along the West Coast wave energies at the 

shoreline are generally low with modal wave heights commonly less than one metre. 

Along the South Coast the wave energy is generally higher than that experienced along 

the West Coast. However, localized sheltering by headlands, reefs and islands result 

in the limited development of low-energy beaches along the South Coast. 

7.2. ENVIRONMENTAL CONDITIONS OF THE 
BEACHES IN SOUTHWESTERN AUSTRALIA 

The survey sites selected in this investigation represent a range of nearshore 

morphologies and sediment characteristics. In addition, the beaches exhibited a 

range of aspects (orientations) and protection levels which will directly determine 

the prevailing climate of wave energies and surge levels at the shoreline. To fulfil the 

aim of this investigation, a deliberate sampling bias towards low-energy beach types 

was employed. Hence, the majority of beaches considered in this investigation were 

subjected to prevailing low-energy wave conditions and were experiencing low-energy 

conditions during the survey. To enable comparison with existing morphodynamic 

models, the majority of which are appropriate for swell-dominated environments, a 

series of wave-dominated beaches were also surveyed. 

An investigation of the relationship between the mean grain size and beachface 

slope of the beaches surveyed in this investigation shows that the majority of the 

beaches closely follow the line for average low-energy conditions determined by Wiegel 

(1964, p. 359) (Figure 7.1), which is in accordance with the deliberate sampling bias 

described above. 
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Figure 7.1. Relationship between beachface slope and mean grain size of the beachface sediments. 

The two curves for average high and low-energy beaches were extracted from Figure 1.7. Majority of 

the beaches surveyed in this investigation were predominantly exposed to low-energy conditions and 

thus, as expected, are located around the line for average low-energy beaches. 

All the surveys in this investigation were conducted on beaches experiencing low-

energy swell waves. The breaker heights observed during the surveys were all below 

1.0 m, and the majority were less than 0.5 m (Figure 7.2). The majority of the survey 

sites were subjected to long-travelled swell waves with significant zero down-crossing 

periods between 8s and 14s (Figure 7.3). Only two surveys, Fishery Beach (Fish) and 

Lady Edeline Beach (Lady) had a wave period greater than 16 s. The beaches surveyed 

in this investigation were all composed of sand sized sediments (Figure 7.4). The mean 

grain size of the majority of beach sediments was contained within the medium to fine 

sand size classes, and only nine beaches had sediments with a mean grain size in the 

coarse sand class. 
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Figure 7.2. Distribution of significant wave heights observed during the surveys of this investigation. 

Clearly, low wave energy conditions were experienced with wave heights all less than approximately 

lm. 

7.3. BEACH FORMS OF SOUTHWESTERN AUSTRALIA 

To examine the two-dimensional morphology of the low-energy sandy beaches it was 

fundamental to have a detailed description of the profile morphology. However, 

several techniques m a y be undertaken to quantify the complex geometry of the 

nearshore profiles. The method employed in this investigation involved sub-dividing 

the nearshore profile into a series of segments on the basis of the prevailing hydraulic 

conditions (Figure 4.2). Subsequently, a set of coefficients were determined to describe 

the geometry of each profile segment; either directly from the surveyed profile segments 

or via the fitting of simple functions to the profile segments. The geometric coefficients 

were then employed in a series of classification techniques procedures to determine a 

range of characteristic beach forms. 

Twenty-seven geometric variables were available to describe the geometry of the beach 

profile and a principal component analysis of these variables indicated that they could 
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Figure 7.3. Distribution of significant wave periods observed during the surveys of this investigation. 

be effectively reduced to seven principal dimensions which together accounted for a 

total of 87.9% of the variance of the original data set. However, it was considered that 

a parsimonious summary was possible with only the first four principal components 

which together accounted for 71.1% of the variance of the data set. This finding is 

important since it suggests that the 27 variables employed to describe the geometry 

of the nearshore profile can be reduced to four principal dimensions with only minor 

loss of detail. The first of these principal components was a measure of both the slope 

of the nearshore and the dimensions of the beach step. The secondmost important 

measure of the nearshore geometry was essentially a measure of the dimensions of the 

nearshore, in particular the nearshore width. It is apparent from this that the greatest 

difference between the beaches measured in this investigation was in terms of the slope 

and the size of the nearshore systems. 

Twenty-four geometric variables were available to describe the nearshore profile, from 

the berm crest to the offshore limit of the profile. Using these variables, which describe 

the geometry of the active profile, the 51 surveys were divided into six characteristic 
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Figure 7.4. Distribution of the mean grain size values obtained from the surveys of this investigation. 

morphotypes. The efficacy of these six morphologic groups was examined via a range 

of validation techniques including principal component plots, visual examination of 

the survey profiles, canonical variate plots and linear discriminant analysis. It was 

clear from these validation techniques that a suite of six discrete nearshore forms 

had indeed been identified by the cluster analysis and were distinguished by their 

dimensions, slope and curvature and describe beaches that were essentially concave 

(group 1), steep (group 2), flat (group 3), moderately concave (group 4), moderately 

steep (group 5) and stepped (group 6) (Table 7.1). These beach types are described 

below. 

The concave (group 1) beaches were characterized by a steep foreshore and swash zone 

and a relatively flat inshore zone. This resulted in a markedly concave nearshore profile, 

with a uniform decrease in curvature with offshore distance. The concave (group 1) 
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Table 7.1. Six morphotypes were distinguished from the 51 surveys obtained in this investigation. 

Concave 

(group 1) 

Cerv 

Coolil 

Cooli2 

Dog 

Eagle 

Herring 

Lady 

Peace 

Sulphur 

Barracks 

Steep 

(group-2) 

Citybel 

Citybe2 

Dongara 

York 

York21 

York22 

York23 

Fish 

Quarry 

Salmon 

Trigg 

Flat 

(group 3) 

Castle 

Legrand 

Leig21 

Leig22 

Twilight 

Fourth 

Legrand2 

Ocean 

Yokinup 

Moderately 

concave 

(group 4) 

Cheyne 

Hope2 

Ilia 

Koombana 

Forrest 

Leighton 

Sc 

South 

Warn 

Moderately 

steep 

(group 5) 

Lei 

Siesta 

Sscarb 

Sscarb2 

Wbussel 

Wonnerup 

Swanl 

Swan2 

Swan3 

Stepped 

(group 6) 

Geordie 

Kingston 

Strick 

beaches had particularly narrow swash, swash intake, foreshore and nearshore zones, 

a moderate sized beach step may be present on these beaches. 

The characteristic feature of the steep (group 2) beaches was a steep and linear 

beachface slope. The range of beachface slopes on the steep (group 2) beaches 

was remarkably narrow. The inshore zone of these beaches was also often steep. 

Ocassionally, minor irregularities were found on the inshore section of the profile; the 

inshore zones of Dongara Beach (Dongara) and Trigg Beach (Trigg) were considerably 

different from the other steep (group 2) beaches. The relatively flat inshore zone of 

Dongara Beach (Dongara) was associated with a narrow shore-parallel bar that was 

attached to the beachface. The inshore profile from Trigg Beach (Trigg) indicates the 

presence of a distinct bar feature, which was clearly apparent during the field survey 

and the beach could be readily described as a 'longshore bar-trough' beach following 

the terminology of Wright and Short (1983, 1984). The overall dimensions of the steep 

(group 2) beaches were generally large. However, the profile from Fishery Beach (Fish) 

was considerably smaller in dimension than any of the other steep (group 2) beaches 

and it appears that the allocation of this beach into the group of steep (group 2) 

beaches may be attributed to the steepness of the beachface at Fishery Beach (Fish). 

The flat (group 3) beaches were characterized by broad flat nearshore zones and 

notably wider foreshore and nearshore zones than any of the other morphotypes. The 

flat (group 3) beaches had the widest swash and surf zones, and the flattest swash and 

inshore zones. The profiles of the flat (group 3) beaches were generally quite uniform, 

though small irregularities of the offshore profile segment were occasionally observed. 

None of the flat (group 3) beaches had a beach step. Both Ocean Beach (Ocean) 
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and Fourth Beach (Fourth) were allocated into the group of flat (group 3) beaches; 

however, examination of the inshore profile segments of these beaches combined with 

field observations indicates that these beaches would be better described as 'longshore 

bar-trough' beaches following the descriptions of Wright and Short (1983, 1984). 

The moderately concave (group 4) beaches exhibited many similarities to the concave 

(group 1) beaches. However, the nearshore slope and concavity of these beaches were 

less than the concave (group 1) beaches. The nearshore dimensions of these beaches 

were generally small and these surveys were generally not associated with beach steps; 

only one of the moderately concave beaches, South Beach (South), had a beach step. 

Nine moderately steep (group 5) beaches were identified in this investigation and they 

were characterized by linear and moderately steep nearshore zones. The moderately 

steep (group 5) beaches show some similarities with the steep (group 2) beaches; 

however, they were considerably flatter than the steep (group 2) beaches. The 

moderately steep (group 5) beaches had relatively wide foreshore zones, generally wider 

than all other morphotypes, except the flat (group 3) beaches, and had the greatest 

height difference across the foreshore along with the steep (group 2) beaches. The 

moderately steep (group 5) beaches were also characterized by wide swash intake zones 

and moderate step heights. The steepness of the foreshore of the moderately steep 

(group 5) beaches was similar to the foreshore steepness of the moderately concave 

(group 4) beaches; however unlike the moderately concave (group 4) beaches the 

moderately steep (group 5) beaches generally did not level off with offshore distance. 

The inshore segments of the three surveys from Swanbourne Beach (Swanl, Swan2 k 

Swan3) levelled off due to the presence of what appeared to be an incipient nearshore 

bar. These surveys were conducted during storm conditions and this incipient bar was 

the result of substantial sediment removal from the foreshore zone. 

The stepped (group 6) beaches had very narrow nearshore profiles, with relatively steep 

beachfaces. However, the characteristic feature of these beaches was the presence of 

a very large sub-tidal step that was recognized by a substantial slope change and an 

initial steepening of the offshore profile beyond the beachface. The stepped (group 6) 

beaches were also characterized by narrow swash intake zones. 
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7.3.1. Three-Dimensional Beach Forms 

The beaches surveyed in this investigation were largely two-dimensional, non-barred 

and generally did not exhibit significant alongshore variability. However, the conditions 

which have been found to favour the development of nearshore bars (Sonu 1972; 

Goldsmith et al 1982) exist along much of the coast of Southwestern Australia and 

include low tidal amplitude, periods of absence of long or high swell, abundance of 

sediment, gentle bottom slope and the predominance of lateral wave incidence. Despite 

the prevalence of these conditions, bar forms are limited in their development and this 

may be partly attributed to the very low swell wave conditions which prevail along the 

shoreline of much of the coast of Southwestern Australia. Masselink and Short (1993) 

suggest that if the wave energy drops below a threshold energy level then the formation 

of infragravity edge wave motion, which has been strongly implicated in the formation 

of nearshore bar features, may be inhibited and hence nearshore bar features may not 

form. Thus, beaches subjected to modal conditions of very low wave energy, such as 

the majority of beaches examined in this investigation may be below the threshold 

wave energy necessary for the formation of nearshore bar features. Along much of the 

coast of Southwestern Australia, the energy of the infragravity band edge waves may 

be insufficient to enable a morphologic imprint and consequently nearshore bar forms 

may not develop. 

Nearshore bars were only observed on surveys of the steep (group 2) and flat (group 3) 

beaches. Although several mechanisms of sediment transport have been postulated 

for the genesis of nearshore bar forms, including seaward transport of sediment by 

vortices under plunging breakers (Miller 1976); scour and deposition patterns induced 

by standing wave motions (Carter et al 1973); and infragravity period edge wave 

motions (Bowen k Inman 1971; Suhayda 1974; Holman k Bowen 1982; Aagaard 

1988a) such processes were not examined in this investigation. None of the concave 

(group 1), moderately concave (group 4), moderately steep (group 5) and stepped 

(group 6) beaches exhibited nearshore bars (the nearshore irregularities of the concave 

(group 1) beach surveyed at Lady Edeline Beach (Lady) were associated with furrowing 

between the seagrass meadows and were not wave-formed bar features). 

The only form of rhythmic shoreline variability observed on the beaches surveyed in 

this investigation were small scale beach cusps. A total of nine beaches were surveyed 

in which beach cusps were present (Table 7.2). No cusped beaches were observed on 

the concave (group 1) and stepped (group 6) morphotypes. Only one of the steep 



232 MORPHODYNAMICS OF LOW-ENERGY SANDY BEACHES 

(group 2) beaches, Fishery Beach (Fish), had observable beach cusps. The majority 

of beaches with cusps were observed in the flat (group 3) and moderately concave 

(group 4) beaches with a total of three cusped beaches each. Two of the moderately 

steep (group 5) beaches were also cusped. 

Table 7.2. Beach cusps were only present on a total of nine beaches surveyed in this investigation. 

Concave Steep Flat Moderately Moderately Stepped 

concave steep 

(group 1) (group 2) (group 3) (group 4) (group 5) (group 6) 

Fish Castle Leighton Lei 

Fourth Sc Sscarb 

Leig22 Warn 

Several hypothesis have been forwarded to explain the generation and maintenance of 

beach cusps, including: erosion of beach ridges (Evans 1938), topographic fluctuations 

in the foreshore zone (Dubois 1978), intersecting waves (Dalrymple k Lanan 1976) 

and edge wave motion (Guza k Inman 1975; Huntley k Bowen 1975b; Sallenger 1979; 

Guza k Bowen 1981). There now appears to be general agreement that beach cusps are 

accretional features formed by edge wave motion present in the nearshore (Horikawa 

1988). The relative scarcity of beach cusps on the low-energy beaches surveyed in this 

investigation may also be attributed to the lack of sufficient edge wave energy in the 

nearshore. It is noteworthy that none of the concave (group 1) or stepped (group 6) 

beaches exhibited swash cusps and it is likely that the combination of nearshore slopes 

and wave energies on these beaches inhibited the formation of edge wave motions. 

7.3.2. Morphologic Associations Between the Beach Forms 

The morphologic associations between the beach forms were examined to determine 

if the morphotypes could be drawn together into a consistent model. The beach 

types were distinguished on the basis of essentially three elements, dimension, slope 

and curvature. Visual examination of the six morphotypes suggested that the six 

morphotypes may be ordered on the basis of the overall dimensions of their nearshore 

zones, from largest to smallest, as follows: flat (group 3), steep (group 2), moderately 

steep (group 5), moderate concavity (group 4), concave (group 1) and stepped 

(group 6) beaches. The dimensions of the flat (group 3) and steep (group 2) beaches 

were considerably larger than the other four beach types. Three of the morphotypes 
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exhibited an essentially linear nearshore profile and could be ordered on the basis 

of their profile steepness; in order of decreasing steepness these morphotypes were: 

steep (group 2), moderately steep (group 5) and flat (group 3) beaches. The four 

morphotypes that were not linear may be ordered on the basis of the degree of 

nearshore curvature from the most convex to the most concave as follows: stepped 

(group 6), moderately concave (group 4) and the concave (group 1) beaches. In this 

logical sequence the three linear beach types would be located between the stepped 

(group 6) and moderately concave (group 4) beaches. 

A more formal examination of the relationships between the six morphotypes may 

be obtained from the matrix of Mahalanobis distances (Table 6.5). The concave 

(group 1) and moderately concave (group 4) beaches were the most morphologically 

similar beach types as determined from the matrix of Mahalanobis distances. This 

finding confirms the visual assessment of the profile geometries. The next most similar 

morphotypes were the moderately concave (group 4) and moderately steep (group 5) 

beaches. The most morphologically dissimilar beach types were the flat (group 3) and 

stepped (group 6) beaches followed by the flat (group 3) and steep (group 2) beaches. 

In the light of these observations, the morphologic associations between the six 

morphotypes may be conceptualized by a sequence that grades the beach forms in 

terms of their: (1) dimension; and (2) steepness (Figure 7.5). The vertical axis of 

this diagram separates the morphotypes on the basis of their dimensions and the 

horizontal axis divides the beaches on the basis of their overall slope. The flat 

(group 3) and steep (group 2) beaches had relatively large dimensions, but very 

different slopes. The concave (group 1) and moderately concave (group 4) beaches have 

similar profile dimensions, but may be distinguished by their steepness and concavity. 

The dimensions of the moderately steep (group 5) beaches are quite similar to the 

dimensions of the concave (group 1) and moderately concave (group 4) beaches. 

7.4. SEDIMENTS AND BEACH FORMS 

Seven variables were employed in this investigation to describe the sedimentologic 

characteristics of the nearshore deposits at each survey site. Four of these variables 

were determined from the grain size distribution, two variables describe the hydraulic 

characteristics of the sediment sample and one variable specified the permeability of the 

sediment. Excepting permeability, the sedimentologic variables were determined from 
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Figure 7.5. Conceptual model of associations between beach forms. 

a sediment sample which was obtained from the mid-beachface. Several researchers 

have stated that sediment obtained from this region of the nearshore profile provides an 

adequate representation of the nearshore sediment assemblage (Bascom 1951; Emery 

1960; Liu k Zarillo 1989). The permeability was the only mass sediment property 

employed in this investigation and was determined in situ immediately landward of 

the swash uprush limit. 

The seven sedimentologic variables were highly intercorrelated and consequently, a 

principal component analysis of these variables indicated that they could be effectively 

collapsed into two principal dimensions that together accounted for 83.1% of the 

total variance of the sedimentologic data set. The first principal dimension was 

clearly a measure of the grain mass and this measure alone was able to account for 

approximately 6 4 % of the variance of the original data set. The second principal 

component of the sedimentologic data set was a measure of the degree of sediment 

sorting and accounted for approximately 1 9 % of the variance of the sedimentologic 

data set. 

The sedimentologic differences between the six morphotypes were examined via a 

canonical variate analysis using the seven variables of the sedimentologic data set. 

The first canonical variate was essentially a measure of sediment mass and the second 

sedimentologic canonical variate was primarily a measure of the grain sorting. Hence, 

from the results of the canonical variate analysis it appears that the most important 

variables for distinguishing between the morphotypes were the particle mass and grain 

size sorting and were similar to the first two principal dimensions. A plot of the first two 
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sedimentologic canonical variates indicated that the six morphotypes were generally 

distinct in this space (Figure 6.12) and consequently it may be stated that the different 

beach forms were generally associated with different sedimentologic characteristics. 

Despite this, several beaches had sedimentologic characteristics that were considerably 

different from the other beaches with the same morphotype. These beaches were 

readily identified as outliers in the canonical variate plot. The sedimentologic 

characteristics of the six morphotypes identified in this investigation will be outlined 

below. 

The concave (group 1) beaches were represented by nine independent sediment 

samples. The sediments from the concave (group 1) beaches exhibited the most 

diverse range of sediment characteristics as was evidenced by the wide scatter of 

points in the canonical variate plot (Figure 6.12). The ensemble mean grain size 

of the sediments obtained from the concave (group 1) beaches was 1.93<̂ > (0.26mm). 

However, the mean grain size ranged widely from 1.24(/> at Coolimba Beach (Coolil 

k Cooli2) (medium sand) to 2.62(f) at Peaceful Bay (Peace; coarse sand). The grain 

size sorting of the concave (group 1) beaches had an ensemble mean of 0.53c/>, but the 

individual sediment samples ranged from very well sorted to moderately sorted with 

sorting values from 0.30<f> at Peaceful Bay (Peace) to the most poorly sorted grain 

size distribution at Dog Beach (Dog) with a sorting value of 0.76(f). The mean fall 

velocity of the sediments of the concave (group 1) beaches was relatively rapid with an 

ensemble mean of 5.21% (0.027ms_1), but varied widely from 5.83% (0.017ms_1) at 

Peaceful Bay (Peace) to 4.47% (0.045ms-1) at Eagle Bay (Eagle). The permeability 

of the concave (group 1) beaches had an ensemble mean of 0.007 cm 3 s-1. Though 

the concave (group 1) beaches exhibited a wide array of sediment characteristics it 

was clear that the sediments of Eagle Bay (Eagle) were considerably different from the 

other concave (group 1) beaches. 

Eight independent sediment samples were available for the steep (group 2) beaches; 

however, settling velocity measures were only available for six of these samples and 

only five permeability measures were available. The ensemble mean grain size of 

the steep (group 2) beaches was 0.87^ (0.56mm; coarse sands). However, the mean 

grain size of the sediments obtained from Trigg Beach (Trigg; — 0.04 </>) and Fishery 

Beach (Fish; 2.07^) were considerably coarser and finer, respectively, than the other 

sediments obtained from this morphotype. The steep (group 2) beaches were generally 

associated with sediments with an intermediate grain size sorting, and the ensemble 

mean value of this group was 0.47 (f). The fastest mean fall velocities were obtained 
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from the sediments of the steep (group 2) beaches with an ensemble mean fall velocity 

of 3.85% (0.069ms"1). As might be expected from the grain size measures, the 

sediments obtained from the steep (group 2) beaches were by far the most permeable 

with an ensemble mean hydraulic conductivity of 0.018 cm 3 s"1. The sedimentologic 

characteristics of Fishery Beach (Fish) were somewhat different from the sediments of 

the other steep (group 2) beaches. 

The morphotype with the finest sediments was the group of flat (group 3) beaches. 

These beaches had an ensemble mean grain size of 2.46(f) (0.18 m m ; fine sand) and 

had the slowest mean fall velocities with an ensemble mean fall velocity of 5.74% 

(0.019 m s - 1 ) . The sediments of the flat (group 3) beaches were the most well sorted 

with an ensemble mean grain size sorting value of 0.38 (f). The flat (group 3) beaches 

were amongst the most impermeable sediments with an ensemble mean hydraulic 

conductivity of 0.005 cm 3 s-1. The sedimentologic characteristics of Fourth Beach 

(Fourth) were somewhat different from the sediments obtained from the other flat 

(group 3) beaches. 

The grain size of the moderately concave (group 4) beaches had an ensemble mean of 

1.93^ (0.26mm), the same as the concave (group 1) beaches. However, it should be 

noted that the characteristics of the sediments of the moderately concave (group 4) 

beaches were less diverse than those of the concave (group 1) beaches. The sediments 

of the moderately concave (group 4) beaches were moderately well sorted with an 

ensemble grain size sorting of 0.58 <f>, which was a relatively poor sorting value in 

comparison with the other morphotypes. The sediments of the moderately concave 

(group 4) beaches had relatively slow mean fall velocities with an ensemble mean fall 

velocity of 5.18x (0.028ms-1). The moderately concave (group 4) beaches had the 

least permeable sediments along with the flat (group 3) beaches with an ensemble 

mean permeability of 0.005ms"1, 

The moderately steep (group 5) beaches had an ensemble mean grain size of 1.49<^ 

(medium sand) but ranged from the coarsest of 1.04^ at South Scarborough Beach 

(Sscarb) to 1.79^ at Busselton Town Beach (Wbussel). The mean fall velocity of the 

sediments of the moderately steep (group 5) beaches had an ensemble mean of 4.63% 

(0.040 m s - 1 ) . The grain size distributions of the sediments of the moderately steep 

(group 5) beaches were generally moderately well sorted with an ensemble mean of 

0.58 <f). The permeability of the moderately steep (group 5) beaches was intermediate 

between the other morphotypes with an ensemble mean hydraulic conductivity of 

0.010cm3 s-1. 
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The stepped (grotip 6) beaches were composed of the secondmost coarse sediments 

of the six morphotypes, behind the steep (group 2) beaches, with an ensemble mean 

grain size of 1.460. The sediments from the stepped (group 6) beaches also had the 

secondmost rapid fall velocities behind the steep (group 2) beaches with an ensemble 

mean fall velocity of 4.49% (0.044ms-1). The sediments of the stepped (group 6) 

beaches were relatively well sorted with an ensemble mean of 0.470, and the only other 

morphotype with better sorting was the flat (group 3) beaches. The permeability of the 

stepped (group 6) beaches was relatively high with an ensemble mean of 0.014 cm 3 s-1, 

which was the secondmost permeable morphotype after the steep (group 2) beaches. 

7.4.1. Sedimentologic Associations Between the Beach Forms 

The sedimentologic relationships between the six morphotypes are best expressed in 

multivariate space by the first sedimentologic canonical variate. As noted above, the 

first canonical variate of the sedimentologic data set was essentially a measure of the 

particle mass of the sediment. The sequence of the mean values of the six morphotypes 

on the first canonical variate from 'largest' to 'smallest' grains was: steep (group 2), 

stepped (group 6), moderately steep (group 5), concave (group 1), moderately concave 

(group 4) and flat (group 3). The second sedimentologic canonical variate was largely 

a measure of the sorting characteristics of the sediments and the mean value of the 

morphotypes on the second sedimentologic canonical variate was ordered from 'worst' 

to 'best' sorting as follows: moderately concave (group 4), steep (group 2), moderately 

steep (group 5), concave (group 1), flat (group 3) and stepped (group 6). 

The concave (group 1) and moderately concave (group 4) beaches exhibited the 

most similar sediment characteristics as evidenced by the small value of the 

Mahalanobis distance determined from the seven sedimentologic variables. It is 

interesting to note that these two morphotypes were also the most morphologically 

similar. The concave (group 1) and flat (group 3) beaches exhibited the next most 

similar sedimentologic characteristics. The beach forms with the most dissimilar 

sedimentologic characteristics were the steep (group 2) and flat (group 3) beaches and 

these two morphotypes were the secondmost dissimilar in terms of their morphologic 

characteristics. 
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7.5. EXTEMPORARY DYNAMICS OF THE BEACH 
FORMS 

The dynamic conditions prevailing during the surveys were predominantly low-energy 

with wave heights generally less than 0.5m and wave periods of approximately lis. 

The intention of measuring the dynamics was to examine whether it was possible 

to identify distinct dynamic signatures that might be related to the morphologic 

characteristics of the beaches. Hydrodynamic coupling has previously been observed 

for the suite of six wave-dominated beach types described by Wright and Short (1983, 

1984). 

The dynamic parameters measured included the nearshore surface elevation 

immediately prior to breaking (waves), cross-shore and long-shore currents, 

instantaneous shoreline movements (swash) and the swash interactions on the 

beachface. Excepting the swash interactions, the dynamic parameters were each 

obtained as a 17 minutes time series from fixed position sensors located along a 

shore-normal profile. From each of the four time series records a suite of statistics 

was extracted to enable a description of the nearshore dynamics. The variable set 

extracted from each time series can be conveniently divided into four categories, time 

series variables, wave statistics, spectral statistics and groupiness statistics (Table 7.3). 

Ten variables were extracted to describe the nearshore wave conditions, eleven and 

nine variables were extracted to describe the cross-shore and long-shore currents 

respectively and eleven variables were employed to describe the swash characteristics. 

These variables enabled a description of several aspects of the time series records 

including the amplitude and period of oscillations, the relative contribution of 

infragravity, swell and wind wave frequencies and the degree of wave groupiness. From 

each of the four time series records a suite of statistics was extracted to enable a 

description of the nearshore dynamics. 

A systematic approach was adopted to examine the nature of swash interactions 

which included recording, the number of swash events and the number of the four 

swash interaction modes, as described by Hegge and Eliot (1991), during a 10 minutes 

segment of the video record. A total of five variables were employed to describe the 

swash interaction characteristics of the surveys. 
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Table 7.3. Eleven variables were extracted from the time series records and could be conveniently 

divided into four categories (0=not extracted; l=extracted; Z D X zero down-crossing; C 2 T crest-to-

trough). 

Variable 

Time Series Variables 

mean 

standard deviation 

Wave Statistics 

significant ZDX height 

significant C2T height 

significant ZDX period 

significant C2T period 

Spectral Statistics 

prop, infragravity E. 

prop, swell E. 

prop, wind E. 

Groupiness Statistics 

run length 

total run 

TOTAL NUMBER OF VARIABLES 

Nearshore 

surface 

elevation 

0 

1 

10 

Cross-

shore 

curr. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

11 

Long

shore 

curr. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

0 

9 

Instant. 

shore

line 

11 

A total of forty-six variables were available to describe the extemporary dynamics of 

the nearshore zones examined in this investigation. To describe the relative energy 

distributions of each of the time series records, a series of three variables were employed; 

the proportion of infragravity, swell and wind wave energy and are presented as a series 

of ternary diagrams for each of the dynamic parameters: nearshore surface elevation 

(Figure 5.9); cross-shore currents (Figure 5.11); long-shore currents (Figure 5.13); and 

instantaneous shoreline (Figure 5.15). In each of the ternary diagrams very little wind 

wave activity was observed (Table 7.4). This is in accordance with the deliberate 

sampling bias to conduct surveys under conditions when the local wind wave field was 

not fully developed and offshore winds or calm conditions prevailed. 

Table 7.4. Proportion of surveys with maximum energy contained within the wind, swell and 

infragravity bands on each of the four dynamic parameters. 

Energy Band 

Wind 

Swell 

Infragravity 

Total 

Nearshore 

1 

18 

9 

28 

surface 

elevation 

3.5% 

64.3% 

32.2% 

Cross-shore 

0 

31 

2 

33 

currents 

0 

94.0% 

6.0% 

Long 

0 

13 

12 

25 

-shore 

currents 

0 

52.0% 

48.0% 

Instantaneous 

0 

23 

4 

27 

shoreline 

0 

85.2% 

14.8% 
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The majority of the surveys were located in the swell sector of all four ternary diagrams 

and this demonstrates that, during most surveys, swell period energy dominated on all 

of the dynamic parameters (Table 7.4). Ninety-two percent of the surveyed cross-shore 

current records were dominated by swell period energy which contrasts with the long

shore currents in which only 5 2 % were dominated by swell period energy (Table 7.4) 

This implies that the long-shore currents were strongly influenced by longer period 

energies. The records of the cross-shore currents and instantaneous shoreline show 

that the proportion of infragravity energy was generally less than that observed in the 

nearshore surface elevation and long-shore current records (Table 7.4). 

A preliminary investigation of the principal dimensions of variability of the nearshore 

dynamics was conducted separately for each of the five parameters describing the 

extemporary dynamics via a principal component analysis. In all instances, this 

analysis indicated that the variable sets could be collapsed into three or less principal 

dimensions that together accounted for approximately 80% of the original variance 

of the variable sets. The first principal component, and hence the most important 

dimension of variability in each of the analyses may be interpreted as a measure 

of the magnitude of oscillations of the time series. The first principal component 

of the wave and the cross-shore current records were, in addition, measures of: the 

preponderance of swell energy over infragravity energy and the net cross-shore current 

velocity respectively. In each instance, the second principal component of the variable 

sets extracted from the time series records was essentially a measure of the periodicity, 

either directly or via a measure of the preponderance of swell versus infragravity energy. 

It was not appropriate to examine the dynamic associations between the six 

morphotypes on each of the 46 dynamic variables individually. Instead, a suite of 

canonical variate analyses was conducted to examine the differences and associations 

between the morphotypes. Plotting the values of the first two canonical variates as 

a scatter plot enabled a visual examination of the relative compactness of points of 

similar morphotype and the relative location of these groups within the canonical 

variate space. The canonical variate plot provides a convenient insight into the 

coherence within each morphotype and the differences between morphotypes. 

Visual examination of the five canonical variate plots determined from the dynamic 

variable sets (Figure 6.13 to Figure 6.17) shows that beaches with the same 

morphotype were often grouped relatively close to each other, indicating that there 

was some coherence in the dynamic characteristics of each morphotype. The dynamic 
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characteristics of the moderately concave (group 4) beaches were all relatively 

homogeneous as was evidenced by the compact distributions of these surveys on 

the five dynamic canonical variate plots. On the other hand, the concave (group 1) 

beaches were characterized by a relatively wide range of prevailing dynamic conditions 

as evidenced by their dispersion in the canonical variate plots. The moderately steep 

(group 5) beaches were only represented by three observations on the canonical variate 

plots of the waves, cross-shore, long-shore currents and swash, and two observations 

of the swash interactions. However, despite the lack of dynamic observations for the 

moderately steep (group 5) beaches the available surveys were often widely dispersed 

and it may be suggested that moderately steep (group 5) beaches were characterized 

by a relatively diverse range of prevailing dynamic conditions. 

Beaches with notably different dynamic conditions than those of the same morphotype 

were shown on the canonical variate plots as widely separated from the other beaches of 

the same morphotype and are presented in Table 7.5. Beaches with outlying dynamic 

characteristics were observed on each of the five dynamic variable sets. Several 

beaches were observed to be outlying on more than one dynamic variable set. This 

includes Peaceful Bay (Peace) which was considerably isolated from the other concave 

(group 1) beaches on both the cross-shore current and swash interaction characteristics; 

interestingly, the instantaneous shoreline characteristics of Peaceful Bay (Peace) were 

not different from the other concave (group 1) beaches. Fishery Beach (Fish) was 

also considerably isolated from the other steep (group 2) beaches in terms of the 

characteristics of its waves, cross-shore currents and swash interactions. However, 

despite the vagrant swash interaction characteristics, the nature of the instantaneous 

shoreline time series from Fishery Beach (Fish) was not markedly different from 

the other steep (group 2) beaches. The wave and swash characteristics from third 

campaign from Leighton Beach (Lei) appeared to be somewhat different from the 

other observations of the moderately steep (group 5) beaches. However, with only 

three observations it was not possible to be confident in this assertion. 

The differences between the morphotypes, on the basis of their dynamic characteristics, 

may be determined from the degree of overlap of the 'core' observations of each 

beach type in the canonical variate space. The 'core' observations of any morphotype 

were identified visually and included all observations for that morphotype except the 

outliers as described above. On any particular canonical variate plot, morphotypes 

that were well separated, and did not overlap, may be inferred to have notably different 

characteristics. A visual examination of the five dynamic canonical variate plots 
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Table 7.5. Outliers identified from the canonical variate plots of the extemporary dynamics. 

Nearshore surface elevation 

Cross-shore currents 

Long-shore currents 

Instantaneous shoreline 

Swash interactions 

Concave 

(group 1) 

Dog 

Peace 

Eagle 

Peace 

Steep 

(group 2) 

Fish 

Dongara 

Fish 

t 

Fish 

Flat 

concave 

(group 3) 

Castle 

Leig22 

t 
t 
Legrand 

Leig21 

Leig22 

Moderately 

steep 

(group 4) 

Sc 

Leighton 

t 

Moderately 

(group 5) 

Lei 

t 
Lei 

Stepped 

(group 6) 

t 
t 

t 

JOnly two observations present 

fOnly three observations present, all of which were dispersely located 

(Figure 6.13 to Figure 6.17) reveals that there was generally a moderate degree of 

overlap between the groups of each morphotype and consequently only minor dynamic 

differences were apparent between the beach forms. However, it is noteworthy that 

not all of the morphotypes overlap. The flat (group 3) beaches only overlapped with 

the moderately steep (group 5) beaches on the canonical variate plot of the long-shore 

current variables. However, on the four other canonical variate plots the flat (group 3) 

beaches did not overlap with any other morphotype and indicates that the dynamic 

conditions prevailing on the flat (group 3) beaches were considerably different from 

the extemporary dynamics observed on the other five beach forms. 

The 'core' surveys of the steep (group 2) beaches did not overlap with any of the 

other morphotypes in the canonical variate plots of the nearshore surface elevation, 

cross-shore current and long-shore current variables. This pattern indicates that the 

steep (group 2) beaches exhibited considerably different characteristics on these three 

dynamic parameters. 

The 'core' surveys from the concave (group 1) and moderately concave (group 4) 

beaches overlapped on the cross-shore, long-shore and instantaneous shoreline 

canonical variate plots. In the canonical variate plots determined from the nearshore 

surface elevation (Figure 6.13) and swash interaction (Figure 6.17) variables the 'core' 

observations of these two morphotypes were relatively closely located. This suggests 

that the concave (group 1) and moderately concave (group 4) beach forms exhibited 

very similar dynamic characteristics. 
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Though the steep (group 2) and flat (group 3) beaches exhibited some differences on 

the basis of their dynamics, it was difficult to distinguish between the extemporary 

dynamics of the other beach forms. The best discrimination between the morphotypes, 

on the basis of their extemporary hydrodynamics, was provided by the characteristics 

of the nearshore waves. The extemporary characteristics of the nearshore surface 

elevation determined by the prevailing offshore wave conditions and the inshore 

bathymetry and it might reasonably be expected that the offshore wave energy 

prevailing during any particular survey would be highly variable and hence not 

associated with any particular morphotype. However, the inshore bathymetry and 

aspect of the beach is relatively stable and it may be postulated that the six 

morphotypes were subjected to different wave conditions as a result of their aspect and 

protection. Expressed otherwise, different beach forms may be found to be associated 

with different levels of protection and this may be reflected in the characteristics of 

the extemporary nearshore waves. An alternative explanation for the discrimination 

between the morphotypes on the basis of their extemporary wave energy might be 

that in each instance, the modal wave conditions were observed during the survey and 

the nearshore morphology was in dynamic equilibrium with these conditions. This 

proposition cannot be tested with the data available in this investigation. 

It was anticipated that the residual energy in the swash zone would provide a better 

discrimination between the beach forms than the pre-breaking waves. It was expected 

that the surf zone would enable substantial feedback between the morphology and 

the dynamics which would be represented in the swash record. However, in this 

investigation the swash characteristics (instantaneous shoreline fluctuations and swash 

interactions) provided the poorest separation of the six morphotypes. It is noteworthy 

that several morphotypes were discretely located in the canonical variate plot of the 

instantaneous shoreline variables, the flat (group 3), moderately steep (group 5) and 

stepped (group 6) beaches; though each of these morphotypes only had two, three and 

two observations respectively. Only the steep (group 2) and flat (group 3) beaches were 

separated in the canonical variate plot of the swash interaction variables. A possible 

explanation for the poor discrimination between the beach types on the basis of their 

swash characteristics is that the narrow or non-existent surf zones of the beaches 

surveyed in this investigation did not allow for significant morphologic imprint (e.g. 

via bore over-taking across the surf zone). 

In summary, there is a degree of consistency in the dynamics within each of the six 

morphotypes. However, there was also a large amount of overlap between morphotypes 
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on the basis of their dynamic characteristics and it was difficult to distinguish 

between the beach forms solely on the basis of their extemporary dynamics. It 

may be concluded that the coupling between the nearshore hydrodynamics and the 

morphologies was generally weak. Of all the dynamic elements, the characteristics 

of the nearshore surface elevation, the wave regime, provided the best discrimination 

between the morphotypes. 

7.6. MORPHOLOGIES, SEDIMENTS AND DYNAMICS 
OF THE BEACH FORMS 

The morphologic, sedimentologic and dynamic associations between the six 

morphotypes may be determined via an examination of the canonical variate analyses 

and the Mahalanobis distances. Canonical variate analysis was conducted on 

seven discrete variable sets in this investigation, one each for the morphologic and 

sedimentologic variables and five for the extemporary nearshore dynamics. The first 

canonical variate expresses the maximum difference between the morphotypes. Hence, 

the mean value of each group on each of the first canonical variates enables a convenient 

first order representation of the associations between the morphotypes. In this way, 

each of the six morphotypes may be represented by their respective mean values on the 

seven morphotypes. The mean values may be presented as a parallel plot in which the 

horizontal axis represents the seven variable sets and the vertical axis is the mean value 

of the first canonical variates for each morphotype (Figure 7.6). All of the canonical 

variate scores were standardized; hence, the vertical axis of the parallel plot has units 

equivalent to the pooled within-group variance for each variable set and the canonical 

variate scores can be readily compared. 

The parallel coordinate plot (Figure 7.6) shows that the greatest separation between 

the morphotypes was on the basis of their morphologies. This is as expected since the 

cluster analysis procedure employed to distinguish the beach forms was designed to 

maximize the differences between the groups. The order of the morphotypes on the first 

morphologic canonical variate was the same as the order of the morphotypes on the first 

sedimentologic canonical variable except for the cross-over of the concave (group 1) 

and moderately steep (group 5) beaches. This indicates a consistency between the 

morphologic and sedimentologic characteristics of the six beach forms and agrees with 

previous findings in which steeper beaches were associated with coarser sediments 

and flatter beaches are generally associated with finer sediments. It is also noteworthy 
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Figure 7.6. Parallel plot of the mean values of the six morphotypes on the first canonical variate for 

each variable set. Clearly the greatest difference between the morphotypes was on the basis of their 

morphologies. For ease of interpretation the values of the cross-shore and long-shore coordinates were 

flipped (i.e. multiplied by — 1 ) . 

that the morphotypes were ordered similarly on the instantaneous shoreline and swash 

interaction coordinates except for the cross-over between the steep (group 2) and 

concave (group 1) beaches and indicates, as expected, that these two parameters were 

generally consistent between the beach forms. The other dynamic parameters did not 

exhibit such consistencies. 

Of the five axis describing the dynamic characteristics, the long-shore current and 

instantaneous shoreline axis provided the greatest range between the beach forms. 

Hence, these were the two parameters that provided the best separation between means 

of the morphotypes in one dimension. However, as noted above, in two dimensions 

the canonical variate plot of the nearshore surface elevation (Figure 6.13) provided the 

best separation between the beach forms. 

The swash interaction axis provides the least separation between the morphotypes. 

However, on this dimension, the flat (group 3) beaches were well separated from the 
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other five beach forms which were very closely located. This pattern reflects the 

finding from the canonical variate plots which indicate that the flat (group 3) beaches 

exhibited characteristically different swash interaction modes than those of the other 

morphotypes. 

The steep (group 2) beaches had the 'highest' values on all of the coordinates, except 

the swash interaction coordinate which indicated that this beach form was distinctly 

different from the other morphotypes. In this light it is noteworthy to re-examine 

the principal component plot of the geometric variables (Figure 6.8) which shows the 

steep (group 2) beaches well separated from any of the other surveys. Hence, the steep 

(group 2) beaches were both geometrically and dynamically distinct beach forms. 

The flat (group 3) beaches had the 'lowest' value on the morphologic, sedimentologic, 

swash and swash interaction coordinates (Figure 7.6). and on the long-shore current 

coordinate, this beach form was the second 'lowest', only slightly greater than the 

moderately steep (group 5) beaches. The flat (group 3) beaches had the third 'largest' 

values on the wave and cross-shore coordinates. On all coordinates, the flat (group 3) 

beaches were widely separated from the steep (group 2) beaches. This reflects the 

findings from the canonical variate plots and indicates that these two beach forms 

were markedly different in terms of their morphologic, sedimentologic and dynamic 

characteristics. 

The concave (group 1) and moderately concave (group 4) beaches were separated by 

the moderately steep (group 5) beaches on the geometric coordinate. However, it is 

noteworthy that these two morphotypes were adjacent on all the other coordinates 

except that of the swash interactions, in which they were separated by the steep 

(group 2) beaches. This pattern was an indication that both the sediments and 

nearshore dynamics of the concave (group 1) and moderately concave (group 4) beaches 

were very similar. It is noteworthy that these two morphotypes exhibited similar 

profile geometries and were essentially distinguished by the degree of their nearshore 

curvature. 

The associations between the morphotypes may also be determined from an 

examination of the Mahalanobis distances between the morphotypes. The 

Mahalanobis distances were calculated on the basis of the sedimentologic variable 

set and the five dynamic variable sets. From each of these, the two closest and 

furthest Mahalanobis distances are presented in Table 7.6. The concave (group 1) 
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and moderately concave (group 4) beaches exhibited the most similar characteristics 

on the sedimentologic features, cross-shore and long-shore currents and swash motion. 

These two morphotypes exhibited the second most similar wave characteristics, behind 

the concave (group 1) and stepped (group 6) beaches. The steep (group 2) and flat 

(group 3) morphotypes were the most dissimilar morphotypes on the basis of their long

shore current and swash interaction characteristics, and the second most dissimilar in 

regard to their sedimentologic and swash characteristics. 

Table 7.6. Mahalanobis distances between the two closest and furthest morphotypes on each variable 

suite. 

Sediments 

Most similar 

Secondmost similar 

Secondmost dissimilar 

Most dissimilar 

Nearshore Surface Elevation 

Most similar 

Secondmost similar 

Secondmost dissimilar 

Most dissimilar 

Cross-shore Currents 

Most similar 

Secondmost similar 

Secondmost dissimilar 

Most dissimilar 

Long-shore Currents 

Most similar 

Secondmost similar 

Secondmost dissimilar 

Most dissimilar 

Instantaneous Shoreline 

Most similar 

Secondmost similar 

Secondmost dissimilar 

Most dissimilar 

Swash interactions 

Most similar 

Secondmost similar 

Secondmost dissimilar 

Most dissimilar 

Concave 

Concave 

Steep 

Steep 

Concave 

Concave 
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Steep 

Concave 

Flat 

Steep 
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Flat 

Steep 

Steep 

Concave 

Concave 

Concave 

Steep 
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steep 

concave 

Moderately steep 

Steep 

Concave 

Moderately concave 

Flat 

Moderately concave 

Flat 

Stepped 

Moderately concave 

Stepped 

Stepped 

Moderately concave 

Moderately concave 

Moderately steep 

Stepped 

Moderately concave 

Moderately steep 

Flat 

Moderately steep 

Moderately concave 

Steep 

Flat 

Flat 

Moderately steep 
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Flat 

Flat 

Mahal. 

distance 

2.0 

2.5 

17.7 

23.4 

2.2 

4.1 

15.0 

18.4 

1.7 

6.8 

22.1 

27.6 

2.0 

5.6 

38.5 

40.9 

2.3 

9.5 

63.2 

75.1 

0.7 

1.3 

6.8 

8.7 

7.7. BEACH FORM AND SHELTERING 

The degree of wave energy that may impinge on a beach is attributed to three factors: 

wave climate, aspect of the beach and the proportion of protection provided by offshore 
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reefs and islands. These three factors interact to produce the inshore wave climate of 

any beach, including both the modal wave energy conditions and storm energies which 

in turn, determine the nearshore morphology of the beach. 

The aspect and protection of the beaches surveyed in this investigation were described 

in Chapter 2 and summarized in Figure 2.20. To examine the role of beach aspect 

and protection on the morphotypes identified in this investigation Figure 2.20 was 

replotted with the beach type identified (Figure 7.7). It is important to remember 

that the beaches of Southwestern Australia are subjected to prevailing southwesterly 

swell waves and the storm approach associated with mid-latitude depressions and 

inter-anticyclonic fronts is most frequently from the northwest. 

The concave (group 1) and moderately concave (group 4) beaches were associated 

with the greatest protection, and consequently are located towards the centre of the 

aspect/protection diagram (Figure 7.7). Excepting Peaceful Bay (Peace), the concave 

(group 1) beaches were located on the West Coast and were thus sheltered by the 

offshore reef chains. Both Sulphur Bay (Sulphur) and Barracks Beach (Barracks) were 

located on the eastern side of Garden Island and had an easterly aspect; however 

the limited fetch length between Garden Island and the mainland ensured that these 

beaches were highly protected (Figure 7.8). The survey at Peaceful Bay (Peace) was 

located on the South Coast where the beach was protected by a remnant Pleistocene 

reef located across the mouth of a small embayment, hence the name 'Peaceful' Bay 

(Table 2.3). The concave (group 1) beaches surveyed in this investigation generally 

had a westerly aspect. One concave (group 1) beach, Eagle Bay (Eagle), and one 

moderately concave (group 4) beach, Cheyne Beach (Cheyne), appear as outliers to 

this pattern. However, though both of these beaches have little protection they may 

still be considered as sheltered because, in both instances, the fetch length to the 

northeast is severely limited. The moderately concave (group 4) beaches were all 

located along the West Coast except for Cheyne Beach (Cheyne) and Hopetoun Beach 

(Hope2). As noted above, Cheyne Beach (Cheyne) was relatively sheltered as a result 

of its northeasterly aspect. A remnant Pleistocene reef offshore of Hopetoun Beach 

(Hope2) ensured that this beach was relatively well protected. 
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Storm approach of mid-latitude depressions and 
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Figure 7.7. The aspect and protection of the beaches surveyed in this investigation. The symbols 

denote the morphotype of each beach. 

The moderately steep (group 5) beaches were generally more exposed than either the 

concave (group 1) or moderately concave (group 4) beaches. The moderately steep 

(group 5) beaches were all located along the West Coast and had aspects ranging from 

north to west. Their protection was most often due to the presence of the shore-parallel 

Pleistocene reef complex. 

The majority of the steep (group 2) beaches were located along the West Coast and 

were reasonably exposed with westerly aspects and only moderate to low levels of 

protection (Figure 7.7 k Figure 7.8). Only two of the steep (group 2) beaches, Fishery 
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Figure 7.8. Location of the six beach forms identified in this investigation around the coast of 

Southwestern Australia. 

Beach (Fish) and Salmon Beach (Salmon), were located along the South Coast. The 

high protection at Fishery Beach (Fish) was in contrast to the other steep (group 2) 

beaches. It is interesting to note here that the active section of the beach profile of 

Fishery Beach (Fish) was considerably smaller that the other steep (group 2) beaches 

and that the characteristics of the sediments, nearshore waves, cross-shore currents, 

long-shore currents and swash of this survey were also considerably different from 

the other steep (group 2) beaches. The steep (group 2) beaches generally had a 

westerly aspect, except the four surveys from City of York Bay (York, York21, York22 

k York23) with a north-northwesterly aspect and Salmon Beach (Salmon) with a south-

southwesterly aspect. 

The flat (group 3) beaches surveyed in this investigation generally had a southeasterly 
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aspect and were located on the South Coast (Figure 7.7 k Figure 7.8). However, the 

surveys from South Le Grand Beach (Legrand), Le Grand Beach (Legrand2) and the 

two flat (group 3) surveys obtained during the second campaign at Leighton Beach 

(Leig21 and Leig22) had westerly and northwesterly aspects respectively. The level of 

protection of the flat (group 3) beaches was often low, though Twilight Cove (Twilight, 

Ocean Beach (Ocean) and the two surveys from the second campaign at Leighton Beach 

(Leig21 and Leig22) were each moderately protected. 

Two of the stepped beaches, Kingston Beach (Kingston) and Strickland Bay (Strick), 

were moderately protected whereas Geordie Bay (Geordie) was highly protected 

(Figure 7.7). The aspect of the stepped beaches did not show any consistent pattern, 

though it is noteworthy that all of the stepped beaches were located on Rottnest Island 

(Figure 7.8). The reason for this was not clear though it may be suggested that the 

sediment characteristics and groundwater conditions played a particularly important 

role in the development of the stepped morphotypes. Further research is needed to 

clarify this. 

In summary, the six morphotypes may be loosely associated with the level of shelter. 

The concave (group 1) and moderately concave (group 4) beaches were generally 

found in the most sheltered environments, the concave (group 1) beaches were slightly 

more sheltered than the moderately concave (group 4) beaches. The moderately steep 

(group 5) and stepped (group 6) beaches were found in slightly more exposed sites and 

the most exposed morphotypes identified in this investigation were the steep (group 2) 

and flat (group 3) beaches. The flat (group 3) beaches often had little protection and 

were exposed to the direct impact of the south to southwesterly swells. 

7.8. COMPARISONS WITH PREVIOUS MODELS OF 
BEACH MORPHODYNAMICS 

The steep (group 2) and flat (group 3) beaches identified in this investigation were 

located in exposed environments and were consequently wave-dominated beach types 

that could be adequately described by the beach models presented by Wright and Short 

(1983, 1984), Sunamura (1985, 1989) or Lippmann and Holman (1990). Excepting 

Trigg Beach (Trigg), the steep (group 2) beaches identified in this investigation appear 

to be adequately described by the 'reflective' beach type of Wright and Short (1983, 

1984). Trigg Beach (Trigg) had a very steep beachface, coarse sediment and a distinct 
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shore parallel nearshore bar during the survey. It was clear from this that Trigg Beach 

(Trigg) could be best described by the 'long-shore bar-trough' beach type described 

by Wright and Short (1983, 1984). 

The flat (group 3) beaches were generally found in the most exposed environments of 

the South Coast and clearly represent wave-dominated beach states. Excepting Fourth 

Beach (Fourth) and Ocean Beach (Ocean), these beaches may be adequately described 

by the 'dissipative' beach state of Wright and Short (1983, 1984). The morphology 

of the nearshore bars at Fourth Beach (Fourth) and Ocean Beach (Ocean) indicated 

that these were transitional between the 'reflective' and 'dissipative' beach states and 

would be best described by the 'longshore bar-trough' model of Wright and Short 

(1983, 1984). 

Barred beaches were not distinguished as separate beach types in this investigation 

since no measures of the bar morphology per se were incorporated into the geometric 

coefficients. Since the majority of the beaches surveyed in this investigation did 

not exhibit any nearshore bar features a conscious choice was taken to not directly 

determine the geometry of the nearshore bar. The few surveys in which nearshore bar 

forms were evident exhibited either steep (group 2) or flat (group 3) forms. 

The steep (group 2) and flat (group 3) beaches will not be considered further in 

this investigation since a principal aim of the current research was to examine the 

morphodynamics of sandy beaches of Southwestern Australia that are subjected to 

very low wave energy. The remaining four beach forms were all sheltered beaches 

and are characterized by modally low wave energy (#1/3 < 1 m ) and are subject to 

infrequent, intermittent storm events. They are located on an open ocean micro-tidal 

(< 1 m ) coast but are sheltered from the direct impact of high energy swells and 

storms by reefs, islands and headlands, and by their aspect. 

The four low-energy beach types identified in this investigation (concave, moderately 

concave, stepped and moderately steep) were non-barred and essentially two-

dimensional. These beach types were associated with sheltered environments and were 

clearly dissimilar to the beach types of the wave-dominated models, which generally 

describe three-dimensional barred beach forms. The low-energy extreme of the wave-

dominated model of Wright and Short (1983, 1984) is the 'reflective' beach state. Such 

beaches are characterized by a steep beachface slope, narrow or non-existent surf zone 

and no nearshore bar and were similar to the steep (group 2) beaches identified in this 
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investigation. Although the sheltered beach types were non-barred, they exhibited a 

wide range of profile slopes and concavities and cannot be adequately described by the 

single reflective beach state of Wright and Short (1983, 1984). It is also noteworthy 

that the four low-energy beach types also had a much smaller dimension than the two 

wave-dominated beach types. 

The morphodynamics of the concave, moderately concave, stepped and moderately 

steep morphotypes identified in this investigation have not been previously described. 

These sheltered sandy beach types are distinct systems and not simply low-energy 

versions of the wave-dominated beach models. A summary of the morphologic, 

sedimentologic and dynamic characteristics of the concave (group 1), moderately 

concave (group 4), stepped (group 6) and moderately steep (group 5) beaches will 

be described using data from four example beaches. 

7.9. LOW-ENERGY BEACH TYPES OF 
SOUTHWESTERN AUSTRALIA 

To examine the low-energy beach forms identified in this investigation, an example 

survey was chosen from each morphotype. These four surveys were chosen with 

reference to the canonical variate plots (Figure 6.12 to Figure 6.17) to ensure that they 

were selected from within the 'core' of each morphotype and hence do not represent 

outliers. In addition, the example surveys were chosen for their complete data set on 

the morphologic, sedimentologic and dynamic variables. The example surveys were: 

Herring Bay (Herring) for the concave (group 1) beaches; Illawong Beach (Ilia) for the 

moderately concave (group 4) beaches, Kingston Beach (Kingston) for the stepped 

beaches and South Scarborough Beach (Sscarb2) for the moderately steep beaches. 

These examples are presented as listed above, in the order of decreasing sheltering. 

The dynamic conditions described are the extemporary dynamics observed during the 

survey. However, it is acknowledged that the inshore wave climate of Southwestern 

Australia is marked by strong temporal and spatial variability. However, in the 

examples presented below there appears to be a pattern of increasing wave energy 

that mirrors the postulated decrease in shelter of each of the morphotypes. 

The spectra presented below were all calculated from a 17 minutes (1024 s) section of 

the time series record and have 24 degrees of freedom and a binwidth resolution of 

0.01172 Hz. 
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7.9.1. Concave Morphotype 

The concave surveys were generally associated with the most sheltered environments 

and they are represented by Herring Bay (Herring) in the following description 

(Plate 7.1). The profile from Herring Bay (Herring) exhibited a marked overall 

concavity which was reinforced by the increased steepening of the subaerial profile 

towards the base of the dunes (Figure 7.9). A small beach step with a height of 15 cm, 

was located at the lower swash limit. A series of small linear, shore-parallel, sinusoidal 

ripples were observed in the field and extended offshore beyond the beach step for 

several metres. These ripples had a wavelength and amplitude of approximately 0.9 m 

and 0.2 m respectively and resembled the wave generated vortex ripples described by 

Allen (1985). 

Plate 7.1. Concave beach observed at Herring Bay, 29/04/91 (Herring). 

The sediment obtained from the concave morphotype had the finest mean grain size 

(2.248 <f>; 0.21mm) and the slowest mean settling velocity of the four low-energy 

beaches presented here. However, both the grain size and the settling velocity 
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Figure 7.9. Concave profile surveyed at Herring Bay on 29/04/91 (Herring). 

distributions exhibited a significant tail of coarser sediments (Figure 7.10). This 

beach consequently had the poorest grain size sorting coefficient (0.700). It appeared 

from the settling velocity distribution that there may be two discrete populations of 

relatively coarse sediment and perhaps a minor population of relatively fine sediment 

(Figure 7.10b). Some indication of these two populations was also evident in the grain 

size distribution (Figure 7.10a). 

The concave beach had the lowest wave height with a significant zero down-crossing 

height of only 0.07 m and the lowest overall spectral energy. The wave spectra was 

dominated by a swell peak with a period of approximately 12 s (Figure 7.11a). The 

wave spectra also revealed the presence of significant long period energy and a minor 

wind wave peak at approximately 6 s. The cross-shore current spectra was dominated 

by a swell peak of approximately 14 s, and a minor band of wind wave energy centred 

at approximately 6.3 s. Very little long period energy was evident from the cross-shore 

current spectra (Figure 7.11b). However, the long-shore currents of the concave beach 

were dominated bjr long period energy with a spectral peak of approximately 81 s and 

a significant swell peak of approximately 12 s was also apparent (Figure 7.11c). The 
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Figure 7.10. Grain size (a) and settling velocity (b) distributions obtained at Herring Bay (Herring), 

a concave morphotype. 

swash spectra was dominated by a single swell peak with a peak period of 16.5 s which 

was slightly longer than that of the wave and cross-shore current records (Figure 7.lid). 

7.9.2. Moderately Concave Morphotype 

The subaerial segment of the profile of Illawong Beach (Ilia) (Plate 7.2), a moderately 

concave beach, was relatively linear between the lower swash limit and the base of the 

foredunes, but exhibited a clearly concave offshore profile (Figure 7.12). No step was 

present on this beach. 

Sediment of the moderately concave beach was the second finest of the example low-

energy beaches, with a mean grain size of 2.076(f) (0.24 m m ) . The sediment exhibited a 

broad distribution of grain sizes and settling velocities and had the second poorest grain 

size sorting coefficient (0.6380) after the concave beach (Figure 7.13). Examination of 

the grain size and settling velocity distributions indicated that the sediment obtained 

from the beach was composed of at least two subpopulations. 

The significant zero down-crossing wave height observed during the survey of the 

moderately concave beach of Illawong Beach (Ilia) was only 0.11 m. The wave spectra 

was dominated by long period energy, though a significant swell peak (14.7 s) and wind 

wave peak (7.6 s) were clearly evident in the wave spectra (Figure 7.14a). The cross-

shore spectra obtained from Illawong Beach (Ilia) was dominated by a tall, narrow, 

swell peak with a period of approximately 16 s, minor wind wave energy was also 

evident with a peak period of 7.4 s (Figure 7.14b). The spectra of the long-shore 

currents was clearly dominated by long period infragravity energy with two peaks at 
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Figure 7.11. Spectra of the (a) nearshore surface elevation, (b) cross-shore current, (c) long

shore current, and (d) instantaneous shoreline records obtained at Herring Bay (Herring), a concave 

morphotype. 

66.2 s and 20.2s respectively (Figure 7.14c). The swash spectra at Illawong Beach (Ilia) 

had a dominant swell peak of 16.5s and a smaller long period peak of approximately 

217 s (Figure 7.14d). 

7.9.3. Stepped Morphotype 

The most conspicuous feature of the stepped beach was the large step located just 

below the lower swash limit (Figure 7.15, Plate 7.3). At Kingston Beach (Kingston) 

this step had a height of 0.63 m. Takeda and Sunamura (1983) provide a simple 

empirical relationship for predicting step height (Zs) from the mean nearshore wave 

conditions: 

Zs = 0m4Tyfg¥b (7.1) 
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Plate 7.2. Moderately concave beach observed at Illawong Beach, 13/03/91 (Ilia). 

where T is the daily average wave period and Hb is the daily average breaker wave 

height. At Kingston Beach (Kingston) the mean significant zero down-crossing wave 

height and period were 0.12 m and 8.58 s respectively. Using these values in the above 

equation resulted in a predicted step height of 0.31 m , which was less than half the 

size of the observed beach step. The reason for this disparity was not clear; Heaton 

(1992) pointed out that bar and step heights are likely to be amplified in places where 

there is a high beach groundwater level, as may have been the case at Kingston Beach 

(Kingston). Offshore from the large subaqueous step the profile was relatively steep. 

The subaerial profile of the stepped beach remained relatively linear up to the high-tide 

drift line and then steepened towards the base of the foredunes. 

The sediment from the stepped beach was well sorted and had the lowest grain size 

sorting coefficient (0.44^) of the four low-energy beaches presented here. This was 

evidenced by the narrow grain size and settling velocity distributions (Figure 7.16) 

which indicated that the sediment from the stepped beach was composed of a single 

sediment population with only minor sediment size variability. The mean grain size 
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Figure 7.12. Example of moderately concave profile surveyed at Illawong Beach (Ilia). 
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a moderately concave morphotype. 
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Figure 7.14. Spectra of the (a) nearshore surface elevation, (b) cross-shore current, (c) long-shore 

current, and (d) instantaneous shoreline records obtained at Illawong Beach (Ilia), a moderately 

concave morphotype. 

of the sediment of the stepped beach was 1.402<£ (0.38 m m ) , which was the second 

coarsest mean sediment size of the four example beaches. 

As noted above the significant zero down-crossing wave height observed at Kingston 

Beach (Kingston) during the survey was only 0.12m. The wave spectra from this 

stepped beach had three clear peaks at approximately 120 s, 15 s and 6 s respectively, 

with the greatest energy at the 15 s swell peak (Figure 7.17a). The cross-shore current 

record was also dominated by swell period energy with a peak period of 16 s, very little 

long period energy was observed in the cross-shore current spectra and a small band 

of wind wave energy with a period of approximately 8.3 s was apparent (Figure 7.17b). 

The long-shore currents of the stepped beach were dominated by swell energy with a 

period of 13.5 s, a relatively small amount of long period energy was apparent in the 

long-shore current spectra (Figure 7.17c). The swash spectra had a relatively broad 
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Plate 7.3. Stepped beach observed at Kingston Beach, 04/05/91 (Kingston). 

band of swell energy with a peak period of 17.6 s, and a minor infragravity peak of 

120.5 s (Figure 7.17d). 

7.9.4. Moderately Steep Morphotype 

The steepest nearshore profile of the four sheltered morphotypes identified in this 

investigation was associated with the moderately steep morphotype. The moderately 

steep beaches were also the most exposed of the four low-energy beach types identified 

in this investigation. The moderately steep beach at South Scarborough Beach 

(Sscarb2) (Plate 7.4) was the only example beach with a substantial berm development; 

in fact the berm at South Scarborough (Sscarb2) sloped towards the backshore 

(Figure 7.18) and was indicative of berm overwashing such as may occur during high 

water spring tides. The moderately steep beach was characterized by a relatively 

steep and linear foreshore that extended from the berm crest to an offshore depth of 

approximately 1 m. Offshore of this depth the profile of South Scarborough (Sscarb2) 

levelled off to form a narrow nearshore platform which had a sharp offshore edge 

which dropped off into deeper water. This narrow subaqueous platform was not 
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Figure 7.15. Example of stepped profile surveyed at Kingston Beach (Kingston). 
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Figure 7.16. Grain size (a) and settling velocity (b) distributions obtained at Kingston Beach 

(Kingston), a stepped morphotype. 
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Figure 7.17. Spectra of the (a) nearshore surface elevation, (b) cross-shore current, (c) long-shore 

current, and (d) instantaneous shoreline records obtained at Kingston Beach (Kingston), a stepped 

morphotype. 

necessarily characteristic of the other moderately steep morphotypes identified in this 

investigation, several of which simply had a linear nearshore profile. 

The sediment from the moderately steep morphotype was the coarsest of the four 

sheltered morphotypes presented here with a mean grain size of 1.30^ (0.41 m m ) . The 

grain size distribution was relatively well sorted with a grain size sorting coefficient 

of (0.613^) (Figure 7.19a). Examination of the grain size distribution suggested 

that there may be two grain populations. However, this was not borne out by the 

distribution of settling velocities (Figure 7.19b). 

The wave height measured at South Scarborough (Sscarb2), using the significant zero 

down-crossing method, was 0.52 m, which was considerably greater than the wave 

heights observed during the survey on the three other low-energy morphotypes. The 
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Plate 7.4. Moderately steep beach observed at South Scarborough Beach. Note that this photo was 

taken during the survey of South Scarborough Beach on 23/01/92 (Sscarb). Beach cusps were absent 

during the survey of South Scarborough Beach on 05/03/92 (Sscarb2). 

wave spectra also showed that the moderately steep beach was subjected to the greatest 

wave energy of the four low-energy morphotypes (Figure 7.20a). The spectra of the 

waves and cross-shore currents had a similar form and were dominated by a narrow 

swell peak with a period of 14.4 s and 13.4 s respectively (Figure 7.20a k Figure 7.20b). 

In both these records only minor infragravity and wind wave energy was present. Both 

the long-shore current and swash spectra exhibited considerable long period energy 

(Figure 7.20c k Figure 7.20d). The long-shore current spectra had a relatively broad 

band of swell energy with a peak period of 13.5 s and the swash spectra was dominated 

by a narrow swell peak with a period of 13.7 s. 
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Figure 7.18. Example of moderately steep profile surveyed at South Scarborough Beach (Sscarb2). 
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Figure 7.19. Grain size (a) and settling velocity (b) distributions obtained at South Scarborough 

Beach (Sscarb2) a moderately steep beach. 
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Figure 7.20. Spectra of the (a) nearshore surface elevation, (b) cross-shore current, (c) long-shore 

current, and (d) instantaneous shoreline records obtained at South Scarborough Beach (Sscarb2), a 

moderately steep morphotype. 

7.10. BEACH FORM AND SEA-LEVEL OSCILLATIONS 

Recent research in nearshore geomorphology has focussed on the relative importance of 

tide and wave energy in forming particular beach morphologies (Davis k Hayes 1984; 

Davis 1991; Masselink k Short 1993). However, what is omitted in this approach is 

the important role played by episodic storm systems and other non-tidal water level 

oscillations. The relative importance of these surge events increases as the absolute tide 

range and wave height decrease and will be of paxticular importance in environments 

where the range of non-tidal sea-level fluctuations exceeds the gravity wave and tidal 

amplitude. Along the micro-tidal, sheltered beaches of Southwestern Australia the 

relative importance of episodic storm events and non-tidal sea-level oscillations cannot 

be discounted. Additionally, the influence of short term cycles in incoming energy, such 
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as the regular sea breeze phenomena that often occurs during summer, would also be 

expected to have an important imprint on the beach systems (cf. Pattiaratchi et al 

1993, submitted—Appendix A). 

The relative importance of tides, non-tidal sea-level fluctuations and waves on water-

level ranging provides an important control of nearshore morphologies. The mean 

height of the predicted tides, observed non-tidal sea-level fluctuations and observed 

waves were determined from several standard ports around Australia and from several 

of the beaches surveyed in this investigation. The mean height of the predicted 

tides and the observed non-tidal sea-level fluctuations at the standard ports were 

determined from records supplied by the National Tidal Facility. In addition to 

the present investigation, the mean wave height measurements were obtained from 

several publications including Short and Wright (1981), Wright and Short (1983) and 

Masselink and Short (1993). 

The relative importance of these three oceanographic process is presented in a ternary 

diagram (Figure 7.21). This diagram provides a novel method of examining the 

relative importance of these three fundamental oceanographic controls and extends 

previous research which has only examined the relative importance of waves and tides 

on nearshore morphologies (e.g. Davis k Hayes 1984; Davis 1991; Masselink k Short 

1993). However, as noted above, when the amplitude of these two processes is low, 

as along the coast of Southwestern Australia, then the influence of non-tidal sea-level 

fluctuations cannot be discounted. 

The dominance of tidal fluctuations at the standard ports of Broome, Mackay and Hay 

Point is readily apparent from the ternary diagram (Figure 7.21). The beach forms 

developing in these tide-dominated environments have been described by Wright et al. 

(1982) and Masselink and Short (1993). The standard ports of Sydney, Newcastle, Port 

Adelaide, Esperance and Fremantle (using offshore wave heights at Fremantle) were 

dominated by water-level fluctuations driven by wave processes. The beach forms 

in these wave-dominated environments have been adequately described by several 

researchers including Wright and Short (1983, 1984), Sunamura (1989) and Lippmann 

and Holman (1990). 

Three of the standard ports of Southwestern Australia (Albany, Bunbury and 

Geraldton) were located toward the centre of this diagram (Figure 7.21) indicating that 

the amplitude of tides, non-tidal sea-level fluctuations and waves were comparable. 
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Figure 7.21. Beach form related the relative contribution of tides, non-tidal sea-level fluctuations 

and waves to sea-level ranging. 

The survey from South Scarborough Beach (Sscarb2) was also located towards the 

centre of this ternary diagram and was an example of a moderately steep (group 5) 

beach. This beach was associated with the most exposed conditions of the four low-

energy morphotypes identified in this investigation and it may be suggested that 

moderately steep (group 5) beaches develop in areas where the relative range of waves, 

tides and non-tidal sea-level fluctuations are comparable. 

Data from the three most sheltered of the low-energy beach forms was also presented 

in this diagram, including: Herring Bay (Herring) and Sulphur Bay (Sulphur) (concave 

beaches); Illawong Beach (Ilia) (moderately concave beach); and Kingston Beach 

(Kingston) (stepped beach). These low-energy beach forms were closely grouped and 

located towards the right side of the ternary diagram (Figure 7.21). This pattern 

indicates that these beaches were subjected to relatively low amplitude waves and the 

water-level oscillations were dominated by non-tidal sea-level fluctuations. However, 

it may be noted that the relative importance of the non-tidal sea-level fluctuations on 

these beaches was only slightly greater than the tidally driven water-level fluctuations. 

Hence, waves play a relatively minor role in controlling water-level oscillations on these 



Morphologic and Sedimentologic Inheritance of the Beaches 269 

low-energy beach forms which are largely controlled by the relative ranging of tides 

and long-period non-tidal sea-level fluctuations. The nearshore morphologies which 

develop in these environments are characteristically different from those which arise 

under the predominant influence of wave or tide oscillations. The low-energy beach 

forms were distinguished by their small scale and absence of nearshore bar forms. The 

low-energy beach forms may be discriminated on the basis of their dimensions, slope 

and curvature. 

The ternary diagram (Figure 7.21) provides a convenient means of examining the 

relative importance of three fundamental oceanographic processes which govern the 

range of sea-level fluctuations and hence control the morphology of nearshore systems. 

The amplitude of the tides, non-tidal sea-level fluctuations and waves in Figure 7.21 

was determined from currently available data. However, because of the highly variable 

nature of the waves and non-tidal sea-level fluctuations the relative importance of these 

three oceanographic phenomena will change continuously. Therefore, a need exists for 

a consistent means of determining characteristic measures of the amplitude of these 

three oceanographic phenomena. This will facilitate the employment of the ternary 

diagram as a powerful descriptive tool which will enable a fine-scale distinction of 

disparate coastal environments and provide an insight into the nearshore forms which 

develop in these environments. 

7.11. MORPHOLOGIC AND SEDIMENTOLOGIC 
INHERITANCE OF THE BEACHES 

On beaches subjected to prevailing low-energy conditions the role of 'relic' or inherited 

morphology is relatively important, particularly when the modally quiescent periods 

are separated by episodic storm events (Owens 1977; Wright et al 1985; Nordstrom 

1977). A preliminary investigation of the role of inheritance on the morphology and 

sediments of the surveys is presented below and provides an insight into the importance 

of the antecedent dynamic conditions. The inheritance of the beaches due to variations 

in the swell wave energies and storm history is examined below. 

The morphologic inheritance of the beach system may be addressed via two elements, 

'responsiveness' and 'memory', which both refer to the time-scales of spatial response 

of the beach system. The overall beach system may be divided into a suite of 

components, each of which may have different responsiveness and memory, and hence 



270 MORPHODYNAMICS OF LOW-ENERGY SANDY BEACHES 

different inheritance. The responsiveness of any component of the beach system is 

related to the hysteresis between the forcing dynamics (e.g. waves, tides, non-tidal 

sea-level fluctuations or beach groundwater movements) and the morphologic response. 

Inherent in the concept of hysteresis is the existence of geomorphic thresholds, in that 

energy levels must exceed a certain level before a geomorphic response is induced. The 

memory of the beach components is related to the return times of morphologically 

significant events. 

The geometry of the overall coastal profile is established by fairly extreme events 

(Hallermeier 1984). However, sub-components of this system would be expected to 

have different response times and memory. The responsiveness and memory of the 

swash zone would be significantly shorter than the responsiveness and memory of 

the beach berm since the foreshore is often subjected to continual and vigorous swash 

motion (e.g. Williams 1971a, 1971b). On the other hand, the berm has a relatively long 

inheritance and would be expected to respond to seasonal changes in wave and wind 

intensity and storm events. The inheritance of the offshore segments of the nearshore 

morphology is quite variable as has been demonstrated by several researchers including 

Goldsmith et al (1982). These workers have shown that on multi-barred beaches 

the outer bar is more stable than the inner bars and may be considered to have a 

longer inheritance than the inner bar system. This is in contrast to Short (1992), who 

suggested that the outer bar system along the Dutch coast was more variable than the 

inner bars, although the reason for this disparity was not stated. A direct assessment 

of the temporal and spatial variability of the beach profile may be gained via empirical 

eigenfunction analysis. This technique enables different modes of beach response to 

be identified and tied to different response frequencies (cf. Aubrey 1979; Aubrey et al 

1980; Weishar k Wood 1983). 

Where the energy due to waves and tides is low, the inheritance of a beach system may 

be tied to the imprint of episodic storm events. A preliminary analysis was conducted 

to investigate the role of inheritance on the beaches of Southwestern Australia. This 

analysis examined the influence of antecedent wave and storm conditions on the 

morphologic and sedimentologic features of the nearshore zones of the sandy beaches 

of Southwestern Australia. This preliminary analysis of nearshore inheritance was 

conducted to place the extemporary dynamics in perspective and enabled an indication 

of the degree of inheritance of the morphologic and sedimentologic characteristics of the 

nearshore. This preliminary analysis of nearshore inheritance examined two aspects: 

(1) the influence of recent antecedent swell conditions; and (2) the storm history, on 

the sedimentology and morphology of the beaches surveyed in this investigation. 



Morphologic and Sedimentologic Inheritance of the Beaches 271 

It may reasonably be expected that the relationship between the antecedent measures 

and the morphologic and sedimentologic characteristics observed at each survey will 

be considerably affected by local conditions at each survey site. However, despite the 

expected 'noise', the preliminary analysis was intended to provide an indication of 

the antecedent control of the morphology and sediments of the nearshore systems of 

Southwestern Australia. 

The relationships between the antecedent conditions (swell or storm), and the 

morphologic and sedimentologic variables were examined via a suite of Spearman 

rank correlations (Sokal k Rohlf 1981). The Spearman correlation is a nonparametric 

test for association that is based on the rank scores of the variables that provides a 

measure of the strength and direction of association. However, this measure avoids 

the assumptions of bivariate normality required by the Pearson product-moment 

correlation coefficient and is relatively insensitive to outliers. 

7.11.1. Antecedent swell conditions 

The early morning (03:00-04:00 hr) forecasts of the offshore swell heights issued by the 

Commonwealth Bureau of Meteorology were employed to quantify the antecedent swell 

conditions for each survey. The Bureau of Meteorology also provide forecasts of the 

offshore sea conditions; however, these were not employed in the present investigation 

due to the high temporal and directional variability of these sea waves. The forecasted 

swell heights for one week prior to each survey were employed. This provided a total of 

eight forecasted swell heights for each survey; one each for the seven days prior to the 

survey and one for the actual day of the survey. The swell forecasts were determined by 

the Commonwealth Bureau of Meteorology using standard forecasting methods from 

the synoptic charts of atmospheric pressure (World Meteorological Organization 1988). 

The offshore wave conditions were available for several forecast districts: Kalbarri to 

Jurien Bay, Jurien Bay to Mandurah, Mandurah to Cape Leeuwin, Cape Leeuwin to 

Bremer Bay, Bremer Bay to Israelite Bay and local waters (Perth Metropolitan area). 

Forecasts for each survey were obtained from the appropriate district. 

The forecasted swell heights were for offshore conditions and were only intended as 

approximate estimates since it must be acknowledged that the actual swell heights in 

the inshore zone will generally be considerably different from the offshore swell heights 

due to the presence of offshore reefs and islands. However, the relative change in swell 

heights may be expected to be reasonably consistent between the offshore and inshore 
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and was expected to provide a reasonably good indication of rising or falling energy 

conditions at the survey sites. A regression analysis was performed to quantify the 

trend of the antecedent swell heights by using the days prior to the survey as the 

independent variable and the forecasted swell heights as the dependent variable. The 

slope of the regression line provided a measure of the trend of offshore swell heights 

(positive slope indicated increasing swell conditions). 

The Spearman rank correlations between the trend of antecedent swell heights and 

the geometric variables were generally weak. Although several significant correlations 

were obtained at the 0.05 significance level, only three were significant at the 0.01 

significance level (Table 7.7). The dimensions (width and height) of both the foreshore 

and step increased with increasing antecedent swell heights. The height of the swash 

intake and swash zones also increased with increasing swell heights. Other significant 

correlations were found between the trend of the antecedent swell heights and the 

inshore scale and curvature. Increasing swell heights were associated with increasing 

inshore scale and increasing concavity. 

Table 7.7. Significant Spearman rank correlations between the trend of antecedent swell heights 

and the geometric variables (a — 0.05). Correlations significant at the 0.01 significance level are 

asterisked. 

Segment Var. Corr. Prob. Number 

Coeff. level 

Foreshore width wb21 0.28 0.049 51 

Step width wc2s 0.42 0.002 51* 

Swash intake height difference hb2u 0.31 0.025 51 

Foreshore height difference hb21 0.42 0.002 51* 

Swash zone height difference hu21 0.30 0.032 51 

Step height difference hc2s 0.32 0.021 51 

Inshore scale qloa 0.41 0.003 48* 

Inshore curvature qlom —0.35 0.015 48 

The Spearman rank correlation was employed to examine the association between the 

trend of swell heights and the sedimentologic and morphologic variables (Table 7.8). 

The antecedent swell trend was significantly correlated (at a significance level of 0.05) 

with all of the sedimentologic variables except grain size sorting. Excepting the 

correlation with the grain size kurtosis, all the other sedimentologic variables were 

also significant at the 0.01 significance level. The strongest correlation was with the 

mean fall velocity (rs = —0.51). Interpretation of these correlations suggests that 

increasing wave heights prior to the survey was associated with coarser sediments 
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which had greater fall velocities and permeabilities. Increasing swell heights were also 

associated with more positively skewed grain size distributions, decreasing grain size 

kurtosis and better hydraulic sorting. 

Table 7.8. Significant Spearman rank correlations between the trend of antecedent swell heights and 

the sedimentologic variables (a = 0.05). Correlations significant at the 0.01 significance level are 

asterisked. 

Segment 

Grain size mean 

Grain size skew. 

Grain size kurt. 

Settling velocity 

Settling velocity 

Intake rate mean 

mean 

std. dev. 

Var. 

simmn 

siask 

simku 

st36nn 

sd36sd 

hymn 

Corr. 

Coeff. 

-0.40 

0.45 

-0.30 

-0.51 

-0.42 

0.39 

Prob. 

level 

0.004 

0.001 

0.031 

0.000 

0.004 

0.005 

Number 

50* 

50* 

50 

47* 

47* 

50* 

7.11.2. Storm history 

The second aspect of the nearshore inheritance examined in this investigation was 

the impact of storm systems on the sedimentologic and geometric characteristics of 

the beaches. The residual (non-tidal) water level oscillations (observed level minus 

the tidal predictions) observed at the standard ports of Southwestern Australia were 

employed as a surrogate measure for storm history. This provided a crude, but 

effective, surrogate measure of the regional intensity of storm systems and their 

potential impact on beach systems. LaFond (1938) employed similar data on the 

monthly mean sea-level and found that these levels corresponded with the berm 

elevation near the shoreline. The basis for this rests with the Bruun Rule concept 

(Bruun 1962, 1982) and discussions of the effects of short-term sea-level change on 

shoreline movement by Vellinga (1982, 1984), Bruun (1984), and Eliot and Clarke 

(1988). 

The storm history for the 12 months prior to each survey was determined from the 

time series of tidal residuals obtained from the nearest standard port. The standard 

ports of Southwestern Australia used in this investigation were: Geraldton, Fremantle, 

Bunbury, Albany and Esperance. The residual, non-tidal sea-level observations were 

sampled hourly (provided by the National Tidal Facility in South Australia) and may 

be attributed to several factors including: shelf waves, atmospheric pressure effects, 

winds, seiching and storm surges (Allison k Grassia 1979; Petrusevics et al. 1979; 
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Allison et al 1980; Pariwono et al 1986). Visual examination of the residual records 

from 1988 to 1992 from each of the standard ports indicated that a non-tidal water-

level elevation greater than or equal to 0.4 m was a 'major' surge event. It is expected 

that such surge levels would be associated with a hallmark storm event that would 

be expected to result in considerable impacts on the sandy beaches. The time of 

excursions above the 0.4 m cutoff was examined to ensure that there was at least 24 hr 

between each surge excursion. When two or more excursions occurred within 24 hr, 

the maximum excursion during that period was used. 

For each survey, the non-tidal water levels of the nearest standard port were employed. 

In each instance, the date and surge level of all major surge events that occurred in 

the 12 months prior to the date of the survey were determined. 

Two variables, which were expected to provide a surrogate measure of storm impact 

on the sandy beaches, were extracted from the record of major surges in the 12 months 

prior to each survey. The first variable was simply the number of major surges 

occurring in the 12 months prior to each survey. The second variable describing 

the storm history was the mean height of these major surges. These two variables 

were employed as surrogate measures for the frequency and intensity of storm events 

respectively. 

It must be stressed that the record of non-tidal residuals from the closest standard 

port provides only a surrogate measure of storm characteristics. The actual storm 

impact on any particular sandy beach will depend on many factors including direction 

of storm approach, duration, wave heights, wave periods, beach aspect and level of 

offshore protection offered by reefs and islands. The location of the tide gauge may also 

contribute towards biasing these surrogate measure of storm history. However, despite 

these limitations it was expected that the record of storm surges would provide at least 

a first order description of the storm history. It is recommended that further research 

attempts to establish a closer link between beach inheritance and the frequency and 

duration of storm events. 

The total number of major storm surges occurring between 1988 and 1992 was as 

follows: Geraldton, 19; Fremantle, 21; Bunbury, 39; Albany, 5; and Esperance, 15. 

The number of major surges occurring during this period was greater for the three 

standard ports on the West Coast (Geraldton, Fremantle and Bunbury) than for the 

standard ports on the South Coast. The number of storm surges occurring at Albany 



Morphologic and Sedimentologic Inheritance of the Beaches 275 

was substantially lower than any of the other standard ports and is largely due to the 

location of the Albany tide gauge within Princess Royal Harbour. The storm surge 

elevations recorded at the Albany tide gauge were considerably attenuated by both 

King George Sound and further into Princess Royal Harbour. Thus, the elevation of the 

storm surges measured at Albany was generally low and not necessarily representative 

of the surge levels experienced around the open coast of the Albany region. However, 

for consistency a surge level in excess of 0.4 m was also used to define major storm 

surges from the residual record of Albany. The residual record from Albany was only 

used for four surveys: Cheyne Beach (Cheyne), Fishery Beach (Fish), Ocean Beach 

(Ocean) and Peaceful Bay (Peace). 

Several significant correlations (a = 0.05) were found between the two storm history 

variables and the geometric variables (Table 7.9 & Table 7.10). The majority of these 

correlations were also significant at the 0.01 significance level. A large number of 

major storm surges was associated with increasing berm widths and decreasing berm 

slopes (Table 7.9). The dimensions (width and height) of the swash intake, foreshore 

and swash zones were also found to increase as the number of storms increased. The 

foreshore scale decreased and the foreshore became more convex with an increasing 

number of storms. The number of storms was also correlated with the height difference 

across the nearshore and the scale of the inshore; increasing storm heights resulted in 

increased height difference across the nearshore zone and decreased inshore zone scale. 

Table 7.9. Significant Spearman rank correlations (a = 0.05) between the number of the storms 

occurring in the 12 months prior to the surveys and the geometric and sedimentologic characteristics. 

Correlations significant at the 0.01 significance level are asterisked. 

Segment Var. Corr. Prob. Number 

Coeff. level 

Berm width wf2b 0.42 0.002 49* 

Swash intake width wb2u 0.36 0.009 51* 

Foreshore width wb21 0.52 0.000 51* 

Swash zone width wu21 0.45 0.001 51* 

Surf zone height difference hb2r 0.48 0.001 42* 

Swash intake height difference hb2<i 0.30 0.034 51 

Foreshore height difference hb21 0.41 0.003 51* 

Swash zone height difference hu21 0.47 0.000 51* 

Berm slope lfbs -0.40 0.004 49* 

Foreshore scale qbla -0.28 0.048 51 

Inshore scale qloa -0.31 0.030 48 

Foreshore curvature qbl» 0.41 0.003 51* 
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Table 7.10. Significant Spearman rank correlations (a = 0.05) between the mean surge height of 

the storms occurring in the 12 months prior to the surveys and the geometric and sedimentologic 

characteristics. Correlations significant at the 0.01 significance level are asterisked. 

Segment 

Berm width 

Nearshore width 

Swash intake width 

Surf zone width 

Nearshore height difference 

Swash intake width 

Foreshore height difference 

Berm slope 

Swash zone slope 

Foreshore curvature 

Grain size mean 

Var. 

Hf2b 

Bb2r 

ub2u 

Hl2r 

hb2r 

hb2n 

hb21 

lfbs 

luls 

qbln 

simmn 

Corr. 

Coeff. 

0.44 

0.47 

0.41 

0.42 

0.43 

0.50 

0.49 

-0.52 

0.45 

0.46 

-0.38 

Prob. 

level 

0.003 

0.004 

0.005 

0.013 

0.010 

0.000 

0.001 

0.000 

0.002 

0.002 

0.019 

Number 

42* 

35* 

44* 

35 

35 

44* 

44* 

42* 

44* 

44* 

43 

The mean height of the storm surges was significantly correlated with several of 

the geometric variables (Table 7.10). Large surge elevations were associated with 

increasing berm widths and decreasing berm slopes. Both the dimensions (width and 

height) of the nearshore and swash intake zones were significantly correlated with 

the mean elevation of the storm surges; these dimensions increased with increasing 

storm surge level. Large surge levels were associated with large height differences 

and increasing convexity of the foreshore zone. The slope of the swash zone was 

significantly correlated with the mean level of the major surges: steeper swash slopes 

were associated with larger mean surge levels. The correlation between the mean level 

of the major surges and the surf zone width was significant at the 0.05 significance 

level. The positive correlation indicates that large mean surge levels were associated 

with relatively large surf zone widths; however, this correlation was not significant at 

the 0.01 significance level. 

The Spearman rank correlation was also employed to examine the association between 

the two variables of storm history and the sedimentologic variables. No significant 

(a = 0.05) correlations between the number of major surges and the sedimentologic 

variables were found and only one significant correlation was observed between the 

mean elevation of the major surges and the sedimentologic variables. The mean 

storm surge level was correlated with the mean grain size variable (rs = —0.38) 

(Table 7.9). However, this correlation was not significant at the 0.01 significance 

level but it does suggest that increasing mean storm elevations were associated with 

a coarsening sediment assemblage. 
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The fact that significant correlations were observed between both the antecedent wave 

conditions and storm history and the variables describing the geometries and sediments 

of the beaches indicates that the beaches have both a short and long term inheritance. 

Thus, at least some aspects of the morphologic and sedimentologic features of the 

beaches may be considered to be relict storm features, or the integrated response to 

antecedent waves. This raises some interesting questions for further research regarding 

the importance of episodic storm events in controlling the morphology and sediments 

of low-energy beaches, such as those found along the coast of Southwestern Australia. 

It is clear that this research should recognize that different elements of the beach 

system will have different inheritances. 

It may be postulated that the inheritance of the low-energy sheltered morphotypes 

identified in this investigation would be longer than that experienced on beaches 

exposed to modally large wave energies. Beaches exposed to moderate to high 

wave energies might be expected to result in the rapid realignment of the nearshore 

morphology following a storm event (Nordstrom 1980). This is highlighted as an area 

which deserves future research. 
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CHAPTER 8 

CONCLUSIONS 

8.1. CONCLUSIONS 

This thesis presents a systematic investigation of the low-energy beach forms of 

Southwestern Australia and provides a basis for the examination of low-energy 

beaches in a range of coastal environments. The coast of Southwestern Australia 

is micro-tidal with a spring tide range less than lm. The prevailing offshore wave 

climate is dominated by persistent low- to moderate-energy south to southwesterly 

swell. Storm waves associated with mid-latitude depressions commonly arrive from 

either the northwest or southwest. Despite the moderate offshore wave energy of 

Southwestern Australia the inshore wave energy is considerably less due to dissipation 

via refraction and diffraction processes around reefs and headlands. This process of 

energy dissipation is particularly apparent on the West Coast where an extensive reef 

chain parallels the coast and up to 4 0 % of the offshore wave energy may be dissipated. 

The offshore wave energy along the South Coast is generally greater than along the 

West Coast. Isolated reefs and offshore islands offer localized protection for beaches 

along the South Coast. Hence, the South Coast beaches are generally subjected to 

higher wave energies than along the West Coat. Refraction and diffraction processes 

along both the West Coast and the South Coast result in a highly variable wave climate 

along the shoreline. 

The coast of Southwestern Australia is also subjected to a range of long-period sea-

level fluctuations of non-tidal origin. These may be attributed to several processes 

including inverse barometer effect, storm surge events, inshore seiching, wind set-up 

and shelf waves. On the micro-tidal coast of Southwestern Australia the combined 

influence of these processes often results in sea-level oscillations with an amplitude in 

excess of the tidal range. 

A wide range of nearshore environments arises along the coast of Southwestern 

Australia under the combined influence of low-energy waves and tides, and large 

amplitude non-tidal sea-level fluctuations. Hence, this coast provides an ideal 
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environment for the examination of low-energy beach forms. It was anticipated that 

the beach forms which develop in these low-energy coastal environments would be 

characteristically different from those described from wave-, tide- or storm-dominated 

coasts. In particular, the low-energy beaches surveyed in this investigation exhibited 

little alongshore variability and the majority were non-barred. The distinction of 

characteristic beach forms from the two-dimensional non-barred beaches of the coast 

of Southwestern Australia required a detailed examination of the dimensions, slope 

and curvature of the beach profiles. This rigourous approach is in contrast to the 

simple visual appraisal of the nearshore bar morphology required to distinguish beach 

forms in wave-, tide- or storm-dominated environments. 

In this investigation, an extensive field array was developed to monitor the morphology, 

sediments and extemporary dynamics on a wide range of beaches of Southwestern 

Australia. In accordance with the aims of the investigation, the majority of the 

beaches were subjected to prevailing low-energy condition; however, several surveys 

were conducted on beaches subjected to higher wave energies to provide a link to 

the available morphodynamic models developed on wave-dominated coasts. Data on 

the nearshore morphology, sediments and extemporary dynamics was obtained from a 

total of 51 field surveys. Due to the two-dimensional nature of the surveyed beaches 

the beach profile provided an appropriate first-order description of the nearshore 

morphology. The sediment properties measured in this investigation included 

granulometry, settling velocity and permeability and these sediment properties 

were expected to be important in controlling the nearshore morphology. Several 

elements of the extemporary dynamics were monitored during the surveys in this 

investigation including: pre-breaking waves (nearshore surface elevation); cross-shore 

currents; long-shore currents; swash oscillations (instantaneous shoreline); and swash 

interactions. The morphologic, sedimentologic and dynamic parameters measured 

provide a comprehensive description of the beach conditions prevailing during the 

surveys. 

A detailed description of the complex form of the surveyed beaches was facilitated by 

dividing the nearshore profile into a series of natural segments. The dimensions (width 

and height) of each profile segment were determined in addition; the slope, scale and 

curvature were determined from the profile segments via function fitting procedures. 

A total of 27 variables were available to describe the complex geometry of the beach 

profiles. The sediment characteristics of each survey were described by seven variables: 

the first four moments of the sediment grain size distribution; the first two moments of 
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the settling velocity distribution; and the mean hydraulic conductivity. The nearshore 

surface elevation, cross-shore currents, long-shore currents and instantaneous shoreline 

were determined as time series records. A range of variables were extracted from these 

time series to describe: the amplitude and period of the oscillations; the proportion of 

energy contained in the infragravity, swell and wind wave bands; and wave groupiness. 

The swash interactions prevailing during the surveys were identified from the video 

record and were classified using the scheme presented by Hegge and Eliot (1991). A 

total of 46 variables were employed to describe the extemporary dynamics prevailing 

during each survey. This provided a large multivariate data set of 51 surveys and a total 

of 80 variables that was employed to examine the form of beaches developed in low-

energy open ocean environments and their sedimentologic and dynamic characteristics. 

The number of field surveys and the range of variables obtained in this investigation 

provide an invaluable set of field data on low-energy beaches that considerably exceeds 

previously published data sets of nearshore morphodynamics. 

All of the surveys examined in the present investigation were characterized by little 

alongshore variability and the majority of the surveyed beach profiles were non-barred. 

All the beaches were composed of sand-sized carbonate and quartz sediments and the 

mean grain size of the majority of the surveys was contained within the medium to 

fine sand size classes. Only nine experiments had a mean grain size in the coarse sand 

class. The surveys were all subjected to nearshore wave heights less than 1 m and the 

majority experienced swell waves with a period between 8 s and 14 s. The relationship 

between the sediment grain size and the beachface slope (Figure 7.1) indicated that 

the majority of the surveys conducted in this investigation were located along the line 

of low-energy beaches as presented by Wiegel (1964, p. 359). This accords with the 

deliberate sampling bias of this investigation to survey beaches that were subjected to 

prevailing low-energy conditions. 

The proportion of wind wave energy in each of the four extemporary dynamic 

parameters obtained as time series records (nearshore surface elevation, cross-shore 

currents, long-shore currents and instantaneous shoreline) was minimal during most of 

the surveys (Figure 5.9, Figure 5.11, Figure 5.13 k Figure 5.15). This is in accordance 

with the deliberate sampling bias to conduct surveys under conditions when the wind 

wave field was not fully developed. Swell period energy predominated in all four time 

series records during the majority of surveys; however, almost half of the measured 

long-shore currents were dominated by infragravity period energy. These findings 

indicate that if long-period infragravity energy was present in the nearshore of these 
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low-energy beaches then it would be more readily exhibited in the long-shore currents 

than the other dynamic parameters. Relatively few of the instantaneous shoreline 

records were dominated by infragravity energy. 

A rigourous geomathematical approach was adopted in the present investigation to 

distinguish different beach forms and this approach has not previously been employed 

in research on nearshore morphodynamics. To describe the range of low-energy beach 

forms the suite of geometric variables describing the nearshore profile, from the berm 

crest to the offshore limit of the profile, were employed in a range of cluster analysis 

techniques. The most parsimonious summary of the beach forms was determined 

by using the six cluster solution determined by Ward's minimum variance technique 

(Figure 6.4 and Figure 6.8). The efficacy of this solution was examined via a range 

of validation techniques including principal component plots, canonical variate plots, 

profile plots, Mahalanobis distances and linear discriminant analysis. Each of these 

validation techniques confirmed the coherence of the six beach forms which describe 

beaches that are predominantly concave (group 1), steep (group 2), flat (group 3), 

moderately concave (group 4), moderately steep (group 5) and stepped (group 6). 

The first canonical variate of the geometric variables expresses the dimension of 

maximum variability between the beach forms and was essentially a measure of the 

profile slope and the morphotypes may be ordered on this variate from steepest to 

finest as follows: steep, stepped, concave, moderately steep, moderately concave and 

flat beaches. The six beach forms may be distinguished by their dimensions, slope and 

curvature and can be arranged in the conceptual sequence illustrated in Figure 7.5. 

The six beach forms generally exhibited distinct sedimentologic characteristics and 

could be ordered on the basis of grain mass from coarsest to finest as follows: steep, 

stepped, moderately steep, concave, moderately concave and fiat. The order of the 

morphotypes on the morphologic and sedimentologic canonical variates was the same, 

except for the swap over between the concave and moderately steep beach forms. This 

consistency between the morphologic and sedimentologic characteristics of the beach 

forms agrees with previous findings which have shown a close link between beach form 

and sediment characteristics. 

The surveys with similar forms exhibited consistencies in their dynamic characteristics. 

However, the dynamic consistencies were less distinct than either the morphologic or 

sedimentologic characteristics of the beach forms. The extemporary dynamics on the 
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flat and steep beaches were sufficiently different on all five dynamic parameters to 

enable these beach forms to be distinguished by their dynamic characteristics. All of 

the moderately concave beaches exhibited very similar dynamic characteristics as was 

evidenced by their relatively tight grouping in the canonical variate plots. This is in 

contrast to the concave beach form which exhibited the widest range of sedimentologic 

and dynamic characteristics. The moderately steep beaches also exhibited a relatively 

diverse range of dynamic characteristics. It is noteworthy that the concave and the 

moderately concave beaches had very similar beach forms and were indistinct on the 

basis of their sediment characteristics or hydrodynamic coupling. 

The first canonical variate of each of the dynamic parameters expresses the dimension 

of maximum dynamic variability between the beach forms. In this dimension, the 

long-shore currents and instantaneous shoreline provided the best discrimination 

between the beach forms. However, the canonical variate plots of the first two 

canonical dimensions indicated that the nearshore surface elevation provided the best 

discrimination between the beach forms in two dimensions. 

The morphotype exhibited by a beach was found to be related to the degree of shelter 

and could be ordered from most to least sheltered as follows: concave, moderately 

concave, stepped, moderately steep, steep and flat. The steep and the flat beaches 

were the most exposed beach forms distinguished in this investigation and were also 

the beach forms with the largest dimensions. These two forms were determined to 

be wave-dominated morphotypes that have been adequately described by previous 

investigators as 'reflective' and 'dissipative' respectively (Wright k Short 1983, 1984; 

Lippmann k Holman 1990). The remaining beach forms were all low-energy, non-

barred morphotypes associated with micro-tidal environments and have not previously 

been described (Figure 8.1). Their morphologic and sedimentologic characteristics are 

described below in order of decreasing shelter. 

The concave beach form was associated with the most sheltered environments, 

exhibited a markedly concave nearshore profile and a narrow swash zone with an 

average width of 3 m. However, the concave beaches had a wide range of sedimentologic 

and dynamic characteristics. The moderately concave beaches were the next most 

exposed beach form and were characterized by a smooth featureless nearshore profile 

with a slight concavity. The stepped beaches were readily distinguished by a large 

subaqueous step located just below the lower swash limit. The sediments of this beach 

form were relatively coarse and well sorted. The moderately steep beaches were the 
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Figure 8.1. Four low-energy beach forms identified in this investigation, (a) concave, (b) moderately 
concave, (c) stepped, and (d) moderately steep. 
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most exposed of the low-energy beach forms and were characterized by a relatively 

steep linear nearshore profile. The sediments of the moderately steep beaches were 

generally coarser than those of the concave or moderately concave beaches. 

Low-energy conditions prevailed during the surveys conducted in this investigation 

during which the dynamic distinctions between the beach forms were generally weak. 

However, as noted above the beach forms were found to be associated with the 

degree of shelter. Thus, a preliminary analysis was conducted to examine the role 

of beach inheritance in controlling the morphology and sediments of the beaches of 

Southwestern Australia. This analysis indicated that elements of the morphology and 

sediments of the surveys were controlled by (1) short-term variations in swell wave 

energy; and (2) long-term variations in storm frequency and intensity. Hence, it is 

apparent that along the low-energy micro-tidal coast of Southwestern Australia the 

morphology and sediments of the beaches are partly controlled by intermittent high 

intensity storm events. 

To describe the full spectrum of variability of the nearshore morphodynamics it is 

essential to examine the fundamental oceanographic controls. Previous research has 

linked beach morphodynamics to the relative amplitude of wave and tidal processes. 

However, along coasts such as Southwestern Australia where the amplitude of waves 

and tides is relatively low the importance of long-period non-tidal sea-level fluctuations 

cannot be discounted. The present investigation provides a novel approach to 

examining the morphologic importance of these three oceanographic processes in the 

form of a ternary diagram (Figure 7.21). This diagram clearly distinguishes the low-

energy morphotypes identified in the present investigation from previous investigations 

of wave and tide environments. It is apparent that the examination of sandy beaches 

on the basis of these three oceanographic elements will enable a finer discrimination of 

beach forms in a wider range of beach environments than has hitherto been possible. 

8.2. FUTURE RESEARCH CONSIDERATIONS 

Several considerations and directions for further research became apparent while 

conducting the present research and are outlined below. 
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8.2.1. Quantifying the Nearshore Geometry 

The method of describing the nearshore morphology adopted in the present 

investigation was to subdivide the beach profile into a series of hydrodynamically 

distinct segments. A range of coefficients were then employed to describe the 

geometry of each segment. This approach enabled a detailed quantitative description 

of the complex geometry of the nearshore profile that was more comprehensive 

than most previous studies of nearshore morphology. However, a three-dimensional 

representation of the nearshore morphology may be obtained via two-dimensional 

Fourier transforms, trend-surface analysis or kriging as described by Davis (1976). 

Oxnard (1983) also describes a topologic technique that has been applied by biologists 

to quantify and compare the complex three-dimensional forms of hominid skulls. These 

advanced three-dimensional descriptions may be employed to quantify the complex 

morphology of the nearshore. These techniques were beyond the scope of the present 

investigation but may provide the basis of a comprehensive quantitative description of 

nearshore morphologies, particularly on beaches with significant alongshore variability. 

8.2.2. Dynamic Signatures of the Morphotypes 

The variables employed to describe the dynamic characteristics of the nearshore in this 

investigation were extracted from single time series records. However, future research 

into the process signatures of the low-energy morphotypes may benefit from examining 

the transfer of energy from one process to another (e.g. energy transfer from waves to 

swash). This approach has previously been undertaken by Wright and Short (1983, 

1984) to examine the process signatures of wave-dominated beaches. 

In the present analysis the swash interactions were visually identified from the video 

record and were not found to be greatly different between the morphotypes. However, 

this visual method has the potential to introduce an element of subjectivity that could 

be minimized by the implementation of image analysis techniques. It is anticipated 

that the utility of swash interactions as a process signature to distinguish beach forms 

would be improved through automation of the process of identification. This may be 

achieved via advanced image analysis techniques such as those described by Aagaard 

and Holm (1989). 
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8.2.3. Temporal Variability of Morphotypes 

It was clear from the discussion of beach inheritance above (§ 7.11) that elements of the 

beacli morphology and sediments were related to both short-term variations in wave 

energy and hallmark storm events. Further research into the short-term, seasonal and 

interannual variability of the low-energy beach forms identified in this investigation 

will provide invaluable assistance in the management of these systems. This research 

should focus on obtaining field data on the impact and recovery of low-energy beaches 

to storm events and sea-breeze cycles. 
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Appendix A 

Manuscript on the impact of sea breeze activity on nearshore and foreshore processes 

in Southwestern Australia. Submitted to Continental Shelf Research for inclusion in 

the special issue on Nearshore and Coastal Research. 
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ABSTRACT 

In coastal regions sheltered from the direct impact of swell and storm wave activity, locally 

generated wind waves, particularly those associated with strong sea breeze activity, play a 

dominant role in controlling nearshore and foreshore processes. Field data collected, from the 

Perth Metropolitan coast (Western Australia), during a typical summer sea breeze cycle, are 

presented. It is demonstrated that the nearshore environment responds dramatically to an 

increase in wind speed (up to 12 ms"1) during the sea breeze resulting in considerable changes 

to the nearshore hydrodynamics and morphology. Incident wave energy increased and was 

associated with development of a wind wave field and significant wave heights up to 0.9 m. 

Nearshore currents responded to this change in wave climate with net offshore near-bed 

currents and a rapid increase in the mean longshore current from < 0.05 ms" 1 to 1.30 ms"1. 

Erosion of the beachface was coincident with the development of the wind wave field. Sea 

breeze driven water circulation also completely eroded beach cusps, overwhelmed the rip 

current system and associated with the cusps (wavelength 20-30 m ) and suppressed the 

dominant infra-gravity wave frequency in the swash record. The beach cusps reformed after 

the cessation of the sea breeze. It is demonstrated that the beachface is in a constant stage of 

adjustment to the incident wave energy through the diurnal sea breeze cycle and, although the 

surf similarity parameter is a good general indicator of the dynamic nature of the beachface, it is 

not appropriate to define a single value of surf similarity parameter to characterise the nearshore 

system in this region. The results obtained show good agreement with studies listed in the 

literature and may be used to determine the impact of a medium storm on the beachface. A 3 

fold increase in suspended sediment concentration and an 80 fold increase in the longshore 

sand transport rate resulted from the effects of the sea breeze system. It is clear that the sea 

breeze system plays a major role in controlling the nearshore and foreshore processes not only 

in this region but also on other geographic locations where strong sea breezes are present. 



Sea Breeze Impacts 

1. INTRODUCTION 

Atmospheric circulations arising from the differential diurnal heating of land and water are 

among the most intensively studied of all meso-scale meteorological systems (Arritt, 1987; 

Hsu, 1988). One of the main reasons for this is because sea breezes are relatively stable 

systems and recur on a diurnal cycle at geographic locations covering about two thirds of the 

earth's surface, especially on tropical and subtropical areas (Sonu et al. 1973). Although the 

characteristics of the sea breeze systems are well documented (see for example, Hounam, 1945; 

Gentilli, 1971; Hsu, 1988), very little attention has been devoted to the effects of sea breezes 

on nearshore processes; particularly wave climate, nearshore currents and beach topography. 

Owing to the generally modest strengths of winds in a sea breeze (usually < 5 ms"1) in most 

localities, there has been a tendency to discount its effects on the dynamic response of the 

coastal processes (Inman and Filloux, 1960; Sonu et al. 1973). However, along the West 

Australian coastline, wind speeds during the summer sea breeze, which has been variously 

termed the 'Fremantle Doctor', 'Albany Doctor', or 'Esperance Doctor', frequently exceed 15 

m s 1 and have a long-term mean of 8 ms-1. Analysis of wind records from Fremantle has 

shown that between October and March, the mean number of days where a sea breeze was 

present was in excess of 15 days per month (Gentilli, 1971). Also the tidal range within this 

area is small with the maximum spring tidal range being 0.5 m at Fremantle. Hence, in this 

geographic area, sea breeze activity is expected to have a significant impact on the coastal 

region. To illustrate this, a time series of wind and currents obtained from nearshore locations 

(Figure 1) are shown on Figure 2. The 10 day wind record clearly indicate the sea breeze cycle 

with offshore winds, from direction 80°-120°, in the morning which changes to shore-parallel 

winds, from direction 180°-200°, in the afternoon (Figure 2a). This diurnal change in wind 

speed and direction are also reflected in a surface (3 m below the surface) current meter record 

obtained 2 k m offshore in a water depth of 10 m (Figure 2b). The currents respond to the 

changes in wind speed almost instantaneously. There is also evidence that the sea breeze cycle 

has a significant effect on the mixing within the surface layer in the region. Vertical 

temperature profiles obtained before and after the onset of the sea breeze system, at a location 

close to the current meter station (Figure 1), indicate that the depth of the surface mixing layer 

has increased from 2 m to 6 m over a period of 4 hours (Figure 3). 

Along the coast of southwestern Australia, much of the coastline is sheltered from the direct 

impact of swell and storm wave activity by an extensive chain of reefs located up to 8 k m 

offshore extending over 600 k m along the coastline. As a result of wave refraction and 

attenuation, wave energy at the shoreline tends to be low. Concurrent wave data obtained 

offshore and inshore of the reef systems indicate that the wave heights are decreased by up to 

40 % (Steedman, 1993). Under these conditions, locally generated wind waves, particularly 

those generated by the strong sea breeze activity, are the dominant mechanism controlling 
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littoral sand transport and determining the nearshore morphology of sandy beaches. As there 

have been few systematic studies of sea breeze impacts on sandy beaches in general, excepting 

Inman and Filloux (1960) and Sonu et al. (1973), and none from Western Australia, the true 

extent of the impact of the sea breeze system is relatively unknown. Field observations of 

Sonu et al. (1973) have indicated that when the nearshore wave field is influenced by a sea 

breeze, local wind waves undergo diurnal changes in height, period and incidence angles. In 

the southern hemisphere, the direction of wind rotates anti-clockwise (see Figure 2a), and this 

would be reflected in the waves generated by the sea breeze with changes in wave direction. 

Also wave heights and periods increase steadily until the sea breeze decreases in intensity 

towards the late afternoon. Usually these wind waves are superimposed on a background 

swell. Nearshore circulations, which are sensitive to breaker height and their incidence angles, 

will also respond to the changing wave climate. The behaviour of the shoreface in response to 

increasing wave energy with the onset of the sea breeze may be compared to that of a medium 

storm event, similar to that described by Eliot and Clarke (1986), and the response of the beach 

to both events will be similar. In fact along the West Australian coast, the wind speeds 

generated by the sea breeze system frequently approach storm intensity. Hence, by 

investigating the effect of the sea breeze on the beachface, the behaviour of a beach under storm 

conditions may be better understood. 

A field study to investigate the effect of the sea breeze system on the shoreface was undertaken 

on South Scarborough Beach, within the Perth Metropolitan Area (Figure 1), and the results 

are presented herein. The beach at South Scarborough is part of an extensive sandy beach that 

extends 20 k m north of Fremantle to the rocky coast at Trigg (Figure 1). It is broken by reef 

outcrops on the shoreline at Cottesloe, as well as groynes at City Beach and Floreat. The field 

site was located on a straight section of the coast, approximately 10 k m long, which is oriented 

in a north-south direction; on a beach comprised of sand with a mean grain size 0.54 m m . 

There were no coastal structures, such as groynes, breakwaters and marinas, near the field site 

to influence longshore currents and sand transport. Offshore easterly winds prevailed during 

the morning and were replaced by shore-parallel, winds after the onset of the sea breeze. Prior 

to the onset of the sea breeze there were cusps, of wavelength 20-30 m, present on the 

beachface. These were subducted after the onset of the sea breeze. 

On wave dominated coasts, those where the modal significant wave height exceeds 1.0 m., 

sandy beaches and their associated nearshore morphology have been classified by a suite of 

morphodynamic indices (Carter, 1988). The key feature of such classifications is that 

sequences of beach reportedly change in response to fluctuations in the prevailing energy 

regime. O n wave dominated coast, for example, beaches may be classified as having 
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dissipative, reflective or intermediate morphology by the use of the surf scaling parameter (e) 

defined by Guza and Bowen (1975): 

e = (Aco2) / (g tan2 p) (1) 

where, A is the breaking wave amplitude (Hb/2); P is the beach slope, co (=2TT/T) is the wave 

radian frequency. For dissipative and reflective beach conditions e > 20 and e < 2.5, 

respectively (Carter, 1988) with the intermediate beaches falling between these two limits. An 

intermediate beach goes through transition stages related to the cycling of sand from the 

subaerial to subaqueous storage during high energy phases (i.e. erosion during storms) and 

vice-versa during fair weather phases. Hence, increasing values of e would indicate an increase 

in the erosion of the beachface due to an increase in wave energy. 

It is not known whether such parameters provide a sufficient description of temporal variation 

in the morphodynamics of sandy beaches in the sheltered environments of southwestern 

Australia. The degree of protection afforded by the offshore reef chain markedly effects 

nearshore processes. It results in severe attenuation of swell (Steedman, 1993), enhanced 

seiching (Allison and Grassia, 1979; Petrusevics and Allison, 1980), wave pumping of water 

circulation where the reefs are close to shore (Pattiaratchi and Imberger, 1992), and prevalence 

of very low wave conditions during periods of offshore wind activity. Beach and nearshore 

morphologies along much of the Perth Metropolitan coast are more like the estuarine beaches 

described by Nordstrom (1992) than the wave dominated forms reported by Wright and Short 

(1984), and more recently by Lippman and Holman (1990). However, a 5 to 10 k m break in 

the offshore reef north of Rottnest Island (Figure 1) provides a gap through which the 

prevailing southwesterly swell passes with less attenuation than elsewhere. As a result of 

refraction processes (Davies, 1982), modal beach morphology on the northern Metropolitan 

Beaches is wave dominated. It varies systematically along the coast, ranging from reflective 

beach morphology near Floreat to more dissipative morphologies with bars at Trigg (Figure 1). 

Following the nomenclature of Wright and Short (1984), the beach at South Scarborough is 

modally reflective in form; with a steep beachface, subtidal step, and planar inshore (Figure 4). 

One objective of this study is to investigate whether the beach retained its modal configuration 

throughout the sea breeze cycle. 
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2.1 Field techniques 

Field experiments were undertaken on 23rd January and 6th March 1992 at South Scarborough 

Beach, within the Perth metropolitan area. During these experiments data on nearshore waves, 

currents, suspended sand profiles, instantaneous shoreline, beach profiles, beach groundwater 

level together with wind speed and direction were collected concurrently (Figure 4). A standard 

weather station was used to measure wind speed direction whilst instrumented groundwater 

wells were used to record changes in ground water level. The fluctuations in the ground water 

level during the sea breeze cycle were not significant and is not discussed further. Although the 

objective of the field experiments was to collect data continuously over the sea breeze cycle (24 

hours), on both of these two days the sea breeze, with max. speeds of the order of 12 m s 1 , 

created very harsh sea conditions on the beach and therefore measurements were limited to part 

of the sea breeze cycle. For example, a Marsh-McBirney electromagnetic current meter located 

in the surf zone between the 'S' probe and the shoreline (Figure 4) was completely buried 

shortly after the onset of the sea breeze during the first experiment. 

Data on surface waves, currents and suspended sand concentrations were collected using the 

'S' probe, an instrument package developed at the Centre for Water Research, University of 

Western Australia. The 'S' probe consists of a Paroscientific Digiquartz pressure sensor 

(located 0.35 m above the bed), Neil Brown A C M 2 acoustic current meter together with three 

optical backscatterance (OBS) turbidity sensors. The two-dimensional horizontal velocity at 

0.20 m above the sea bed is recorded by the current meter while the O B S sensors record the 

concentration profile at three levels: 0.025 m, 0.125 m and 0.275 m, above the sea bed. The 

data collection rate, for this experiment, was set to 5 H z and were recorded via a cable 

connected to a shore based portable computer. The deployment of the instrumentation is shown 

on Figure 4. The'S' probe was located in a mean water depth of 1.5 m at the centre of the surf 

zone. 

The location of the instantaneous shoreline was monitored using a dual-wire resistance run-up 

guage. The location of the instantaneous shoreline during both uprush and backwash caused 

shorting of the resistance wire at the landward edge. Similar guages have been used by several 

researchers including, Guza and Thornton (1982), Holman (1986) and Hegge and Eliot (1992). 

The resistance guage enabled recording of the instantaneous shoreline during both uprush and 

backwash. The voltage output from the resistance wire was converted to a frequency count 

using a voltage-to-frequency converter (Analog Devices A D 645). The resulting frequency 

count was recorded using a data logger. 
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The run-up guage was formed from a loop of nichrome wire. The seaward end of the loop was 

located just beyond the lower beachface and the wire was mounted across the beachface using a 

series of insulated mounting brackets attached to the survey pegs with a series of bosshead 

clamps. This facilitated frequent adjustments in accordance with fluctuations in sediment 

levels. It was thus possible to maintain the resistance wire at a constant elevation of 0.02 m 

above the bed. The resistance wire was calibrated in the field by shorting the wire at known 

locations. The gain was approximately linear, and the degree of fit explained by the linear 

regression was 0.99. The run-up wire monitored the location of the instantaneous shoreline at 

a sampling rate of 2 Hz. 

The beach profile was determined from an array of steel pegs which were located at 2 m 

intervals across the foreshore on a line transecting the cusp horn (Figure 4). The elevation of 

the nearshore profile (and survey pegs) was undertaken using standard survey techniques. The 

elevation of the peg tops was assumed to remain constant and the height of the pegs above the 

beach was measured every 30 minutes by using a meter rule. Due to instrument problems 

associated with the intensity of sea breeze on 6th March results obtained on this day is limited to 

beach profiles only. 

2.2 Analytical and laboratory techniques 

Data collected between 1000 and 2000 WST on 23rd January 1992 are described here. The 

pressure and velocity data collected by the instrument were converted into standard units using 

laboratory calibrations of the instrument. The O B S sensors were calibrated with sand samples 

collected at the measurement site using the methods and apparatus similar to that described by 

Ludwig and Hanes (1990). The continuous data record was split into several segments of 2048 

observations (6.83 minutes) and for each of these segments, the zero up-crossing period, 

maximum and significant wave height and the wave angle to shore were determined using the 

methods of Tann (1976) and Sherman and Greenwood (1986), respectively. Mean values of 

the suspended sand concentration at each level and the mean cross-shore and longshore velocity 

for each data record segment were also computed. 

To separate the swell waves (defined as waves with period > 8 s or < 0.125 Hz) from the 

generated wind waves, a Butterworth filter with a half power point of 0.167 H z (6 s) was 

constructed (Little and Shure, 1988) and applied to the water level time series. Each of the time 

series (swell waves and wind waves) were used to obtain the significant wave heights and 

periods as described above. 
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3. RESULTS 

Two data segments, obtained using the'S' probe before and after the onset of the sea breeze are 

shown on Figures 5 and 6. The time series shown on Figure 5 begins 3 hours before the start 

of the sea breeze whilst the record on Figure 6 commences 2 hours after the onset of the breeze. 

Before the sea breeze, swell waves of period 10 s are present with strong (up to 1 ms"1) cross-

shore currents, negligible longshore currents and intermittent sand resuspension (Figure 5). 

After the onset of the sea breeze, the decrease in wave period is evident in both the wave height 

and cross-shore velocity time series (Figure 6). In the longshore direction, due to angle of 

wave approach, there is more variability in the currents which are superimposed on a northerly 

mean current of 0.80 ms"1. The most significant contrast between the two data records is in the 

sand resuspension where there is continuous resuspension during the sea breeze (Figure 6). 

The impact of the sea breeze on the coastal processes can now be examined in more detail. 

3.1 Wind/wave climate 

The wind speed record (5 minute means) indicates a typical West Australian summer sea breeze 

pattern (cf. Figure 2a). Easterly (offshore) winds, with a decreasing velocity (< 5 ms"1), 

prevailed in the morning. The wind turned southerly, with a strong sea breeze starting at 1445 

hrs. Its velocity rapidly increased and remained approximately constant at 10 ms"1 until 2000 

hrs when the recording ceased (Figure 7). M a x i m u m gust speeds (30 s mean) of 12.5 ms"1 

were recorded during the sea breeze. Note that the change in wind speed and direction is 

almost instantaneous as the sea breeze front (Hsu, 1988) propagates inland. The direction of 

the sea breeze was southerly and thus was blowing parallel to the coastline. 

The development of the wave climate (wave height and period) during this period may be 

described as follows: before the onset of the sea breeze, wave spectra indicated a peak in energy 

corresponding to incident swell waves of period 10 s (Figure 8a). After the onset of the sea 

breeze a smaller peak with a period of 3 s, generated from the sea breeze, could be identified 

(Figure 8b). In time the period of the wind waves and the spectral energy increased (Figure 

8c). This process is shown in the time-frequency diagram (Figure 9) which indicates a band of 

high energy at 0.1 H z (10 s period), corresponding to the incident swell waves. This swell 

energy increases throughout the observation period and could be due to a direct transfer of 

energy from the wind field or due to wave-wave interaction (Sonu et al., 1973). The sea breeze 

generated waves are first noticeable at approximately 1500 hrs with a period of 3 s increasing to 

a maximum of 5 s (Figure 8a-d). The spectral energy of the wind waves also increased 

throughout the afternoon reflecting the increasing wave heights. Before the sea breeze the 

maximum wave heights were of the order of 0.5 m and increased to 1.0 m after the onset of the 

sea breeze. The growth of the wind waves is very rapid in comparison with the observations of 



Sea Breeze Impacts 

Sonu et al. (1973). These investigators observed an increase in wave period from 1 to 3 s 

during a period of 6 hours whilst in the present study, the wind wave period increased from 2 

to 5 s in less than 2 hours. 

Time series of significant wave heights for the swell and wind generated waves are shown on 

Figure 10. The swell waves had significant wave heights between 0.30 m and 0.40 with a 

slight linear increase in wave height with time. The wind waves, with mean significant wave 

heights of the order of 0.20 m before the sea breeze, show a rapid increase at about 1500 hours 

(at the start of the sea breeze). The wave heights increased from 0.20 m to > 0.5 m over a 

period of 2.5 hours. 

Changes in wave angle (calculated using the method described by Sherman and Greenwood, 

1986) were also recorded. Before the sea breeze, the dominant wave direction had an angle of 

approximately 40° which increased to 70° approximately 1 hour after the onset of the sea breeze 

(zero angle of incidence is defined as normal to the beach). 

3.2 Nearshore currents 

The mean northward longshore current (averaged over each data record segment of 6.83 

minutes) indicates a rapid acceleration from < 0.05 ms"1 to approximately 1.3 ms"1 within 3 

hours (Figure 11). A maximum instantaneous longshore current speed of 3.1 ms"1 was 

recorded by the current meter. The response of the longshore current to the sea breeze is 

almost instantaneous with an increase in the current speed corresponding to an increase in wind 

speed (Figure 11). This is a result of the rapid increase in both wave energy (through an 

increase in wave height) and wave angle. In combination, both of these effects would result in 

high wave-induced currents in the surf zone. It should be noted that although the maximum 

wave heights were < 1.0 m, strong longshore currents were generated within the surf zone and 

it would appear that the wave direction plays an important role in the generating the longshore 

current. The mean cross-shore currents (at 0.20 m above the bed) were directed offshore 

throughout the measurement period but the magnitude of the current increased from 0.03 ms"1 

to 0.66 ms" 1 (Figure 11). 

On the sandy beaches of southwestern Australia, which are subject to low swell conditions, the 

nearshore water circulation pattern undergoes systematic change with the onset of the sea 

breeze. It alters from a cellular pattern incorporating closely spaced, 50 to 150 m rip currents 

with few widely spaced rips and major rips at the downdrift end of the beach. This change is 

consistent with the sequence of change observed during storm onset, although with strong, 

unidirectional longshore currents dominating the inshore circulation. 
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3.3 Swash oscillations 

The instantaneous shoreline was monitored during two data runs: one started at 1336 hrs and 

finished at 1536, the second run commenced at 1644 and ended at 1844. The power spectrum 

of the first run, which began before the onset of the sea breeze is dominated by long period 

waves (infra-gravity) of period of 69 s with a secondary peak at 15 s due to the incident swell 

(Figure 12). The incident swell period of 15 s is higher than than that recorded by the 'S' 

probe data (10 s). A similar observation was made by Sonu et al. (1973) w h o also found a 

higher dominant frequency in the swash oscillations compared to that observed by the incident 

swell period. This process was attributed to collision processes at the lower swash zone which 

reduced the number of swashes reaching the upper beach which implies that beach acts as a 

low-pass filter which allows only larger or longer period waves to reach the upper swash zone 

(Emery and Gale, 1951; Sonu et al, 1973). 

During the second monitoring run, coincident with the sea breeze, the power spectrum indicates 

a dominant peak at 15 s which corresponded to the incident swell energy present before the sea 

breeze (see above). A noticeable feature is that there is very little energy in the low frequency 

end of the spectrum. It appears that the sea breeze has suppressed the mechanism, probably 

edge waves, which caused the low frequency oscillations in the swash signal. This is also 

reflected in the beach topography: before the sea breeze there were well defined rip current 

systems and cusps present on the beach. Both of these features were absent during the sea 

breeze but reformed overnight following the cessation of the sea breeze. 

3.4 Beach morphodynamics 

Changes in beach topography indicate that after the sea breeze was established, the beach 

eroded as much as 0.3 m vertically within a time scale of only 30 mins. Beach profiles, 

obtained before and after the onset of the sea breeze are shown on Figure 13. The progressive 

erosion of the beachface after the start of the sea breeze at 1445 hrs is clearly evident in the 

profiles. The profiles obtained before the onset of the sea breeze shows that the beach is 

relatively stable through this period (Figure 13a). After the sea breeze started (at 1445 hrs) the 

progressive erosion of the the beachface and its deposition offshore (beyond the 45 m mark, 

Figure 13b) may be identified. The profile measurements do not extend offshore due to the 

difficulty in measuring the sediment levels during the vigorous sea breeze wave regime. 

However, it is likely that there is a balance in the volume of sand eroded from the beachface and 

deposited offshore. O n this day (23 January 1992) the final profile was obtained at 1800 due to 

the harsh conditions in the field. Profiles obtained on 6th March 1992, where profiles were 

obtained over a period of 24 hrs, show the erosion and recovery of the beachface through the 

sea breeze cycle (Figure 13c). O n this day, the sea breeze started at 1330 hrs and weakened 
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around 2000 hrs. During the period 1300 to 1800 hrs there was erosion of the beachface with 

some deposition evident on the profile obtained at 2300 hrs (Figure 13c). This deposition 

continued through the night and by 0600 hrs the next morning the beach had recovered to 

almost its original position before the start of the sea breeze (Figure 13d). 

Examination of the time series of sediment levels (Figure 14) indicate more subtle changes in 

the beach topography. Before the start of the sea breeze the pegs located closest to shore (pegs 

2 to 7) show accretion of material with a corresponding erosion at the seaward end of the 

profile line (pegs 10 to 12). After the onset of the sea breeze, the two pegs located closest to 

shore (pegs 2 and 3) show a slight accretion of material whilst the intermediate pegs (pegs 4 to 

9) indicate erosion and the pegs at the seaward end of the line (pegs 10 to 12) indicate accretion. 

The accretion at peg 12 is very noticeable with changes in sediment levels up to 0.30 m. 

The above indicate that the high energy conditions induced by the sea breeze resulted in erosion 

of the subaerial beach face and deposition offshore. This change in morphology is reflected in 

the variability of the surf scaling parameter (Figure 15). Before the onset of the sea breeze, the 

beach could be classified as reflective (e~2). The beach became more dissipative during the sea 

breeze (e up to 10) which then reverted to a more reflective morphology overnight after 

cessation of the sea breeze. These results indicate that the surf similarity parameter (e) is a very 

good indicator of the dynamic behaviour of the beachface. Initially, there is a slight decrease in 

the mean value of e where the mean value decreases from ~ 2 to ~1.5 (Figure 15). This is 

demonstrated in the time series of sediment levels (Figure 14) which shows erosion at the 

seaward end of the line and deposition onshore, indicating that the beach was continually 

adjusting to the incident wave climate after the previous days' sea breeze event. During the sea 

breeze, sediment was eroded from the beachface and deposited offshore and this was associated 

with an increase in e. It is c o m m o n to use a single value of e to define the characteristics of a 

nearshore system, although, e is not constant but varies from time scales of the order of wave 

period to seasonal (Bauer and Greenwood, 1988). Results obtained in this study indicate that 

the beach is in a constant state of adjustment for the differing energy input through the diurnal 

cycle. This process of diurnal change will continue throughout the summer months. Therefore 

it is not possible to use a single value of e to characterise the nearshore system in this region. 
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4. D I S C U S S I O N 

The data presented above has clearly demonstrated that the diurnal sea breeze pattern has a 

dramatic impact on the nearshore and foreshore processes in southwestern Australia. As the 

sea breeze begins the wave climate is altered from a swell dominated system to a wind-wave 

dominated system which drives a strong northward longshore current. The increased energy 

results in almost continuous suspension of sand resulting in the erosion of the beachface. 

Beach profiles, although limited to a short section of the beach, indicate that there is a cross-

shore sand balance i.e. the volume of the sand which is eroded from the upper beachface is 

deposited offshore. At the cessation of the sea breeze the beachface recovers to its original 

position and the process is repeated with the onset of the sea breeze the following day. This 

process is similar to the effect of having a daily storm on the beach and its impact on the 

nearshore processes is similar to those reported elsewhere. Inman and Filloux (1960) reported 

that the combined effects of the tide and sea breeze system resulted in fortnightly changes in the 

beach profiles in Estrella Beach (Gulf of California). Here, the fortnightly changes in beach 

profiles occurred due to the high tidal range (7 m ) in the region. The greatest effect of the sea 

breeze was when the sea breeze coincided with the maximum spring tides resulting in the 

erosion of the shoreface and deposition offshore. During the following tidal cycles with lower 

high tides the beach face progressively built up to its equilibrium steepness (Inman and Filloux, 

1960). In the present study, due to the low tidal range, the changes in beach profiles occur on 

a daily cycle. In contrast, Sonu et al (1973) reported only a net shoreward movement of sand 

during an experiment undertaken in Santa Rosa Island, Florida. Here, the maximum wind 

speed recorded during the sea breeze was 5 ms"1 and was perpendicular to the shoreline 

(onshore). Also the beach consisted of periodic longshore distribution of bars and depressions 

which reduced the wave energy incident at the shoreline. Hence, due to the combination of 

lower wave energy due to the weaker sea breeze system and the presence of offshore bars the 

effects of the sea breeze at the shoreline was insignificant. 

As mentioned before, the behaviour of the shoreface in response to an increase in wave energy, 

with the onset of the sea breeze, may be compared to that of a medium storm event and the field 

observations support this hypothesis. The major changes in the beach profiles are similar to 

those observed under storm attack. In particular, the suspended sand concentrations and 

longshore sand transport rates obtained during this study reveal similarities with values 

reported by Kana and Ward (1980) from Duck, North Carolina. At south Scarborough Beach, 

the depth averaged mean suspended sand concentration (SSC) was 2.2 gl"1 before the onset of 

the sea breeze which increased to 6.5 gk1 after the onset of the sea breeze, representing a 3 fold 

increase in the SSC. A similar increase in the magnitude of the SSC were reported by Kana 

and Ward (1980) between storm and post-storm conditions and interestingly the peak wind 

speeds recorded by Kana and Ward (1980) during their storm (maximum speed of 12 ms"1) 
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was of similar magnitude to the wind speeds recorded under sea breeze conditions at south 

Scarborough Beach. The increase in the longshore transport of sand also indicate comparable 

values to those reported by Kana and Ward (1980). If w e assume that the measured mean 

depth averaged suspended sand concentration (C) is constant across the surf zone, then the 

longshore sand transport rate Qs is given by, 

Qs = Cv,A (2) 

where, \\ is the measured mean longshore velocity and A is the total cross-sectional area of the 

nearshore between the breaker line and the shoreline. The data indicate that the mean longshore 

sand transport rate increased from 0.002 m 3 s"1 before the sea breeze to 0.16 m 3 s"1 after the 

sea breeze: an 80 fold increase. A 60 fold increase was found by Kana and Ward (1980) during 

storm and post-storm conditions in Duck, North Carolina. It is clear that the impact of the sea 

breeze in this region is directly comparable to the effects of a medium storm in other regions. 

Inman and Bagnold (1963) have proposed that the longshore sediment transport (Ii) from the 

combined action of waves and currents, where waves making the sand to be transported by a 

current, is given by, 

Il = K'(ECn)bv,/um (3) 

where, K' is a dimensionless proportionality factor, V| is the longshore velocity, (ECn)b is 

energy flux under breaking wave conditions (Komar, 1976) and u m is the maximum wave 

orbital velocity. Komar and Inman (1970), using sand tracers found that K' = 0.28 and Wang 

and Chang (1979) found in their experiment under lower energy levels, that the best agreement 

between measured and predicted values were given when K' = 0.18, and Komar (1983) has 

suggested that K' may be dependent upon the incident energy levels. The data from the present 

study may be used to test this hypothesis. All parameters on the right hand side of equation 

(3), with the exception of K\ were measured by the 'S' probe. And I] may be estimated using 

equation (2). Before the start of the sea breeze, very good agreement was found between the 

predicted and measured values with K' = 0.23, very close to the value quoted by Komar and 

Inman (1970). However, after the start of the sea breeze, best agreement was found when K' 

= 0.97. Interestingly, flume studies of Francis (1977) have indicated that the proportionality 

coefficient in the Inman and Bagnold (1963) equation is of the 0(1). Due to the assumptions 

made in the calculations of the these results may be fortuitous but they clearly highlight the 

shortcomings of the predictive power of the semi-empirical formulae under differing incident 

wave energies (cf. Pattiaratchi and Collins, 1985). 
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The beaches of the Perth Metropolitan area (Figure 1) may be considered to be relatively stable 

although examination of historic air photography has shown that the beach between Cottesloe 

and City Beach is undergoing erosion with accretion between Scarborough and Trigg (Bowyer, 

1987). The area between Fremantle and Trigg may be considered to be a sand circulation cell 

for consideration of a sand budget for the area (Komar, 1976). Due to the presence of 

Fremantle Harbour, there is no input of sediment into the cell from the south. At Trigg, a 

natural headland and reef (including Trigg Island) acts to trap the northward movement of sand, 

and to the north of this point rocky beaches are present. The data presented here has indicated 

that there is a balance of sediment in the cross-shore direction but a substantial amount of 

sediment may be transported to the north during the sea breeze. Assuming that the mean 

duration of the sea breeze is 6 hours, then from the values quoted above, -3500 m 3 of sand 

will be transported northward each day during the summer months. Conservatively assuming 

that the sea breeze occurs for 45 days over the summer months (Gentilli, 1971) then -150,000 

m 3 of sand will be transported northward during the summer. There is no obvious source for 

this material but it is probably derived from erosion of a very thin layer of the beachface over a 

large distance. Seasonal beach profiles obtained over several years at Trigg indicate that 

approximately -80,000 m 3 of sand may be trapped by Trigg Island during the summer months. 

During winter, north-westerly storms transport this sand southwards. The rest of the sand 

which is transported by the sea breeze is probably deposited on the bar systems between 

Scarborough and Trigg. Hence, it would appear that the sea breeze system plays an important 

role in the sand budget in the region. 

5. CONCLUSIONS 

Field data collected during a typical summer sea breeze in the Perth coastal waters have shown 

that the sea breeze plays a significant role on coastal processes, particularly the rate of littoral 

sediment transport. The preliminary results obtained indicate that the sea breeze system 

changes nearshore and foreshore coastal processes from a swell dominated system to a wind 

wave dominated system with associated changes in wave climate with sea breeze onset. This is 

a very substantial change in energy conditions on the low-energy, microtidal coast of the Perth 

Metropolitan Area, and the changes are reflected in the nearshore currents and beach 

morphodynamics. The nearshore currents are modified from a circulatory system with strong 

oscillatory currents and rips to a strong longshore unidirectional system with mean speeds up to 

1.3 ms"1. The sea breeze also obliterated the beach cusps on the beach and removed the 

dominant infra-gravity wave frequency from the swash record. The beach cusps reformed after 

the cessation of the sea breeze. The study has demonstrated that the beachface is in a constant 

stage of adjustment to the incident wave energy through the diurnal sea breeze cycle and, 

although the surf similarity parameter is a good indicator of the morphodynamics of the 
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beachface, it is not possible to define a single value of surf similarity parameter to characterise 

die nearshore system in this region. 

The data obtained during the study may be used to determine the impact of a medium storm on 

the beachface and the results obtained show good agreement with studies listed in the literature. 

A 3 fold increase in suspended sediment concentration and an 80 fold increase in the longshore 

sand transport rate resulted from the effects of the sea breeze system. It is clear that the sea 

breeze system plays a major role in controlling the nearshore and foreshore processes in this 

region and also likely to do so in other geographic locations where strong sea breezes are 

present. 
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FIGURE CAPTIONS 

Figure 1 - M a p of the study area showing the location of field experiment and places referred 

to in the text 

Figure 2 - A typical 10 day time-series of wind (10 mins) and surface currents (hourly 

filtered) collected at Swanbourne (wind) and off Ocean Reef (currents), 1-10 

January 1993. Locations are shown on Figure 1. Note that wind direction 

denotes where the winds comes from whilst the current direction indicates where 

the current is going to. 

Figure 3 - Vertical profiles of temperature, collected near to the current meter location (see 

Figure 1), showing the effect of the sea breeze on the deepening of the 

thermocline. (a) profile taken at 10 am before the sea breeze started and (b) profile 

obtained at 1430 after the start of the sea breeze. 

Figure 4 - Deployment of instrumentation at South Scarborough beach on 23rd January 

1992. 

Figure 5 - Time series of water level, cross-shore and longshore velocity and the suspended 

concentration 0.125 m above the sea bed. The record starts at 1115 hrs. 

Figure 6 - Time series of water level, cross-shore and longshore velocity and the suspended 

concentration 0.125 m above the sea bed. The record starts at 1700 hrs, 2 hours 

after the onset of the sea breeze. 

Figure 7 - Time series of wind speed and direction (5 minute means) from the weather 

station deployed on the beach (approximately 4 m above the beach). 

Figure 8 - Wave spectra showing the development of the sea breeze generated waves, (a) 

before the start of the sea breeze; (b) 30 minutes after the start of the sea breeze; 

(c) 45 minutes after the sea breeze; and, (d) 2 hours after the sea breeze. Note the 

progressive decrease in frequency and the increase in spectral density of the short 

period waves with time. 

Figure 9 - Time-frequency plot of water elevation showing the development of the wave 

generated by the sea breeze whilst the swell period remains unchanged. 
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Figure 10 - Time series of siginificant wave heights for swell (+) and sea breeze generated 

waves (*). Note the rapid increase in sea breeze generated wave heights after the 

onset of the sea breeze at 1445 hours. 

Figure 11 - Time series of mean longshore currents (x), positive northward; and, mean cross-

shore currents ( ), positive onshore. 

Figure 12 - Power spectrum of swash oscillations computed from data records before (-) and 

after (—) the onset of the sea breeze. 

Figure 13 - Swash profiles obtained before and after the sea breeze, (a) series of profiles 

obtained on 23 January 1992 between 1000 and 1400; (b) as (a) but between 1400 

and 1800; (c) series of profiles obtained on 6 January 1992 between 1300 and 

2300; and, (d) as (c) but includes a profile obtained at 0600 on 7th March which 

indicates that the beach has recovered to its original position after the sea breeze. 

Figure 14 - Time series of sediment levels recorded at each individual peg. The distance 

between pegs is 2 m with peg 1 being closest to the shore. 

Figure 15 - Time series of the surf scaling parameter computed from the field data. 
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Time series of beach elevations - 23/1/93 
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Appendix B 

Manuscript on applied spectral analysis, currently in preparation. 
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ABSTRACT 

Spectral analysis is a useful tool when studying sequences of observations made through 

time or space and can provide valuable insights into the behaviour of the process 

that has generated the sequence. The auto-spectral density function or aUto-spectrum 

expresses the variance and the phase of a time series associated with different frequency 

ranges. The cross-spectral density function or cross-spectrum provides information 

about the degrees of similarities between two signals. Cross-spectral analysis produces 

the co-variance, the phase difference, the coherence, and the linear gain between two 

time series as a function of frequency. The recent rapid advances in spectral analysis 

techniques has resulted in some confusion and inconsistencies in the literature. The 

present article is intended to provide a tutorial description of spectral analysis for 

applied scientists. For demonstration purposes, example data from the nearshore is 

employed. 

Prior to spectral analysis, the time series should be plotted to identify the presence of 

any trend in the mean or variance of the series and to recognise anomalies in the data. 

Consequently the probability density function should be plotted and compared with 

the Gaussian distribution. In order to satisfy the assumption of stationarity any long 

term trend should be removed from the time series. The final stage in preparing the 

time series for spectral analysis is to apply a taper or data window to reduce spectral 

leakage and consequent distortion of the spectral density function. After calculation of 

the periodogram, spectral estimates should be combined in order to make the spectral 

density function more reliable. Finally confidence limits can be constructed around 

the spectral density function so that statistically significant spectral peaks can be 

identified. 

Spectral estimation with sampled time series is not an exact science and a great 

deal of experimentation and subjective trade-off is required. Spectral analysis has 

more an empirical basis than a solid theoretical basis and every time series requires 

a different approach. It is stressed that spectral analysis is an analysis tool. The 

resulting spectrum is rarely the end result of the analysis but a step in the analysis. 
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Introduction 

Earth scientists often study sequences of observations made through time (or space) 

of naturally occurring processes. These sequences are referred to as time series. Often 

the process represented by the time series display some sort of periodicity. In these 

cases spectral analysis can provide valuable insights into the behaviour of the process 

that has generated the sequence and enables the decomposition of a time series into 

its constituent frequency components. The resulting spectrum is an expression of 

the contribution of frequency ranges to the mean-square amplitude, or variance, of a 

time series (Bingham et al 1967). In addition, cross-spectral analysis may be used to 

discover degrees of similarities between two signals. 

In 1974, Bath stated that 'spectral methods are nowadays among the most significant 

techniques in geophysical research' (Bath 1974, 3). This statement remains largely 

true although the use of spectral analysis is certainly not restricted to the field of 

geophysics. Especially in nearshore research spectral analysis techniques are frequently 

used. The water motion in the surf zone has a quasi-periodic character and spectral 

analysis is ideally suited for providing information on the processes governing nearshore 

dynamics. Spectral analysis has been used to examine a variety of problems in 

nearshore research including, surface waves (e.g. Thornton k Guza 1982), edge waves 

(e.g. Bowen 1969; Huntley 1976), swash motion (e.g. Huntley et al. 1977; Mase 

1988), rip currents (e.g. Komar 1971), longshore currents (e.g. Dodd et al. 1992), 

groundwater fluctuations (e.g. Waddell 1973; Lewandowski k Zeidler 1978; Hegge k 

Masselink 1991), sediment transport (e.g. Brenninkmeyer 1975; Hardisty 1989) and 

beach morphology (e.g. King k Mather 1972). In addition, spectra of waves and 

currents have been used to identify different morphodynamic signatures (Wright k 

Short 1984). 

The rapid growth in the use of spectral techniques in a wide range of fields has, in 

part, led to a profusion of techniques for determining the spectra. This has led to 

some confusion and inconsistency in the literature (IAHR 1989; Press et al. 1989). 

As a result, spectral analysis is often perceived to be shrouded in mystique. To add 

to the confusion, a large proportion of literature on spectral analysis has focused on 

continuous, infinite series. Though this analysis provides a clear basis for theoretical 

analysis it is not directly applicable to applied time series analysis, in which the signal 

has a finite length and is often sampled discreetly. Many texts that examine finite 

discrete time-series present definitions that incorporate normalisation of the sample 
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rate and/or series length. This simplifies the mathematical descriptions, but confounds 

the practical application of spectral methods. Despite this confusion, spectral analysis 

based on the Fourier transform is a common technique which is not inherently complex. 

To our knowledge there has not been presented in the published literature a clear 

and concise discussion of the techniques of applied spectral analysis to determine the 

auto- and the cross-spectral density function. Therefore, the objective of this paper 

to 'shed some light' on spectral techniques based on the Fourier transform; to provide 

a brief glimpse into, what is too often regarded as the 'black box' of spectral analysis. 

W e present a clear description of Fourier based spectral techniques and discuss the 

application of spectral analysis using examples of actual data. 

The example time series presented in this paper have been obtained from the nearshore, 

however, the techniques and methods of spectral analysis demonstrated in this paper 

are applicable to any ordered sequence of real numbered observations that have been 

obtained with a uniform sampling interval. Topics which will be covered in this 

paper are auto-spectra, cross-spectra, significance levels, confidence levels, tapering 

and smoothing procedures. By no means does this paper give a complete description 

of all the aspects of spectral analysis of a time series. For more detail the reader is 

referred to several texts, including Jenkins and Watts (1968), Rayner (1971), Bath 

(1974), Chatfield (1985), and Bendat and Piersol (1986). 

Time Series 

A time series may be defined as any sequence of observations made through time; time 

is the independent variable and the observed value (e.g. water surface elevation) is the 

dependent variable. Other series may be defined analogously in which the dependent 

variable is observed with respect to an ordered sequence of the independent variable 

(e.g. spatial series). The techniques of spectral analysis are equally applicable to these 

series (since time is the independent variable in all examples presented in this paper 

we will continue to use the term 'time series' for convenience). 

If the future state of a time series may be predicted exactly (e.g. tidal motion) then 

the series is considered to be deterministic and may be fully described analytically 

(Bendat k Piersol 1986). However, if the future state is only partly dependent on 

past values and can not be predicted exactly (e.g. nearshore surface elevation or 

instantaneous shoreline position) then the time series is termed stochastic (or random). 
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The analysis of stochastic time series must be treated in terms of probability statements 

and statistical averages, such techniques include spectral analysis (Bendat k Piersol 

1986). Time series may be further divided into either continuous or discrete series. A 

continuous time series has observations of the series at every point in time. A discrete 

series has observations available at specific times. The time between observations 

in a discrete series may be either equal (uniform sampling) or unequal (non-uniform 

sampling). 

Time series may be represented in three distinct domains, each of which has its own 

independent variable, analysis techniques and analysis objectives. The time series is 

an expression of the observed values in the time domain. The probability density 

function represents the series in the amplitude domain in which amplitude is the 

independent variable. The density spectrum is a representation of the series in the 

frequency domain; frequency is the independent variable. 

This paper is aimed at outlining the spectral analysis techniques necessary to represent 

a stochastic, discrete, uniformly sampled finite length time series in the frequency 

domain via the Fourier transform. 

Spectral Analysis Techniques 

By far the most popular spectral analysis technique is that based on the Fourier 

transform (Kay k Marple 1981; M A T L A B 1990). This is a non-parametric technique 

which is computationally efficient, robust and produces reasonable results for a large 

class of time series. Despite the advantages of Fourier techniques to estimate the 

spectra there are several inherent performance limitations of this approach. The 

principal disadvantage arises from the fact that any observational series available for 

analysis is of finite length. The discontinuities presented by the two end points of the 

series introduce distortion into the calculated spectral density function. It is possible 

to minimise this distortion by tapering the time series prior to analysis. However, 

tapering is done at the expense of frequency resolution. These two limitations of the 

Fourier technique, spectral distortion (side-lobe leakage) and loss of resolution are 

particularly troublesome when analysing short data records (Kay k Marple 1981). In 

addition, Fourier techniques do not perform very well when there is an exact sinusoid 

present in the data. Spectral energy will be spread across adjacent frequency bins and 

the harmonics of the sinusoidal component may show up as well. 
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The inherent limitations of Fourier based spectral analysis techniques has recently led 

to the development of alternative approaches. Many of these are parametric techniques 

that involve curve fitting models and hence assume a specific functional form of the 

time series. The interest in non-Fourier techniques is primarily due to the apparent 

high-resolution performance that can be achieved for series of limited length (Marple 

1987). These techniques include, the maximum entropy method (cf. Press et al 1989), 

Pisarenko harmonic decomposition (cf. Beau champ k Yuen 1979) and Walsh functions 

(cf. Bath 1974). If the signal is exactly periodic (e.g. tides), harmonic analysis may be 

used to analyse the signal. Kay and Marple (1981) provide a review of these and other 

techniques and note that the degree of improvement using these alternative techniques 

(over the Fourier transform) is dependent on the signal to noise ratio. However, where 

this ratio is low (as for nearshore data) they may be no better that traditional spectral 

techniques. 

Requirements of Series for Fourier Transform 

In order to determine the spectral density function of a series using the Fourier 

transform it is necessary for the time series to be stationary. A stationary time series 

is one which is in statistical equilibrium, in the sense that the series statistics do not 

change with time (Jenkins k Watts 1968). A stationary time series has no trend in 

either the mean or the variance. A short-term record of the nearshore water surface 

elevation is generally stationary, however if this record is collected for a longer period 

then eventually changes in the tide level (trend in the mean) and/or wave regime 

(trend in the variance) will cause the record to be non-stationary. Thus, stationarity 

is often simply a matter of time scale. 

Spectral analysis of non-stationary data is not appropriate, hence it is necessary to 

remove any trend in the series prior to analysis. A trend in the mean is traditionally 

removed by fitting a polynomial curve to the data—usually linear but occasionally 

quadratic—and subtracting this curve from the data. There are several alternative 

methods of trend removal, including filtering, differencing and fitting piecewise 

polynomials (Chatfield 1985). If a trend is apparent in the variance of the time series it 

may be possible to split the series into several parts and analyse these independently. 

If this is not possible Bath (1974) provides a discussion of spectral analysis techniques 

that are directly applicable to non-stationary time series. If trends are not removed 

prior to analysis, the resulting spectrum will be dominated by energy at the lower end 

of the frequency scale. 

i 
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The Nearshore Data 

The example data presented in this paper were collected from two distinctly different 

beaches: Nine Mile Beach, Central Queensland, a moderate energy macro-tidal 

beach and Leighton Beach, Southwestern Australia, a low energy micro-tidal beach 

(Figure 1). 

The data from Nine Mile Beach was collected as part of a larger study on the 

morphodynamics of macro-tidal beaches. This study investigates the change in 

spectral signatures of waves and currents over a tidal cycle for different parts of the 

macro-tidal profile. The time series from Nine Mile Beach presented in this paper 

was obtained from a pressure transducer located in 1 m water depth. The data was 

collected one hour after low tide when the root mean square breaker height was 1.25 m 

with a period of around 8 s. The instrument was located in the inner surf zone which 

was dominated by non-saturated (spilling) breakers (Figure 2). 

The data collected from Leighton Beach form part of a detailed investigation of 

beachface dynamics on low-energy, micro-tidal beaches (cf. Hegge k Masselink 1991; 

Hegge k Eliot 1991). The time series from Leighton Beach presented in this paper were 

obtained from a pressure transducer and a resistance wire run-up gauge (Figure 3). 

These time series were collected to examine the transfer of energy across the surf zone 

from the breakers to the shoreline. The pressure transducer was located in the shoaling 

wave zone, just offshore of the breaker zone. The resistance wire gauge was suspended 

across the swash zone approximately 1.5-2 cm above the beachface and recorded the 

location of the landward edge of the swash mass (the instantaneous shoreline). 

All the time series presented in this paper were collected at a uniform sampling 

frequency of 4 Hz (sampling period 0.25 s). The recorded pressures obtained from 

Nine Mile Beach and Leighton Beach were converted to surface elevation using the 

method of local approximations described by Nielsen (1989). It should be noted that 

the conversion of dynamic pressure to water surface elevation for surf zone waves is 

a complicated problem by itself. However, a discussion of this problem is beyond the 

scope of this paper. 

The Fourier Transform 

A physical process may be described in the time domain by the value of some quantity 

x as a function of time t (e.g. x(t) for — oo < t < oo) or in the frequency domain where 
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the process is described by its amplitude and phase X (this is generally a complex 

number) as a function of frequency / (e.g. X(f) for —oo < / < oo) (Press et al 

1989). Thus, x(t) and X(f) are two different representations of the same function 

and may be related via the Fourier transform, 

/ O O 

x(t)e-2^dt (1) 
•oo 

and the inverse Fourier transform, 

/ o o 

X(f)e2^df. (2) 
•oo 

The Fourier transform pair allow a function to be expressed in the frequency domain 

(Eqn. ft or in the time domain (Eqn. ift. These two transforms constitute an exact 

complement; there are no error terms and no information is lost via this transformation. 

The Fourier transform (Eqn. ft represents the time series x(t) in terms of the 

distribution of its variance at different frequencies. The transform pair are normalised 

so that the total variance is the same whether calculated in the time or the frequency 

domain. Thus, for a time series with a mean of zero, Parseval's theorem states, 

/ O O /"OO 

\x(t)\2dt= I \X(f)\2df. (3) 
•oo J—oo 

Unfortunately, equations ft, ift and pt are only applicable to series that are both 

continuously sampled and infinite. However, in practice, it is only ever possible 

to examine a finite length of record that is sampled discretely. This apparently 

minor modification has profound implications (Press et al 1989) and results in the 

formulation of the discrete Fourier transform (DFT). 

The Discrete Fourier Transform 

The Fourier transform of a finite time series x(n), of length N, sampled at a uniform 

sampling frequency fs may be expressed as, 

N-l 

X(k) = J2 x(n)e-2*iknlN fc = 0,1,..., AT - 1 (4) 
n=0 
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where N is the number of sample points in the signal. A geometric insight into 

the discrete Fourier transform may be gained by expressing Eqn. dftn complex polar 

notation, 

X(ife)=gx(n)(cos^-isin^) k = 0,1,... ,N - 1. (5) 
n=0 ^ ' 

The discrete Fourier series X(k) is a complex series of the same length N as the time 

series x(n) and has a real cosine part and an imaginary sine element. The Fourier 

cosine a(k) and sine b(k) coefficients may be calculated separately as, 

where 

X(k) = a(k) - ib(k) k = 0,l,...,N-l, (6) 

^(k)=22x(n)cos—^-, (7) 
n=0 

Kk) = /2 x(n)sin ~~/v~- (8) 
n=0 

The frequency of the kth Fourier coefficient is determined by the sampling frequency 

fs and the length of the series N, 

fk = kf./N. (9) 

It follows from Eqn. fkhat the frequency resolution of the Fourier transform is equal 

to fs/N. Thus, the Fourier transform allows a complicated function x(n) to be 

represented by a series of harmonically related cosines and sines whose frequencies 

are multiples of fs/N (the fundamental frequency / / ) . 

The Fourier coefficients of an eight point example record are shown in table 8-pt. The 

first point of the discrete Fourier series ̂ (0) has a frequency /o = 0. This point is a 

real number and is equal to the sum of the time series. If a time series is detrended 

prior to calculating the discrete Fourier transform, X(0) will be approximately equal 

to zero. The second point of the discrete Fourier series X(l) has a frequency equal to 

the fundamental frequency /i = fs/N = //. The middle point of the discrete Fourier 

series X(N/2) is a real number and represents the variance at the highest frequency 

that may be resolved using the discrete Fourier transform. This frequency is known 
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as the folding or Nyquist frequency fc and is directly determined by the sampling 

frequency: 

fc = fN/2 = fs/2. (10) 

If the time series is real (generally data collected from physical systems is real) then 

the Fourier coefficients beyond the Nyquist frequency represent negative frequencies, 

which have no physical meaning. These frequencies provide no new information since 

they are simply complex conjugates of the first half of the Fourier series (cf. Table 1). 

Aliasing 

An unfortunate, but unavoidable, result of discretely sampling a continuous signal is 

that the variance of oscillations with frequencies higher than the Nyquist frequency is 

spuriously included in the frequency range from /o to fc. This phenomenon is termed 

aliasing or Nyquist folding and is a consequence of Parseval's theorem (Eqn. dpt which 

states that all the variance in the time series is contained within the Fourier series and 

distributed between frequencies /o and fc. 

Although aliasing can not be avoided, measures may be taken to minimize its effect. 

One step is to ensure that the sampling frequency /s is chosen such that oscillations 

at frequencies greater than half the sampling frequency (i.e. the Nyquist frequency 

fc) are minimized. An alternative method is to filter the signal to eliminate high 

frequency components prior to sampling. The degree of aliasing may be checked by 

examining the magnitude of the spectral density at frequencies approaching fc (Press 

et al 1989). If aliasing is minimized then the spectral density should approximate 0 

at frequencies approaching fc. The nearshore time series presented in this paper were 

collected at a sampling frequency of 4 Hz which is sufficiently rapid to minimize the 

effect of aliasing. 

Obtaining the Fourier Coefficients 

The cosine and sine coefficients a(k) and b(k) provide the basis of Fourier based 

spectral analysis. The direct calculation of these coefficients from Eqn. cosine_coefnd 

Eqn. sine_coefs particularly inefficient and as a result, several methods have been 

used to determine the Fourier coefficients. For some time, direct estimation of the 

spectrum has been conducted through the use of special purpose analogue devices (e.g. 

harmonic analyzers, filter banks, wave analyzers) (Bingham et al. 1967; Beauchamp 

k Yuen 1979), but these physical techniques did not gain widespread use. It was not 
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until electronic computers came into general use that spectral analysis of geophysical 

phenomena really began (Bath 1974). The wide applicability and numerical accuracy 

of digital methods has clearly established this technique over analogue methods 

(Beauchamp k Yuen 1979). 

The FFT algorithm is a non-obvious computational procedure that determines the 

Fourier coefficients directly from the time series. This algorithm works most efficiently 

when the length of the time series is an integer power of 2 (i.e. N = 2 where h 

is a positive integer). The F F T procedure is significantly faster than the indirect 

autocorrelation method and remains the workhorse of spectral analysis ( M A T L A B 

1990). The F F T is generally attributed to Cooley and Tukey (1965). However, in 

retrospect it is apparent that several other researchers had discovered and implemented 

similar algorithms prior to 1965 (Brigham 1974). 

Calculating the Spectrum 

The Periodogram 

The variance of the series at each Fourier harmonic is directly proportional to 

v the squared complex modulus of the Fourier transform |X(A;)|2, where |X(fc)|2 = 

a(k)2 + b(k)2 . When determining the variance contained at each Fourier harmonic 

it is customary to only consider positive frequencies (e.g. 0 < / < / c ) ; for a real 

time series the Fourier coefficients beyond the Nyquist frequency are simply complex 

conjugates of the first half of the Fourier series. This forms the basis of the one-sided 

periodogram: 

f l*(*)l2 for jfc - 0 #• 

Each P(k) represents the proportion of variance of the time series, of length N/fs, 

within a frequency band of fs/N. The one-sided periodogram is normalized such 

that the sum of P(k) is directly proportional to the total variance of the time series 

(Parseval's theorem; Eqn. pt: 

N-l N/2 

Total variance = ^ x(n)2 = ] P P(k). (12) 

n=0 Jfc=0 

If the original time series was sampled in units of metres and the sampling period 

was measured in units of seconds, then the resulting periodogram P(k) has units of 
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meters squared second (m2s) or equivalently meters squared per Hertz (m 2Hz - 1 ). 

This parameter (P(k)) has been variously termed, variance-spectral density, power-

spectral density and energy-spectral density. For ocean waves the term 'variance-

spectral density' or simply 'spectral density' is recommended by the International 

Association for Hydraulic Research (IAHR 1989). 

The spectral density coefficients of a time series may also be obtained indirectly 

via the autocorrelation function (after appropriate tapering)—commonly termed the 

Blackman-Tukey method (cf. Blackman k Tukey 1958; Bendat k Piersol 1986). 

This approach exploits the fact that the autocorrelation function and the spectral 

density function form a Fourier pair (Weiner theorem). The Blackman-Tukey method 

remained the most popular method of determining the Fourier series until the 

popularization of the fast Fourier transform (FFT) by Cooley and Tukey (1965) (Kay 

k Marple 1981; Bendat k Piersol 1986). 

The periodogram may be presented visually by plotting frequency (Eqn. fk on the 

ordinate and spectral density (Eqn. period on the abscissa. Since the spectral density 

is determined as an average over a small frequency band, centred at the discrete Fourier 

frequencies, it is appropriate to present the periodogram as a histogram (Bath 1974). 

However, traditionally the periodogram is presented as a line plot (Figure 4). The 

absolute value of the spectral density usually does not have much absolute significance, 

whereas the value of the abscissa (frequency) corresponding to peaks (or troughs) in 

the spectral density is generally of much more absolute significance and hence is often 

quoted (Bath 1974). 

The periodogram of the surface elevation record from Nine Mile Beach reveals two 

broad-banded peaks; one at a frequency of approximately 0.08 Hz (12.5 s) and the 

other located at a frequency of 0.16 Hz (6.3 s) (Figure 4). These two peaks may be 

attributed to swell and local wind wave energy respectively. There is also some energy 

at the low frequency end of the periodogram and at frequencies lower than 0.2 Hz. 

The phase of each Fourier harmonic 0(k), with respect to the beginning of the series, 

9(k) = arctan -f^r fc = 0,...,—. (13) 

may be expressed in units of radians (Beauchamp k Yuen 1979; Kinsman 1984). 

The phase function may be plotted against frequency in a similar manner to the 

periodogram, however this is rarely presented. 
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Though the periodogram represents the proportion of variance of a time series 

contained at each Fourier harmonic there are unfortunately two problems that must be 

addressed: (a) leakage of spectral density occurs from large peaks across to unrelated 

frequencies and (b) the variability of the spectral density P(k) is as large as the actual 

estimates. 

Leakage 

As it is only ever possible to analyse a finite length of record, the beginning and 

end points of the observational series are discontinuous by definition. These two 

discontinuities directly result in spectral leakage. Leakage is the phenomenon whereby 

the value of a spectral estimate, which was intended to estimate a weighted average 

of the spectral density over a specific frequency range, is affected by components at 

remote frequencies (Bingham et al. 1967). Leakage is a particular problem for narrow-

banded signals (Bendat k Piersol 1986) and occurs when cycles in the series have 

periods that are not exact integer factors of the series length (i.e. periods do not 

exactly match the Fourier frequencies (Eqn. fk (Beauchamp k Yuen 1979). In any 

geophysical series, this is almost always the case! If a cycle is present with a frequency 

that is located between two adjacent Fourier harmonics then spectral density will 

be leaked well beyond these frequencies. The degree of leakage is dependent on the 

series length; leakage increases with successively shorter series lengths, alternatively 

no leakage is present when the series length is infinite. 

Leakage may be minimized by tapering the time series prior to computing the Fourier 

transform. Tapering eliminates the discontinuities at the extremes of the time series by 

causing the end points to move smoothly to zero. There are many tapering functions 

(also termed windowing functions) available including, rectangular, triangular, Hann, 

Hamming, Blackman-Harris and Kaiser-Bessel. The tapering functions define a 

series of weights that are applied to the time series prior to determining the Fourier 

coefficients. The use of no taper is equivalent to using a rectangular taper. The 

choice of tapering function involves a.compromise between minimizing the width of 

the spectral peaks and minimizing leakage beyond these peaks, and is often a case of 

trial and error. The application of a taper inevitably reduces the frequency resolution 

of the periodogram, however this loss is generally an acceptable penalty to pay for the 

minimization of leakage (Bendat k Piersol 1986). 
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The Hann taper (also often termed 'Hanning' taper) has gained widespread use in 

geophysics (Bath 1974) and is defined as, 

w(n) = 0.5(1 - cos ——-). n = l,2,...,iV (14) 

However, in a comprehensive review of tapering functions Harris recommended either 

the Blackman-Harris or the Kaiser-Bessel tapering functions, the minimum 4-term 

Blackman-Harris taper is defined as (Harris 1978), 

w(n) = 0.35875 - 0.48829 cos —f- + 0.14128 cos 
N N 

'IT 

N 
6TTTI 

-0.01168 c o s — - n = 0,l,...,N-l (15) 

Taper functions are applied directly to the time series by multiplying the time series 

x(n) by the taper w(n) (Figure 5). Consequently the periodogram (Eqn. period is 

determined from the tapered time series. Unfortunately, tapering decreases the total 

variance of a series, since it essentially discards relevant information at the beginning 

and end points of the series (Bendat k Piersol 1986). In order to correct for the loss 

of variance, and hence satisfy Parseval's theorem (Eqn. dpt, it is necessary to apply 

a correction factor to each of the spectral density estimates. The correction factor C 

for any taper is inversely proportional to the variance of the taper: 

N_ 

E^To1 w(n)' 
C=^N-, , „• (16) 

There appears to be no major difference between the density spectra of the nearshore 

surface elevation of Nine Mile Beach when using either the Hann or the Blackman-

Harris taper (Figure 6). Both the tapered spectra show a greater ability to 

distinguish minor peaks and troughs in the spectral density than the untapered spectra 

(periodogram) Figure 4). The three low frequency peaks have also become much more 

pronounced. 

Variance of the Spectral Estimates 

The remaining problem is to minimize the variance of the spectral estimates. Since 

the time series is a sample from a stochastic (random) process that fluctuates 

unpredictably it follows that the coefficients of the discrete Fourier transform at any 

frequency can also fluctuate unpredictably. Thus, the periodogram of a particular 
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piece of a random series cannot be used to describe the spectral density of the series 

in general (Beauchamp k Yuen 1979). The number of degrees of freedom v of the 

spectral estimates provides an indication of the reliability (degree of variance) of the 

density spectrum. The reliability of the periodogram P{k) is very low; for P(0) and 

P{fc) v = 1, all other spectral estimates of the periodogram have two degrees of 

freedom {v = 2) (Bath 1974; Beauchamp k Yuen 1979). A more reliable (general) 

description of the stochastic process represented by the time series may be gained 

by combining several spectral estimates. Generally, one of two methods are used to 

accomplished this and they are essentially identical mathematically (Press et al. 1989). 

The relationship between the two methods has been described by Nuttall and Carter 

(1982). 

Bin Averaging Method 

Since the time series represents a sample from a stochastic process it follows that 

adjacent frequency bins of the periodogram are independent. Thus, perhaps the 

simplest way of reducing the variability of the spectral estimates is by averaging 

estimates over adjacent frequency bins to obtain a spectral estimate S(j) for the 

mid-frequency bin: 

S(j)=Y,P(k)- i = 0,l,...,^—i (17) 
. Ill/ 

k—jm 

The number of degrees of freedom v is equal to two times the number of adjacent 

frequency bins averaged m . Though this method is relatively straightforward it can 

be computationally inefficient for long time series (Press et al. 1989). 

Segment Averaging—Welch Method 

Since the time series is assumed to be both stochastic and stationary, it follows 

that periodograms of adjacent time segments are independent . Thus, an alternative 

approach to reducing the variance of the spectral estimates is to partition the time 

series into m smaller segments of equal length and estimate the periodogram of each 

segment P(k)i. Consequently the m periodograms are averaged at each frequency bin 

to obtain the spectral estimates S(j): 

m 

SO) = E *(*)'• J = 0,1,...,— (18) 
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This is known as the 'segment averaging' or the 'Welch method' and is the most 

frequently used periodogram approach in use today (Marple 1987). The number of 

degrees of freedom v is equal to two times the number of segments v. To obtain a 

near maximum reduction in the variance from a fixed number of points a reasonable 

procedure is to overlap the segments by half their length (Welch 1967). 

Frequency Resolution 

Both the bin averaging and the segment averaging methods reduce the variance 

of the periodogram estimates. Unfortunately, this is offset by a loss of frequency 

resolution. The approximate frequency resolution (binwidth) of the density spectrum 

is reduced from that of the periodogram by a factor of m; fsm/N. Deciding on the 

'best' spectral density function involves compromising between the loss of frequency 

resolution (increasing binwidth) and an increase in the reliability of the spectral 

estimates (decrease of variance). This will depended on the type of data and the 

objectives of the researcher and is often a matter of trial and error. 

The spectrum of the nearshore surface elevation at Nine Mile Beach was estimated 

using the bin averaging and segment averaging methods. Eight bins/segments were 

averaged and resulted in two spectral density functions, both with 16 degrees of 

freedom (Figure 7). The spectra are very similar; there is some indication that 

small peaks are more prominent using the Welch method than with the bin averaging 

method. However, for this data the differences are marginal. 

Confidence Limits 

Confidence limits about the spectral estimates, except P(0) and P(fc), may be 

determined from the number of degrees of freedom. Each spectral estimate of the 

periodogram has two degrees of freedom since it is determined from the combination 

of two independent values (the Fourier cosine and sine coefficients) (Bath 1974). As 

the spectral density function is determined from the combination of m periodogram 

estimates it follows that the spectrum has 2m degrees of freedom. If it is assumed 

that the time series is normally distributed (i.e. the probability density function of the 

time series follows a Gaussian distribution) then the confidence limits are related to 

the degrees of freedom through the chi-squared distribution: 

S{j)-^— < S(j) < SU)-£- (19) 
X-v,l-otl2 Xi/,a/2 
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A percentage significance level of 9 5 % (i.e. a = 0.05) is commonly applied in 

geophysics. For time series that are considerably non-Gaussian care must be taken 

in interpreting the confidence limits, particularly when the time series is short (i.e. 

m/N > 10-2). In these instances confidence limits may be determined empirically 

from the kurtosis of the time series. 

When plotting the confidence limits with the spectral density function, it is convenient 

to plot the ordinate (spectral density) on a logarithmic scale rather than on a linear 

scale. With a logarithmic ordinate scale the distance between the upper and lower 

confidence bounds is constant and not dependent upon the value of the spectral 

density; the confidence limit may be presented as a single bar (Figure 8). If the height 

of a peak (or depth of a trough) is greater than the width of the confidence band then 

the peak (or trough) may be considered to be significant. It is apparent, from the 

density spectrum of the surface elevation of Nine Mile Beach, that only the 0.08 Hz 

and 0.16 Hz peaks are significant; the three low frequency peaks at below 0.05 Hz are 

smaller than the confidence band and hence are not statistically significant (Figure 8). 

Steps in Calculating the Auto-Spectral Density Function 

An overview of the recommended steps for estimating the auto-spectral density 

function is presented below: 

1. Plot the time series. An important step that should not be overlooked is to 

plot the time series prior to undertaking spectral analysis. Plotting the time 

series enables a visual identification of any trend or long-period oscillation 

in the mean or variance of the series. It is also possible to easily recognize 

glitches or other outliers in the data that are not consistent with the rest of 

the time series. 

2. R e m o v e trend from the time series. In order to satisfy the assumption 

of stationarity it is necessary to remove any long term trend from the time 

series. The resulting time series will have a mean of zero and ensures that the 

value of the first Fourier coefficient does not dominate the periodogram. 

3. Plot the Probability Density Function of the time series. The 

probability density function should be plotted and visually compared to 

a Gaussian distribution. The determination of the confidence limits from 

the chi-squared distribution assumes that the time series has a Gaussian 

probability density function. 
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4. Taper the time series. An appropriate taper is applied to the zero-mean 

time series so that leakage of spectral density from large peaks to adjacent 

frequency bins is minimized. Apply an appropriate taper to the time series. 

4. Calculate Discrete Fourier Transform (DFT). The Fourier coefficients 

are determined from the tapered time series using the discrete Fourier 

transform. The F F T is more efficient if the time series has a length of 2h 

(where h is a positive integer). If this is not the case then, prior to calculating 

the D F T , the data series may be padded with zeros until the time series length 

is equal to the next integer power of 2. 

5. Calculate the One-Sided Periodogram. The one-sided periodogram is 

calculated from the modulus squared of the discrete Fourier coefficients. 

6. Correct for the effect of tapering. A correction factor must be applied 

to each periodogram estimate so that the total spectral density of the 

periodogram is equivalent to the variance of the pre-tapered time series. 

7. Combine periodogram estimates to determine spectral density 

function. The spectral density function is determined from the combination 

of periodogram estimates using several methods, including bin averaging and 

segment averaging methods. The spectral density function is more reliable 

(contains greater degrees of freedom) than the periodogram. An unfortunate 

consequence is that the spectral density function has less frequency resolution 

than the periodogram. 

8. Determine confidence limits. Confidence limits may be constructed 

around the spectral density function using the degrees of freedom of the 

spectrum and the chi-squared distribution. This may only be appropriate if 

the probability density function of the time series is approximately Gaussian. 

Numerous parameters may be determined from the spectral density function including, 

peak period, median period, spectral centroid, spectral width, spectral peakedness, 

spectral slope, spectral moments and proportional areas under the spectral curve. 

Discussion of these parameters is beyond the scope of this paper, however Bath (1974) 

provides a description of these spectral parameters. 

Cross-Spectral Analysis 

The relationship between two time series may be examined in the frequency domain 

using the techniques of cross-spectral analysis. For meaningful analysis, the two time 
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series must be stationary, simultaneously sampled and of the same length. Cross-

spectral analysis is often used to examine the frequency response of a system where 

the two time series form the input and output of the system. This linkage may be 

illustrated by the conceptual sequence illustrated below: 

S Y S T E M 

output 
series 

The system consists of a 'black box' transform that acts to selectively modify the 

amplitude and phase of different frequencies of the input time series. The system 

may also conspire to add random noise to the output of the black box prior to the 

acquisition of the output time series. 

The transform characteristics of the system may be determined using cross-spectral 

analysis. The output of cross-spectral analysis include, cross-spectrum, phase 

spectrum, coherence spectrum and the gain spectrum. The techniques of determining 

these four spectra will be illustrated with the nearshore surface elevation (input 

series) and instantaneous shoreline elevation (output series) time series collected from 

Leighton Beach (Figure 3). The spectrum of the nearshore water surface is dominated 

by a broad band of energy with two distinct peaks at approximately 0.2 Hz and 0.24 Hz 

(Figure 9. This broad band of energy represents to the wind wave energy. Two smaller 

peaks are located at lower frequencies and probably represent swell wave frequencies, 

one is centred at 0.09 Hz and the other at 0.06 Hz. The spectrum of the instantaneous 

shoreline is dominated by a narrow peak centred at 0.08 Hz (Figure 9). Two smaller 

peaks are apparent at the low frequency end of the spectrum at 0.025 Hz and 0.06 Hz. 

The spectral energy decreases rapidly at 0.1 Hz and remains low for higher frequencies. 

The Cross-Spectrum 

The cross-spectrum is a complex valued function of frequency that describes the 

tendency of two records to vary together; the cross-spectrum provides an indication 

of the covariance between the two signals. The discrete Fourier transforms Xx{k) and 

Xy(k) of two time series x(n) and y(n) may be defined in accordance with Eqn. dft It 

is necessary to obtain the discrete Fourier series from a detrended and tapered series 

in order to minimize the problems of dominance of the first Fourier coefficient and 

input 
series 

BLACK 
BOX 

modified 
time 

series 
+ 

random 
noise 
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leakage that were described previously. The discrete Fourier transforms Xx(k) and 

Xy(k) form the basis of the definition of the one-sided cross-periodogram Pxy{k): 

Pxy\k) — 
N ' ior « - U, y, . . 

2Xx(k)*Xy(k) r h _ i N -, W 
N , ior K — 1, ..., 2 — 1. 

Unlike the univariate periodogram (Eqn. period, the cross-periodogram is a complex 

function. However, the cross-periodogram has the same problems of variance as 

does the periodogram and hence it is necessary to perform some form of ensemble 

averaging in order to obtain a more reliable estimate, which is known as the cross-

spectral density function Sxy(j). Either the bin averaging (Eqn. sum_spec or segment 

averaging (Eqn. seg^spec method may be used. However, since the cross-periodogram 

is a complex series it is necessary to perform the ensemble averaging on both the real 

and the imaginary parts of the series. The resulting cross-spectral density function 

Sxy(j) is also a complex series, where the real part is termed the co-spectrum cxy(j) 

and the imaginary part is the quadrature qxy(j) spectrum: 

N - 1 
Sxy{j) = cxy(j)-iqxy{j). J = 0,1,..., (21) 

fit 

The co-spectrum measures the extent to which there are oscillations with the same 

phase (or with a phase shift of half a cycle) in the two series, while the quadrature-

spectrum measures the extend to which there are oscillations with a phase shift of a 

quarter cycle (in either direction) (Bloomfield 1976). 

The co-spectrum has recently been used by several researchers to investigate suspended 

sediment transport in the nearshore (e.g. Huntley k Hanes 1987; Osborne et al. 1990; 

Beach k Sternberg 1991; Greenwood et al. 1991). The co-spectrum between cross-

shore velocity and suspended sediment concentration has been used to determine 

both the magnitude and direction of suspended sediment transport as a function of 

frequency. The oscillatory component of the cross-shore sediment flux may be obtained 

by computing the integral of the co-spectrum over all frequencies. 

The complex modulus of the cross-spectrum \Sxy(j)\ is referred to as the amplitude 

or cross amplitude spectrum: 

N - l 
\Sxy(j)\ = yJcxy(j)

2-rqxy(j)
2 j = 0,1,..., -^-. (22) 
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The cross amplitude spectrum (Eqn. ampjspec represents the total covariance between 

the two time series x(n) and y(n) at each Fourier harmonic. The cross amplitude 

spectrum between the nearshore surface elevation and the instantaneous shoreline at 

Leighton Beach is dominated by a band at the low frequency end of the spectrum 

(Figure 10). This band is distinguished by two peaks at 0.06Hz and 0.09Hz which 

approximately match the frequency of the peaks in both the nearshore surface elevation 

and instantaneous shoreline spectra. 

The cross amplitude spectrum and the cross-correlation function form a Fourier pair. 

Hence, the cross amplitude spectrum can be obtained by Fourier transforming the 

cross-correlation function. However, it is often more convenient to calculate the cross-

spectrum directly from the time series using the DFT. The cross amplitude spectrum 

does not provide any information on the relative phase shifts between the two time 

series at each Fourier harmonic. 

The Phase Spectrum 

The phase difference between two time series x(n) and y(n) at each frequency bin j 

is expressed by the phase spectrum 0xy(j): 

9xy(j) = arctan ^4 j = 0,l,...,^±. (23) 
cxy(j) m 

The phase spectrum indicates the angle in radians by which the first series x(n) 

leads (0xy(j) > 0) or lags (0xy(j) < 0) the second series y(n) at each frequency bin. 

Frequency components are in phase when the phase angle is either 0 or 7r radians (0° 

or 180°). Conversely, when the phase angle is 1/27T or —1/27T radians (90° or —90°) 

the frequency" components are in quadrature. In practice, the smoothing operations in 

the computational procedures and non-linear noise in the series may cause the phase 

shifts to differ from these ideal values (Nelson k Gonsalves 1990). 

In several studies, the phase spectrum between water-surface elevation and current 

velocity has revealed a phase angle in quadrature at the low frequency end of the 

spectrum, this is indicative of standing long wave motion in the surf zone (e.g. Huntley 

1976; Wright et al 1986; Bauer k Greenwood 1990). 

Another use of the phase spectrum is to determine the phase speed or celerity spectrum 

(Thornton k Guza 1982). Wave celerities may be determined by analysing the 

phase spectra of two sensors in the surf zone separated in a line perpendicular to 
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the propagating wave crests. According to linear theory the wave celerity should 

decrease with frequency. However, the data showed that wave speed was independent 

of frequency for frequencies larger than the primary frequency, or in other words 

the wave celerity was 'frequency non-dispersive'. The reason is that these higher 

frequencies are harmonics of the primary frequency and travel at the phase speed of 

the primary wave and are thus phase coupled, once more demonstrating the non-linear 

behaviour of natural surf zone waves. 

The phase spectrum between the nearshore surface elevation and the instantaneous 

shoreline is highly variable (Figure 11). However, the two peaks identified in the cross 

amplitude spectrum can be clearly distinguished. These peaks both have a phase angle 

of approximately 110°; with frequencies of 0.06 Hz and 0.09 Hz this would indicate a 

travel time between sensors of approximately 5 s and 3.4 s respectively. However, 

it should be noted that the nearshore surface elevation was determined by using a 

pressure sensor and hence, the travel time has been determined using two different 

dynamic measures, pressure and cross-shore currents. 

The Coherence Spectrum 

The degree of linear correlation between two time series as a function of frequency 

is determined by the coherence spectrum Kxy(j). Since high values of coherence are 

traditionally of interest it is customary to present the squared coherence spectrum 

(also termed coherency) Kxy(j)
2 (Bloomfield 1976): 

Kxy(j)
2 = \Sxy^ (24) 

Sxx{j)Syy{j) 

The coherency is analogous to the square of the correlation coefficient (e.g. r2). Hence, 

if Kxy(j)
2 = 0 then the two time series are completely incoherent (unrelated) at that 

frequency bin. Conversely, if Kxy(j)
2 = 1 then the two time series are fully coherent 

at that frequency bin j. 

It is important to note that in order to correctly estimate coherency it is necessary for 

the spectra (5xx(j), Syy(j) and Sxy(j)) to be calculated under the same conditions 

(e.g. record length, tapering, ensemble averaging) otherwise gross errors in the 

coherence will be obtained (Beauchamp k Yuen 1979). If no ensemble averaging 

is conducted and the coherence is determined directly from the periodograms then 
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the coherency will be unity across all frequency bins, even for totally incoherent data 

(Bendat k Piersol 1986; Koopmans 1974). 

The statistical significance of Kxy(j)
2 can be determined as follows (Goodman 1957; 

Julian 1975; Thompson 1979): 

tf2ig = l-a^FT, (25) 

where a is the significance level (e.g. a = 0.05) and u is the degrees of freedom. If 

K2y(j) is larger than K
2
ig, the observed coherence is significant. Thompson (1979) 

provides a table of K2- values. 

The coherency between nearshore water level and the instantaneous shoreline at 

Leighton Beach is significant for all frequencies from 0 to 0.5 Hz (Figure 12). This 

would indicate that the nearshore surface elevation and instantaneous shoreline are 

closely related, as expected. The greatest coherency is found at the two dominant 

peaks in the cross amplitude spectra. 

The Gain Spectrum 

To describe the frequency shift between two signals the gain spectrum may be 

employed. The gain spectrum Gxy(j) expresses the linear amplitude modification 

required at each frequency bin to transform the input time series x(n) to the output 

time series y(n): 

The gain spectrum Gxy(k) can be conceptualized as the regression coefficient of the 

output time series on the input time series at each frequency bin j. In other words, 

the gain function expresses the linear amplitude modification of common components 

of one time series to form a second (Brillinger 1975). Thus, Gxy(j) displays the 

proportion of each frequency of the input series x(n) that is linearly transferred to the 

output series y(n). 

The gain function has been used in nearshore research to investigate the relationship 

between run-up and the beach groundwater level (Lewandowski k Zeidler 1978; 

Waddell 1980; Hegge k Masselink 1991). These studies have shown a strong 

attenuation of run-up energy over all frequencies (Gxy(j) < 1 ) . This is consistent with 
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the low-pass filtering effect of the beachface. The lower frequencies (/ > 0.04 Hz) are 

least attenuated and the gain function generally shows a peak around 0.01 Hz (100 s). 

The gain function from nearshore surface elevation to instantaneous shoreline at 

Leighton Beach clearly shows the low pass filtering effect of the surfzone (Figure 13). 

The gain is high for frequencies lower than 0.1 Hz, several peaks reach a gain of 

greater than 3 (i.e. three times the energy at that frequency in the nearshore surface 

elevation series was transferred to the instantaneous shoreline series). The gain drops 

off rapidly at frequencies higher than approximately 0.1 Hz and remains less than 0.5 

at frequencies higher than 0.2 Hz. 

Discussion and Conclusions 

This paper outlines the theory involved in Fourier based spectral techniques and 

discusses the application of these techniques using field data obtained from the 

nearshore zone. However, the techniques and methods of spectral analysis outlined 

in this paper are by no means restricted to nearshore data, but are applicable to any 

ordered sequence of observation that have been obtained with a uniform sampling 

interval. It is not the intent of this paper to be a recipe for spectral analysis, but more 

a framework to enhance the understanding of spectral techniques. 

Spectral estimation with finite data sets is not an exact science; a great deal of 

experimentation and subjective trade-off is usually required. There is little statistical 

guidance on which to rely since most statistical analyses make very restrictive 

assumptions about the data (e.g. the noise component of the signal is white and 

Gaussian) and usually only apply to the asymptotic case (i.e. the data set is permitted 

to grow to infinite size. Therefore applied spectral analysis has more of an empirical 

basis and less of a solid theoretical basis (Marple 1987). 

Selecting the 'proper' taper and deciding on the 'best' method to improve the reliability 

of the spectral estimates depends on the nature of the data series and is often a matter 

of trial and error. A comparison of spectra of different time series is only meaningful if 

the spectra are calculated under the same conditions. Therefore, when using spectral 

techniques to analyse multiple time series, the same data length, sampling frequency, 

taper, spectral estimate averaging method and degrees of freedom should be employed 

throughout the analysis. Also, a spectrum which looks good in the sense that it has 

clearly defined peaks, does not necessarily mean it is the 'right' spectrum. Using 
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various filtering and tapering techniques, one can make a spectrum look almost like 

anything. It should always be borne in mind that, like any statistical technique, 

spectral analysis is a tool and relationships between time series indicated by spectral 

analysis do not preclude causality. A spectrum should never be the end product of an 

analysis, but the insights gained from spectral analysis should form the stimulus for 

further, more fundamental work. 
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SYMBOLS 

Symbol Variable Units/Value 

a(k) Fourier cosine coefficient (real part of X(k)) m 

b(k) Fourier sine coefficient (imaginary part of X(k)) m 

cxy(j) Co-spectrum (real part of Sxy{j)) m 2 s 

C Taper correction factor — 

e Transcendental irrational number (= lim„_>00(l + (l/n))
n) 2.7182... 

/ Frequency index Hz 

fc Nyquist frequency Hz 
// Fundamental frequency (= /,/N) Hz 

fk Frequency of kth Fourier harmonic Hz 
/, Sampling frequency Hz 

Gxy(j) Gain spectrum — 
h Positive integral exponent — 

i Imaginary number V—i 

j Index for density spectrum — 

k Discrete frequency index Hz 

Kxy(j) Coherence spectrum — 
K^ Significance of coherency spectrum — 

/ Index for segment — 

772 Number of bins/periodogram averaged to obtain density spectrum — 

n Discrete time index s 

N Length of series — 

P(k) Discrete one-sided periodogram m 2 s 
Pxy(k) Discrete one-sided cross-periodogram m 2 s 

Qxy(j) Quadrature spectrum (imaginary part of Sxy(j)) m 2 s 

S(j) Discrete density spectrum m 2 s 

Sxy (j) Discrete one-sided cross-spectral density function m 2 s 

I'ScyO")! Cross amplitude spectrum m 2 s 
t Continuous time index s 

w(n) Discrete taper function — 
x(t) Continuous function in the time domain m 
x(n) Discrete function in the time domain m 
X(f) Continuous function in the frequency domain m 

X(k) Discrete Fourier transform m 

a Significance level — 

9(k) Phase of the kth Fourier harmonic rad 

&xy(j) Phase spectrum rad 
v Number of degrees of freedom — 
7r Ratio of circumference to diameter of circle 3.14159 ... 
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TABLES 

Table 1. Discrete Fourier transform of a series of eight points (N = 8; fs = 4 Hz). The 

time series has not been detrended or demeaned and as a result the first element of 

the Fourier series and the periodogram is considerably larger than the other elements. 

Refer to the text for calculation techniques. 

(a) (b) (c) (d) (e) (f) (g) 

n 

0 

1 

2 

3 

4 

5 

6 

7 

x(n) 

m 

10 

8 

9 

11 

5 

7 

7 

8 

k 

0 

1 

2 

3 

4 

5 

6 

7 

X(k] 

65.0000 

3.5858 

-1.0000 

6.4142 

-3.0000 

6.4142 

-1.0000 

3.5858 

m 

+ 
-
+ 

-
+ 
-

j 4.8284 

8 4.0000 

.0.8284 

10.8284 

»4.0000 

i 4.8284 

/* 
Hz 
0.0 

0.5( = 

1.0 

1.5 

2.0( = 

2.5 

3.0 

3.5 

P(k) 
m 2 s 

132.0313 

//).1304 

0.5313 

1.3071 

fc jP-2813 

1.3071 

0.5313 

1.1304 

*(*) 
rad 

1.5708 

- 0.6388 

-0.2450 

- 1.4424 

-1.5708 

1.4424 

0.2450 

0.6388 

(a) Time index (e) Fourier frequency 

(b) Time series observation (f) Periodogram (double sided) 

(c) Fourier transform index (g) Phase (double sided) 

(d) Fourier series 
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FIGURES 

Figure 1. Location of Nine Mile Beach, Central Queensland and Leighton Beach, 

Southwestern Australia. The equipment location is shown on the profile 

sketches. 

Figure 2. Section of the time series of nearshore surface elevation collected at Nine 

Mile Beach. This time series was obtained via dynamic calibration of the 

pressure record using the method of local approximations. The pressure sensor 

was located in the mid-surfzone and recorded the passage of non-saturated 

(spilling) breakers. These breakers result in a time series with characteristically 

sharp peaks. 

Figure 3. Time series collected from Leighton Beach. Nearshore surface elevation (a) 

was obtained via dynamic calibration of the pressure record using the method 

of local approximations. The sensor was located just offshore of the breaker 

zone and reveals the crest asymmetry and the peaked nature of the shoaling 

waves. The instantaneous shoreline elevation (b) was measured directly by the 

resistance wire run-up gauge. The low pass filtering effect of the surf zone is 

readily apparent from these two series. 

Figure 4. Periodogram of the surface elevation record collected at Nine Mile Beach. A 

strong peak is apparent at a frequency of approximately 0.08 Hz. There also 

appears to be a second peak at approximately 0.16 Hz and some longer period 

energy at frequencies below 0.05 Hz. Note that the spectral energy approaches 

zero at the Nyquist frequency (0.5 Hz). 

Figure 5. A range of tapering functions are available in the time domain that may 

be applied directly to the time series, including rectangular, Hann, and the 

minimum 4-term Blackman-Harris. 

Figure 6. A section of the low-frequency end of the spectra of Nine Mile Beach water 

surface elevation following the application of a (a) rectangular, (b) Hann and 

(c) minimum 4-term Blackman-Harris taper. For this particular time series 

there is a clear decrease in spectral leakage, consequently the peaks become 

more pronounced. 
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Figure 7. Spectra of the surface elevation record collected at Nine Mile Beach 

calculated using the (a) bin averaging and (b) segment averaging methods. 

Both spectra were calculated with 16 degrees of freedom. From these spectra 

it appears that the segment averaging method is able to provide a better 

resolution of the minor peaks than the bin averaging method 

Figure 8. Spectra of the surface elevation record collected at Nine Mile Beach 

calculated using the bin averaging method with a minimum 4-term Blackman-

Harris taper. This resulted in a spectrum with 16 degrees of freedom. The 

spectral density is plotted on a logarithmic scale and the confidence limits 

are also shown. The majority of the peaks at frequencies higher than 0.1 Hz 

fall within the bounds of the confidence limits and hence are not statistically 

significant. 

Figure 9. Density spectrum of (a) nearshore water surface and (b) instantaneous 

shoreline. Spectra were determined using the bin averaging method with a 

minimum 4-term Blackman-Harris taper and padded with 691 zeros. This 

resulted in a spectra with 32 degrees of freedom. 

Figure 10. The cross amplitude spectrum between the nearshore surface elevation and 

the instantaneous shoreline at Leighton Beach. 

Figure 11. The phase spectrum between the nearshore surface elevation and the 

instantaneous shoreline at Leighton Beach. Though this spectrum is highly 

variable it is possible to distinguish two peaks at the low frequency end of the 

spectrum that correspond to the peaks in the cross amplitude spectrum. 

Figure 12. The coherence spectrum between nearshore water level and the 

instantaneous shoreline at Leighton Beach. 

Figure 13. The gain function from nearshore surface elevation to instantaneous 

shoreline at Leighton Beach clearly shows the low pass filtering effect of the 

surfzone. For frequencies lower than 0.1 Hz the nearshore surface elevation 

is enhanced (gain > 1) and for frequencies higher than 0.1 Hz the nearshore 

surface elevation is attenuated (gain < 1). 
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Figure 5. 
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Appendix C 

Cl Width of the profile segments. 

C2 Height difference of the profile segments. 

C3 Slope of the profile segments. 

C4 Scale factor and curvature coefficients of the profile segments. 

C5 Sedimentologic variables. 

C6 Nearshore surface elevation variables. 

C7 Cross-shore current variables. 

C8 Long-shore current variables. 

C9 Instantaneous shoreline variables. 

CIO Swash interaction variables. 
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Appendix Cl. Width of the profile segments (see Table 4.2 for variable definitions). 
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Appendix C2. Height difference of the profile segments (see Table 4.2 for variable 

definitions). 
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0.5757 

0.6831 

0.4750 

0.0575 

0.0384 
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Appendix C3. Slope of the profile segments (see Table 4.2 for variable definitions). 
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Appendix C4. Scale factor and curvature coefficients of the profile segments (see 

Table 4.2 for variable definitions). 
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Appendix C5. Sedimentologic variables (see Table 4.3 for variable definitions). 
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Appendix C6. Nearshore surface elevation variables (see Table 4.4 for variable 

definitions). 
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Appendix C7. Cross-shore current variables (see Table 4.4 for variable definitions). 
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0.77 

0.70 

0.52 

0.61 

0.41 

cctcsig 

3.28 

4.50 

5.05 

3.12 

3.14 

5.96 

3.80 

1.95 

4.57 

5.16 

4.62 

4.20 

6.16 

3.25 

5.68 

6.10 

2.47 

4.44 

3.53 

4.17 

4.16 

3.77 

2.40 

4.04 

4.25 

5.17 

4.67 

4.87 

5.31 

3.72 

3.97 

3.97 

3.91 

ccifp 

24.17 

25.03 

5.13 

20.92 

25.17 

8.91 

7.07 

11.42 

25.51 

56.57 

8.63 

31.33 

21.10 

19.69 

9.65 

5.90 

10.24 

17.20 

19.47 

15.79 

43.11 

38.95 

42.95 

3.87 

13.85 

2.94 

13.61 

54.84 

2.79 

3.02 

10.03 

7.63 

4.81 

ccsup 

60.22 

72.62 

92.33 

68.55 

62.40 

89.60 

86.77 

64.56 

71.85 

41.10 

88.24 

59.71 

75.53 

70.34 

88.74 

92.81 

70.01 

79.68 

73.90 

78.13 

44.16 

56.93 

44.93 

92.29 

82.46 

95.61 

82.22 

36.75 

94.21 

88.72 

83.12 

87.03 

89.67 

CCBBp 

15.61 

2.35 

2.54 

10.53 

12.42 

1.49 

6.16 

24.02 

2.64 

2.33 

3.12 

8.96 

3.37 

9.97 

1.61 

1.29 

19.75 

3.12 

6.63 

6.09 

12.73 

4.12 

12.12 

3.84 

3.69 

1.45 

4.17 

8.41 

3.01 

8.26 

6.85 

5.34 

5.52 

ccrunlen 

1.19 

1.00 

1.80 

1.43 

1.46 

1.80 

1.27 

1.10 

1.44 

2.00 

2.33 

1.30 

2.00 

1.39 

1.50 

1.33 

1.31 

1.75 

1.46 

1.30 

1.09 

1.29 

1.25 

2.13 

1.50 

2.50 

1.86 

1.00 

2.25 

1.36 

1.27 

1.50 

1.20 

cctotrnn 

8.25 

11.50 

13.00 

8.86 

9.15 

7.80 

8.09 

7.05 

8.00 

8.20 

9.83 

6.20 

15.75 

8.77 

12.50 

16.33 

10.92 

14.00 

10.09 

8.10 

7.91 

6.29 

7.50 

9.63 

10.75 

15.25 

12.00 

10.25 

16.25 

8.82 

9.55 

12.83 

9.00 

. missing value 
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Appendix C8. Long-shore current variables (see Table 4.4 for variable definitions). 

Survey clan clstd clhzdsig cltzdsig clhcsig cltcsig clifp clswp cluwp 

Barracks 

Castle 

Cerv 

Cheyne 

Citybel 

Citybe2 

Coolil 

Cooli2 

Dog 

Dongara 

Eagle 

Fish 

Forrest 
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Geordie 

Herring 

Hope2 

Ilia 

Kingston 

Koombana 

Lady 
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Lei 

Leig21 

Leig22 

Leighton 

Ocean 

Peace 

Quarry 

Salmon 

Sc 

Siesta 

South 

Sscarb 

Sscarb2 

Strick 

Sulphur 

Swanl 

Swan2 

Swan3 

Trigg 

Twilight 

Warn 

Wbussel 

Wonnerup 

Yokinup 

York 

York21 

York22 

York23 

. missing 

-0.00 0.02 0.04 29.56 

0.00 0.08 0.29 19.78 

-0.08 0.03 0.09 16.55 

0.01 0.10 0.28 10.81 

-0.04 0.04 0.11 17.72 

-0.05 0.14 0.36 20.27 

0.00 0.09 0.29 20.11 

-0.04 0.06 0.23 19.22 

-0.00 0.03 0.09 16.85 

-0.04 0.05 0.18 17.93 

0.01 0.04 0.14 27.33 

-0.07 0.05 0.18 15.35 

0.01 0.05 0.16 17.07 

-0.00 0.05 0.17 23.32 

0.00 0.08 0.22 16.97 

0.04 0.21 0.76 20.08 

0.01 0.11 0.42 15.91 

-0.03 0.05 0.14 28.68 

0.0] 0.10 0.25 19.23 

-0.01 0.11 0.38 12.27 

0.09 0.20 0.65 16.76 

-0.03 0.07 0.29 17.37 

0.02 0.03 0.10 16.00 

0.07 0.19 0.57 22.18 

-0.00 0.05 0.1C 

value 

14.00 

0.03 3.67 79.59 14.10 

0.20 3.48 43.58 51.46 

0.06 2.98 57.81 29.80 

0.23 2.89 40.55 43.47 

0.07 3.16 56.89 33.76 

0.24 4.00 48.15 46.53 

0.23 5.60 44.33 54.25 

0.16 4.80 52.84 43.02 

0.07 4.51 51.66 42.77 

0.15 6.07 30.06 63.40 

0.09 4.22 77.03 18.17 

0.13 3.74 30.95 58.49 

0.14 4.72 26.67 69.62 

0.10 3.41 64.36 30.55 

0.16 3.22 55.49 34.64 

0.61 4.71 34.35 63.29 

0.34 3.82 18.86 74.61 

0.08 3.38 76.20 18.61 

0.13 2.76 76.81 16.96 

0.32 3.96 27.28 64.96 

0.49 4.08 38.47 56.50 

0.2] 4.90 15.08 79.79 

0.08 5.43 27.91 66.67 

0.37 3.36 62.62 32.77 

0.14 4.48 9.87 84.20 

6.30 

4.96 

12.39 

15.98 

9.36 

5.33 

1.43 

4.13 

5.58 

6.54 

4.81 

10.56 

3.72 

5.09 

9.88 

2.37 

6.54 

5.19 

6.23 

7.76 

5.03 

5.13 

5.42 

4.60 

5.93 
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Appendix C9. Instantaneous shoreline variables (see Table 4.4 for variable definitions). 

Survey ramn rastd ruhzdsig rstzdsig rwhcsig 

Barracks 

Castle 

Cerv 

Cheyne 

Citybel 

Citybe2 

Coolil 

Cooli2 

Dog 

Dongara 
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Lei 

Leig21 

Leig22 
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Peace 

Quarry 

Salmon 

Sc 
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Sscarb 

Sscarb2 

Strick 

Sulphur 

Swanl 

Swan2 

Swan3 

Trigg 

Twilight 

Warn 

Wbussel 

Wonnerup 

Yokinup 

York 

York21 

York22 

York23 

0.07 

0.13 

0.22 

0.16 

0.26 

0.17 

0.06 

0.21 

0.09 

0.08 

0.28 

0.14 

0.21 

0.39 

0.40 

0.23 

0.50 

0.37 

0.26 

0.35 

0.12 

0.03 

0.10 

0.17 

0.10 

0.20 0.14 

0.26 

0.14 

0.06 

0.11 

0.07 

0.08 

0.15 

0.11 

0.14 

0.19 0.17 

0.25 

0.19 

0.13 

0.43 

0.42 0.27 

0.26 

0.20 

0.20 

0.07 

0.36 0.43 

0.18 0.10 

0.39 0.28 

0.10 

0.32 

0.61 

0.34 

0.51 

0.92 

0.44 

0.21 

0.41 

0.21 

0.28 

0.54 

0.37 

0.51 

0.54 

0.88 

0.68 

0.48 

1.58 

0.97 

0.87 

0.67 

0.74 

0.24 

0.98 

15.88 

24.42 

15.37 

13.93 

15.32 

14.25 

9.15 

13.32 

13.93 

21.93 

17.88 

15.18 

15.57 

16.53 

15.51 

14.85 

22.31 

13.59 

15.91 

15.03 

20.41 

18.96 

14.63 

14.73 

11.56 

0.05 

0.15 

0.46 

0.24 

0.30 

0.69 

0.39 

0.15 

0.28 

0.10 

0.17 

0.38 

0.28 

0.30 

0.44 

0.68 

0.44 

0.31 

1.13 

0.68 

0.64 

0.54 

0.63 

0.12 

csig 

2.43 

4.18 

4.53 

3.74 

rwifp 

36.28 

79.49 

7.69 

22.48 

resep 

59.55 

19.31 

91.07 

74.72 

rwswp 

4.16 

1.20 

1.25 

2.80 

rurunlen 

1.29 

1.00 

1.30 

1.67 

rwtotrun 

7.29 

12.00 

6.30 

7.78 

3.31 22.57 74.74 

2.66 9.00 86.21 

2.80 17.62 73.01 

3.21 23.05 73.72 

4.24 

2.62 

4.06 

4.61 

4.51 

3.88 

4.71 

4.47 

3.05 

4.02 

8.69 

54.34 

27.04 

29.47 

19.41 

16.00 

11.92 

59.54 

15.98 

21.73 

89.07 

42.67 

71.49 

68.59 

79.05 

82.50 

4.20 23.31 74.67 

85.69 

39.22 

79.06 

76.60 

3.81 19.26 77.99 

4.94 55.28 41.98 

5.98 44.87 53.32 

6.17 11.84 87.19 

2.65 15.63 81.51 

2.69 

2.24 

2.99 

1.47 

1.94 

1.54 

1.50 

2.02 

2.39 

1.25 

4.96 

1.67 

2.74 

0.68 3.03 5.49 89.63 4.88 

1.50 

1.83 

1.10 

1.29 

1.00 

1.17 

3.00 

1.25 

1.33 

1.11 

1.22 

1.86 

1.10 

1.23 

13.67 

4.80 

9.37 

3.23 

1.18 

1.56 

1.57 

8.55 

8.25 

7.79 

10.17 

7.70 

10.57 

6.50 

12.50 

17.75 

9.50 

6.22 

6.00 

11.00 

11.14 

8.40 

2.74 

1.81 

0.97 

2.86 

1.00 

1.25 

1.50 

1.75 

6.00 

8.38 

16.50 

10.88 

1.44 

0.41 

16.72 

14.20 

0.54 

0.26 

1.87 

3.47 

40.14 

3.63 

57.24 

93.15 

2.63 

3.21 

1.38 

3.00 

9.25 

15.50 

8.54 

. missing value 
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Appendix CIO. Swash interaction variables (see Table 4.4 for variable definitions). 

Survey 

Barracks 

Castle 

Cerv 

Cheyne 

Citybel 

Citybe2 

Coolil 

Cooli2 

Dog 

Dongara 
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Trigg 
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York21 

York22 

York23 

ottot 

6 

15 

21 

6 

1 

12 

4 

4 

12 

5 

9 

20 

24 

13 

4 

17 

14 

26 

18 

16 

14 

9 

23 

15 

6 

4 

10 

4 

26 

12 

28 

25 

ortot 

37 

30 

39 

15 

13 

49 

44 

46 

52 

24 

26 

53 

55 

44 

31 

47 

43 

39 

59 

22 

32 

54 

38 

88 

36 

32 

11 

22 

34 

37 

58 

54 

stot 

2 

0 

4 

0 

0 

0 

22 

0 

1 

0 

0 

2 

0 

5 

2 

1 

0 

0 

0 

1 

3 

0 

2 

0 

5 

0 

1 

6 

5 

2 

11 

4 

str2f 

0 

13 

8 

28 

36 

6 

4 

35 

7 

2 

13 

8 

5 

4 

16 

5 

5 

2 

5 

13 

6 

7 

3 

3 

3 

13 

24 

20 

2 

2 

2 

6 

strtot 

14 

36 

30 

48 

46 

20 

33 

71 

33 

13 

32 

35 

32 

18 

36 

20 

15 

17 

25 

33 

32 

29 

23 

31 

32 

20 

37 

46 

19 

12 

50 

32 

. missing value 

* duplicate values from above survey 
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