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ABSTRACT 

The relative contributions of tides, atmospheric surges, long period waves, 

seasonal, decadal and inter-annual variability to coastal flooding along the Western 

Australian coast were examined. The nature of these sources of sea level variability and 

phase relationships were explored using a state-wide network of 26 coastal tide gauges. 

Assessment at a regional scale showed the coherence or divergence of sea level processes 

around the State’s coastline. Anomalous surge events in the southwest, unrelated to local 

meteorological forcing, were identified as continental shelf waves generated by tropical 

cyclones on the Northwest Shelf and propagating thousands of kilometres. Spatial 

variation in the phase and amplitude of water level processes was observed over both 

seasonal and inter-annual time scales. These differences affect the nature and likelihood 

of flood events. Over decadal time scales, the relative influence of storminess, climate-

related mean sea level variation and tidal modulations was examined. A relationship to 

tidal form was established, with the 18.6 year lunar nodal cycle affecting flood recurrence 

in regions where diurnal tidal conditions were dominant and the 4.4 year sub-harmonic 

of lunar perigee dominating flooding occurrence in regions of semi-diurnal tidal 

conditions. Results confirmed the importance of multiple processes that influence coastal 

flooding occurrence. Within the Swan River Region, flooding increased substantially 

between 1990 and 2006 due to mean sea level variability, tidal modulation and the 

seasonal timing of severe storms. However, these processes were not directly coincident 

and there is potential for secular change if they peaked simultaneously, although this has 

not occurred over the historic period.  
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Chapter 1 : Introduction 

1.1 Perspective 

Water level variations, including tides, storm surges and mean sea level 

fluctuations, are a fundamental factor in coastal management. Water level processes 

directly drive coastal flooding hazard and affect navigability, together with substantial 

influence on coastal morphodynamics and the environmental quality of nearshore water 

bodies. Developing a detailed understanding of water level variability, including 

comprehension of the diverse processes active at different temporal and spatial scales, is 

a primary step towards well-informed coastal management and engineering. 

1.2 Thesis Aims 

Research reported here, through the analysis sea level data collected at 26 stations 

around Western Australia, aimed to identify the relative contributions of different sea 

level phenomena to coastal flooding along the Western Australian coast, ultimately to 

support refined assessment of coastal circulation and hazards. A secondary focus was 

applied to the highly populated Swan River region, to examine whether there was any 

basis for previously unconfirmed perceptions of increased frequency of flooding events.  

Preliminary review of the Western Australian tide gauge record was undertaken 

with an objective to identify and characterise active sea level processes obscured or 

neglected by conventional analytic or numerical modelling methods. Three areas of 

research were identified as discrete topics for investigation within the evaluation of the 

Western Australian tide gauge record and these constitute the body of research in this 

thesis. Specific research aims, for these topics were:  

1. Characterisation of anomalous surge events in the southwest record, 

occurring without corresponding meteorological forcing; 

2. Evaluation of how inter-annual tidal modulations contribute to variability 

of high sea level occurrence across the State coast; and 

3. Examination of historic variability of high water level occurrence in the 

Swan River region, characterising the influences and interactions of 

storminess, mean sea level variation and tidal modulations. 
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The research approach was developed through consideration of how water level 

variability may contribute to dynamic behaviour across a range of academic and 

operational applications. Technical areas of focus include coastal change, maritime 

structure design, navigation and water quality. The techniques and analyses undertaken 

for this research have been applied through academic papers, consultancy reports and 

workshop presentations. These provide a supplementary body of work which 

demonstrates the research value. 

A unifying attribute of the research approach was use of the spatial observation 

framework to support distinction of multi-scalar processes. The considerable geographic 

variation along the Western Australian coast and the microtidal nature of the southwest 

provide significant support for the use of these techniques, and it is acknowledged this 

coast provides a natural laboratory for the exploration of water level phenomena. 

1.3 Research Significance 

Water level variability influences both natural systems and human activities 

across the coastal zone. The relative importance of any single process, for any particular 

application, can typically be characterised by one or more of the following parameters: 

amplitude of water surface fluctuation; its persistence or duration; the occurrence, 

recurrence or periodicity; the rate of change of water level; and the capacity for 

superposition with other water level phenomenon, which may relate to seasonal or 

synoptic event phase. The significance of each parameter is largely determined by the 

nature of the application, with flood risk described by high water levels, navigation 

constraints controlled by low water levels, coastal morphodynamics broadly responding 

to near median conditions and water exchange influenced by the ranging and recurrence 

of water level phenomena. 

Greater understanding of the processes contributing to water level variability in 

Western Australia will therefore provide a more detailed basis for the evaluation of flood 

risk, navigation, coastal dynamics and coastal water quality. Characterisation of processes 

outside the conventional scope of numerical simulation potentially provides a basis for 

improved coastal management, whether this is through identification of anomalous 

mechanisms, or through the future refinement of modelling systems. 
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1.4 Thesis Structure 

Investigation of the relative contributions of different sea level phenomena to 

coastal flooding along the Western Australian coast is reported in seven chapters of this 

thesis, as well as being published through ancillary papers and technical reports, and 

promulgation of design criteria for several coastal engineering problems. 

In agreement with the guidelines of The University of Western Australia, this 

thesis is presented as a compilation of three papers published in peer-reviewed scientific 

journals. Chapters 4 through 6 correspond to the original content of the published papers, 

with minor revision or updated data sets, as noted in each chapter introduction. 

Correspondingly, repetition of some introductory and background material was inevitable 

between chapters and the body of the thesis. Ancillary work by the author and 

collaborators is listed in the Appendix, to demonstrate the context and applications of the 

research undertaken. This thesis is organised into seven chapters, as outlined below: 

Chapter 1: Introduction 

The main objectives of the thesis, its context in literature, and its structure are 

established in this chapter.  

Chapter 2: Literature Review 

This chapter outlines existing literature regarding sea level variability and 

techniques for distinguishing processes described by previous researchers. 

Chapter 3: Preliminary Review of Western Australian Sea Levels 

A review of available data and previous methods used to assess sea level processes 

has been conducted as a preliminary component of this research. This review provided a 

basis for identifying key research questions. 

Chapter 4: Remote Forcing of Water Levels by Tropical Cyclones in 

Southwest Australia 

The character and significance of traveling water level signals, focusing on the 

influence of distant tropical cyclones upon the mid-west and southwest coasts of Western 

Australia are explored in Chapter 3. 
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Chapter 5: Influence of Inter-Annual Tidal Modulation on Coastal 

Flooding Along the Western Australian Coast 

The role of inter-annual tidal fluctuations to affect the recurrence of high water 

levels events is evaluated in this chapter.  

Chapter 6: Sea Level Variability Influencing Coastal Flooding in the Swan 

River Region, Western Australia 

This chapter examines the relative contributions of various water level 

components to the apparent variation in the frequency of coastal flooding events for the 

Swan River Region of south Western Australian. Critical outputs include comparative 

analysis of different synoptic events and identification of tidal phenomena. 

Chapter 7: Discussion and Conclusions 

A brief review of the original aims and objectives of the thesis are presented, 

together with an assessment of their achievement. Scope for further research is 

considered, and an overarching statement of the potential use of techniques developed to 

coastal engineering and management is included. 

Appendix A: Water Level Cascades for Selected Sites 

Sea level records have been presented over several different time scales to 

illustrate how water level processes vary around the Western Australian coast.  

Appendix B: Water level Cascades for Selected Sites  

Ancillary research related to this thesis and its underlying analyses was completed 

through collaboration with other researchers. Publications included extension of the 

physical domain considered for tidal modulation to a global basis; synoptic typing of 

storms causing historic high surges in the southwest; evaluation of non-linear behaviour 

in the regional mean sea level record; and identification of beach width variation in 

response to the range of active sea level phenomena. 
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Chapter 2 : Literature Review 

This Chapter provides a brief summary of existing literature regarding sea level 

variability and its identification. It includes aims to introduce factors which may influence 

interpretation of tide gauge records, particularly where they provide an essentially 

alongshore framework of observation, at discrete locations.  

Within this Chapter, Section 2.2 describes some of the linkages between 

observational frameworks and classification of sea level processes. Some salient 

characteristics of broad classes of sea level processes are outlined in Section 2.3 including 

tides, surges and mean sea levels. 

Two of the principle factors influencing the spatio-temporal variation of sea level 

phenomena are introduced in Sections 2.4 and 2.5. In Section 2.4, the nature of ocean to 

shelf transitions is discussed. This provides a basis for the assimilation of data collected 

at different locations or developed with different area of spatial coverage, for example 

assimilating tide gauge data and altimetry. In Section 2.5, temporal variability of sea level 

processes is discussed. 

Section 2.6 introduces some of the concepts typically used for distinguishing 

between sea level processes, including spectral classification and spatio-temporal 

coherence of water level signals. This facilitates the different approaches used to 

discriminate signals in each of the research topics examined in Chapters 4 to 6. 

The relevance of local and regional scale process understanding to global surge 

and tide modelling is introduced in Section 2.7. This was considered in the selection of 

research topics, as described in Section 3.5. 

Overall, this Chapter provides a context for the research papers contained in 

Chapters 4 to 6, and hence it is not intended as a comprehensive review of available 

literature. Literature reviews contained in each of the research paper chapters focus on 

the particular research question. These reviews have not been repeated in this Chapter. 

Further, this Chapter has been substantially revised since publication of the original 

research papers. It therefore contains newer content than is outlined in Chapters 4 to 6. 
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2.1 Introduction 

Coastal regions experience rise and fall of sea level which occurs over timescales 

of hours, days, weeks, months, annually and longer. These fluctuations can be related to 

a range of forcing mechanisms, including astronomical forcing, meteorological 

conditions, oceanographic phenomena, and, more rarely or over longer time scales, 

lithospheric dynamics. Although interaction between mechanisms must ultimately be 

considered for most applications, distinction between processes supports better 

refinement of models to simulate future coastal conditions, or interpretation of the 

hydrodynamics associated with observed sea level phenomena.  

Sea level is a vertical measure of the position of the ocean-atmosphere surface. 

Within the hydrodynamic framework of fluid motion and hydrostatic pressure balance, 

change to sea level provides a crucial mechanism for redistribution of energy and 

momentum. Sea level is therefore integrally linked to fluid motion, which is influenced 

by drivers, including atmospheric effects and planetary motions, particularly gravity and 

Coriolis forces; as well as structures including the seabed and water mass characteristics 

such as density and internal motions (Figure 2-1). Different mechanisms for initiation, 

propagation and dissipation of fluid motion can be active, depending on the spatio-

temporal distribution of drivers and water mass structures (Platzman 1975; Csanady 

1997; Gönnert et al. 2001; Rabinovich 2009). Combinations of forcing and water body 

characteristics consequently develop an array of motions and corresponding sea level 

fluctuations, extending from very slow changes related to ocean-atmosphere 

thermodynamics, through to the rapid motion of surface gravity waves (le Blond & Mysak 

1978; Pugh 1987; Csanady 1997). 
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Figure 2-1: Hydrodynamic Influences on a Water Body 

In most analyses, surface gravity waves are distinguished from sea level 

fluctuations, because they largely operate over different spatio-temporal scales. Surface 

waves are effectively superimposed on sea level fluctuations, except at the coastal margin 

where the transfer of wave energy to potential energy may produce wave setup. Until 

recently, this distinction was enhanced by the spectral limits of instrumentation. However, 

characterisation of meteorological tsunamis and infra-gravity waves suggest less 

distinction between very long period waves and sea level fluctuations (Monserrat et al. 

2006; Bertin et al. 2018). 

2.2 Observation and Classification of Sea Level Phenomena 

Classification and understanding of sea level phenomena is strongly linked to the 

observational systems available (Cartwright 2000). Sea level is a perceptual construct, in 

as much that measurement is determined by both temporal and spatial scales associated 

with an observational framework. This is relevant because commonly there are multiple 

causes of vertical change in the water surface. A primary distinction occurs between 

surface waves and the time-averaged level (sea level) upon which waves are 

superimposed. However, both waves and sea level are comprised of a spectral continuum 

of processes, each of which may be sustained, variable or episodic over time (Platzman 
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1971; le Blond & Mysak 1978). Identification of water level phenomena is therefore 

subject to an array of processing methods and dependent on the observational framework. 

In the analysis of information from tide gauges, for example, the primary processing 

techniques relate to time series filtering or sampling effects (Foreman 1977; le Provost & 

Fornerino 1985; Pugh 1987; PCTMSL 2007). Time series filtering occurred mechanically 

through stilling wells in older gauges, with potentially substantial effects through 

infrequent sampling and consequent potential for aliasing (Pugh 1987; Boon 2004). This 

contrasts with modern gauges where time series filtering ranges from the effects of 

averaging over a fixed period, through to more complex numerical filters (Foreman & 

Neufeld 1981; Leffler & Jay 2009). In both cases the capacity of processing methods to 

enhance or downplay detection of other water level phenomena is significant. The 

observational framework therefore provides both a tool and a potential limitation for 

characterising sea level phenomena. 

Prior to instrumentation, historical identification of sea level phenomena was 

principally related to navigation and hazard to coastal facilities. Relationships of sea level 

to weather and astronomic bodies were observed, and the majority of sea level records 

were reports, anecdotal or otherwise, of extreme events relative to landmarks (Fraser 

1905; Nelson 1975; Lamb 1982; Yates & Triplet 2000). Introduction of the barometer 

provided a means of measuring weather conditions, additionally with a directly observed 

relationship between lowered atmospheric pressure and raised sea level. 

Sea level drivers identified prior to instrumentation provided a basis for analysis 

of discrete tide gauge data sets, developing the simple distinction between tides, surges 

and mean sea level which has carried through to the present (Pugh 1987, 2004). In a loose, 

but widely applied definition: tides are harmonic fluctuations specifically related to 

astronomic motions; mean sea level describes slow variations of sea level, usually based 

on monthly or annual averages; and surge is the remainder of the sea level movement. 

This distinction and the application of numerical filters, including averaging, has 

facilitated the discrete investigation of different processes, generally deriving sea level 

datasets representative of either different time scales or discrete time intervals (Komar & 

Enfield 1987, Douglas 2001). The tide-surge-mean sea level decomposition has been 

widely used for the analysis of water level records, with increasingly formalised methods 
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for identification of tides (Foreman 1977; Bell et al. 1998; PCSTMSL 2007), following 

derivation of astronomic motions (Doodson 1921) and understanding of higher order tidal 

responses (Cartwright & Tayler 1971). 

Identification of relationships between tide gauge data sets and other forms of 

oceanographic or meteorological observations provided the basis for empirical analyses. 

Over seasonal and inter-annual time scales, this approach was a crucial first step towards 

identifying active oceanographic phenomena (Chelton & Davis 1982; Flick & Cayan 

1985; Pariwono et al. 1986), many of which have subsequently been confirmed. 

Empirical relationships to describe hourly to daily sea level fluctuations included wind 

setup and determination of the effects of storm system speed (Proudman 1953; 

Jelesnianski 1966; Gill 1982; Bode & Hardy 1997), along with the more analytic 

description of wave setup (Longuet-Higgins & Stewart 1962). Empirical coefficients 

were observed to vary according to local conditions, including structural effects. In some 

cases, observed relationships were unified through introduction of additional parameters. 

However, many of the empirical relationships remain embedded within numerical 

modelling methods (Bode & Hardy 1997), and therefore implicitly depend on 

assumptions or conditions relevant to each one. 

Development of tide gauge networks provided an improved capacity for the 

identification of sea level phenomena, particularly at regional or global scales (Enfield & 

Allen 1980; Pugh 1993; Douglas 2001; Papodopoulos & Tsimplis 2006; Haigh et al. 

2015). Correlations and lags between gauges supported the characterisation of travelling 

signals, or geographic effects, particularly shelf influences. Network development was 

used to substantially enhance the understanding and description of tropical storm surges 

(Jelesnianski 1978). Networks of tide gauges were also used to provide estimates of 

regional and global mean sea level change (Pirazolli 1989; Douglas 2001; Church et al. 

2004), with recognition of regional isostatic and subsidence issues (Peltier & Tushingham 

1991; Belperio 1993). Increased proliferation of gauges and instrumentation has 

supported use of empirical mode decomposition to reduce the influence of inconsistent 

spatial coverage when analysing long-term records (Chambers 2015; Cheng et al. 2017). 

Refined identification of sea level phenomena, particularly those in the broad class 

of surges, followed from analytic solutions to the hydrodynamic equations of motion. 
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Different modes of response were identified for various scenarios of drivers and 

structures, including ‘steady state’, transient and dynamic responses. For examples, Gill 

& Schumann (1974) considered development of coastally trapped waves by the wind; 

Crepon & Richez (1982) examined the transient response to a storm and topographic 

features; and Carton (1984) evaluated response to a travelling, isolated storm. Collation 

of identified or theorised components (e.g. Gill 1982) has been a subject of progressive 

refinement, with much of our present understanding developed through these early 

analyses (Lentz & Frewings 2012). 

 Subsequent interpretation of observations provided confirmation of conditions 

where different modes were dominant, supporting better focus for simulation (Platzman 

et al. 1981; Fandry & Steedman 1994; Tang & Grimshaw 1995). This initially allowed 

refinement of empirical relationships, but has progressively moved towards the use of 

numerical modelling as a primary tool to estimate surges. 

Subsequent advances to our understanding and classification of sea level 

phenomena have occurred through improvements to numerical modelling and 

instrumentation techniques. This included cross-shelf monitoring arrays, a global network 

of ocean tide gauges (Ray 1993), vertical profiling (Roemmich et al. 2009), increased 

frequency and quality of satellite altimetry (Nerem & Mitchum 2001; Nerem et al. 2010) 

and use of data-assimilated models (Shum et al. 1997). These advances improved ability 

to identify and distinguish between active sea level processes, which can be important 

when using numerical models: firstly, in model selection, which effectively chooses 

which processes to neglect; and secondly for model validation and calibration. 

2.3 Tides, Surges and Mean Sea Level 

The most widely applied classification of sea level phenomena involves 

separation of processes related to tides, surges (short-term atmospheric forcing) or mean 

sea level (long-term, generally oceanographic forcing). This section describes some 

characteristics of tides, surges or mean sea level that are influential in the interpretation 

of sea level variability. 
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2.3.1 Astronomic Tides 

Astronomic tides are harmonic fluctuations of sea level developed through 

gravitational attraction from astronomic bodies, principally the Sun and Moon, which 

varies due to the Earth’s rotation and the Earth-Sun and Moon-Earth orbits (Doodson 

1921; Cartwright & Tayler 1971; Foreman 1977; Pugh 1987; PCTMSL 2007). 

Astronomic tides are the most widely recognised phenomena affecting sea levels and in 

most regions, dominate water level variability, providing base signals with periods of 

roughly 12 or 24 hours. The relative dominance of diurnal (24 hour) or semi-diurnal (12 

hour) conditions in any geographic location results from a combination of astronomic 

forcing, latitude and resonant behaviour within the ocean basins or across the shelf 

(Platzman et al. 1981).   

Gravitational attraction from the Sun and Moon is predictable and geometric, 

which allows derivation of so-called Equilibrium Tides (Cartwright & Tayler 1971).  The 

Equilibrium Tide is defined as the elevation of the sea surface that would be in 

equilibrium with the tidal forces if the Earth were covered with water to such a depth that 

the response is instantaneous (Pugh 1987). However, this theoretical response is 

substantially modified by the structure of the ocean basins (Platzman 1984; le Provost et 

al. 1995) and deceleration across the continental shelf, both of which may be further 

influenced by baroclinic structure. A notable consequence for tides in ocean basins and 

those on shelf seas is a difference in commonly used modelling approaches: 

 Ocean tides have been characterised by identifying modes of wave propagation 

resonant with astronomic forcing (Platzman et al. 1981; le Provost 1995). Refined 

ocean tide modelling has occurred through use of data-assimilative approaches, 

such as use of pelagic tide gauges or satellite altimetry (Egbert et al. 1994; Shum 

et al. 1997; Egbert & Erofeeva 2002); or 

 Tides on the shelf are often represented as a free surface response with boundary 

conditions forced by tidal constituents. 

Relative motions of the astronomic bodies, including the elliptical shape of orbits 

and the position of the orbital plane relative to the equator, create cyclic behaviour over 

a number of time scales, modulating the diurnal or semi-diurnal tides (Wood 1978; Pugh 
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1987; USACE 1989; Wood 2001a; Boon 2013). The most substantial and well-known 

modulation is the spring-neap cycle, with fortnightly and monthly expressions, being 

related to the relative phase of solar and lunar tidal potential and bound by the month-

long orbital cycle of the Moon. Highest lunar tidal potential is produced when the moon 

is at perigee, when it is closest to Earth in its’ elliptic cycle, with a secondary peak when 

the moon is at apogee, furthest away from Earth. Similarly, axial tilt and the orbital cycle 

of Earth around the Sun combine to provide semi-annual and annual modulations. The 

opportunity for superposition of solar and lunar forcing to enhance sea level response has 

been identified (Wood 2001b). 

Decadal-scale tidal modulations have been previously described (Wood 1978; 

Zetler & Flick 1985; Pugh 1987; Woodworth et al. 1991; Wood 2001a,b; Feng et al. 

2015). The 18.61 year lunar nodal cycle is well documented, and incorporated in long-

term descriptions of lunar tidal constituents (Amin 1976, 1993; Bell et al. 1998). This 

cycle is developed through relative movement of the lunar orbital plane compared to the 

Earth’s orbital plane, creating latitudinal variation of where the moon is directly above 

the earth when at perigee. The 8.85 year cycle of lunar perigee is developed as the major 

axis of the moon’s orbit precesses around the Earth. 

Chapter 5 explores the characteristics of inter-annual tidal modulations along the 

Western Australian coast. 

2.3.2 Atmospheric Drivers 

The atmosphere affects ocean dynamics through changes in heating, atmospheric 

pressure and wind stress on the ocean surface, which may consequently drive sea level 

responses. Typically a primary distinction is provided by classing shorter-term 

fluctuations as surge and longer-term fluctuations as background conditions, whether 

climatic or oceanographic. The distinction is typically applied at seasonal time scales, 

following conventional tidal analysis (Foreman 1977; PCTMSL 2007), although this may 

attribute tidal characteristics to seasonal variation of atmospheric forcing. 
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Surge refers to sea level perturbations caused by the influence of weather systems 

and the associated pressure and wind fields (Pugh 1987). More specifically, they 

correspond to weather-induced fluctuations in the spectral band from minutes to days, to 

distinguish them from waves or steric variations (Gönnert et al. 2001). Large surges are 

almost exclusively associated with intense atmospheric forcing, and therefore 

atmospheric-driven surges are commonly termed storm surge. Surges are such a prevalent 

water level phenomena that they are often directly equated to tidal residuals, typically 

after detrending (Dixon & Tawn 1999). 

Characterisation of the storm surge is most commonly differentiated by the local 

synoptic weather system, although it may also occur as a result of meso-scale forcing, 

which may not be apparent on a weather map (Kurian et al. 2009; Rabinovich et al. 2009). 

Although the same physics applies, the concept of storm surge consequently varies 

geographically, as different processes display greater or lesser relative importance 

(Bretschneider 1966; Jelesnianski 1967; Reid 1990; Resio et al. 2009). Attributes 

affecting the nature of the storm surge include synoptic characteristics such as storm 

spatial scale, intensity and path; along with coastal structure characteristics including 

depth, shelf slope, shelf width and coastal topography. Most commonly, a distinction is 

made between tropical and mid-latitude storms (Bode & Hardy 1997; Gönnert et al. 

2001). Meso-scale forcing is reported more sparsely, in situations where individual modes 

of response may be distinct or enhanced, such as through squalls or in conditions where 

a meteo-tsunami may be developed (Vilibić et al. 2016). 

In all cases, barometric pressure response is a common feature of the storm surge. 

Atmospheric pressure contributes to storm surge as a direct hydrostatic response to 

pressure on the water surface. Consequently, there is an inverse relationship between 

atmospheric pressure and sea level (Pugh 1987), active in both shallow and deep water, 

with a theoretical response of 1cm sea level rise for each 1hPa drop in atmospheric 

pressure (‘the inverted barometric’ factor). Actual sea level response response to a 

pressure change rarely demonstrates this exact relationship relative to a pressure datum 

(Gaspar & Ponte 1997; Ponte 2006), as:  
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 Seasonal variation of atmospheric pressure conditions is typically inter-related 

with seasonal changes in steric conditions and prevailing winds (e.g. Srinivas & 

Kumar 2006), which obscures definition of a fixed pressure datum; 

 Pressure creates a redistribution of the water mass, and hence the surge response 

is affected by the spatial distribution of atmospheric pressure. In semi-enclosed 

seas, this is also affected by bathymetric and topographic features; 

 There is typically coherence of pressure variation with both geostrophic and 

frontal winds (Hsu 1988);  and 

 Resonant response to movement of the pressure field may occur if the pressure 

system movement nears the shallow water wave speed (Proudman 1953; 

Monserrat et al. 2006). 

Other components of storm surge are principally related to wind stress, developed 

through different circulations, including surface waves. The nature of the circulation can 

vary depending upon the intensity, scale, pathway and speed of the storm system, with 

particular storm surge modes characteristic of the shelf and coastal structure at each 

location. 

Initial exploration of wind-stress induced storm surges focused on establishment 

of ‘steady state’ responses from onshore and alongshore winds at the coastal boundary 

mainly using analytical techniques (Ekman 1905; Welander 1961; Gill 1982). Onshore 

winds were identified to establish inertial currents, offset by sea surface gradient rising 

towards shore. Higher storm surge response was observed to occur for sustained and more 

intense conditions (Jelesnianski 1978; Davies & Flather 1978). Inertial currents 

developed through alongshore winds were also identified to modify sea level, through the 

process of Ekman setup, with the surface gradient countering the flow deflection caused 

by the Coriolis force (Ekman 1905; Lentz & Frewings 2012). This resulted in raising of 

sea level where the coast is to the left of the shelf current in the Southern Hemisphere, 

and depression when the coast is to the right, with reverse directions in the Northern 

Hemisphere. 

For smaller spatial and temporal scale systems, there is less opportunity for steady 

state conditions to develop, and therefore surges are generally smaller. However, 
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alongshore variation in wind stress and storm surge also provided a greater opportunity 

for energy dispersion through alongshore circulation. This tendency increases for intense 

storm systems where the rotational storm structure produced a gradient between onshore 

and offshore winds. At the coast, the interaction of boundary effects with depth-

influenced flow speed can cause development of edge waves and coastally trapped waves 

(le Blond & Mysak 1978). In situations where the speed and direction of these waves in 

shallow shelf waters are matched by the storm system, then resonance may occur, 

amplifying the water level signal (Proudman 1953; Greenspan 1956; Fandry et al. 1984; 

Rego & Li 2009; Ke & Yankovsky 2011; Vilibić et al. 2016). 

The sea level response to alongshore wind stress includes transition from nearly 

steady state responses to transient long wave generation. Ekman set-up is a shelf-scale 

phenomenon, mainly observed with slow currents or those in deeper water of the outer 

shelf or shelf-edge (Elman 1905; Marchesiello et al. 2003; Feng et al. 2004). In contrast, 

coastally trapped waves are generally associated with faster wind-driven currents 

approaching depth-constrained speeds in the inner shelf (Gill & Schumann 1974; Allen 

1976; Brink 2006). Observation of ‘forerunner surge’ prior to the arrival of tropical storm 

systems has been characterised as Ekman setup, occurring in wide, shallow coastal 

margins (Kennedy et al. 2011). Coastally trapped wave responses are more commonly 

associated with fast-moving systems (Thiebaut & Vennell 2010), or a persistent 

component of a storm surge signal which continues to propagate after storm passage 

(Fandry et al. 1984; Freeland et al. 1986; Taylor 2009; Li et al. 2016). 

The relative capacity for generation of different sea level responses to alongshore 

wind stress is not distinctly related to different synoptic types. However, coastally trapped 

surge responses are more commonly reported for tropical storm events (Fandry & 

Steedman 1995). Figure 2-2 gives a simplified explanation of this tendency, with the 

steeper alongshore gradient of cross-shore wind setup supporting energy dissipation 

through coastally trapped wave generation. The propensity for coastally trapped waves to 

be generated and identified is substantially influenced by storm directions relative to the 

coast, as they are substantially more evident when alongshore wind is in the same 

direction as Coriolis (Freeland et al. 1986; Tang & Grimshaw 1995; Taylor 2009). 
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Figure 2-2: Illustration of Surge Mechanisms for different Storm Scales 

(a) Response to a large scale storm is a cross-shore gradient with alongshore flow, the 

energy balance determined by the angle of incidence to shore; (b) For a moderate storm, 

alongshore variation of wind forcing creates an alongshore sea surface gradient, 

supporting energy dispersion in alongshore directions, which may include dispersion or 

propagation of the surge signal; (c) For an intense storm, although cross-shore response 

is generally reduced, the alongshore sea surface gradient steepens, increasing the 

relative capacity to generate travelling signals.  

The capacity for storm surges to develop can be substantially affected by the 

coastal length scale. For small islands, wind stress predominantly causes circulation 

rather than sea surface gradients, with a consequence that storm surge is mainly related 

to pressure response, or the more localised effects of wave setup (SEA 2001). In a similar 

manner, storm surge response to wind stress is modified on a discontinuous coast, and 

secondary circulation may act to locally enhance surge response within embayments 

(Murty 1984; Gönnert et al. 2001). For semi-enclosed sections of coast, boundary 

influenced effects may generate seiches (Rabinovich 2009). In all cases, bathymetry and 
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coastal topography is crucial to development of the storm surge response (Bode & Hardy 

1997; Rego & Li 2010). 

The relative importance of the different forms of storm surge, including coastally 

trapped waves, varies geographically as a result of differences in storm type and coastal 

structure. Generalised characteristics of the storms that are relevant to this pattern include: 

 Mid-latitude storms have large spatial scale, relatively slow speed of movement 

and common pathways of approach. Consequently, the associated storm surge 

includes a substantial component of inertial response, due to circulation being 

blocked or deflected by the coast. Storm surge variation through time can largely 

be related to changing intensity or location of the synoptic system; 

 Tropical storms are typically smaller scale and may have a high degree of 

mobility. Tropical storms generally do not fully establish large-scale circulation 

due to their scale and speed of movement, and consequently there is increased 

importance of available time to generate  a storm surge (effective fetch), resonant 

behaviour or the generation of free waves including edge waves or coastally 

trapped waves; and 

 Meso-scale storm systems, including thunderstorms, are capable of generating 

moderate surge in conditions that support resonant response. This is consequently 

a function of the speed and path of storm systems, relative to the hydrodynamic 

modes characteristic of the bathymetric structure (Monserrat et al. 2006; 

Pattiaratchi & Wijeratne 2015).  

2.3.3 Mean Sea Level Fluctuations 

Over longer time scales, a portion of sea level fluctuation can be perceptibly 

independent of astronomic and atmospheric drivers. These fluctuations are collectively 

termed mean sea level variations (Pugh 1987) and include changes to the distribution of 

water masses, oceanic density structure or overall ocean volume. Diverse evaluations of 

these processes, over many temporal and spatial scales, have been undertaken to support 

one of the key scientific postulations of our time, being the role of anthropogenic-induced 

climate change on sea level rise (Titus et al. 1984; Church et al. 2013). One of the 

difficulties of identifying potential sea level rise is the capacity to incorrectly attribute 
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observed historic change, as there are multiple processes which may contribute to 

apparent mean sea level signal (Gornitz 1993). 

Occurrence of mean sea level variability on a seasonal basis is common globally, 

and in many cases is incorporated in water level analyses through annual and semi-annual 

tidal constituents (Merrifield et al. 2013). However, the nature of the seasonal fluctuation 

is generally non-tidal, with changing pressure, prevailing winds, sea surface temperatures 

and oceanographic structures (e.g. shelf currents or Rossby waves) commonly identified 

(Flick & Cayan 1985; Plag & Tsimplis 1999; Srinivas & Kumar 2006; Méndez et al. 

2007; Menéndez et al. 2009; Minobe et al. 2017; Calafat et al. 2018). 

Inter-annual and decadal scale variability of mean sea level may occur through 

varying intensity or amplitude of the same processes driving seasonal sea level 

fluctuations (Rong et al. 2007). However, a number of investigations of inter-annual 

variability have demonstrated coherence with climate indices, suggesting relationships to 

oceanographic phenomena, including El Niño Southern Oscillation (Diaz & Margraf 

1992), North Atlantic Oscillation (Ezer et al. 2015), Pacific Decadal Oscillation (Zhang 

et al. 1997), and the Indian Ocean Dipole (Gornitz 1993; Feng et al. 2004; Jevrejeva et 

al. 2006; Haigh et al. 2009). 

Determination of long-term sea level change from coastal tide gauges, or 

inference from stratigraphy is complicated by relative movement of the earth’s crust, 

including isostatic rebound from the last glacial maxima (Peltier et al. 1978; Nakada & 

Lambeck 1987; Peltier & Tushingham 1991; Lambeck & Chappell 2001) or more local 

tectonic influences (Senjyu et al. 1999). Exploration of long-term sea level change for 

Australia has suggested spatial variations around the Australian continent, with a late 

Holocene high-stand apparent for the majority of Australia, with the southeast states of 

Victoria and Tasmania being the exception (Wyrwoll et al. 1995; Lessa & Masselink 

2006). Local effects of subsidence have been reported, such as for the Adelaide area 

(Belperio 1993). 
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2.4 Ocean to Shelf Transitions 

The nature of sea level fluctuations transitions from the open-ocean through to the 

coast. For the open-ocean, the depth supports rapid distribution of energy transferred from 

surface stress. Consequently, open-ocean sea levels are strongly related to direct forcing, 

including atmospheric pressure and tidal gravitational potential, with modification 

through basin structure (Platzman et al. 1981; Egbert et al. 1994; le Provost et al. 1995; 

Gönnert et al. 2001). Ocean hydrodynamics are further influenced by density and salinity 

variations, with steric gradients contributing to sea level change, typically over time 

scales of months through to centuries (Antonov et al. 2002; Johnson & Wijffels 2011). 

These attributes determine that open-ocean sea level fluctuations are suited to 

geographical classification, and are well suited to global models and remote sensing. In 

many cases, open-ocean sea levels can be correlated to basin scale climate indices, such 

as El Niño Southern Oscillation or the Pacific Decadal Oscillation (PDO), through the 

inter-relationships between steric structures and occurrence systems with the parameters 

used to define the indices (Feng et al. 2004; Woodworth et al. 2007). 

The complexity of sea level processes increases landward from the shelf 

boundary. Hydrodynamic effects at the shelf margin that may affect sea level include: 

inertial response to the transition from deep to shallow water, i.e. shoaling; shelf 

constrictions focusing flow, particularly through funnelling (Murty 1984); or Ekman set-

up due to shelf-edge currents (Lentz & Fewings 2012). 

Across the shelf, shallowing depths causes increased shear and the coastal 

boundary constrains flow. Sea surface gradients act to counteract landward flow, and may 

deflect flux alongshore. An effect of increased shear is to reduce water speed with depth. 

The changing speed from deep water across the shelf can cause dissociation between 

direct forcing by astronomic or atmospheric forcing and the associated hydrodynamic 

response, which may allow ‘free wave’ behaviour. This change results in differences in 

tidal modelling, between open-ocean and shelf conditions (Wijeratne et al. 2012). The 

effect of different shelf structures and depths is to enhance hydrodynamic response to 

particular motions (Bubalo et al. 2018). For stepped shelves or semi-enclosed basins, the 

response can be enhanced when the spatio-temporal nature of forcing corresponds to a 

natural pattern of resonance. For a sloping shelf, or stratified sea, different characteristic 
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speeds support modes of coastally trapped waves, including edge waves and Kelvin 

waves. The alongshore nature of their propagation supports a lower rate of dissipation 

than the wider free-surface response. 

Impact of sea level phenomena upon human activities increases when they 

propagate landward, through movement into estuaries or overland. In either case, sea level 

phenomena developed over the shelf generally reduce in amplitude landward, with spatio-

temporal characteristics of the sea level process and the coastal morphology influencing 

the rate of dissipation (Dyer 1973; Kjerfve & Magill 1989; Fernandes et al. 2004; Perillo 

2009). 

The importance of shelf and estuarine characteristics to the transfer of 

hydrodynamic motions into sea level fluctuations has been recognised (Gönnert et al. 

2001; Fernandes et al. 2004). It is for this reason that storm surges have been described 

as ‘a coastal phenomenon’ (Gönnert et al. 2001), although with recognition that surge 

may include response to oceanic circulation. The importance of local scale shelf and 

seabed structure to enhance or reduce sea level response to both atmospheric and 

astronomic forcing, obscures direct analytic solutions of coastal hydrodynamics, and 

provides a need for calibration of hydrodynamic models. 

2.5 Variability of Sea Level Processes 

Sea level fluctuations occur for any time scale of longer than a few seconds, 

although they are typically distinguished from surface gravity waves around a minute (60-

sec) time scale. Consequently, perception and description of sea level requires use of a 

state-space definition. This may simply be a statistical representation of the relative 

occurrence of different sea levels, or a more complex description of the relationship 

between sea level and drivers, including storm systems and astronomic tides. Most 

commonly, sea levels are either characterised by modal behaviour (e.g. percentage 

occurrence) or stochastically, such as the recurrence interval of extreme sea levels, often 

used as a measure of coastal hazard. 
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The term ‘sea level variability’ is used to describe departure from a perceived 

state-space of sea level, and consequently it can apply to different mechanisms depending 

upon the time scale of interest. Used in its most general sense, sea level variability 

encompasses the possible range of processes contributing to sea level observations for 

different periods of time; vis-à-vis the variability of all tide, surge and mean sea level 

phenomena. In some more recent applications, the term sea level variability has been 

applied in a narrower context, to mean sea level change that is a response to climatological 

variation, with an objective to improve identification of mean sea level non-linearity or 

acceleration (Jevrejeva et al. 2006; Papadopoulos & Tsimplis 2006; Dangendorf et al. 

2013; Ezer et al. 2015).    

Scientific interest in sea level phenomena has been substantially enhanced since 

a causative relationship between anthropogenic climate change and global sea levels was 

suggested (Titus et al. 1984). Extensive analysis and modelling of global climate 

conditions has been undertaken to evaluate potential future change, with many 

evaluations collated and condensed through the Intergovernmental Panel on Climate 

Change (IPCC 2007; Church et al. 2013). Some of the climate projections reported by the 

IPCC have included accelerated rise of global mean sea level and change to storm 

patterns. The supporting research identifies that projected changes are not uniform across 

the globe (Church et al. 2004; Tamisea & Mitrovica 2011), and that effects are likely to 

be superimposed upon local and sub-regional processes, including subsidence and 

isostasy, as well as inter-decadal sea level fluctuations due to climate variability (Gornitz 

1993; Feng et al. 2004; Tsimplis et al. 2005; Jevrejeva et al. 2006; Šepić et al. 2012; Ezer 

et al. 2015). 

An implicit outcome of projected climate change and sea level rise is a need for 

future adaptation of coastal activities that are intolerant to changing conditions or the 

associated coastal evolution. In this respect, the importance of extreme events has been 

recognised, as exceedance of protection thresholds provides political and social impetus 

for change and adaptation (Nicholls 2002; Kousky 2014). Prediction of future adaptation 

pressure therefore requires an understanding of how sea level extremes may vary, which 

includes projected mean sea level change, inter-annual fluctuations due to climate 

variability, tidal modulations and variation in storminess (Bromirski et al. 2003; 



 22 

 

 

Woodworth et al. 1991; Woodworth & Blackman 2004; Menéndez & Woodworth 2010; 

Merrifield et al. 2013) along with feedbacks and interactions between the different 

mechanisms. Analyses of how different mechanisms interact at regional or local scales 

have been undertaken for various locations (Bijl et al. 1999; Araújo & Pugh 2008; Marcos 

et al. 2009; Vilibić I & Šepić 2010; Dangendorf et al. 2013; Mudersbach et al. 2013; 

Antony et al. 2016; Mawdsley 2016; Santamaria-Aguilar et al. 2017). These studies 

confirm that inter-annual variability of high water levels is not directly related to global 

mean sea level change; and suggest that variation of factors contributing to tide, surge 

and mean sea level introduce systematic geographic patterns. 

A recognised challenge with identifying variability of sea level extremes is the 

need for an extended time scale to characterise episodic phenomena, such as storm surges 

(Dixon & Tawn 1999; Ceres et al. 2017). Decomposition methods to separate the 

influence of individual processes have been used (Marcos et al. 2015) including time 

series filters to highlight different constituent processes.  

For most locations, there is seasonal variation of the timing and intensity of storm 

systems, as well as relative cycles of mean sea level and tides. The relative timing of 

events can be important for the interaction of multiple sea level phenomena, such that the 

significance of a moderate surge event can be enhanced by occurring coincident with high 

mean sea level (Pasaric & Orlic 2001). Characterisation of sub-annual variability has been 

described (Méndez et al. 2007; Menéndez et al. 2009; Tsimplis & Shaw 2010) and 

incorporated in global evaluations of coastal flooding hazard (Mawdsley et al. 2015; 

Rueda et al. 2017). 

The importance of sea level feedbacks may be enhanced in narrow-mouthed 

estuarine systems, as there is less damping of ocean signals with higher sea levels (Weisse 

et al. 2014; Wang et al. 2017). Evaluation of tide gauge records suggest that damping 

patterns vary between estuaries, with increased damping on higher frequency spectral 

bands, such that tidal damping may be high, with less reduction of mean sea level 

fluctuations through ocean-estuary transfer (Fernandes et al. 2004).  
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Chapter 6 explores the nature of sea level variability within the Swan River region, 

in southwest Western Australia. This includes evaluation of changing sea level variability 

due to ocean-estuary transition.  

2.6 Distinguishing Sea Level Processes 

Recognising multiple processes may contribute to sea level observations is 

common to both evaluation of short-term high water levels (Dixon & Tawn 1999; Pasaric 

& Orlic 2001; Woodworth & Blackman 2004; Méndez et al. 2007; Menéndez & 

Woodworth 2010; Vilibić & Šepić 2010) and longer-term mean sea level change (Plag & 

Tsimplis 1999; Papodopoulos & Tsimplis 2006; Jevrejeva et al. 2006). Techniques for 

the statistical inclusion of multiple processes are available (Jay & Flinchem 1999; 

Méndez et al. 2007), even if simpler techniques are commonly used (Arns et al. 2013). 

Characterisation of water level processes commonly follows a spectral 

classification scheme that extends from acoustic waves through to global climate cycles 

(Figure 2-3). This provides a largely convenient basis for distinguishing between 

processes (Le Provost & Fornerino 1985; Allen & Greenslade 2009). However, overlap 

can occur due to driving processes with similar time scales, contributions from water 

bodies with different scales (e.g. ocean basin, shelf structure, coastal features), transfer of 

energy between different processes, or more gradual fluctuation of higher frequency 

phenomena (e.g. tidal modulation). 

A further means to characterise active processes may be available through the 

spatial coherence of water level signals (Provis & Radok 1979; Pugh 1993; Papadopoulos 

& Tsimplis 2006; White et al. 2014). When combined with a suitable spatio-temporal 

description of forcing, relative amplitude or lag between points of observation may be 

used to support identification of processes. 

The ability to distinguish different processes consequently varies according to the 

observation framework and techniques used to focus on specific time scales. A commonly 

applied assumption is that fluctuations faster than the time scale of interest can be treated 

as noise, while slower fluctuations provide a background trend, although this is not always 

the case (Jay & Flinchem 1999; Jevrejeva et al. 2006). The challenge of identifying 
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processes active over multiple temporal and spatial scales is further complicated by 

changing scientific disciplines and frameworks for sea level assessment relevant at 

different time scales (Gornitz 1993; Douglas et al. 2001). 

 

Figure 2-3: Spectral Attribution of Water Level Processes 

Following Platzman (1971), le Blond & Mysak (1978) & Gornitz (1993) 

Interpretation of trends from tide gauge records requires consideration of long-

term movements of both sea level and the land. Over time scales of millennia, occurrence 

of substantial long-term mean sea level fluctuations, along with their role in coastal 

dynamics, have long been recognised (Fairbridge 1950; Bruun 1962; Chappell 1974; 

Searle & Woods 1986; Nakada & Lambeck 1987). Constraints of using discrete 

measurements to describe mean sea level, particularly from coastal tide gauges, have been 

acknowledged, with local or regional factors of tectonism, subsidence, isostasy, 

instrument movement and instrument change all providing sources of variability (Aubrey 

& Emery 1986; Senjyu et al. 1999; Douglas 2001; Belperio et al. 2002). As a 

consequence, tide gauge records are typically referred to as relative sea levels, as they 

combine vertical movements of both the water surface and the land used as reference. 
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Chapter 4 demonstrates the value of a combined spatio-temporal assessment for 

the distinction of coastal trapped waves and storm surge. This analysis approach has 

enabled characterisation of the trapped waves, which would otherwise be either weakly 

resolved using either numerical modelling or generate error in the derivation of surge-

forcing relationships. 

Chapter 6 has used to spectral classification to examine the seasonal and inter-

annual sea level fluctuations in the Swan River region, on the southwest Western 

Australian coast. 

2.7 Modern Pathways for Coastal Flooding Assessment 

Determination of coastal flooding hazard has moved increasingly toward the use 

of numerical modelling as a means of estimating the likelihood of extreme sea levels. 

This provides a useful tool for evaluation of sea level response to projected climate 

change and has the advantage of being able to be used for forecasting. Following from 

the success of global wave models and global tide models, along with their integration 

with satellite-derived data, there is increased movement towards the use of global surge 

models (Vafeidis et al. 2008; Muis et al. 2016). Comparison of global model outputs with 

coastal tide gauge data sets has demonstrated that dominant sea level processes vary 

geographically (Rueda et al. 2017) highlighting the need for a thorough understanding of 

sea level processes when developing simulations. 

Future challenges associated with the application of global surge models include 

improving the resolution of ocean-shelf transitions of sea level phenomena and 

incorporating of travelling surge signals, such as coastally trapped waves. The 

significance of these challenges is highlighted on the Western Australian coast, where the 

large transitions of weather systems and tides suggest eight separate classes of coastal 

flooding hazard (Rueda et al. 2017), which suggest high sensitivity to sub-regional effects 

of ocean-shelf transition. 
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Chapter 3 Review of Western Australian Sea Level Data 

This Chapter is mainly comprised of previously unreported content, with some 

content previously released in a conference paper: 

Pattiaratchi C & Eliot M. (2008) Sea-level Variability in South-west Australia: 

from Hours to Decades. Proceedings of the 31st ASCE International Conference on 

Coastal Engineering, Hamburg, Germany 2008. 

This Chapter summarises the knowledge base for Western Australian water levels 

existing prior to the research contained in this thesis. Review of the data sets used and 

methodologies underpinning previous findings was undertaken as a preliminary research 

phase, with the outcomes presented in this Section. An objective of this evaluation was 

to identify any discrepancies posing substantial research questions. One element of 

interest was to evaluate situations in which commonly-applied assessment frameworks 

may have affected the perception of water level processes. 

Base data assessment was undertaken for twenty-six tide gauge stations along the 

Western Australian coast (Figure 3-1). This evaluation was undertaken to characterise 

each station and explore the seasonal and episodic nature of sea level variability. 
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Figure 3-1: Western Australian Tide Gauge Dataset and Data Capture per 

Calendar Year (1959-2016) 

Existing literature has reported a wide range of sea level processes affecting 

Western Australia (Table 3-1). 

Indication of the substantial contributions provided by tides and processes in the 

weather band is provided by an auto spectrum of sea level, derived from three years of 

data from Fremantle (Figure 3-2). Peaks occur in the spectrum suggest a range of different 

active processes, including sharp peaks at diurnal and semi-diurnal periods, peaks 

corresponding to seiches around 20 and 160 minutes, an annual peak and a broad peak in 

energy in the ‘weather’ band from 5-20 days. 
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Table 3-1: Water Level Components and Western Australian References 

Process Duration Scale Reference 

Wave action 2–20 sec ~ 5m Lemm et al. (1999) 

Wave set-up / beat 5–30 mins ~ 0.3m Eliot & Clarke (1986) 

Seiches 30–90 mins ~ 0.2m Ilich (2006) 

Pressure surge 1–3 hours ~ 0.2m Provis & Radok (1979) 

Wind set-up 3–6 hours ~ 0.2m Hodgkin & di Lollo (1958) 

Tidal conditions 12–24 hours ~ 0.8m Easton (1970) 

Sea breezes 24 hours * Pattiaratchi et al. (1997) 

Pressure systems (cycle) 1–10 days ~ 0.8m Hamon (1966) 

Coastal trapped waves 3–10 days ~ 0.6m Fandry et al. (1984) 

Oceanic currents  Seasonal ~ 0.3m Pattiaratchi & Buchan (1991) 

Nodal tide 18.6 years ~ 0.15m Amin (1993) 

Climate variability Decades ~ 0.2m Pariwono et al. (1986) 

Climate change 103+ years ~ 10m Wyrwoll et al. (1995) 

 

Figure 3-2: Fremantle Water Level Spectra (Pattiaratchi & Eliot 2008)  
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Spikes in the water level spectra indicate processes that frequently contribute to water 

level fluctuations. Narrow spikes indicate processes that are developed through harmonic 

forcing, specifically tidal forcing at 24-hours and 12-hours. Broader spikes around 20, 

60 and 160 minutes are associated with resonant response characteristic of seiches within 

embayment and shelf structures. The broad peak from 5 to 30 days is related to the 

weather band, include surge responses to wind and pressure variation. A peak is also 

evident at the 1-year spectral band, which corresponds to the seasonal mean sea level 

cycle, developed through ocean currents and seasonal variation of prevailing winds. 

3.1 Observation Framework and Western Australian Tides 

The Western Australian coast experiences an extraordinary range of sea level 

phenomena, covering a shelf distance over 4,000km, and extending between 13oS and 

36oS latitudes. This broad geographical range supports the influence of both tropical and 

extra-tropical weather systems. The tidal regime is also widely ranging, varying from 

microtidal and mainly diurnal in the southwest, through to macrotidal and semi-diurnal 

along the Northwest Shelf. 

Coastal water levels have historically been evaluated using a network of gauges 

located around the State’s coast (Figure 3-3), primarily located at harbour sites (Hamon 

1966, Easton 1970; NTF 2000). The main historic use of gauge installation was to support 

port operations, which led to a focus on tidal analysis and prediction, with tidal fitting 

(Foreman 1977) used as a primary data treatment. Data presented here was recorded at 

long-term tide stations maintained by the WA Department of Transport, with sampling 

intervals varying between 2 minutes and 1 hour. 

Instrumentation has varied around the State and over time, with the modern tide 

gauge network principally comprised of stilling well assemblies with Handar logging 

units and telemetry to support  near-real time access to data (Lowry & Eliot 2007). 

Historic practices have progressively advanced from tide board observations, through 

Bailey drum gauges (Hamon 1966), to modern instrumentation, which now includes 

acoustic gauges, bubbler units, bottom mounted pressure transducers and radar gauges.  
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Figure 3-3: West Australian State Tide Gauge Network 

3.2 Data Quality and Processing Techniques 

Western Australian tide gauge data sets are collected and processed by the 

Western Australian Department of Transport, following practices described in the 

Australian Tides Manual (PCTMSL 2007). A subset of this database is shared with the 

National Tidal Centre of the Bureau of Meteorology, who further provides data for a 

limited number of sites to the University of Hawaii tide gauge database (Caldwell et al. 

2015) and the Permanent Service for Mean Sea Level at Proudman Oceanographic 

Laboratory (Holgate et al. 2013). The number of gauges deployed in the Western 
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Australian tide gauge network and the data capture for entire calendar years is presented 

in Figure 3-4. Modern data collection rates are high, typically above 95%, with a register 

of fault logs stored with the tide gauge metadata. 

 

Figure 3-4: Data Capture from Western Australian Tide Gauge Network 

Conventional water level assessment has mainly corresponded to the analytic 

methods focused on tidal analysis (Foreman 1977; Pugh 1987, 2004; PCTMSL 2007). 

Data sets are compared against predicted tides, observations from adjacent stations and 

weather records as a primary level of data quality checking. Each site is surveyed back 

against a defined benchmark and standard survey marks on a regular basis. The 

consequent output from the Western Australian tide gauge network is a high quality data 

set, with published tidal constituents derived for each calendar year of data, supporting 

generation of tidal residuals. Although recent data is typically available at 5 minute or 15 

minute intervals, a number of the records prior to the mid-1990s are hourly data. 

Consequently, the majority of long-term analyses in this thesis have been undertaken 

using an hourly dataset, which is sub-sampled from higher frequency records. 

The water level developed from conventional processing is represented as: 
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Where Z0(t) is the annual mean sea level and Tk(t) describe tidal constituents 

determined from harmonic analysis of annual data sets. R(t) is the tidal residual. 

Complementary assessment of tidal residuals and monthly means have been used 

as the primary approaches for evaluating non-tidal phenomena, including characterization 

of storm surges (Bureau of Meteorology 2018, Department of Transport 2018) and 

relative sea level change (Mitchell et al. 2000; Church et al. 2004; White et al. 2014). 

Key applications of the water level climate have included operational forecasting, coastal 

hazard assessment and environmental forcing when modelling coastal development 

options. Influences of water level variability on coastal dynamics or water quality have 

generally been considered as secondary applications, although direct importance has been 

demonstrated in specific instances (Clarke & Eliot 1989; O’Callaghan et al. 2007). 

The processed data sets of annual mean, tide and tidal residuals represent 

conventional products for analyses of water level processes. However, the processing 

technique is focused on the best representation of tide and places almost all extraneous 

signals into the tidal residual, including detrending at the commencement of harmonic 

analysis, tidal misfit, and tide-surge interactions. Consequently, the tidal residual 

incorporates a number of signals which are not necessarily related to surge. 

Cross-checking of water level records and tidal residuals against weather systems, 

as illustrated in Section 3.7, and when examined at various time scales as shown in 

Appendix A,  indicated several features of high residual conditions within the data sets: 

 The highest tidal residuals contain a disproportionately high number of 

storms that occur outside the peak storm season. This suggests that the 

seasonal mean sea level signal, which is attributed as tide through the 

annual and semi-annual constituents, is at least in part comprised of 

barotropic response to seasonal weather conditions (Merrifield et al. 2013) 

although a relationship to shelf boundary-current strength has also been 

identified (Feng et al. 2004);  

 For southern stations, in particular, tidal residuals incorporate higher 

frequency fluctuations characteristic of seiching (Allison & Grassia 1979; 

Pattiaratchi & Wijeratne 2015). Although these may be of local relevance, 
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their influence should not be incorporated when comparing storm surge 

response or propagation across a relatively dispersed tide gauge network; 

 Large tidal residuals are commonly developed due to tidal misfit, which 

commonly occurs around neap tides or if there is missing data within the 

annual record. This may also include changing Zo between years. 

A modified representation of storm surge was consequently required to reduce the 

influence of tidal and local seiches, allowing focus on regional-scale and travelling surge 

responses across the comparatively dispersed tide gauge network. Aims of this 

representation included better matching the seasonal timing of storm events and having a 

stronger correlation between surge amplitude and the storm characteristics likely to affect 

surge response (Resio et al. 2009). 

The selected approach uses two temporal filters, separating the hourly water level 

record into three separate signals, corresponding to slow, medium and fast signals: 

FastModerateSlow

tTtStZtX





~
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Slowly varying processes were separated using a 30-day running mean, applied 

to hourly water levels. A Doodson-X0 tidal filter was applied to the residual after the 

running mean, providing an estimate of tide by capturing the rapidly varying water level 

fluctuations. The residual following filtering provides an approximation to atmospheric 

surge. For both the 30-day and 24-hour time periods of the running mean and filter, any 

sample with less than 80% data availability was discarded. This approach is similar to 

that used by others (Provis & Radok 1979; Merrified et al. 2013). 

Advantages of this signal processing approach include its simplicity to apply, the 

relative insensitivity to missing data and removal of tidal misfit or tide-surge interaction 

from the surge approximation. Corresponding disadvantages include a weaker 

representation of tides, and sharing of surge event response across the three signals, 

typically resulting in a smaller amplitude of the surge approximation than would be 

indicated by tidal residual. 

 



 34 

 

 

3.3 Knowledge Derived from the Existing Network  

Understanding developed through the framework of tides, residuals and trends 

included: 

 Substantial tidal variation, as illustrated by Figure 3-3. In addition to the change 

in tidal amplitude, there is a shift between mainly semi-diurnal conditions in the 

north, to principally diurnal conditions along the west and south coasts. This shift 

affects the bi-annual cycle of tidal range, with semi-diurnal tides peaking near the 

equinoxes in March and Spring, whereas diurnal tides peak near the solstices in 

June and December (Figure 3-5); 

 
Figure 3-5: Seasonal Distribution of Tides for Four Sites along WA Coast 

Tidal statistics were derived by calendar month, combining all years of observation, 

following removal of tide and surge estimates, as discussed in Section 3.2. Refer to Figure 

3-1 and Figure 3-3 for locations, listed in anti-clockwise order, with (a) Broome  in the 

northeast; (b) King Bay in the north; (c) Carnarvon in the northwest; and (d) Fremantle 

in the southwest. 

 A key distinction between storm surges developed by tropical cyclones and those 

generated by mid-latitude storms, with a geographic transition between the areas 

in which these storm types are dominant (Figure 3-6); 
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Figure 3-6: Regional Variation of Major Factors Influencing Storm Surges for 

Western Australia 

 

 Seasonal cycles of mean sea level (Pariwono et al. 1986), although these are 

commonly incorporated within the Sa and Ssa components of the tidal harmonic 

fit; 

 Inter-annual variability of mean sea level, with a strong correlation to global 

climate phenomena (Pattiaratchi & Buchan 1991; Feng et al. 2004); and 
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 Long-term sea level rise, with some variability between locations (Mitchell et al. 

2000; Church et al. 2004; White et al. 2014). 

Illustration of how some of the active sea level processes vary between settings is 

provided by water level ‘scale cascades’ for Onslow (

 

Figure 3-7) and Fremantle (Figure 3-8). These show the difference in amplitude, 

timing and harmonic structure between northern and southern parts of the State. Onslow, 
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in the northwest, experiences mixed, mainly semi-diurnal mesotidal conditions. 

Fremantle, in the southwest, experiences mainly diurnal microtidal conditions, with surge 

and mean sea level fluctuations of comparable amplitude to the tide.  

 

Figure 3-7: Onslow Water Level Time Series ‘Scale Cascade’ 

(a) 30 years of observations, with monthly means and highest and lowest 10% levels of 

observations shows strong seasonal and inter-annual patterns, each with approximately 



 38 

 

 

0.25m range; (b) Observations for one calendar year show the spring-neap cycle, a twice 

annual cycle of tide range peaking in March and September and a seasonal mean sea 

level cycle peaking around March-April; (c) Observations over one month show the 

spring-neap cycle and the semi-diurnal tidal pattern.  

 

Figure 3-8: Fremantle Water Level Time Series ‘Scale Cascade’ 

(a) 55 years of observations, with monthly means and highest and lowest 10% levels of 

observations shows strong seasonal and inter-annual patterns, each with approximately 

0.3m range. High water levels are more randomly distributed, on top of the more 
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systematic variations, although mainly during winter months; (b) Observations for one 

calendar year are dominated by seasonal mean sea level cycle peaking around June, with 

variation over daily to monthly time scales developed through a combination of surge 

and small amplitude tides; (c) Observations over one month show diurnal tidal 

fluctuations, interacting with atmospheric surges that can be of a similar scale.  

 

3.4 Extreme Water Levels and Tidal Residuals 

Extreme water levels occur when a combination of tide, surge and mean sea level 

is outside the normal range of tidal fluctuations (Pugh 1987). In most circumstances, 

extreme water levels are developed through superposition of storm surge with tide, 

combining the episodic characteristics of the storm surge with the more deterministic 

variation of the tide. Extreme water levels are consequently episodic, and normally 

described probabilistically. Separating water levels into tides and tidal residuals, as an 

estimate of storm surge, allows distinction of deterministic and non-deterministic 

components. The non-deterministic residual component is typically more complex to 

characterise, requiring more extensive observational data, although tidal analysis is not 

trivial (Doodson 1921; Foreman 1977; PCTMSL 2007). 

Tidal residuals are the difference between the observed water level and the 

predicted tide at a specific time. The strong coherence between tidal residual and synoptic 

systems was confirmed relatively early in the history of Western Australian tide gauge 

observations (Fraser 1905; Bennet 1940). Residuals consequently formed a standard 

estimate of storm surge (Easton 1970; Nelson 1975; Hopley & Harvey 1976; Silvester & 

Mitchell 1977: NTF 2000), although relationships between meteorological parameters 

and tidal residual remained elusive, with one interpretation that a southward travelling 

wave was necessary to explain residuals on the west coast (Provis & Radok 1979). 

Major conclusions developed from the evaluation of tidal residuals included: 
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 The southwest and south coasts are chiefly influenced by storm surges from 

eastward moving mid-latitude depressions, which occur throughout the year, but 

mainly during winter months. Positive tidal residuals, of up to 1m, may last for 

several days during the passage of a storm (Figure 3-9). During severe storms, 

water levels may exceed the highest astronomic tide along hundreds of kilometres 

of coast, due to the microtidal conditions of the region; and 

 The northwest coast, including the Kimberley and Pilbara regions between 

Wyndham and Exmouth, has the capacity to be occasionally affected by extreme 

storm surge associated with tropical cyclones. These storms may be intense and 

mobile, potentially arriving from a wide range of directions, depending upon 

interactions of the tropical cyclone with larger scale atmospheric circulation. 

Positive tidal residuals in the order of 5m have been inferred from several 

different storms, with a relatively small footprint, in the order of tens of 

kilometres, where the storm orientation and passage was capable of producing 

maximum surge. Recorded durations of high surge often last less than a day, 

although they may have a protracted effect for storms tacking along the coast 

(Figure 3-9). The larger tides of this region often providing a reduced window of 

opportunity during which high surges can result in extreme water levels. 
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Figure 3-9: Examples of Dominant Storm Surge Mechanisms 

(a) An intense tropical cyclone with shore normal propagation produced a high local 

surge near its point of land-crossing, but showed limited influence at other locations; (b) 

A tropical cyclone travelling offshore and parallel to the coast produced a high surge 

along the whole of the Western Australian coast; (c) A mid-latitude storm, passing 

eastwards around 40o latitude, created a broad surge signal for the western and southern 

coastal stations; (d) An extra-tropical storm, passing eastwards around 30o latitude, 

created a narrow surge signal for the southern coastal stations. Refer to Figure 3-1 and 

Figure 3-3 for geographic locations, anti-clockwise around the continent, from Broome 

(BRM) to Esperance (ESP) 

Comparison of surge time series from ten tide gauges along the Western 

Australian coast in 2005 confirms the significant difference between northern and 

southern stations (Figure 3-10). Northern stations have infrequent surge events mainly 

occurring during summer. Southern stations have surge events occurring year-round, but 

with the highest events generally occurring during winter months. This basic distinction 

is largely related to the dominance of tropical cyclone surges for northern stations and 

mid-latitude depressions for southern stations.  
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Figure 3-10: Regional Variation of Surges for 2005 

Surge approximations were derived from 24-hour running mean water levels of hourly 

data, with an equal spatial offset between adjacent stations. Refer to Figure 3-1 and 

Figure 3-3 for geographic locations, anti-clockwise around the continent, from Broome 

(BRM) to Esperance (ESP). 

The regional description of tides and surges is supported by gross statistics, 

developed from Doodson X0 time series filtering (Figure 3-11). These show a distinctive 

reduction of tidal amplitude from Broome to the microtidal region around Fremantle and 

Bunbury. The relative statistics of surge approximation show an increase from north to 

south for standard deviation and the 1% exceedance level, but the opposite pattern for the 

maximum surge approximation, indicating that severe surges, nominally due to tropical 

cyclones, are rare but have increased capacity to be large to the north of the State. It is 

recognized that the Doodson X0 filter produces surge approximations that are much 

smaller than those derived from residuals after tide fitting. 
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Figure 3-11: Regional Variation of Tide, Surge and MSL 

Tide, surge and mean sea level approximations were developed using 24-hour and 30-

day running means, with the standard deviation, 1% exceedance statistic and maximum 

observed value derived for each approximation. In general the standard deviation and 

1% exceedance statistic display similar spatial patterns, although there is a difference in 

scale, with exceedance differences being 2-3 times larger than standard deviation, with 

the largest scale difference for surges. Maximum observations for tide and mean sea level 

approximations also show a similar spatial distribution, with a further increase in scale, 

by around 1.2 for mean sea level and 3 times for tide. The maximum observations of storm 

surge approximation show a different spatial distribution to the 1% exceedance statistic, 

due to the influence of infrequent high surges associated with tropical cyclones. 

The distinction between mid-latitude storms and tropical cyclones is commonly 

applied to the analysis of Australian water level records (Mitchell & Silvester 1977; 
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Steedman & Craig 1983; NTF 2000; Harper et al. 2009), principally due to the relative 

infrequency, small spatial scale and short duration of tropical cyclone surges (Bode & 

Hardy 1997; Gönnert et al. 2001; Resio et al. 2009). The main consequence is that tide 

gauge analyses are used to generate surge distributions associated with mid-latitude 

storms, but not for tropical cyclones, where numerical modelling is typically used in 

preference. 

Identified attributes of tropical and mid-latitude storms formed a basis for 

evaluation of coastal flooding threat. For the southwest and south coasts, the frequent 

occurrence of high water level events provided a basis for confidence in extrapolation of 

recorded event behavior, using extreme value theory (Scott 1977; Church et al. 2006; 

Haigh et al. 2014a). For the northwest coast, the relative scarcity of observed high water 

level events prompted the preferred use of joint probability methods (Hopley & Harvey 

1976), later progressing to track-shifting methods (Hubbert et al. 1991), then the use of 

synthetic storm climatology (Hardy et al. 2010; Haigh et al. 2014b). For the most part, 

estimation of tropical cyclone storm surge was focused on the mode of generation due to 

onshore winds, as these were considered most capable of developing extreme surges. An 

exception was highlighted along the west coast for southward travelling tropical cyclones 

(Fandry et al. 1984). Although one of these systems, Tropical Cyclone Alby, produced 

the highest recorded water level at many stations in April 1978, these systems remained 

effectively outside the domain of coastal flooding assessment, as their rarity limited the 

use of extreme event statistics. 

3.5 Mean Sea Level Variability 

Mean sea level variations evident in the tide gauge record have been extensively 

examined, particularly due to the interest in global mean sea level rise (Douglas 2001; 

Church et al. 2004). In order to support the research approach followed herein, a review 

of mean sea level variations over seasonal and inter-annual time scales was undertaken, 

to confirm existing understanding and evaluate if mean sea level representation may 

affect perception of other processes. 

Mean sea level variability has previously been reported for: 
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 Seasonal variability (Pariwono et al. 1986; Merrifield et al. 2013), which includes 

the effect of large scale steric gradients and oceanographic phenomena such as 

the Leeuwin Current; 

 Inter-annual variability, which has had demonstrated correlation with regional 

climate variations, such as indicated by the El Niño-Southern Oscillation Index 

(Feng et al. 2004); and 

 Long-term trends of relative sea level rise, including the effects of global sea level 

rise and vertical land movements (Mitchell et al. 2000; White et al. 2014). 

Derivation of monthly mean patterns from long-term data sets (Figure 3-12) 

confirmed the regional pattern of seasonal mean sea level variation reported by Pariwono 

et al. (1986). 

 

Figure 3-12: Western Australian Average Seasonal Mean Sea Level Pattern 

Inter-annual variability of mean sea level was removed using a 12-month running mean 

water level, prior to calculating the mean of all observations in each calendar month.   

An annual cycle of approximately 0.2m is apparent for all locations, although the 

timing of the seasonal peak varies. This variation has been attributed to changes in the 

strength of the major ocean current in the region, the Leeuwin Current (Thomson 1984; 

Pattiaratchi & Buchan 1991; Feng et al. 2004). For the stations along the northwest shelf, 

there is a spatial progression, with the easterly stations peaking almost two months earlier 

than the western stations. Along the west and south coast, the seasonal pattern is more 
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consistent, with all stations between Geraldton and Esperance peaking during June. In the 

commonly used approach of fitting tidal harmonics before identifying surges, the seasonal 

variability is captured by annual (Sa) and semi-annual (Ssa) tidal constituents. 

The relative significance of the seasonal timing of mean sea level is illustrated 

through the monthly occurrence of water levels (Figure 3-13). The contributions of mean 

sea level, surge and tide are shown to highlight the individual role of each component. 

For the southwest, as illustrated by Fremantle, the seasonal distribution of water level is 

influenced by all three components, which each have a peak phase around June. 

 

Figure 3-13: Seasonal Patterns of Water Level Components 

Water level components are derived from time-series filtering, as outlined in Section 3.3. 

All records from each calendar month were subsequently used to calculate relative 

emergence, with 0% for total water level indicating permanent inundation. This 

illustrates that mean sea level has an annual cycle at each location, surge is largely 

annual, although there may be a mixture of summer and winter surges at Carnarvon or 

Port Hedland. Tides have a twice annual cycle, with diurnal tides in Fremantle peaking 

at the solstices and semi-diurnal tides at Port Hedland peaking at the equinoxes. These 

three components consequently peak almost simultaneously at Fremantle and Port 

Hedland, but are out of phase at Carnarvon.    
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In contrast, the distribution of total water levels for Carnarvon has a less distinct 

seasonal pattern, which may be due to the components being less coincident in phase. The 

distribution of water levels for Port Hedland does not demonstrate the influence of mean 

sea level variation, due to the dominance of the macro-tidal component. 

Year-to-year variability of the seasonal mean sea level signal at Fremantle was 

examined using a harmonic fitting approach. Each year of hourly observations was de-

trended, then a harmonic component was fitted. The length of the harmonic component 

was allowed to vary within the range 0.5—2.0 years, which removes direct presumption 

of an annual mean sea level signal. 

 

Figure 3-14: Fremantle Intra-Annual Mean Sea Level Variability 

Least-squares fitting of a 12 month sinusoid to each year of hourly data from Fremantle 

was undertaken to examine the variability of timing and amplitude of the seasonal mean 

sea level. Since the 1980s, both timing and amplitude have become more variable, with 

the peak occurring earlier, on average. Variability of seasonal peak mean sea level timing 

is illustrated for a longer Fremantle record (1900-2009) in Figure 6-10. 

Harmonic evaluation of seasonal pattern suggests that there is a high degree of 

intra-annual mean sea level variability, with both the amplitude and the timing of the 

seasonal peak varying. The potential contribution of this phenomenon to the occurrence 

of high water levels has been included in analysis of the Swan River Region sites (Chapter 

6). 
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As the seasonal mean sea level signal has a moderate range of approximately 

0.2m, intra-annual mean sea level variability has only a small influence on extreme event 

likelihood. However, by representing seasonal variability through Sa and Ssa 

constituents, a portion of seasonal variation is attributed as tide, and a portion is attributed 

as surge, potentially obscuring the ability to relate forcing to water level response. 

Longer-term variability of mean sea level is apparent in Western Australian tide 

gauge records over inter-annual and longer time scales. Evaluation of these variations has 

included correlation with climate indices (Pattiaratchi & Buchan 1991; Feng et al. 2004) 

and estimation of sea level trends, which showed rise over the modern tide gauge record 

(Mitchell et al. 2000; Church et al. 2004). The tide gauge record from Fremantle, which 

covered the entire 20th Century, indicated a mean rate of sea level rise of 1.54 mm per 

annum over this period.  This rate of increase is similar to that observed globally, which 

has been estimated to range between 1.1 to 1.8 mm per annum (Douglas 2001; Church et 

al. 2004).   

Non-linearity of the mean sea level signal was identified from Western Australian 

tide gauges, with higher rates of sea level rise occurring over recent decades. This is at 

least partly linked to climate cycles, with a recent transition to strong La Niña conditions, 

and associated elevated mean sea level (Haigh et al. 2011). Regional variation of the rate 

of sea level change has also been demonstrated, with the average rate of sea level rise 

increasing northwards (Haigh et al. 2011, White et al. 2014). 
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Figure 3-15: Comparison of 1966-2003 and 1985-2003 Regressions 

Linear regressions were developed from hourly data for each location, with the left-to-

right progression across the figure corresponding to clockwise position along the 

Western Australian coast. At all locations, more recent regressions show a higher mean 

rate of rise. This difference is greater in the north, at approximately 6mm/yr, compared 

with approximately 2 mm/year in the south. 

 

Figure 3-16: Comparison of Regression Periods Relative to Fremantle 
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Spatial variation indicated in Figure 3-15 has been highlighted by presenting regression 

at each station relative to the rate derived for Fremantle. This suggests a broad spatial 

pattern, with some local irregularities.  

3.6 Sea Level Variability due to Tropical Cyclones  

Tropical cyclones are intense, highly mobile storm systems developing in low 

latitudes through convective uplift. These are the most significant meteorological 

phenomena affecting tropical and sub-tropical Western Australia. They are capable of 

causing extreme winds, storms surge, waves and rainfall. The extent of potential impact 

is suggested by Figure 3-17, which shows that tropical cyclones predominantly affect the 

Kimberley and Pilbara coasts, with their presence becoming less frequent further south. 

Evaluation of sea level variability associated with tropical cyclones has previously 

focused on their capacity to generate extreme surges, principally through a combination 

of low barometric pressure effects combined with wind and wave setup. A consequent 

analytic focus has been upon storm systems capable of producing strong onshore winds. 

This has followed from methods developed for the United States and Queensland 

(Department of Natural Resources & Mines, Queensland 2001; Hardy et al. 2004, 2010; 

Resio et al. 2009, 2012). Key storm characteristics include tropical cyclone intensity, 

spatial scale, path and storm forward speed. 
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Figure 3-17: Tropical Cyclone Incidence 1907 to 1999 

Review of tide gauge records (Figure 3-3) included evaluation of sea level 

variability due to tropical cyclones. This confirmed previous conclusions that the largest 

surges are associated with onshore winds in the region where severe tropical cyclones are 

most common. However, evaluation of surges outside this region demonstrated 

geographic variation in the nature of storm tracks causing the ten highest observed water 

levels at each tidal station, from nearby shore-crossing storms in the east Pilbara, 

transitioning to moderately distant, shore-parallel storms at Carnarvon (Figure 3-18).  

The singular nature of tropical cyclones and their storm surge response determines 

that water level records from individual sites are inadequate to characterise hazard 

probabilistically. Alternative approaches typically combine statistical and numerical 

modelling, based upon statistical description of meteorological parameters and modelling 

of oceanography, including tides and surges. 
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Figure 3-18: Tropical Cyclone Paths Causing Highest Observed Storm Surges 

along WA Coast 

The tropical cyclone database of the Australian Bureau of Meteorology was 

analysed to characterise tropical cyclones for the Western Australian region. This analysis 

largely followed existing techniques and was reported through ancillary technical (non-

research) publications (Damara WA 2006 Pty Ltd; Eliot & McCormack 2008). Key 

geographic variations identified included storm intensity and scale (Figure 3-19).  

Port Hedland

TC Joan (Dec-1975)  

Broome

TC Sally (Dec-1971)  

Dampier

TC Orson (Apr-1989) 

Onslow

TC Vance (Mar-1999) 

Carnarvon

TC Glynis (Feb-1970) 

Geraldton

TC Glynis (Feb-1970) 

5

10

15

20

25

30

35

105 110 115 120 125 130

Broome

Port Hedland

Dampier

Onslow

Carnarvon

Geraldton

Fremantle

Paths associated with 10 
highest surges for each 
site

Highest surge path

2nd-10th surge paths

Modal tropical cyclone 
travel directions

>3 per year

0.5-3 per year

<0.5 per year

Shade indicates frequency 
in 5o cells

Shift from shore-crossing 
cyclones causing highest 
surge to coast parallel



 53 

 

 

 

Figure 3-19: Geographic Variation of Tropical Cyclone Intensity and Scale 

Estimates of cyclone parameters from the Bureau of Meteorology tropical cyclone 

database were extracted from the 1970-2010 period. These were spatially sampled at 

overlapping 5o latitude-longitude grid cells, offset 1.5o from the coast, with 0.4o overlap. 
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Cyclone parameters within each cell were then analysed, with central pressure fitted to 

an extreme distribution following Petrauskas & Aagaard (1971). 

The importance of interacting water level phenomena is relevant to flooding 

associated with tropical cyclones, with tidal phase important over fortnightly, seasonal 

and inter-annual time scales. This is illustrated through the different combinations of 

mean sea level, tide and surge which can combine together to produce extreme water 

levels (Figure 3-20).  
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Figure 3-20: Differing Contributions of Tide, Surge and Mean Sea Level for Two 

Storms at Carnarvon 

This shows that equally extreme levels were developed through different contributions of 

tide, surge and mean sea level. Predicted tide and tidal residuals generated by 

Department of Transport were used for analysis. The annual and monthly averages are 

also shown to illustrate the influence of longer-term contributions to the residual. 
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Analyses of tropical cyclone characteristics, particularly seasonality, has helped 

to inform Chapter 4, and is influential in demonstrating the significance of seasonal and 

inter-annual tidal variability, as discussed in Chapters 5 and 6. The understanding of 

relative tide and storm phase interactions was applied to the evaluation of flooding hazard 

due to tropical cyclones along the Western Australian coast. This was published as a 

technical report, to support application of State Government planning policy (Eliot 2016). 

3.6.1 Southward Travelling Tropical Cyclones 

There are four characteristics of individual storms that can increase the potential 

significance of southward travelling tropical cyclones (Type 5) in the southwest region: 

1. Storm path, scale and intensity are expected to influence the amplitude of the 

associated coastally trapped wave; 

2. Surge resonance due to southward travel speed has been identified (Fandry & 

Steedman 1984; Fandry et al. 1996); 

3. Superposition of a cyclone-generated coastally trapped wave with surge 

generated either by the tropical storm, or a mid-latitude storm system may 

occur (Section 4.4.1); or 

4. Increased coriolis and interaction with adjacent synoptic systems as tropical 

storms move south may cause extra-tropical transition (Jones et al. 2003; 

Ritchie & Elsberry 2001, 2003, 2007; Sinclair 2001, 2004). This has the 

capacity to increase storm scale, enhancing the capacity for surge generation. 

Evaluation of surges associated with southward travelling storm systems was 

undertaken for the period from 1970-2015. Twenty-five storms were identified to pass 

southward of Northwest Cape (approximately 22o latitude) without land-crossing. 

Identified systems all passed within 10o longitude west of the Cape. Of eight systems 

generating substantial surge at Carnarvon, seven were associated with systems tracking 

offshore (Figure 3-21). TC Hazel (1979) passed near to Carnarvon and is considered 

capable of causing a direct surge. The highest travelling signal generated by a tropical 

cyclone occurred during the passage of TC Narelle (2013). This system was not large 

scale or intense, but developed a larger coastally trapped wave than other storms. 
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Figure 3-21: Coast-tracking Tropical Cyclones Generating Large Storm Surge 

along the West Coast 

The critical path for tropical cyclones travelling parallel to the coast to generate 

coastally trapped waves is less evident than for coast-crossing tropical cyclones 

generating surge due to onshore winds.  

A quasi-empirical basis is suggested by the Rossby radius of deformation, which 

is a notional cross-shore distance over which Ekman setup develops due to alongshore 

currents, through coriolis (see Appendix B). The Rossby radius is estimated by the 

equation LR = (gD)0.5/f, where g is gravitational acceleration, D is water depth and f is the 

Coriolis parameter. This quantity is therefore parameterised according to effective depth 

within the inner shelf. Comparison of the tropical cyclone paths generating a strong 

alongshore signal shows a clustering of paths around the Rossby radius distance offshore 

for a nominal depth D=50m (Figure 3-21).  
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The largest signals with speeds characteristic of trapped waves were generated by 

TC Narelle and TC Bianca. Although TC Bianca produced a larger signal, the relative 

contribution of setup and trapped wave was obscured by the intense storm continuing to 

travel down the west coast at a similar speed to the trapped wave (Joseph 2013), and 

therefore may reflect continuing reinforcement. By contrast, TC Narelle was not large 

scale or intense, and its key attribute was tracking at approximately 20 km/h along the 

coast, which is a similar speed to continental shelf waves, thereby enhancing the 

propagating signal. A signal above 0.8m was identified at all tide gauge stations between 

Carnarvon and Albany (Figure 3-22).TC Hazel produced a propagating alongshore signal 

through an alternative mechanism, due to pressure response. 

 

Figure 3-22: Surge Time Series during Passage of TC Narelle 

Surge corresponding to the passage of TC Narelle remained high along the west coast, 

despite movement of the storm system away from the coast. Refer to Figure 3-3 for 

geographic locations, southward from Onslow (ONS) to Esperance (ESP) 
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3.7 Research Direction from Literature and Data Review 

A review of storm surge characteristics for the southwest was undertaken for this 

research by examining time series of tidal residuals from Fremantle, compared with wind 

and atmospheric pressure, to examine the potential contributions of metrological forcing 

mechanisms (Figure 3-23). This raised two features that were considered worthy of 

further investigation: 

 Although a strong coherence was observed in the time series of tidal residual and 

meteorological forcing, the relative response varied both seasonally and inter-

annually. Seasonal variation of response continued to be observed even when a 

correction for inter-annual mean sea level was applied, with the highest tidal 

residuals occurring during autumn or spring months, despite more intense storm 

systems during the winter months. 

This has been addressed through the choice of data processing, as described in 

Section 3.3. Specifically, rather than separate seasonal variation from surge by 

fitting of annual and semi-annual tidal constituents, the capacity for signal 

exchange within any water level decomposition was acknowledged. Although the 

decomposition approach was varied to provide focus on spatio-temporal 

behaviour of interest (not presented here), one primary approach towards 

decomposition has been applied for the majority of the investigations reported; 

and 

 Summer and early autumn records for Fremantle included moderate surge events 

unassociated with corresponding meteorological forcing (Figure 3-24). Spatial 

offset plots of surge, previously used to examine surges on the west and south 

coasts (Provis & Radok 1979; Mitchell et al. 1992), showed that each of these 

signals was initiated in the north, associated with tropical cyclones. In many 

cases, the storms were not positioned to generate onshore winds, waves or low 

pressure in the southwest that would be coincident with the signal.  
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Figure 3-23: Perth Region Water Level, Wave, Wind and Pressure July 1995 

(a) Tidal residual, developed from Department of Transport tidal analysis, peaks every 

3-5 days, corresponding to mid-latitude and extra-tropical storms; (b) Wave conditions, 

extracted from Rottnest Island Waverider Buoy, are not always simultaneous to surge 

events, or showing corresponding variation in amplitude; (c) Northerly wind component, 

measured at Rottnest Island weather station, typically peaks slightly before the surge, 
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which is characteristic of the eastward travel of clockwise rotating storms; (d) Westerly 

wind component from Rottnest has peaks that are almost in phase with the surge; (e) 

Barometric pressure troughs are in phase with the surge peaks. 

 

Figure 3-24: Perth Region Sea Level Anomaly without Local Forcing, observed in 

February 1996 
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Correspondence of surge peaks with energetic wave conditions, westerly wind peaks 

and low barometric pressure is generally similar to that illustrated by Figure 3-23. 

However, around Julian day 37-40, there is a distinctive surge peak, which is not 

coincident with any of the identified forcing mechanisms. 

The anomalous surges identified in the Fremantle record prompted the research 

question addressed in Chapter 4: 

Q: What is the source and attributes of anomalous surges identified in the 

southwest Western Australia tide gauge records?  

Presentation of long-term water level records for sites along the Western 

Australian coast (refer to Appendix A) indicates systematic variations of high water 

levels, with a low frequency modulation apparent in stations experiencing diurnal tides 

and higher frequency modulation apparent in stations experiencing semi-diurnal tides. 

Previous evaluation of inter-annual tidal modulations through annual standard deviations 

of tidal constituents has confirmed the lower frequency modulation corresponds to the 

lunar nodal cycle (Wood 1978; Pugh 1987; Amin 1993) and suggests the higher frequency 

modulation is likely to be related to the lunar perigean cycle, However, a challenge to 

simultaneously resolve both the lower and higher frequency modulations has been 

identified (Pugh 1987, 2004). 

The differences in apparent tidal modulation between stations along the Western 

Australian coast prompted the research topic addressed in Chapter 5: 

Q: Can a unified approach be developed that simultaneously characterises the 

influence of both types of tidal modulation upon coastal flooding incidence? How 

do these influences transition along the whole Western Australian coast?  

Occurrence of coastal high water levels has importance for the operability of 

nearshore facilities, such as Bunbury storm surge barrier and may influence coastal 

dynamics. Early evaluation of high water level occurrence used the concept that 

perturbations from a median distribution of tidal residuals, say comparing an annual 

distribution to the long-term statistics, was a result of variation in storminess, illustrated 

for the California coast by Bromirski et al. (2003).  This conceptual model is complicated 
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for Western Australia by the presence of substantial mean sea level variation due to 

oceanographic phenomena, particularly the Leeuwin Current which runs along the shelf 

boundary (Pattiaratchi & Buchan 1991; Feng et al. 2004). Although the Leeuwin Current 

is influenced by climate variability, and has specifically been correlated with the El Niño-

Southern Oscillation (Pariwono et al. 1986; Pattiaratchi & Buchan 1991), the mechanism 

for generation is unlikely to directly reflect storminess, particularly at a local scale. 

Evaluation of the year-to-year variability of high water level occurrence was 

conducted for the Fremantle and Bunbury records. This confirmed the substantial 

influence of mean sea level fluctuations, as shown for Bunbury (Figure 3-25a). Using 

annual mean sea level as a ‘correction’ to the occurrence counts, other systematic 

variations of water level phenomena were perceptible, initially presumed related to 

storminess (Figure 3-25b). However, following from the research undertaken to support 

Chapter 5, it was recognized that inter-annual tidal modulations also provide a cyclic 

contribution to the variability of high water level occurrence. 

 

Figure 3-25: Occurrence of High Water Level Events at Bunbury 

Hourly data from Bunbury was used to calculate the number of hours per calendar year 

above a threshold of 1.2m CD (upper panel). Subsequently, this was compared against 

the number of hours above a threshold of 1.2 – MSLann mCD, where annual mean sea 

level was derived for each calendar year (lower panel). This analysis suggested that 

inter-annual mean sea level variability is a dominant cause of changing flood incidence 

around this threshold, explaining 70% of the variance. 
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The contributions of storminess, mean sea level and tidal modulation to the incidence of 

coastal flooding potentially provides a complex situation. Consequently, exploration of 

the relative contributions of different phenomena provided a substantive basis for the 

research presented in this thesis.  

Chapter 6 examines the variability of high water level occurrence in greater detail 

for a microtidal region in the southwest, including the historic sequence developed 

through interactions of storm events, mean sea level and tidal modulations. The main 

research question addressed by this chapter is: 

Q: What are the processes contributing to variation of coastal flooding incidence 

in the Swan River Region and how do they interact?  
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Chapter 4 : Remote Forcing of Water Levels by Tropical 

Cyclones in Southwest Australia 

The content of this Chapter has previously been published as a journal article: 

Eliot M & Pattiaratchi CB. (2010) Remote Forcing of Water Levels by Tropical 

Cyclones in Southwest Australia. Continental Shelf Research, 30, 1549-1561. 

4.1 Summary 

Tropical cyclones (termed Hurricanes and Typhoons in other regions), are 

extreme events associated with strong winds, torrential rain and storm surges (in coastal 

areas) and cause extensive damage as a result of strong winds and flooding (caused by 

either heavy rainfall or ocean storm surges) in the immediate area of impact.  The eastern 

Indian Ocean, particularly in the north-west region of Australia, is impacted by up to 10 

tropical cyclones during the cyclone season, although direct impact of cyclones along the 

west and south-west coastlines are is rare.  However, the sub-tidal frequency component 

of sea level records along the west and south coasts of Western Australia indicates lagged 

correspondence with the occurrence of tropical cyclones.  It is demonstrated that the 

tropical cyclones generate a continental shelf wave which travels along the west and south 

coasts of Australia up to 3500 km with speeds of 450-500 km.day-1 (5.2-5.8 ms-1) with 

maximum trough to crest wave height of 0.63 m, comparable with the mean daily tidal 

range in the region.  The shelf wave is identified in the coastal sea level records, initially 

as a decrease in water level, 1-2 days after the passage of the cyclone and has a period of 

influence up to 10 days.  Amplitude of the shelf wave was strongly affected by the path 

of the tropical cyclone, with cyclones travelling parallel to the west coast typically 

producing the most significant signal due to resonance and superposition with local 

forcing.  Analysis of water levels from Port Hedland, Geraldton, Fremantle and Albany 

together with cyclone paths over a ten year period (1988-1998) indicated that the tropical 

cyclones paths may be classified into 6 different types based on the amplitude of the wave. 



 66 

 

 

4.2 Introduction 

The often destructive forces of wind and storm surge associated with tropical 

cyclones (also named hurricanes or typhoons) when the region of maximum winds nears 

the coastal region are well documented (BMRC 1983; Pielke et al. 2008).  Along the 

northwest shelf of Australia wind gusts up to 414 kmh-1 (115 ms-1) and maximum storm 

surges of up to 3.6-m have been measured (Buchan et al. 1999; Egis Consulting Australia 

1999).  The energy input by cyclonic winds and the resulting water circulation patterns 

have the potential to generate coastally trapped waves, defined as a wave that travels 

parallel to the coast, with maximum amplitude at the coast and decreasing offshore (Gill 

& Schumann, 1974; Fandry & Steedman 1994; Ly 1994; Tang & Grimshaw 1995; Yang 

et al. 1997; Yankovsky 2009).  Examples of such waves include continental shelf waves 

(CSWs) and internal Kelvin waves (Le Blond & Mysak 1978), which are governed 

through conservation of vorticity (Huyer, 1990).  These waves travel to the left (right) 

along the coast in the southern (northern) hemisphere.  The characteristics of CSWs 

depend on only the cross-shelf bathymetric profile; the vertical density profile controls 

the structure of an internal Kelvin wave (Huyer 1990).  CSWs are common along the 

Australian coastline and, along the south and east coasts, are generated by the alongshore 

component of wind stress (Church & Freeland 1987; Griffin & Middleton 1991).   

Continental shelf waves have the potential to influence the water circulation and 

shelf circulation thousands of kilometres from the generating region (O’Callaghan et al. 

2007).  CSWs were identified within the sea level time series at Fremantle, Western 

Australia (Figure 4-1), which indicated the presence of anomalous surge events during 

the Australian summer (December to March) that were not correlated with local weather 

conditions.  These surges occurred within several days after the genesis, passage and 

decay of a tropical cyclone, a significant distance away (1000s of km) from Fremantle.  

The aim of this chapter is to examine the influence of tropical cyclones generated in the 

eastern Indian Ocean, particularly in the northwest region of Australia, on summer water 

levels along the micro-tidal mid-west and southwest coasts of Western Australia. 
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Comparatively few studies have reported the generation of CSWs by tropical 

cyclones (or hurricanes/typhoons).  Merrifield (1992) reported the shelf wave response to 

hurricanes tracking parallel to the southern California coast. Ly (1994) and Yankovsky 

(2008) have described the generation of alongshore propagating waves in the Gulf of 

Mexico whist Dukhovskoy et al. (2009) have described the generation of internal Kelvin 

waves off the coast of Nicaragua due to hurricanes.  Ikeda et al. (2007) have reported the 

generation of CSW’s by typhoons off the coast of Japan with magnitudes < 0.15 m which 

were associated with strong currents on the shelf.  Morey et al. (2006) attributed the 

observation of high storm surge along the Florida coast during Hurricane Dennis to a 

shelf wave generated by the shore parallel path of the hurricane.  Ly (1994) showed that 

in the Gulf of Mexico, continental shelf waves generated by hurricanes extend over most 

of the Gulf, over a distance of 2500 km. The capacity for fast traveling shelf waves was 

identified for the Newfoundland coast, in the case of hurricanes traveling coast parallel 

(Thiebaut & Vennell 2010). 

Tropical cyclones are a dominant but infrequent weather phenomenon for 

northwest Australia, and are capable of producing extreme winds, waves and surges.  The 

region experiences on average five cyclones during the cyclone season, which extends 

through the Australian summer/autumn from December to April.  Up to 10 cyclones have 

been recorded during a single season (1984/1985 and 1999/2000).  The coastal region 

affected by tropical cyclones is often considered to be north of 25o S latitude, due to their 

relative significance for wind loading (Standards Australia, 2002).  Although occasional 

tropical cyclones travel further south, as did TC Alby in 1978 (Fandry et al. 1984), their 

relative infrequency means that they are rarely used to define design wind or wave criteria 

south of 25oS latitude.  However, the potential for a coastally trapped shelf wave to be 

generated dramatically increases the length of coastline influenced by tropical cyclones, 

particularly in terms of shelf circulation and water level fluctuations. 

Analysis of water levels from southwest Australia, first reported by Hamon 

(1966), indicated spatial lags for tidal residuals that were not fully explained by local 

changes in atmospheric pressure and wind field.  Comparison of southeast and southwest 

Australian observations suggested a southwards lag on the west coast and a northwards 

lag on the east coast. Subsequent analyses have demonstrated that these waves propagate 
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anti-clockwise along the Australian continent over a distance of up to 4000 km at speeds 

of 5-7 ms-1 (Provis & Radok 1979; Freeland et al. 1986; Church & Freeland 1987). 

Analyses of coastal surges for the southwest coast of Australia has either focused 

on mid-latitude winter storms (Silvester & Mitchell, 1977) or on the passage of southerly 

travelling cyclones.  The water level response generated by tropical cyclones travelling 

southwards, parallel to the coastline, along the Western Australian coast was examined 

by Fandry et al. (1984), who demonstrated that the storm surge may be amplified due to 

resonance between the cyclone forcing and the coastally trapped wave (see also Gill & 

Schumann 1974). Events where the cyclone paths were nearly parallel to the western 

coast accounted for approximately 10% of the total cyclones observed between 1960 and 

2003.  Similar behaviour was observed for mid-latitude cyclones along the south and east 

coasts of Australia (Church & Freeland 1987; Griffin & Middleton 1991; Taylor 2009) 

and modelled for tropical cyclones on the northeast coast of Australia (Tang & Grimshaw 

1995).   

Current meter observations by Creswell et al. (1989) provided a tantalizing hint 

that offshore measurements may provide further information regarding shelf wave 

behaviour, as rapid reversal of shelf currents was identified over summer months near 

Geraldton (Figure 4-1).  However, the period of capture only coincided with two tropical 

cyclones, and inference from this information is inconclusive. 

South-western Australia experiences a micro tidal environment, with a mean daily 

tide range of 0.6 m at Fremantle (Pattiaratchi & Eliot 2008).  Hence coastal surges, 

including those generated by tropical cyclones, potentially contribute a significant 

component of the total water level variation in comparison to those generated through 

tidal forcing alone.  Field measurements obtained from the Swan River estuary indicated 

that ocean water level fluctuations at sub-tidal frequencies dominated estuarine 

circulation with significant implications for water quality and estuarine health 

(O’Callaghan et al., 2007).  The maximum observed amplitude of the longer period water 

level fluctuations was 0.8 m, which is comparable to the maximum spring tidal range at 

mouth of the estuary at Fremantle (Figure 4-1) 
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In this chapter, tropical cyclones occurring in the northwest Australian region 

from 1988 to 1998 have been examined to identify their influence on the water levels of 

the southwest Australian region, the speed of the coastally trapped shelf waves and their 

apparent decay. 

4.2.1 WA Tropical Cyclones and associated storm surges  

Western Australia spans latitudes from 13oS to 36oS, reaching from the tropics to 

mid-latitudes.  Karelsky (1961) examined the frequency and passage of synoptic systems 

affecting the Australian region, and identified three bands affecting the State: (1) tropical 

lows from 10o to 20o S; (2) extra-tropical highs from 20o to 40o S; and, (3) mid-latitude 

lows from 40o to 50o S.  

Coleman (1972) undertook a detailed collation of tropical cyclones across 

Australia from 1905 to 1969, identifying paths, meteorological observations and coastal 

effects.  This analysis was used by Hopley & Harvey (1976), who studied the storm surge 

records associated with tropical cyclones in northern Australia.  Storm surge records were 

divided into five components including a forerunner, barometric effect, wind stress, tidal 

variation and inshore seiches.  It is important to note that the storm surge analysis 

examined the surge response within 300-km of the cyclone path, which effectively limits 

the analysis to near and mid-field cyclone effects.  Lourensz (1981) extended the work of 

Coleman (1972) and provided the basis for the Bureau of Meteorology Tropical Cyclone 

database (http://www.bom.gov.au/weather/ cyclone/tc-history.shtml).  As discussed by 

Lourensz (1981) and Hardy et al. (2004), interpretation of the frequency and character of 

tropical cyclones is strongly affected by the limited instrumentation prior to introduction 

of weather satellites in 1959.  The Bureau of Meteorology Special Services Unit (1991) 

further discussed the effect of instrumentation, suggesting the prevalence of cyclone 

analysis via radar and scarcity of satellite coverage from 1950 to 1977 prevents direct 

comparison of cyclone parameters for the periods 1905-1950, 1950-1977 and 1977 

onwards.  Changing observational techniques have notably produced an apparent trend in 

cyclone intensity (Buchan et al. 1999). 

http://www.bom.gov.au/
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Figure 4-1: Locations of sea level measuring stations 

More recent work has focused on the influence of climate variability upon tropical 

cyclone behaviour (Henderson-Sellers et al. 1998; Landsea 2000; Walsh & Ryan 2000; 

Knutson et al. 2001; Emanuel et al. 2004; Webster et al. 2005; Leslie & Karoly 2007; 

Leslie et al. 2007).  Evans (1990) considered the potential effect of greenhouse warming 

on the formation of tropical cyclones across Australia whilst Nicholls (1992) considered 

the frequency of tropical cyclone events across the Australian region as a function of 

Southern Oscillation Index (SOI).  Broadbridge & Hanstrum (1998) further examined the 

relationship between tropical cyclone frequency and paths to SOI across the West 

Australian region.  These authors found that during El Niño events (lower SOI) there was 

a lower incidence of tropical cyclones whilst during La Niña events (higher SOI) there 
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were more cyclones generated.  Although these results are not directly relevant to the 

effects discussed in this chapter, they provide an insight into the variability of tropical 

cyclone activity in the Australian region and therefore their effect on coastal sea levels. 

4.2.2 Storm Generated Continental Shelf Waves 

A storm surge is generated by a combination of atmospheric effects including 

barometric effect, wind and wave set-up (Pugh 1987; Hearn & Holloway 1990; Bode & 

Hardy 1997).  It reaches a maximum at the coast, where shallow water depth and 

boundary effects amplify the water level changes.  For an atmospheric pressure system 

that crosses the coastline and moves onshore, wind stress on the water surface ceases, 

releasing the mass of water accumulated within the storm surge.  On a sloping continental 

shelf, this generates edge waves, coastally trapped Kelvin waves and continental shelf 

waves (Fandry & Steedman 1994; Yang et al. 1997; Yankovsky 2009).  Edge waves are 

comparatively high frequency waves travelling in both directions along the coast.  

Coastally trapped Kelvin waves and continental shelf waves are lower frequency 

unidirectional waves, sustained through conservation of vorticity, corresponding to the 

baroclinic and bathymetric structure respectively (Huyer 1990).  Whilst the majority of 

storm surge energy is typically released as edge waves, their high frequency is believed 

to cause relatively rapid decay (Fandry & Steedman 1994).  

Edge waves, continental shelf waves and shelf-trapped Kelvin waves are the three 

most widely acknowledged forms of coastally trapped waves.  They occur in a range of 

modes, characteristic of bathymetric or baroclinic structure (Le Blond & Mysak 1978).  

Edge waves are bi-directional, with relatively fast propagation and decay.  Continental 

shelf waves are unidirectional, propagating with phase speed that scales with c~fL, where 

f is coriolis and L is shelf width, with mode 1 speeds reported in the range of 2-20 ms-1 

(Merrifield 1992; Thiebaut & Vennell 2010).  Trapped Kelvin waves are also 

unidirectional, propagating with phase speed scaling with c~(gh)0.5 where g is 

gravitational acceleration and h is depth, typically resulting in mode 1 speeds above 10 

ms-1. In this chapter, we are mainly concerned with the barotropic response and hence the 

discussion is largely limited to continental shelf waves, although it is recognised that other 

waves may be active.   
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Gill & Schumann (1974) derived a model for the generation of continental shelf 

waves in a narrow shelf sea from alongshore wind forcing as a function of the shelf 

bathymetry.  They suggested that the first two modes of continental shelf waves explained 

the majority of shelf wave response to wind forcing.  Tang & Grimshaw (1995) supported 

this behaviour through numerical modelling and showed that the first two modes were 

also dominant for the circulating wind field of tropical cyclones.  Further development of 

the Gill & Schumann (1974) model was undertaken by Allen (1976) to determine shelf 

wave response to topographic variation, Coriolis parameter and bottom curvature.  Allen 

(1976) indicated that topographic features scatter energy mainly from the higher wave 

modes, with the amount of scatter more strongly affected by the alongshore length of the 

feature than its cross-shore length scale.  Grimshaw (1977) suggested that continental 

shelf wave amplitude increases with shelf steepness or total shelf depth and demonstrated 

that shelf wave amplitude and phase might be considered a complicated function of shelf 

profiles and alongshore parameters.  Brink (2006) described in more detail the potential 

effect of friction upon shelf waves, including description of expected response at 

Dongara, 60 km south of Geraldton, where it is expected that the shallow depth and wide 

shelf force the shelf wave away from the coast.  

Schumann & Brink (1990) used coastal sea level variations from six sites around 

the South African coastline to examine the generation and propagation of coastal-trapped 

waves.  The propagation speed for the travelling wave component was estimated in the 

range 360 – 580 km day-1, which was comparable to estimates of travel speed along the 

United States west coast (Huyer 1990) and in Australia (Provis & Radok 1979; Freeland 

et al. 1986; Griffin & Middleton 1991).  In each instance, some difficulty separating the 

shelf wave from locally generated surge was identified.  Signals travelling with the 

generating synoptic system are termed ‘trapped’ shelf waves, whilst those moving with a 

different speed are termed ‘free’ waves. 

4.2.3 Significance of cyclone-generated continental shelf waves 

As a micro-tidal coastline, southwest Australia is markedly influenced by non-

tidal water level fluctuations, including storm surges and mean sea level variation 

(Pattiaratchi & Eliot, 2008).  Non-tidal signals including cyclone-generated continental 
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shelf waves are particularly important for estuarine water quality, as their slow rate of 

fluctuation promotes effective exchange and circulation (O’Callaghan et al. 2007). 

The significance of cyclone-generated coastal surges on southwest water levels is 

obscured by their timing with respect to the seasonal mean sea level cycle and the bi-

annual tidal cycle (Pattiaratchi & Eliot 2008).  Due to the diurnal tidal regime, the region 

experiences tidal peaks at the winter and summer solstices.  Seasonal mean sea level 

variation, with mean annual amplitude of 0.20 m due to changes in the strength of the 

major offshore current system, the Leeuwin Current, provides elevated water levels 

during winter and lower water levels in late spring (Pattiaratchi & Buchan 1991).  

Consequently, although the total magnitude of the cyclone-induced water level signal 

may be relatively large (up to 0.8 m), they generate total water levels that are generally 

low compared with flooding threshold water levels, which mainly occur during autumn 

or winter months 

4.3 Methodology 

Water level data at hourly intervals were obtained from the Western Australian 

Department for Planning and Infrastructure (DPI) for a number of ports along the Western 

Australian coast between 1988 and 1998.  Locations of the tide gauges used in the analysis 

are shown in Figure 4-1 and include Broome, Port Hedland, Onslow, Carnarvon, 

Geraldton, Fremantle, Albany and Esperance, spanning a distance of more than 3500 km. 

Tropical cyclone events have been identified and recorded by the Bureau of 

Meteorology, Australia. Satellite image interpretation and relevant weather station 

observations are stored as part of the Bureau of Meteorology tropical cyclone database, 

located at http://www.bom.gov.au/cyclone/history/index.shtml. This database has been 

used to identify tropical cyclones, their paths and intensity. 

Hourly water level data was filtered to remove oscillations with periods less than 

36 hours to yield the low-pass water level time series at all stations (Pugh, 1987).  This 

time series was then related to the occurrence of tropical cyclones.  Due to the similar 

signal length and periods, numerical filtering could not separate tropical cyclone induced 

shelf waves from other water level signals produced by the local influence of synoptic 

http://www.bom.gov.au/cyclone/history/index.shtml
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systems when using observations at a single station.  Comparison of the phenomena at 

multiple stations was required to distinguish the nature of the signal, as discussed by 

Schumann & Brink (1990).  Available tide stations are opportunistically located a long 

distance apart (> 500 km) and were used to distinguish locally generated surge from shelf 

wave signal. 

Due to the proximity to the cyclonic systems, observations at stations along the 

Northwest Shelf (Port Hedland, Onslow, Figure 4-1), may include the locally generated 

surge signal, of which a portion is transferred to more southern stations via a shelf wave.  

In theory, the shelf wave should generally retain its structure, subject to gradual 

dissipation through friction, scattering and subsequent atmospheric forcing.  The majority 

of cyclones offshore from the Northwest Shelf travel towards the southwest quadrant.  

Therefore, along the north-facing shoreline they produce offshore winds followed by 

onshore winds. Added to the positive surge caused by low atmospheric pressure, this 

generates a small trough, preceding a larger water level peak.  This characteristic water 

level signal lends itself to identification using the trough and crest points for a signal, 

which has been used as the basis for analysis.  The nearest tide station to the path of the 

tropical cyclone was used to identify if a water level signal was generated by the tropical 

cyclone.  In turn, propagation of the signal along the coast was used to identify the signal 

at other tide gauge locations. 

Observation of tropical cyclone generated surges cannot be referenced to a fixed 

vertical datum due to the scale of long-period water level fluctuations.  Water level 

phenomena at monthly time scales on the midwest and southwest coasts are a similar 

amplitude to both astronomic tides and atmospheric surges, with West Australian monthly 

mean water level varying approximately 0.5 m over 1988 to 1998 (Pattiaratchi & Eliot 

2008).  This is believed to be due the combined result of changes to prevailing winds, 

seasonal steric changes (Pariwono et al. 1986) and variations in the Leeuwin Current 

strength both seasonally and inter-annually (Pattiaratchi & Buchan 1991).  Consequently, 

the amplitude and travel time between tide stations were estimated by trough-to-crest 

measurements (Figure 4-2). 
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Figure 4-2: Example of trough–crest analysis, for TC Marian (April 1991) 

Trough to crest lags from Port Hedland towards Albany suggest propagation in an anti-

clockwise direction along the Western Australian coast. The signal occurring from 9-11 

April almost simultaneously at the three southern stations is characteristic of a mid-

latitude storm (refer to Figure 3-9 for examples of characteristic surge signatures). 

Cyclone paths were sorted according to the signal amplitudes at each of the three 

southerly stations, suggesting that characteristic paths are likely to generate weaker or 

stronger shelf wave signals.  A classification system was developed to describe the 

cyclone path, to assist with comparison for a more extended tropical cyclone database, 

from 1960 to 2003.  Differences in water level signal for cyclones with similar paths were 

compared, to evaluate the significance of other cyclone parameters. 

A more accurate estimate of travel speeds than the trough-to-crest analysis was 

obtained using lag-correlations between stations for selected cyclone observations.  The 

surge signal + 2 days relative to a surge peak at Port Hedland was lag correlated with 

other tide gauge records along the Western Australian coast. 
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4.4 Results 

The continental shelf wave signal induced by tropical cyclones is one of a number 

of processes influencing water level variability along the Western Australian coastline 

(Pattiaratchi & Eliot 2008).  Results from spectral analysis of the 2006 water level record 

for Fremantle (Figure 4-3) indicate peaks of spectral energy associated with the diurnal 

and semi-diurnal tidal constituents, consistent with the observations of O’Callaghan et al. 

(2007).  The annual signal, caused by changes in ocean currents (Pattiaratchi & Buchan 

1991) also provided a significant contribution.  The spectral range of the continental shelf 

wave signal falls into the weather band, which produced a set of energy peaks between 3 

and 15 days.  The broad nature of the weather band is related to the cyclic but non-

harmonic nature of synoptic-scale weather systems.  The band is associated with west-to-

east passage of extra-tropical high-pressure synoptic systems that dominate southwest 

Australia (Gentilli 1972). 

 

Figure 4-3: Spectral analysis of Fremantle water levels from 2006 

Spectral bands identified from analysis of the 2006 data set at Fremantle include the 

narrow 12 and 24 hours bands associated with tides, and a set of broader peaks around 

the weather band of 5-30 days. On a spectral analysis from a longer record (Figure 

3-2), the weather band contains a single broad peak. The difference between the two 

suggests that weather events and corresponding surge patterns, can be cyclic and 
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occasionally approach regularity when considered over a short period, but the length of 

these cycles varies and is not harmonic. 

The relative importance of cyclone-generated coastal surges on the southwest 

Australian coastline was illustrated by the water level signal following the course of TC 

Phil and TC Rachel in December 1996 - January 1997 (Figure 4-4).  TC Phil caused 

deviation of the mean daily water level from 1-6 January during neap tide, producing 

water levels well above those of the previous spring tide.  TC Rachel produced a slightly 

more modest rise from 7-13 January, but occurred during spring tides and therefore the 

water levels reached the level of the highest astronomic tide (1.3 m CD). 

 

Figure 4-4: Fremantle water levels following TC Phil (December 1996) and TC 

Rachel (January 1996) 

Hourly water levels and the 24-hour running mean water level are plotted. 

The multiple station approach used to identify continental shelf wave activity is 

illustrated by Figure 4-5.  TC Isobel and TC Jacob, in February 1996, provided an 

example of a coherent signal along the West Australian coast, where two crests and two 

troughs were identified at all tide stations from Broome to Albany (Figure 4-5).  

Estimation of the shelf wave amplitude for the three most southerly stations was biased 

by the different ‘trends’ at the four most southerly locations during February 1996, with 

Carnarvon and Geraldton experiencing sharp rises, Fremantle a moderate rise and Albany 
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a slight fall. These trends are illustrated by a linear trend calculated across the 30-day 

period. 

 

Figure 4-5: Water level observations following TC Jacob – February 1996 

Trough to crest lags from Broome towards Albany indicate propagation in an anti-

clockwise direction along the Western Australian coast. The trough and crest associated 

with shelf wave passage following TC Jacob interacts with a number of other surge 

features, including surges occurring almost simultaneously on the southern stations, 

which are characteristic of extra-tropical or mid-latitude pressure systems. 

The ability to distinguish between continental shelf waves and locally generated 

surge using multiple stations is illustrated for TC Sam in January 1990, showing the 

different ‘speeds’ for the two signals (Figure 4-6).  The similar longitude for the three 

southwest stations provided a short lag of arrival times for the west-to-east travelling mid-

latitude depression that arrived on 22 January 1990.  The continental shelf wave, in 

contrast, progressed at a slower rate, arriving in Geraldton three days before the arrival in 

Albany.  The capacity to readily estimate shelf wave amplitude and propagation 
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characteristics in the southwest were reduced when the cyclone significantly influenced 

regional synoptic conditions, the decaying tropical cyclone passed near to the southwest 

(see Figure 4-2), or during unseasonably strong synoptic or oceanographic events in the 

southwest (see Figure 4-5). 

 

Figure 4-6: Water level observations following TC Sam – January 1990 

Trough to crest lags from Port Hedland towards Albany indicate propagation of a shelf 

wave in an anti-clockwise direction along the Western Australian coast following passage 

of TC Sam during mid-January. This signal interacts with a local surge observed only on 

the southern stations, which occurs almost simultaneously, with two other peaks in the 

preceding fortnight. TC Tiffany generated the large surge signal at the end of the month. 

The continental shelf wave height estimate for each cyclone event was plotted, 

when it could be distinguished at each station, with the maximum reaching up to 0.63 m 

(Figure 4-7).  The amplitude typically shows a gradual decline from Geraldton to Albany, 

both in the mean and standard deviation of the signal (Table 4-1).  
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Table 4-1: Statistics for tropical cyclone induced coastal surges 1988–1998 

Station Port Hedland Geraldton Fremantle Albany 

Mean 0.28m 0.35m 0.30m 0.26m 

Std Dev. 0.14m 0.15m 0.14m 0.12m 

 

 

Figure 4-7: Magnitudes of tropical cyclone induced continental shelf waves at Port 

Hedland, Geraldton, Fremantle and Albany, 1988–1998  

Cyclone type, as described in Figure 4-12, is listed in parentheses. 

Trough-to-crest estimates of continental shelf wave travel times are shown by 

Figure 4-8 and summarised in Table 4-2, showing approximately five to six days travel 

time from Port Hedland to Albany.  However, apparent speed is confused by locally 

generated (meteorological) surges that prevent accurate identification of continental shelf 
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wave crests and troughs.  Plots showing the apparent propagation of a crest or trough 

from one location to another are clearly bimodal for distant locations.  Where possible, 

observations that appeared consistent with meteorological surges were removed.  For the 

purpose of estimating the propagation characteristics of the shelf wave, it was assumed 

the apparent travel times between locations are scattered around the true shelf wave travel 

time.  Using estimates for the distance between stations, the travel speed was largely 

consistent at 450-500 km.day-1 (5.2-5.8 ms-1).  The speed and the unidirectional nature of 

the propagation indicates that the water level signal is characteristic of a mode 1 

continental shelf wave. 

Table 4-2: Continental shelf wave apparent travel times 

 Origin   

Location Port Hedland Geraldton Fremantle 

Geraldton 3.6–3.7 days   

Fremantle 4.2–4.6 days 0.8–1.0 days  

Albany 5.6–5.7 days 1.7–1.7 days 1.0–1.1 days 
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Figure 4-8: Histograms of apparent travel times 

Lag-correlation plots for four different cyclone events confirm the speeds 

estimated using trough-to-crest analysis (Figure 4-9).  These provided increased detail on 

the propagation along different sections of the shelf, with an increase in the propagation 

speed of the shelf wave in the region Carnarvon to Geraldton for each of the four events.  

This is most likely due to changes in the width of the continental shelf:  in the region 

offshore Carnarvon the shelf width is ~ 100 km which decreases to ~50 km to the south 

of Geraldton (Figure 4-1). 
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Figure 4-9: Lagged correlations of water levels recorded along the Western 

Australian coast 

Correlation was determined using a two day subs-sample of hourly water levels, which 

was progressively moved through time between adjacent stations, to capture the apparent 

antic-clockwise shelf wave propagation, assisted by offset time series plots. 

Preliminary approximations of the mode 1 barotropic shelf wave phase speed 

were derived using the Brink & Chapman (1987) model for idealized cross-sections along 

the Western Australian coast, and have been graphically compared against the travel 

patterns determined from lag correlations (Figure 4-10). The modelled wave speeds were 

generally slower than the observed signal, although they exhibited a similar spatial 

pattern, with faster propagation between Carnarvon and Geraldton. 
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Figure 4-10: Comparison between observed and predicted mode 1 barotropic shelf 

wave from Brink & Chapman (1987) 

In addition to the signal amplitude, the relative importance of cyclones for coastal 

flooding in the southwest was determined by the duration of their influence upon water 

levels. This combines the period of indirect effects due to propagation of continental shelf 

waves with the period of direct, including remote, synoptic influences due to a tropical 

cyclone. An estimate for the duration of cyclone influence was given by the time from 

cyclone formation, through to the decay of the travelling wave signal crest.  

Consequently, the period of influence increased progressively from Port Hedland towards 

Albany.  The mean period of influence for a cyclone at Port Hedland was estimated to be 

6.3 days.  This increased along the coast to 9.4 days for Geraldton, 10.4 days for 

Fremantle and 11.3 days for Albany.  With an average of five tropical cyclones per year, 

these systems may provide a significant influence on the water levels for the mid-west 

and southwest coasts. 
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4.4.1 Influence of Cyclone Paths 

Tropical cyclones were sorted into bands according to the trough-to-crest 

amplitude of the shelf wave signal generated at the coastal stations, Geraldton, Fremantle 

and Albany. The cyclone paths corresponding to each band of amplitude were compared, 

with apparent patterns of similarity identified (Figure 4-11).  As suggested by previous 

researchers, cyclone path and shelf wave formation appear to be strongly related (Fandry 

et al., 1984; Tang & Grimshaw, 1995). 

 

Figure 4-11: Tropical cyclone paths corresponding to Fremantle surges 

(a) Negligible(<0.2m)  or undetectable anomalous surges were identified at Fremantle 

for a limited number of storms; (b) Small anomalous surges of 0.2-0.3m were apparent 

following ~40% of tropical cyclones; (c) Moderate anomalous surges of 0.3-0.4m were 

apparent for  ~20% of storms; (d) Large anomalous surges of >0.4m were observed for 

approximately 15% of storms. 
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 In the present analysis, six different classes of tropical cyclone paths were defined 

(Figure 4-12): 

1. Remote cyclones 

2. Near-coast cyclones 

3.  Off-coast cyclones 

4.  Southerly cyclones 

5.  Coast-parallel cyclones 

6.  Indian Ocean cyclones 

The relative importance of each cyclone class for water level signals varied 

between stations in terms of frequency and amplitude (Table 4-3).  

Table 4-3: Magnitude of storm surge signal relative to cyclone paths 

 Geraldton Fremantle Albany 

Type 1 (11 cyclones) 0.25 m 0.25 m 0.21 m 

 0.15–0.30 m 0.19–0.37 m 0.09–0.36 m 

Type 2 (4 cyclones) 0.35 m 0.31 m 0.36 m 

 0.30–0.40 m 0.26–0.40 m 0.33–0.38 m 

Type 3 (10 cyclones) 0.48 m 0.32 m 0.28 m 

 0.30–0.63 m 0.14–0.61 m 0.17–0.43 m 

Type 4 (12 cyclones) 0.37 m 0.33 m 0.28 m 

 0.14–0.64 m 0.18–0.62 m 0.12–0.56 m 

Type 5 ( 4 cyclones) 0.41 m 0.38 m 0.41 m 

 0.27–0.58 m 0.20–0.51 m 0.26–0.63 m 

Type 6 (1 cyclone) 0.58 m 0.64 m 0.47 m 
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Figure 4-12: Classification of tropical cyclone according to paths 

Remote cyclones (Type 1).  These are cyclones that passed more than 800 km from 

the coast and typically travelled in a south or westwards direction, decaying into tropical 

depressions before reaching the Australian landmass (Figure 4-12a).  These do not appear 

to generate significant shelf waves.  Type 1 cyclones contained a relatively high 

proportion of weak (> 970 hPa) mid-season tropical cyclones and produced a relatively 

small surge at all locations.  Wave heights of 0.2-0.3 m were often established, broadly 

peaked and decaying slowly as the wave moved along the coast.  In these cases, it is likely 
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that the signal was produced through the regional-scale synoptic effect of the cyclone.  A 

higher surge signal for TC Quenton at Fremantle and Albany was likely due to the passage 

of the low-pressure system after decline from tropical cyclone status.  

Near-coast tropical cyclones (Type 2) travelled within less than 400 km of the 

coast, particularly along the North West Shelf (Figure 4-12b).  These cyclones commonly 

‘tracked’ parallel to the shoreline, as described by Holland (1983).  They typically 

produced a shelf wave with heights 0.25-0.4 m from Geraldton to Albany and normally 

occur mid-season.  Type 2 cyclones normally generated a higher storm surge at Port 

Hedland due to local wind stress and pressure setup.  Systems that travelled further from 

the coast generated a higher storm surge due to increased total wind stress.  Type 2 

cyclones examined in the study returned towards the continent after being classified as a 

tropical cyclone, therefore ‘catching up’ with the shelf wave signal and producing a storm 

surge.  An increased wave signal at Albany was likely to be the result of the easterly path 

of the tropical cyclone system, therefore causing onshore and offshore winds. 

Off-coast cyclones (Type 3) travelled between 400 and 800 km from the coast, 

typically in a westerly path between 15o and 18oS, reducing in strength to tropical 

depressions without crossing the coast (Figure 4-12c).  These systems produced shelf 

waves with amplitude 0.3-0.4 m along the western coast.  The scale of the signal was 

typically increased through formation of an offshore-wind induced trough during the 

early part of the cyclone passage, particularly at Geraldton.  Due to the shelf wave travel 

time, it had typically separated from the meteorological signal by the time it arrived at 

Fremantle.  Consequently, there was a marked reduction in the observed signal.  The Type 

3 classification contained a high proportion of mid-season and low intensity (> 970 hPa) 

tropical cyclones. 

Southerly cyclones (Type 4) were those generated north of Australia that travelled 

in a generally southwest direction until they reach the Australian coast (Figure 4-12d).  

They turned southwards with land crossing until approximately 25oS, gradually turning 

southeast to easterly in direction.  These systems were typically more intense than the 

remote cyclones, and could generate shelf waves of more than 0.40 m, such as TC Ilona 

(Dec 1988) and TC Frank (Dec 1995).  In contrast, under adverse synoptic conditions TC 

Ian and TC Annette produced a much smaller effect.  Land crossing provided a sudden 
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shift in wind direction, which therefore narrowed and steepened the wave crest for Type 

4 cyclones.  Consequently, a progressive decline in the signal amplitude typically 

occurred from Geraldton to Albany.  TC Frank provided an exception, possibly due to the 

coincidence of TC Emma and TC Gertie during its passage.  Southeasterly movement 

after land-crossing determined that the signal was largely unaffected by meteorological 

surges. 

Coast-parallel cyclones (Type 5) such as TC Ned (March 1989) and TC Vincent 

(March 1990) tracked adjacent to the coastline of Western Australia (Figure 4-12e) and 

were similar to those systems analysed by Fandry et al. (1984).  As found by the previous 

researchers, these provided significant surges along the Midwest and southwest coasts, 

particularly where the cyclone travels at a similar speed to the first mode shelf wave.  In 

those cases, the system reinforced the shelf wave signal, producing very gradual decay.  

TC Alby in April 1978 was a coast-parallel cyclone that generated a 2-m surge at 

Bunbury. 

Indian Ocean cyclones (Type 6) specifically refer to rare tropical cyclones that 

were generated considerably west of the 90oE meridian and travel southeasterly towards 

the Australian continent (Figure 4-12f).  Eight such systems were recorded on the Bureau 

of Meteorology tropical cyclone database from 1960 - 1999.  Observation of a single Type 

6 tropical cyclone makes interpretation of the behaviour difficult.  However, it appears 

that the water level signal produced by TC Rhonda was almost entirely comprised of 

meteorological surge.  Consequently, shelf wave patterns will be strongly dependent on 

the location of the cyclone landfall. 

Application of the cyclone path classification to an extended period from 1960 to 

2003 (Table 4-4) suggested a similar distribution of cyclones to that observed from 1988 

to 1998.  However, cyclone paths varied according to the prevailing global climate, as 

suggested by cyclone path distributions for strong El Niño and La Niña conditions.  This 

dependence was consistent with the findings of Broadbridge & Hanstrum (1998), and 

consequently influences the number of summer surge events affecting the southwest 

region. 
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Table 4-4: Distribution of tropical cyclones from 1960 to 2003 

 1 2 3 4 5 6 

Descript Remote 
Near-

coast 
Off-coast Southerly 

Coast-

parallel 

Indian 

Ocean 

Count 68 28 44 46 18 8 

% Occur 31% 14% 20% 23% 8% 3% 

% El Niño 32% 16% 24% 16% 8% 4% 

% La Niña 35% 26% 17% 17% 0% 4% 

El Niño events were considered to be when SOI < -10 

La Niña events were considered to be when SOI > 10 

 

4.4.2 Signal Propagation and Decay 

Signal change has been considered by examining the relative change between 

successive stations (Table 4-5). The water level signal has been analysed more than 1000 

km from the zone of generation, and therefore the higher modes of continental shelf wave 

are expected to have experienced significant decay (Webster 1985; Brink 2006).  

Poleward growth of the continental shelf wave signal was previously demonstrated for 

the case where a southward travelling cyclone continued to reinforce the signal (Fandry 

et al. 1984).  Decay of the signal may be produced by friction, interaction with locally 

generated surges or scattering due to topographic features. 

Table 4-5: Apparent signal propagation relative to cyclone travel paths 

 Geraldton to Fremantle Fremantle to Albany 

Type 1 (11 cyclones) 97% (75–112%) 76% (45–109%) 

Type 2 (4 cyclones) 92% (85–99%) 117% (100–133%) 

Type 3 (10 cyclones) 82% (62–109%) 74% (49–119%) 

Type 4 (12 cyclones) 87% (55–109%) 84% (56–113%) 

Type 5 ( 4 cyclones) 105% (85–134%) 102% (83–125%) 

Type 6 (1 cyclone) 101% 72% 
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There was a general tendency for signals to reduce from Geraldton towards 

Albany for the majority of cyclones except near-coast (Type 2) and coast parallel (Type 

5) systems.  Occasional apparent minor increases were produced by the interaction of the 

shelf wave signal with locally generated surges.  Some of the near-coast (Type 2) cyclones 

increased the signal amplitude through returning towards the continent after declining 

below tropical cyclone status, thereby ‘catching’ the shelf wave.  Similarly coast parallel 

(Type 5) cyclones developed a large component of locally generated surge. 

Apparent signal decay for off-coast (Type 3) cyclones was exaggerated for most 

events through offshore winds at Geraldton prior to the shelf wave arrival.  This produced 

depressed water levels, which increased the scale of the trough-to-crest estimate of 

continental shelf wave amplitude.  The depression caused by offshore winds does not 

apparently propagate in phase with the cyclonic shelf wave, resulting in a large reduction 

of the signal when observed at Fremantle. 

Systems considered likely to provide the clearest representation of shelf wave 

decay are those for which the tropical depression does not pass across the southwest, 

being the remote (Type 1) and southerly (Type 4) cyclones.  These comprised roughly 

half the systems observed from 1988 to 1998.  A characteristic of these event types is that 

they had less capacity to generate a large shelf wave.  On average, these systems showed 

8% signal decay from Geraldton to Fremantle and 20% signal decay from Fremantle to 

Albany.  Although similar distances are involved, the Fremantle to Albany shelf has a 

more complex structure, including curvature around the southwest Capes region that may 

have caused faster decay of the shelf wave signal. 

4.5 Discussion 

The relationship between cyclonic surge amplitude and subsequent generation of 

continental shelf waves has not been explored in detail.  Due to the sparse nature of tidal 

stations, actual surges associated with historic cyclones are known incompletely, and can 

only be inferred through modelling, such as that reported by Hearn & Holloway (1990); 

Fandry & Steedman (1994) or Tang & Grimshaw (1995).  For the cases considered in the 

present study, highest surges on the Northwest Shelf were generally associated with 

tropical cyclones that passed close to tidal stations, but these did not result in 
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proportionally high signals propagating along the west coast.  It is considered likely that 

much of the storm surge energy was dissipated through other modes as suggested by 

Fandry & Steedman (1994). 

Theoretical models suggest that the locally generated storm surge due to a tropical 

cyclone is a combined function of cyclone intensity, scale, path and approach speed along 

with shelf structure, coastal bathymetry and aspect (Bode & Hardy 1997; Hardy et al. 

2004). The significance of individual parameters, after sorting by path, was not strongly 

apparent in the amplitude of the resulting continental shelf waves.  However, as suggested 

by McBride & Keenan (1981) the cyclone path is a general function of the system 

intensity, which determines that cyclones with similar paths typically have similar 

intensity, scale and speed. 

It is relevant to note that most analyses of cyclonic water levels are concerned 

with the generation of extreme storm surge as the cyclone crosses the coast, and 

consequently focus upon those events which are relatively proximal to the point of interest 

and typically coast-normal (Bureau of Meteorology Special Services Unit, 1991; Hardy 

et al. 2004).  In contrast, continental shelf wave signals may develop from tropical 

cyclones distant from the coast.  For cyclones tracking parallel to the Northwest Shelf, 

the larger signal associated with those travelling 400 to 800 km off-coast suggests that an 

extended fetch may have allowed greater ability for energy transfer.  This is consistent 

with the findings of Zhu & Imberger (1996) for cyclone-induced currents.  The 

discrepancy in spatial scales of generation and propagation between tropical cyclone 

surges and continental shelf waves suggests the need for careful selection of model 

domains when deriving a synthetic water level distribution from cyclone modelling. 

Following generation, the continental shelf wave signal effectively accumulates 

the effect of synoptic wind conditions as it propagates along the coast.  Consequently, it 

was not possible to completely separate continental shelf wave signal from water level 

variation due to atmospheric forcing, as reported by Freeland et al. (1986) and Schumann 

& Brink (1990).  However, the situation described by the present study offers clear 

advantages for the identification of continental shelf waves, including: 
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 Intense winds associated with tropical cyclone winds enables formation of a large 

signal, with comparatively mild winds through the region of propagation; 

 There is a clear distinction between the zone of generation across the Northwest 

Shelf to the zone of propagation along the west coast; and 

 The length and orientation of the west coast of Australia enables clear distinction 

of continental shelf waves and locally generated waves. 

These geographic and meteorological factors occurring on the Western Australian 

coast provided optimal conditions for the identification and analysis of free continental 

shelf waves.  

Travel speeds of 450-500 km per day (5.2-5.8 ms-1) identified through both 

trough-to-crest analysis and lag-correlation (Figure 4-9) were consistent with the findings 

of researchers on other coasts (Provis & Radok 1979; Freeland et al. 1986; Huyer 1990; 

Schumann & Brink 1990; Griffin & Middleton 1991).  Persistence of the signal implies 

dominance of low shelf wave modes, corresponding to the modelling by Tang & 

Grimshaw (1995).  Although there is insufficient oceanographic data to identify the 

likelihood of Kelvin wave formation, the consistency of travel speeds between cyclone 

events implies that the signal is largely barotropic in nature, and hence determined by the 

shelf bathymetry.  Slowing of the shelf wave signal between Carnarvon and Fremantle, 

as illustrated by the lag-correlations (Figure 4-9) is the result of the narrowing shelf width 

through this region (Figure 4-1).  This is a subject requiring further investigation through 

more detailed monitoring and analysis of water level variation along the coast. 

Remote forcing by tropical cyclones provides an important source of water level 

variability for the region between Geraldton and Albany due to the micro-tidal nature of 

the southwest.  Although the signals have not typically been associated with extreme high 

water levels due to their seasonal timing, they have helped to produce extreme low water 

level conditions.  The significance of long-period fluctuations for estuarine exchange and 

water quality has previously been identified by O’Callaghan et al. (2007). 

This chapter has demonstrated that tropical cyclones in the eastern Indian Ocean, 

particularly along the north-west region of Australia, generates a continental shelf wave 

(CSW) which propagates along the west and south coasts of Australia over distances of 
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more than 3000 km.  The shelf wave has a significant influence on the local water levels 

and the effects persists for periods up to 10 days longer than the period where the cyclone 

has been active.  The remote forcing of water levels by tropical cyclones 

(hurricanes/typhoons) has received very little attention in the literature although it is 

likely they are present in water level records.  The west coast of the Australia may be 

considered to be a unique region due to the small tidal range, a long coastline, poleward 

travelling continental shelf waves and relatively high annual occurrence of tropical 

cyclones (mean of 5 per year).  Other regions frequently influenced by tropical cyclones 

(hurricanes/typhoons): Atlantic coast of North America, Pacific coasts of south-east Asia 

(including Taiwan, Japan), eastern Australia  and the Bay of Bengal are characterised by 

higher tidal range (> ~ 2m) and equatorward travelling waves and thus the effects on the 

total water level are most likely smaller.  Similarly, tropical cyclones along west coasts 

are relatively rare particularly in terms of landfall (e.g. Arabian Sea off West of India and 

along the Pacific coasts of Mexico).  In the Gulf of Mexico, where tidal range is 

comparable to south-western Australia, continental shelf waves were shown by Ly (1994) 

to decrease in amplitude over 2500 km along the Gulf. 

4.6 Concluding Remarks 

Anomalous surge observations from Fremantle during summer months have been 

identified as continental shelf wave activity, generated by tropical cyclones acting 

thousands of kilometres away.  The signals have been tracked from Port Hedland to 

Albany (Figure 4-1) and occur for approximately 70% of tropical cyclones tracking 

through the Northwest Shelf region. 

Assessment of the continental shelf waves has been undertaken using a network 

of tide gauge stations along the Western Australian coast to help distinguish between 

travelling waves and locally generated surges.  The continental shelf wave travels at 

approximately 450 to 500 km.day-1 (5.2-5.8 ms-1), with relatively little decay as the wave 

progresses.  Regularity of the travel speed and coherence of the signal structure imply 

that the shelf wave is mainly comprised of a low mode barotropic signal, which is 

therefore controlled by the shelf bathymetry. 
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Continental shelf wave amplitudes up to 0.6m were observed, with an average of 

approximately 0.3m.  Amplitude of the coastal surge was strongly affected by the path of 

the tropical cyclone, with cyclones travelling parallel to the west coast typically producing 

the most significant signal.  In all cases, the shelf waves were superimposed on tides and 

locally generated storm surges, allowing greater water level range, which is particularly 

significant for the micro tidal mid-west and southwest coasts of Australia.  It has been 

inferred that the continental shelf waves may seasonally provide an important role for 

estuarine exchange in this region, as they coincide with comparatively weak tidal and 

freshwater forcing conditions. 

Interaction of shelf waves with storm surges creates some constraints to 

identifying and distinguishing signal amplitudes, particularly when assessing nearby 

stations, or attempting to use a ‘buddy station’ for missing data backfill. However, the 

differences in propagation characteristics mean that the wider scale (dispersed) tide gauge 

network can help to distinguish the shelf wave from surge, which can therefore be 

incorporated into short-term surge prediction. 

The extensive influence of tropical cyclone events on summer water levels may 

require careful formulation of model domains or boundary conditions when undertaking 

surge assessments, coastal circulation or estuarine exchange modelling. 



 96 

 

 

Chapter 5 : Influence of Inter-Annual Tidal Modulation on 

Coastal Flooding Along the Western Australian Coast 

Most of this Chapter has previously been published as a journal article: 

Eliot M. (2011) Influence of Inter-annual Tidal Modulation on Coastal Flooding 

along the Western Australian Coast. Journal of Geophysical Research, 115, C11013, 

doi:10.1029/2010JC006306. 

Figures have been updated to include more recent data sets. 

Wider application of the methodology outlined in this Chapter has been 

undertaken on a global basis, which is reported in: 

Haigh I, Eliot M & Pattiaratchi C. (2011) Global influences of the 18.61 year 

nodal cycle and 8.85 year cycle of lunar perigee on high tidal levels. Journal of 

Geophysical Research, 116, C06025. 

5.1 Summary 

Diurnal and semi-diurnal tides are modulated over a range of time scales, 

including systematic annual and inter-annual variations. Although identified for other 

parts of the world, the effects of inter-annual tidal modulations have had limited attention 

on the Western Australian coast. Research described here identified that tidal modulations 

are a significant and regular factor in the frequency with which high water level thresholds 

are exceeded. Hence, tidal modulations provide a predictable contribution to the coastal 

management effort required on a year-to-year basis and allow prediction of periods where 

there is enhanced risk of flooding to coastal infrastructure. 

As has been demonstrated elsewhere, these cycles are obscured within 

conventional harmonic and extreme analysis and their identification requires dedicated 

techniques. In this study, annual standard deviations and exceedance frequency have been 

used to examine both hourly and high pass filtered water levels, to establish the influence 

of tidal modulations.  The relative contribution of the two principal cycles and their sub-
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harmonics varies along the Western Australian coast from north to south and hence is 

strongly linked to the tidal form. 

High tide levels for Western Australian locations with diurnal tidal dominance are 

dominated by the lunar nodal cycle, with a clear 18.6-year signal in the Fremantle-

Bunbury region. Past and future peaks of the lunar nodal cycle include 1988, 2006, 2025 

and 2044. High tide levels for locations with semi-diurnal tidal dominance are mainly 

affected by the lunar perigean sub-harmonic, causing a 4.4-year cycle along the 

Northwest Shelf. Past and future peaks of the lunar perigean sub-harmonic include 2006, 

2011, 2015, 2020, 2024 and 2028. 

5.2 Introduction 

Tidal modulations are slow variations of the amplitude of the diurnal or semi-

diurnal tide, associated with longer-period relative motions of the earth, moon and sun 

(Pugh 1987; Wood 2001a).  The effects of inter-annual tidal modulation are 

acknowledged for other parts of the world, with two widely documented signals being the 

18.61-year lunar nodal cycle and the 8.85-year cycle of lunar perigee (USACE 1989; 

Boon 2004; Araújo & Pugh 2008; Shaw & Tsimplis 2010). However, these signals have 

received limited attention on the Western Australian coast (Amin 1993; National Tidal 

Facility 2000). The aims of the research reported here were to identify tidal modulations 

contributing to the frequency with which high water level thresholds are exceeded; 

examine the potential for prediction of periods where there is enhanced risk of flooding 

to coastal infrastructure; and examine their potential for provision of a predictable 

contribution to the coastal management effort required on a year-to-year basis. 

Although there are fluctuations in gravitational potential associated with the nodal 

and perigean motions, the direct tidal response to forcing at these time scales is 

theoretically small (Pugh 1987; Amin 1993; Pugh 2004). Instead, the greatest influence 

of the inter-annual fluctuations is a modulation of diurnal or semi-diurnal tidal range, 

produced by the relative phase of the lunar and solar tidal components. Previous 

interpretations have focused on the inter-annual modulation of individual tidal 

constituents, which have a potential based upon astronomic motions (Pugh 1987). The 

deterministic nature of astronomic motions allows estimation of potential inter-annual 
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modulation of individual tidal constituents (Pugh 1987). However, as with individual 

constituents, differences between potential and observed tidal modulation may occur. 

These differences increase the degrees of freedom in tidal constituent definition and hence 

suggest that identifying inter-annual tidal cycles requires harmonic analysis of more than 

a single year of data (Amin 1976; Woodworth et al. 1991; Pugh 2004). Techniques for 

the harmonic analysis of longer data sets are available, which allow determination of 

inter-annual modulations (Foreman & Neufeld 1991). 

European analyses have considered the effect of the M2 tide, as it is the dominant 

constituent for the region (Woodworth et al. 1991). Modulation of the M2 tide potential 

over an 18.6-year period is theorised to be in the order of ±3.7% (Pugh 1987) although 

geographic variation has been observed, typically with a modulation smaller than 

potential (Woodworth et al. 1991; Amin 1993; Ray 2006; Shaw & Tsimplis 2010). Larger 

18.6-year modulations have been identified in diurnal regions (Pugh 1987), with the 

components O1 and K1 having ±19% and ±14% modulation of the tide generating 

potential respectively (Ray 2007). The 8.85-year modulation is evident in variations of 

the M1 and L2 tidal constituent (Pugh 2004). 

Amin (1976) provided a method for the assessment of tidal modulations by 

examining a time series of the major tidal constituents derived on an annual basis without 

nodal correction. This method was applied to the Western Australian coast over the period 

1965-1990 (Amin 1993). Fitting of 18.61 and 9.3 year sinusoidal harmonics to the annual 

tidal constituent was used to estimate inter-annual variability. The analyses by Amin 

(1993) identified a relatively large residual and phase variation between locations. 

Corresponding analyses at other locations, notably with longer datasets, generally showed 

much smaller residuals and limited phase variation (Woodworth et al. 1991; Woodworth 

& Blackman 2004; Shaw & Tsimplis 2010). 

A simple means of detecting the lunar nodal cycle has been presented using year-

by-year standard deviations of hourly water level signals about the annual mean at 

Newlyn, UK (Pugh 2004; Araújo & Pugh 2008). Notably, macro-tidal conditions at 

Newlyn limited the relative influence of non-tidal fluctuations. 
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Woodworth & Blackman (2004) examined the occurrence of extreme water levels 

using the exceedance frequency, for a range of tidal stations across the globe. They 

examined the 0.1% and 1% exceedance levels, noting that the 0.1% level was more prone 

to corruption from data errors. Their methodology removed the annual median sea level 

and tidal components to examine the correlation of the residual against regional climate 

indices. Hence, although the use of exceedance frequencies identified the presence of 

inter-annual tidal fluctuations, their properties were not examined in detail. 

Along the Western Australian coast, the relative influence of tidal and non-tidal 

components varies considerably from diurnal micro-tidal conditions in the southwest, 

near Fremantle, to semi-diurnal macro-tidal conditions in the north, near Port Hedland 

and Broome (Easton 1970; National Tidal Facility 2004). There is an equally large change 

in surge-generating synoptic conditions, with mid-latitude storms in the south, monsoons 

and tropical cyclones in the north (Gentilli 1972).  Large seasonal and inter-annual mean 

sea level variations are present, related to steric effects and Ekman setup developed from 

the along-shelf Leeuwin Current (Pariwono et al. 1986; Pattiaratchi & Buchan 1991; Feng 

et al. 2004).  

Description of the Western Australian tidal climate has previously been focused 

upon sub-annual tidal processes, and consequently has been assessed using annual sets of 

high-frequency water level records or means over one or more months (Mitchell et al. 

1999; National Tidal Facility 2000). Whilst this reduces the influence of non-tidal 

processes, it also restricts the potential for observation of variations that are both high 

frequency and long-term in nature. The technique of analysing annual standard 

deviations, as applied by Pugh (2004) to identify the lunar nodal cycle at Newlyn, has not 

been used to identify inter-annual tidal modulations. However, this technique has been 

applied to the tidal residual for Western Australian sites as a measure of storminess, hence 

deliberately excluding tidal modulations (National Tidal Facility 2000).  

5.3 Method 

An aim of this research was to provide a simple, robust method of analysis that 

could simultaneously examine lunar nodal and perigean cycles, as well as determine their 

relative contribution to coastal flooding. 
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Hourly water level records from ten stations along the Western Australian coast 

were analysed to investigate the amplitude of inter-annual tidal modulations and their 

geographic variation (Figure 5-1). The data length used from each station varied, with the 

longest record used being from 1959 to 2008 at Fremantle. Time series of each data set 

in graphical form were used to verify the detected signals, but were not included in this 

chapter for the sake of brevity. 

 

Figure 5-1: Tide gauge stations selected for analysis 

Analysis was undertaken in three phases, progressively refining the simple 

techniques of Pugh (2004) and Woodworth & Blackman (2004) to develop a technique 

that was capable of simultaneously identifying both the lunar nodal and perigean cycles. 

First, the method of Pugh (2004) was applied, calculating the standard deviation 

of hourly water level observations for each calendar year. 
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Second, to reduce the potential effect of non-tidal fluctuations, annual standard 

deviations were calculated for a high pass filtered data set, generated by application of 

the Doodson-X0 filter to the hourly record. This filtering paralleled similar water level 

decompositions applied by Provis & Radok (1979) and Pasaric & Orlic (1999), with the 

high pass filtered data set dominated by diurnal and semi-diurnal fluctuations. This 

method, in addition to its simplicity, addressed constraints caused to tidal fitting through 

missing data and the influence of non-tidal water level fluctuations, as tidal fitting may 

be significantly biased when non-tidal fluctuations are of similar magnitude or larger than 

the tides. 

Third, as an alternative to the use of annual standard deviations, exceedance levels 

were calculated from the high passed water level data set. The exceedance level is 

described by a percentage, which represents the proportion of tide levels above the 

nominated level. The amplitude of the tidal modulation was subsequently calculated from 

harmonic analysis of the signal, fitted to 18.6, 9.3, 8.8 and 4.4 year sinusoidal signals. 

The relative stability of this technique was examined by varying the frequency of 

exceedance between the annual maximum and 1% exceedance level of the high pass 

filtered data set. The spatial variation of each signal was compared against the amplitude 

of individual tidal constituents, to determine whether a single constituent could explain 

the observed modulation. 

Further exploration of the sub-annual character of the inter-annual tidal 

modulations was conducted to evaluate whether the modulations were perceptibly 

different in their effect on the solstitial and equinoctial phases. Monthly increments were 

used to examine the 1% level exceedance level of the high pass signal for Geraldton and 

King Bay. These two sites were selected as examples of the micro-tidal diurnal and 

macro-tidal semi-diurnal conditions respectively. A relatively large exceedance level was 

required to prevent apparent outliers dominating the signal, following Woodworth & 

Blackman (2004). 

5.4 Results 

Graphical time series from each tidal station illustrated the distinct difference 

between the diurnal microtidal conditions in the south and the semi-diurnal mesotidal and 
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macrotidal conditions in the north. For the smaller tide range sites, such as at Fremantle 

Figure 5-2a), high water level observations did not clearly show cyclic modulation, and 

indicated the relative significance of non-tidal fluctuations such as atmospheric surge, 

inter-annual and seasonal mean sea level variations. Cyclic behaviour of high water levels 

with a frequency of 4.4 years was apparent for larger tide range sites, such as at Broome 

(Figure 5-2b). The 4.4-year period corresponded to the first sub-harmonic of the perigean 

cycle (Wood 2001b; Pugh 2004). The range of annual maxima of the 10 locations varied 

from 0.4 to 0.9m, with similar variability for both small and large tidal ranges.  

 

Figure 5-2: Hourly water level time series for (a) Fremantle and (b) Broome 

Hourly water levels plotted for Fremantle and Broome illustrate systematic variations of 

high water level occurrence. (a) Peaks at Fremantle are irregular, characteristic of 

combined surge and tide, with some influence of inter-annual mean sea level; (b) Broome 

has substantially larger amplitude water level fluctuations, with rhythmic variation of the 

extremes, at both high and low levels, characteristic of dominant tidal influence.  

Signals generated from annual standard deviations of hourly water levels were 

cyclic in nature, with all stations having a 19-year period, corresponding to the nodal 
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period (Figure 5-3). A sub-harmonic signal was not clearly apparent. However, an 180o 

phase shift was apparent between Carnarvon and Onslow as all southern sites peaked 

concurrently when all northern sites experienced the lowest standard deviation. This is 

consistent with the phase shift from diurnal (O1 and K1) to semi-diurnal (M2, N2) tidal 

constituents, described by Pugh (2004). The most recent peaks occurred for northern sites 

in 1997 and for southern sites in 2007. The scale of the standard deviation cycle was small 

at all locations, in the range of 0.02 to 0.06 m. This scale was much smaller than the 

observed variation of annual maxima as the standard deviation averages the contribution 

of the modulation over the whole year, including seasons of low tidal range. The 4.4-year 

cycle of peaks apparent in time series at mainly semi-diurnal locations was not apparent 

from the annual standard deviations. 

 

Figure 5-3: Annual standard deviations of hourly water level data for ten sites 

along the Western Australian coast 

Locations are shown in clockwise order downwards, with Onslow following Carnarvon. 

Cyclic behaviour is apparent at all locations.   
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An estimate of the tidal signal was developed through successive application of a 

30-day running mean, followed by a Doodson-X0 filter. Due to the nature of filtering, it 

is expected that some non-tidal influence may have contributed to the tidal estimate (Jay 

& Flinchem 1999), hence it is referred to as a high passed water level. This signal was 

generally tidal in character, with a 19-year modulation apparent. The running mean water 

level (not presented) was characteristic of the regional mean sea level fluctuations, 

overlain by a seasonal sea level cycle which peaks in June; and the residual signal (not 

presented), after subtraction of the running mean and high passed data, was non-

harmonic, combining storm surge and shelf wave signatures. 

As expected, spectral analysis of the Fremantle data set from 1951 to 2008 did not 

yield spectral peaks at the characteristic frequencies of 18.6 and 4.4 years (Figure 5-4). 

Here an extended data set was used to provide capture of three entire cycles of the 18.6 

year period. The absence of spectral peaks at the tidal cycle periods matched the 

behaviour described from the Newlyn macro-tidal sea level data set, as the inter-annual 

signals are caused by modulation of the diurnal and semi-diurnal constituents (Pugh 

2004). 
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Figure 5-4: Spectral analysis of Fremantle hourly data (1951–2008) 

This diagram was prepared by Prof C.Pattiaratchi (unpublished) 

The long-term spectral analysis shows active spectral bands corresponding to tides and 

seiches. There is no clear peak corresponding to inter-annaual modes. 

Annual standard deviations of the Fremantle total water level showed a generally 

cyclic pattern, with periods of irregularity, with peaks in 1970, 1989/1991 and 2003 

(Figure 5-5). Applying a 30-day running mean and Doodson-X0 filter, the decomposed 

water level signals developed non-harmonic and comparatively random signals, with 

similar amplitudes. The high passed component provided a highly regular sinusoidal 

signal, with a 19-year signal, showing a peak around 2007. The residual component, 

which is characteristic of a mixture of surge and shelf waves, produced a highly variable 

signal. 
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Figure 5-5: Relative influence of filtered data sets at Fremantle 

The effect of high-pass filtering is to develop a smooth, rhythmic signal. 

When applied to all locations, signals generated from annual standard deviations 

of the high pass filtered water levels were similar to those generated from hourly water 

levels, with a more regular sinusoidal pattern (Figure 5-6). 

A key result of using the annual standard deviations for either the hourly or the 

high pass filtered data sets was that peaks in the cycle of standard deviation were in phase 

with high water levels for the southern sites only. As illustrated by Figure 5-2b, high 

water levels are clearly cyclic, peaking every 4 to 5 years, which is a sharp contrast with 

the 19 year cycle suggested by the standard deviations. This discrepancy is consistent at 

all the northern sites which are dominated by semi-diurnal tides. 
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Figure 5-6: Annual standard deviations of high-passed data 

High-pass filtering improves the clarity of cyclic behaviour compared to Figure 5-3, 

particularly on the southerly sites (on the left), which experience and diurnal conditions 

with microtidal range, as well as frequent mid-latitude and extra-tropical storms. 

Signals generated by determining the 0.5% annual exceedance levels from the 

high pass filtered data are shown in Figure 5-7. This analysis provided signals that more 

closely matched the time series of observed high water levels than the signal determined 

from standard deviations. In particular, the southern sites were dominated by a regular 19 

year sinusoidal pattern, and the northern sites were dominated by a 4 to 5 year cycle, with 

each cycle in phase at all locations. Calculation of exceedance levels from the high pass 

data set provided signals that were less regular than the standard deviations of the high 

pass data, which implied greater influence of non-tidal water level fluctuations. 
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Figure 5-7: Annual 0.5% exceedance levels from high-passed data 

Determination of high water level events, based on the 0.5% exceedance level, produces 

a similar pattern for the southern sites (on the left) as developed from standard deviations. 

However, the patterns are very different for the northern sites (on the right), which 

experience and semidiurnal conditions with mesotidal to macrotidal range. The high 

exceedance level plots show higher frequency cycles, matching the behaviour suggested 

by the whole of record plot for Broome (Figure 5-2b). 

Fitting of 18.6, 9.3, 8.85 and 4.4 year signals to the derived exceedance levels 

indicated a spatial distribution for the lunar nodal, nodal subharmonic and perigean 

subharmonic cycles (Figure 5-8). At the 0.5% annual exceedance level, the signals were 

approximately equal in the Carnarvon-Onslow region. The largest modulation due to the 

18.6 year lunar nodal cycle was determined at Albany with approximately 0.07m 

amplitude at the 0.5% exceedance level. The spatial trend of the lunar nodal modulation 

is opposite to the pattern of the M2 tidal constituent, although the weaker signal of the 
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nodal subharmonic follows the general increase northwards (Figure 5-9). The largest 

modulation due to the 4.4-year perigean subharmonic cycle was determined at Broome 

for the 0.5% exceedance level. The spatial trend of the perigean and nodal subharmonic 

cycles followed the pattern of the L2 M2 and N2 tidal constituents, noting that the 

amplitude of the L2 constituent is smaller than the observed modulation and hence 

unlikely to provide a significant contribution to the modulation. 

 

Figure 5-8: Spatial distribution of modulation scales for 0.5% levels 

Least squares fitting of 4.4 year, 8.85 year and 18.6 year sinusoids was undertaken on 

the annual 0.5%  exceedance levels, after high-passing. 
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Figure 5-9: Spatial distribution of tidal constituents 

Variation of the exceedance level calculated from the high pass data indicated that 

the selected level influenced the relative contribution of tidal versus non-tidal fluctuations 

(Figure 5-10). The most significant influence occurred in northern sites, where the lunar 

nodal signal became increasingly large as the exceedance was shifted from 0.5% towards 

10%. The signal of the perigean subharmonic cycle was greatest at Broome. As the 

exceedance was reduced from 10% to 0.5%, the signal varied from 0.01 to 0.09m. 
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Figure 5-10: Effect of exceedance level on modulation scales 

Plots of fitted signal range indicate that description of inter-annual modulation is 

dependent on the choice of exceedance level. The sensitivity to choice of exceedance level 

varies according to the geographic location (i.e. the tidal characteristics) and the 

modulation. There is systematic variation of the lunar nodal modulation to exceedance 

for diurnal sites, which reduces with exceedance. This suggests the signal is most 

apparent for higher water levels, with lower exceedance levels corresponding more 
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closely to mean sea level variation. This pattern is reversed for the semi-diurnal sites to 

the north and shows less systematic variation between adjacent stations. The nodal and 

perigean subharmonics suggest higher fitted range for lower recurrence levels, but have 

some irregularity in their spatial distributions. 

The sub-annual patterns of change examined for Geraldton and King Bay 

highlighted the difference between the lunar nodal and perigean subharmonic 

modulations (Figure 5-11). Exceedance of the high pass signal from the Geraldton data 

had a bi-annual pattern peaking around the solstices, overlaying a smooth periodic 

oscillation with 19 year frequency. Exceedance of the high pass signal from the King Bay 

data had a bi-annual pattern peaking around the equinoxes, modulated with a beat-like 

pattern with a 4.4 year cycle. 

 

Figure 5-11: Monthly exceedance of high-passed data for Geraldton and King Bay 

Exceedances have been generated for calendar months from hourly data after removal of 

a 30-day running mean. For both locations, there is a twice annual cycle, producing two 

peaks and two troughs in the monthly exceedance for each year. At King Bay (Dampier), 

peaks and troughs concurrently vary in magnitude around the annual mean, and 

therefore a statistic that sums the peaks and troughs (e.g. standard deviations) will not 

identify inter-annual modulation. For Geraldton, there is a similar difference between 

peak and trough exceedance within each year, and consequently a standard deviation 

will capture the same pattern of inter-annual modulations as using annual exceedance.  
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5.5 Discussion 

The two principal inter-annual tidal cycles are modulations of high frequency tidal 

constituents. Consequently, these cycles resisted direct comparison using conventional 

methods for analysing long-term data sets through year-by-year harmonic analysis or by 

averaging over shorter time scales, such as monthly or annual means. Evaluation was 

undertaken using hourly water levels, to ensure that the diurnal and semi-diurnal tides 

were suitably represented.  

Analysis of tidal behaviour was undertaken through a combination of graphical 

assessment, analysis of annual standard deviations and exceedance levels from hourly 

water level observations and a high pass filtered data set. Although annual standard 

deviations from hourly observations were sufficient to identify the 18.6 year lunar nodal 

cycle, it was identified that they were unable to clearly resolve the 4.4 year perigean 

subharmonic cycle or the 9.3 year nodal subharmonic. The influence of non-tidal forcing 

caused similar amplitude variation of the annual standard deviations to that developed by 

the tidal forcing for the microtidal diurnal station at Fremantle. Application of a simple 

time series filter was sufficient to separate the influence of tidal and non-tidal forcing. 

Tidal modulations introduced by both cycles were identified from exceedance 

levels of the high pass filtered data set, generated from hourly water levels after removal 

of a 30 day running mean and application of a Doodson-X0 filter. It was found that these 

signals varied spatially along the Western Australian coast, with the 18.6 year lunar nodal 

cycle providing the dominant modulation for the mainly diurnal microtidal southern sites, 

and the 4.4 year sub-harmonic of lunar perigee causing the dominant modulation for the 

semi-diurnal meso-tidal and macro-tidal northern sites. 

Although 18.6 year significant modulation has been reported at locations with 

diurnal tides (Pugh 1987; Ray 2007), the spatial distribution (Figure 5-8) is not consistent 

with the patterns of K1 and O1 (Figure 5-9), which are the major diurnal constituents. 

Further, the spatial distribution of the lunar nodal cycle is opposite to the M2 tidal 

constituent, which provides a significant departure from its potential role as the largest 

tidal constituent (Amin 1976; Pugh 1987) and the analyses reported from European sites 

(Woodworth et al. 1991; Araújo & Pugh 2008; Shaw & Tsimplis 2010). The results were 
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inconsistent with previous analysis of tidal constituents for the Western Australian coast 

(Amin 1993) and indicate the need for further refined investigation. It is suggested that 

an extended harmonic analysis such as the method of Foreman & Neufeld (1991) is likely 

to provide a future pathway for investigation. 

The spatial distribution of the perigean subharmonic cycle was consistent with the 

L2, M2 and N2 tidal constituents, but is of larger amplitude than the L2 signal, which has 

a perigean influence. Its occurrence in lower latitudes and appearance as a 4.4 year sub-

harmonic is consistent with previous description (Pugh 2004). At a 0.5% exceedance 

level, the signal closely corresponds to the 19 year modulation scale of the M2 constituent. 

The similarity in scale and spatial distribution, marked difference in period and the ‘beat-

like’ pattern when evaluated on a monthly basis suggest that the signal is developed 

through interactions of multiple constituents. Consequently, further analysis to explain 

the perigean subharmonic modulation should not solely consider individual tidal 

constituents. 

Monthly exceedance levels of the high pass signals explained the inability of 

annual standard deviations to successfully identify the influence of lunar perigee. During 

the phase of enhanced equinoctial tides, there were correspondingly depressed high water 

levels in the solstitial phase (Figure 5-11). As standard deviations equally weighted both 

phases, the annual standard deviation was nearly constant. In contrast, the lunar nodal 

modulation provided an envelope of monthly exceedance levels, with both the solstitial 

and equinoctial high water levels rising or lowering in phase with the cycle. 

Consequently, the lunar nodal cycle could be detected using standard deviations. 

Influence of inter-annual tidal cycles upon coastal management have been 

detected in other parts of the world with respect to patterns of sedimentation (Oost et al. 

1993; Gratiot et al. 2008), erosion (Smith et al. 2007) and flooding (Hunter 2002). 

However, despite the relative large scale of modulation on the Western Australian coast, 

there is limited acknowledgment of inter-annual tidal cycles. A partial explanation may 

be provided by the relative scale of other forcing mechanisms, including a dominant inter-

annual mean sea level fluctuation correlated with ENSO (Amin 1993; Pattiaratchi & 

Buchan 1991); a highly variable storm climate in the mid-latitudes (Steedman & 

Associates 1982; Lemm et al. 1999); and extreme episodic flooding events associated 
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with tropical cyclones in the tropical and sub-tropical regions (Hopley & Harvey 1976; 

Fandry & Steedman 1994). An exception is provided by the Bunbury storm surge barrier, 

which experienced significant increase in activation over the period 1997 to 2005, which 

could only be explained in a small part by ENSO-driven mean sea level fluctuations. 

Following previous analysts (Hopley & Harvey 1976; Pugh 1987; Hunter 2008) 

the potential significance of the inter-annual tidal cycles for flood frequency has been 

considered by their amplitude relative to other water level processes. 

For the macro-tidal region of northern Western Australia, with a history of 

relatively mild non-cyclonic surge, the occurrence of flood events close to highest 

astronomical tide has been almost exclusively dominated by the perigean subharmonic 

cycle (Figure 5-8b). Hence the perigean subharmonic provides a critical influence on the 

inundation of mangroves and coastal wetlands prevalent across this region. 

Within the micro-tidal region, the amplitude of the lunar nodal cycle is in the order 

of ±0.07m, which is small but not negligible compared with the non-tidal fluctuations 

caused by astronomic surge and ENSO-driven mean sea level fluctuations. Using the 

approach of curve-shifting (following Church et al. 2006), a 0.07m range represented a 

threefold variation in the relative frequency of extreme flood events at Fremantle. By way 

of comparison, the ENSO-driven mean sea level fluctuations produced a corresponding 

factor of roughly 10. From a coastal management perspective, the relative effect of these 

factors is partly counteracted by the predictability of the two processes, with the ENSO-

driven fluctuations being reliably forecast only six months ahead. In contrast, whilst the 

lunar nodal cycle is a smaller factor for flooding, it is wholly predictable. 

5.6 Concluding Remarks 

A simple method has been established to simultaneously identify the 18.6-year 

lunar nodal cycle and the 4.4-year sub-harmonic of the cycle of lunar perigee, along the 

tidally-diverse Western Australian coast. The method considered the exceedance 

frequency of high pass filtered water levels, which effectively reduced the influence of 

significant non-tidal water level fluctuations. 
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The relative contribution of the two principal cycles varies along the Western 

Australian coast from north to south and hence is strongly linked to the tidal form. Diurnal 

locations were found to be dominated by the lunar nodal cycle, with a clear 18.6-year 

signal in the Fremantle-Bunbury region. Past and future peaks include 1988, 2006, 2025 

and 2044. Semi-diurnal locations were mainly affected by the lunar perigean sub-

harmonic, causing a 4.4-year cycle along the Northwest Shelf. Past and future peaks of 

the lunar perigean sub-harmonic include 2006, 2011, 2015, 2020, 2024 and 2028. 

The potential importance of the tidal modulations for coastal flooding has been 

considered by their amplitude relative to other water level processes. For the macro-tidal 

north, the perigean subharmonic modulation was instrumental for determining non-

cyclonic peak water levels, and therefore critical for the coastal habitats prevalent across 

this region. For the micro-tidal south, the nodal modulation is one of several factors 

contributing to coastal flooding. Although relatively small amplitudes have been 

identified for the lunar nodal modulation, its deterministic nature and hence predictability 

increases its value for coastal management. 
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Chapter 6 : Sea Level Variability Influencing Coastal Flooding 

in the Swan River Region, Western Australia 

The content of this Chapter has previously been published as a journal article: 

Eliot M. (2012) Sea Level Variability Influencing Coastal Flooding in the Swan 

River Region, Western Australia. Continental Shelf Research, 33, 14-28. 

Figure 6-10 has been updated from the published version, to improve clarity.  

6.1 Summary 

Coastal flooding refers to the incidence of high water levels produced by water 

level fluctuations of marine origin, rather than riverine floods. An understanding of the 

amplitude and frequency of high water level events is essential to foreshore management 

and the design of many coastal and estuarine facilities. Coastal flooding events generally 

define public perception of sea level phenomena, as they are commonly associated with 

erosion events. 

This investigation has explored the nature of coastal flooding events affecting the 

Swan River Region, Western Australia, considering water level records at four sites in 

the estuary and lower river, extending from the mouth of the Swan River to 40 kilometres 

upstream. The analysis examined the significance of tides, storms and mean sea level 

fluctuations over both seasonal and inter-annual time scales. The relative timing of these 

processes is significant for the enhanced or reduced frequency of coastal flooding. These 

variations overlie net sea level rise previously reported from the Fremantle record, which 

is further supported by changes to the distribution of high water level events at Barrack 

Street. 

Seasonally, coastal flooding events observed in the Swan River region are largely 

restricted to the period May to July due to the relative phases of the annual mean sea 

fluctuation and biannual tidal cycle. Although significant storm surge events occur 

outside this period, their impact is normally reduced, as they are superimposed on lower 

tidal and mean sea level conditions. Over inter-annual time scales tide, storminess and 



 118 

 

 

mean sea level produce cycles of enhanced and depressed frequency of coastal flooding. 

For the Swan River region, the inter-annual tidal variation is regular, dominated by the 

18.6 year lunar nodal cycle. Storminess and mean sea level variations are independent 

and irregular, with cycles from 3 to 10 year duration. Since 1960, these fluctuations have 

not occurred in phase, suggesting that recent historic records may not provide a real 

indication of inundation risk, exclusive of factors linked to climate change. 

The burst-like nature of coastal flooding incidents, with respect to frequency, has 

implications for both public perception and coastal management effort. The result, when 

combined with sea level rise, produces step-like change, with short periods of frequent 

coastal flooding, followed by extended, slowly varying quiescent periods. This presents 

challenges for coastal managers to incorporate variability into projections of future 

management needs, and to ensure that public and political recognition of coastal flooding 

hazard is not downplayed during quiet periods. 

6.2 Introduction 

Coastal flooding refers to the incidence of high water level events of marine rather 

than fluvial origin, affecting coastal or estuarine shores (Hunt 2005). Coastal flooding 

levels and their frequency of occurrence are significant parameters for foreshore 

protection works and hazard management (Pugh 1987; Hofstede 2005; Pullen et al. 2007). 

Techniques for the analysis of coastal flooding vary to account for different contributing 

processes. As flood events are typically distinguished by impact rather than absolute level 

or frequency, hence they are usually events above the normal astronomic tide range. Most 

commonly, this requires a combination of high astronomic tide with atmospheric surge 

(Pugh & Vassie 1980; Dixon & Tawn 1994, 1997, 1999). However, this is not always the 

case, and coastal flooding may be associated with elevated mean sea level (Komar & 

Enfield 1987; Pasaric & Orlic 2001; Allan et al. 2003; Stephens et al. 2014) or developed 

through tidal non-linearity (Wood 1978, 2001). The relative importance of processes is 

typically identified through their amplitude (Middleton & Thompson 1986; Pugh 1987) 

although this is modulated by the process period, with longer cycles having greater 

influence (Childers et al. 1990; Pasaric & Orlic 2001). Hence low tide and surge 

environments provide opportunity for a wide spectrum of sea level processes to contribute 

significantly to coastal flooding. In this chapter, the frequency of high water level events, 
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the nature of their variability and their consistency with available historic observations 

are investigated for the micro-tidal, estuarine reaches of the Swan River in Western 

Australia (Figure 6-1).    

Coastal flooding is a widely studied phenomenon, influencing foreshore defence 

and hazard management in coastal and estuarine zones (Burton & Kates 1964; Finkl 1994; 

Hunt 2005; Hofstede 2005; Nicholls et al. 2007; Wolf 2009). Assessment of coastal 

flooding is typically undertaken by statistically fitting an extreme value distribution to a 

set of peak observations. Gumbel (1953) developed a technique for the assessment of 

annual maximum flood levels, which has provided the basis for conventional extreme 

value analysis for hydrological and coastal parameters. Further development of extreme 

value theory has produced a range of distributions, including the Gumbel, Weibull, log-

normal, log-Pearson, Pareto and generalised extreme value, applied to rainfall, flood 

hydrology, river staging, wave conditions, wind speeds and surge levels (Petrauskas & 

Aagaard 1971; Carter 1987; Gentleman & Whitmore 1994; D’Onofrio et al. 1999; Haigh 

et al. 2010). Traditional treatment of extremes requires an extended data set to capture a 

near stationary distribution and exclude non-extreme event types. Commonly applied 

although unreliable criteria for water level records include: more than 19 years data, so 

as to capture a full lunar cycle; or a minimum length one third of the design event average 

recurrence interval (ARI).    

 An array of processes may contribute to coastal flooding, including those 

developed by astronomic, atmospheric, thermal, oceanographic or geophysical sources 

(Pugh 1987; Gornitz 1993; Csanady 1997, Cazenave & Llovel 2010). This diversity 

prompts the use of analytic techniques that focus upon or distinguish between processes. 

The general approach used is ‘detect and neglect’, where analysis identifies major sources 

of sea level variability, considering the remainder either extrinsic or residual in nature 

(Komar & Enfield 1987; Allan et al. 2003).  
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Figure 6-1: Location diagram and schematic of flooding Influences 
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The most broadly applied method is separation between tidal and non-tidal 

processes through harmonic analysis of the water level record at key characteristic tidal 

frequencies (Doodson 1921; Cartwright & Tayler 1971; Foreman 1977; Bell et al. 1998; 

PCTMSL 2007). An important application of separating tidal and non-tidal components 

is the ability to synthesise a combined probability distribution, considering assumptions 

of relative tide and non-tidal dependence (Pugh & Vassie 1980; Middleton & Thompson 

1986). Although such techniques allow extrapolation of relatively extreme event 

probabilities from short data sets they may be sensitive to event persistence, seasonal and 

inter-annual non-stationarity, requiring careful formulation (Dixon & Tawn 1997). The 

method of separating harmonic terms has been progressively extended through the 

refinement of tidal analysis techniques and distinction of non-tidal phenomena, usually 

through consideration of temporal or spatial scales (Komar & Enfield 1987; Pugh 1993; 

Jay & Flinchem 1999; Leffler & Jay 2009). The role of inter-annual tidal cycles to cause 

variation in the frequency of flood events has been recognised within meso and macro 

tidal regions (Wood 1978, 2001; Dixon & Tawn 1998; Araújo & Pugh 2008; Menéndez 

et al. 2009). 

A common separation of non-tidal phenomenon derives a linear trend of ‘mean 

sea level’ with the remainder being considered ‘surge’ (Pirazolli 1989; Amin 1993; Dixon 

& Tawn 1994). Detrending also has the advantage of being a suitable initial step for tidal 

harmonic analysis (Foreman 1977). A complication is brought about by inter-annual or 

decadal scale sea level variations, which may result in non-linear trends (Gornitz 1993; 

Sturges & Hong 2001; Jevrejeva et al. 2006; Ryan & Noble 2007; Woodworth et al. 

2007). A technique to isolate decadal scale variations is use of a composite index 

developed from multiple tide stations (Pugh 1993; Haigh 2009). 

Where there are multiple signals within the non-tidal record, these may be 

separated through continuous wavelet analyses (Jay & Flinchem 1997; Jevrejeva et al. 

2006) or temporal bandpassing (Provis & Radok 1979; Pasaric & Orlic 2001; Bromirski 

et al. 2003). The latter, comparatively simple approach enables distinction between short-

term and persistent non-tidal signals, which allows improved statistical integration with 

tidal variations. 
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The Swan River region has a mixed, mainly diurnal micro-tidal climate, with a 

lowest to highest astronomic tidal range of 1.2m (Easton 1970; Davies 1980). The 

combination of small tides with low energy estuarine wave conditions has determined 

that low lying foreshores developed over the Holocene. In the early decades after 

European settlement this enabled extensive flooding from both marine and fluvial sources 

(Fraser 1905; Riggert 1978; Middlemann et al. 2005). Although much of the foreshore 

has subsequently been raised and protected through reclamation and walling, extensive 

foreshore infrastructure, including major arterial road and rail systems, is located at 

comparatively low levels.  Overtopping of foreshore walling typically occurs with levels 

above 1.6m relative to chart datum (CD), with foreshore flooding potentially occurring 

when the water level is above 1.75m CD. Consequently, this setting is highly sensitive to 

fluctuations in the frequency of coastal flooding. Over the last two decades, the perception 

of an increased frequency of coastal flooding events has been recognised by civil 

management authorities in the Swan River region. The estuarine foreshores are 

particularly susceptible to such events, as river walling has been constructed to cater only 

for a micro-tidal regime with small estuarine fetch-limited waves (Eliot et al. 2006). 

Water levels are measured in the Swan River as part of tidal and river monitoring 

programs managed by the Western Australian departments of Transport and Water, and 

the Fremantle Port Authority (Figure 6-1). Coverage of the river has progressively 

advanced, along with improved instrumentation capable of sampling at higher 

frequencies (Table 6-1). Long-term water level data has been collected for the lower Swan 

River, within the estuary at Barrack Street and near the river mouth at Fremantle. Water 

levels are recorded within the Swan River channel using stream gauges, with 14 years 

data collected at stations in Guildford and Upper Swan. 
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Table 6-1: Water level records in the Swan River Region 

Location Gauge type Installation 
Time 

interval 

Accuracy 

Fremantle Harbour Bailey Drum 1887-1966 
1 hr ±100 mm 

Fremantle Harbour Leopold-Stevens 1971 on 15 min ±10 mm 

Fremantle Fishing Boat Harbour Leopold-Stevens 1966-1971 15 min ±10 mm 

Hillarys Boat Harbour Seaframe 1991 on 6 min ±5 mm 

Barrack Street Tide Board (manual) 1930-1976 Month ±100 mm 

Barrack Street Leopold-Stevens 1988 on 15 min ±10 mm 

Guildford (Woodbridge) Leopold-Stevens 1997-1999 15 min ±10 mm 

Guildford (Meadow Street) Stream gauge 1989 on 1 hr  

Upper Swan (Great Nthn Hwy) Stream gauge 1996 on 1 hr  

Leopold-Stevens tide gauges used float-chart transcription 

 

A recording gauge was built as part of the Fremantle Harbour works in the 1890s, 

which serves to provide an exceptionally long record from Fremantle. This data set has 

been extensively analysed for a wide range of processes, including tides (Easton 1970), 

surges (Provis & Radok 1979; Fandry et al. 1984), shelf waves (Hamon 1966; Chapter 

4), seasonal cycles (Pariwono et al. 1986), shelf currents (Pattiaratchi & Buchan 1991; 

Feng et al. 2004) and mean sea level change (Church et al. 2006). The analyses have 

identified an overall sea level rise (Mitchell et al. 2000; Lambeck 2002) and correlation 

of inter-annual fluctuations with the Southern Oscillation Index (Aubrey & Emery 1986). 

Seasonal fluctuations demonstrated by monthly mean water levels have been related to 

Ekman set-up from the shelf-edge Leeuwin Current (Thomson 1984; Feng et al. 2004). 

Barrack Street was the location of the Port of Perth from the start of the Swan 

River Colony in the 1830s. However, systematic and regular water level monitoring did 

not commence until after severe flood events in the 1920s. At Barrack Street (Perth), tides 

were manually recorded, normally identifying daily extremes, although occasionally 

recording flood events with a higher sampling frequency (Bennett 1940). Although much 

of this record is not readily available, the Public Works Department retained a set of 

monthly minima and maxima from 1930 to 1976, which was used for extreme water level 
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analysis and definition of flood risks (Scott 1977). Subsequently, a recording tide gauge 

was installed, with paper tape records from 1976 to 1988 and digital records from 1988 

onwards. Due to the nature of its long-term record, the Barrack Street data has been less 

widely examined than the Fremantle record, typically using short data extracts to analyse 

estuarine processes (Stephens & Imberger 1996; O’Callaghan et al. 2007). 

An important consideration suggested by the range of previous analyses is the 

diversity of water level processes and their relative similarity in amplitude (Table 6-2). 

Within the Swan River region daily tides, surges, seasonal and inter-annual fluctuations 

are all in the range of 0.3 to 0.6 m (Easton 1970; Silvester & Mitchell 1977; Pariwono et 

al. 1986; Amin 1993). These fluctuations occur on top of a gradual long-term sea level 

rise (Mitchell et al. 2000; Church et al. 2006). Furthermore, the region is affected by a 

range of weather events from the tropical, extra-tropical and mid-latitude zones (Karelsky 

1961; Coleman 1972; Gentilli 1971; Lourensz 1981; Steedman & Associates 1982; 

Panizza 1983). The frequency, intensity and system tracks are all subject to variation 

(Steedman & Associates 1982; Trenberth 1991; Broadbridge & Hanstrum 1998) with the 

potential for the remote generation of travelling water level signals (Hamon 1966; 

Chapter 4).  

Two studies widely used in the evaluation of flood levels and corresponding 

horizontal setbacks for development in the lower Swan River estuary were based upon 

fitting of total water level peaks to extreme distributions (Scott 1977; MP Rogers & 

Associates 2003). A total water level analysis separating the Fremantle data set into pre 

and post 1950 data sets has been used to demonstrate the influence of mean sea level 

change over this period (Church et al. 2006). Previous analysis of coastal flooding within 

the Swan River region has not simultaneously considered the diversity of processes 

potentially affecting the frequency or magnitude of flood events. 
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Table 6-2: Water level processes previously identified in Fremantle record 

Process Duration Scale Reference 

Wave action 2–20 sec ~ 5m Lemm et al. (1999) 

Wave set-up / beat 5–30 mins ~ 0.3m Bode & Hardy (1997) 

Seiches 30–90 mins ~ 0.2m Allison & Grassia (1979) 

Pressure surge 1–3 hours ~ 0.2m Reid (1990) 

Wind set-up 3–6 hours ~ 0.2m Pugh (1987) 

Tidal conditions 12–24 hours ~ 1.0m Easton (1970) 

Sea breezes 24 hours Not 

determined 

Maselink & Pattiaratchi (2001) 

Pressure systems 

(cycle) 

1–10 days ~ 1.0m Hamon (1966) 

Shelf waves 3–10 days ~ 0.6m Fandry & Steedman (1994) 

Spring-Neap cycle 2 weeks ~0.4m  

Density changes 1-3 months ~0.3m Dept of Environ. Prot (1996) 

Seasonal tide cycle  ~0.2m  

Leeuwin Current  Seasonal ~ 0.2m Pattiaratchi & Buchan (1991) 

Oceanographic 

forcing 

 ~0.5m Church et al. (2006) 

Climate variability Decades ~ 0.2m Pariwono et al. (1986) 

Nodal tide 18.6 years ~ 0.1m Eliot (2010) 

Climate change 103+ years ~ 10m Wyrwoll et al. (1995) 
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6.3 Method 

In this chapter, field data from four sites within the lower Swan River was used to 

examine coastal flooding instances, identify the roles of various water level processes 

within different parts of the estuary and to describe the changes in coastal flooding 

frequency over the historic period. The long hourly record at Fremantle (1897 to 2009) 

allowed assessment of long-term variation of processes, whilst the shorter estuarine 

records indicated the extent that coastal flooding processes were active up the river. The 

most upstream location, at Upper Swan, was set above typical water levels and therefore 

did not capture day-to-day water level variability.  

A method has been developed to concurrently examine diverse processes, 

particularly to investigate the proposition that there has been a change in coastal flooding 

character over the last 20 years. The approach was built upon concepts that identification 

of water level processes is time scale dependent, and ‘variability’ from a fitted model may 

be attributed to a combination of red and white noise (Komar & Enfield 1987; Pugh 

1993). Processes considered within this analysis were similar to those examined by Dixon 

& Tawn (1998), Méndez et al. (2007) and Menéndez et al. (2010). However, a top-down 

approach was implemented to provide an investigative rather than predictive focus. 

Swan River water level data sets were examined at supra-decadal, decadal and 

sub-decadal time scales. Decomposition of the water level record into tide, surge and 

more slowly varying water level processes was undertaken to distinguish the source of 

sub-decadal variations. 
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Figure 6-2: (a) Barrack Street extreme water levels; and (b) Fremantle annual 

means 
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Comparison of extreme water level distributions from two historic periods suggests that 

mean sea level variation has a strong influence upon the incidence of coastal flooding. 

(a) Shows the extreme water level distribution from two periods of observation at Barrack 

Street, including an early data set reported by Scott (1977). There is strong similarity in 

the shape of the extreme distribution, with a difference in the range of 0.06-0.09m. (b) 

Annual mean sea levels from Fremantle indicate that the corresponding mean sea level 

change between the two periods is 0.07m. 

6.3.1 Supra-decadal Processes 

Variation of coastal flooding frequency over supra-decadal time scales has 

previously been undertaken for Fremantle using the sea level offset method (Church et 

al. 2006). This suggested that the mean sea level change provided the major source of 

difference in the change of extreme flood levels between the periods pre and post 1950.  

The historic data set of monthly maxima at Barrack Street from 1930 to 1976 provides an 

opportunity for partial verification of the findings for Fremantle through comparison with 

hourly digital data from 1988 to 2005 (the ‘modern’ data set). The method of Scott (1977) 

was repeated to provide direct consideration of the levels historically used for 

management of the lower Swan River estuary. 

In the present analysis, monthly maxima were derived from the recent data set, 

with a peaks over threshold analysis applied individually to the historic and modern 

maxima, with a threshold of 1.5m CD. Following the method outlined by Petrauskas & 

Aagaard (1971), the events were assigned a plotting position, which approximate the 

probability of exceedance over the observation period, through the formula: 
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where: R(xi) was the rank of the individual event level; a and b were distribution 

parameters in the range 0-1; and N was the total number of events exceeding the 

threshold. A Poisson distribution was used to convert the plotting probability to an 

equivalent annual probability of exceedance, PA, which in turn was used to approximate 

the average recurrence interval (ARI): 
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The offset and slope (on a log-linear plot) of extreme event distributions for the 

historic and modern periods were compared to identify changes in mean level and relative 

storminess. 

6.3.2 Decadal Processes 

The role of decadal scale tidal and mean sea level processes upon coastal flooding 

frequencies has been recognised in other parts of the world (Méndez et al. 2007). These 

influences needed to be resolved to help interpret sub-decadal variability. The extended 

high resolution Fremantle data set from 1897 to 2009 facilitated identification of decadal 

scale processes over the 20th Century and early part of the 21st Century. Changes in coastal 

flooding frequency were examined through three techniques: 

 Comparing the number of hours each year that thresholds were exceeded; 

 Cumulative sum of the number of occasions that thresholds were exceeded; and 

 Analysis of annual standard deviations from hourly water levels (following 

National Tidal Facility 2000; Araújo & Pugh 2008). 

Variability of annual mean sea level has previously been identified within the 

Fremantle data set strongly correlated with El Niño-Southern Oscillation (ENSO) climate 

indices and hence related to climate cycles (Aubrey & Emery 1986; Pariwono et al. 1986; 

Pattiaratchi & Buchan 1991; Lambeck 2002; Feng et al. 2004). The influence of ENSO 

variations upon threshold exceedance was examined by adjusting the thresholds on a 

yearly basis, by the annual average sea level. Secular changes due to extensive harbour 

and river works have been considered qualitatively by examining whether changes 

coincide with or are subsequent to major works (Riggert 1978; le Page 1986). 

6.3.3 Sub-decadal Processes 

Resolution of sub-decadal changes in coastal flooding frequency required analysis 

of sea level variability at fine time scales. However, the use of smaller time scales was 

recognised to increase the non-stationarity of the observed water levels, and be more 
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strongly affected by diverse processes than the use of annual maxima or peaks over 

threshold methods. Consequently, a general approach of decomposition was applied, with 

temporal band passing to separate the constituent parts (following Provis & Radok 1979; 

Pasaric & Orlic 2001; Bromirski et al. 2003). 

At the three downstream tide stations, the water level record was split into three 

separate signals, arguably following the tide, surge and mean sea level decomposition 

(Pugh 1987): 

FastModerateSlow
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Slowly varying processes were separated using a 30-day running mean, applied 

to hourly water levels. A Doodson-X0 tidal filter was applied to the residual after the 

running mean, capturing the rapidly varying water level fluctuations. The residual after 

removal of the tidal signal and the running mean was considered an approximation to 

atmospheric surge, noting that slowly varying surge processes contributed to the low 

passed signal. 

Seasonal cycles of the observed water level and each of the three components 

were examined by developing monthly percentiles of exceedance. Following Chapter 5, 

annual standard deviations of the decomposed tide and surge signals have been used to 

provide further insight into the long-term variation of flood event frequency. 

Variation of the seasonal timing of mean monthly sea level variation was 

examined as a possible source of variation in the frequency of coastal flooding, through 

interaction with the relative phases of tide and surge. The annual peak of mean monthly 

sea level was identified from 1897 to 2009. Decadal-scale variations were examined by 

considering the relative number of annual peaks in each calendar month over a decade, 

determined for progressive overlapping ten year blocks (1897 to 1906, 1898 to 1907… 

2000 to 2009). 
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6.3.4 Spatial Analysis   

Time series of the highest observed coastal and riverine flooding events were 

examined, to identify key differences between the four sites. Specifically, variability of 

the Fremantle record was considered to reflect coastal processes, and the Meadow Street 

record was considered to represent river floods. The nature of flooding process 

propagation was considered in terms of signal amplitude and time lag of signal peaks. 

Decomposed signals (tide, surge and mean level) were compared between 

locations, to identify their relative contribution to flooding at each location and their 

seasonal influence. Damping and lag were further examined using lag correlations for 

selected two week long periods to examine seasonal variations. 

6.4 Results 

The historic (1930 to 1976) and modern (1988 to 2005) Barrack Street water level 

data sets each contained four occasions above 1.7m CD. However, when the length of the 

record is considered, it is apparent that thresholds are reached more frequently in the 

modern record. Scott (1977) identified 29 months over 47 years from 1930 to 1976 during 

which one or more events occurred with a maximum water level above 1.5m CD. In the 

modern record, this threshold was exceeded during 27 months in the 17 years from 1988 

to 2005. This represents almost a three-fold increase in the occurrence of high water 

levels. Extreme distributions fitted to the historic and modern data sets for Barrack Street 

were almost parallel, with the modern levels offset 0.06 to 0.09m higher than the historic 

distribution, reducing from the 2 year to 50 year ARI (Figure 6-2). However, the parallel 

character of the distributions was highly dependent on a single extreme storm event from 

May 2003. 

The similarity between the offset and mean sea level suggests changing flood 

behaviour at a supra-decadal scale is consistent with mean sea level being a major factor 

affecting flood occurrence. However, there is high uncertainty associated with extreme 

distributions and the aggregated nature of the distribution fitting provides opportunity for 

higher frequency fluctuations in flood incidence to be obscured. Consequently, further 

investigation at decadal and sub-decadal time scales was undertaken to ascertain whether 
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other factors influenced flood occurrence, particularly over recent decades where there 

has been a public perception of changing flood behaviour. 

The number of hours each year that high water level thresholds were reached in 

the Fremantle record showed considerable variability, with 1.4m CD being reached from 

0 to 35 hours in different calendar years (Figure 6-3a). There was a general increasing 

trend of high water level occurrence over the data record, although highly modulated by 

cycles of higher and lower activity. The most frequent flooding events occurred during 

1999-2000 and 2008-2009, associated with La Niña conditions. Adjusting the thresholds 

to account for annual average sea level removed the apparent trend and suggested an 

irregular harmonic modulation (Figure 6-3b). The cumulative sum of the number of 

occasions above a threshold (Figure 6-3c) also showed the characteristics of increasing 

gradients and clusters of high water level events. The gradient of the 1.6m CD cumulative 

curve increased from approximately 10 per decade to more than 25 per decade.  

Analysis of annual standard deviations was applied as a technique to identify the 

inter-annual variability, calculated from the total water level record, the tidal estimate and 

the surge approximation (Figure 6-4). The total water level showed a cyclic pattern, of 

roughly 0.04m range, apparently overlaid upon a rise over the historic record. Standard 

deviations of the tidal estimate showed harmonic behaviour, with an increase over time. 

Standard deviations of the surge approximation showed a relatively random nature, with 

slightly greater year-to-year variability prior to 1940, during the 1950s and in the 1990s 

and 2000s.  
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Figure 6-3: Annual hours and cumulative count of exceedance events 
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The count of observations above vertical thresholds is derived from the hourly water 

levels for each calendar year. This indicated a significant increase in flooding events over 

the historic record. (b) The influence of mean sea level change was removed by evaluating 

the count of observations above moving thresholds, based on threshold – MSLann mCD, 

where mean sea level was derived for each calendar year. (c) Presentation of cumulative 

sum of hours above the moving thresholds graphical indicates changing flood incidence 

(as indicated by general change to slope) or brief episodes of active flooding (indicated 

by steps). It is noted that some of these steps correspond to peaks of the lunar nodal cycle, 

with others considered likely to be storm activity. 

 

Figure 6-4: Annual standard deviations from Fremantle 1897 to 2009 

This analysis is based on synthetic hourly water levels from 1897 to 1965, combined with 

digital records from 1965 to 2009. Early information includes discontinuous Bailey Drum 

records, which was subject to limited control of the vertical datum. Separation of tide and 

surge approximations was developed using a 30-day running mean to estimate mean sea 

level and a Doodson-X0 filter to approximate tide. Strengths and weaknesses of this 

processing approach are discussed in Section 3.3. 
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This method of analysis over decadal and annual time scales was recognised to 

provide a relatively limited measure of surge influence, as annual standard deviation of 

surges is affected by both amplitude and duration of surge events. For example, a series 

of small surges may cause the same standard deviation as a single large surge, although 

the latter is typically more significant for the likelihood of extreme flooding. 

Consequently decomposition of the total water level signal into tide, surge and mean sea 

level processes was undertaken using temporal band-passing. The nature of the seasonal 

interactions between these processes to drive coastal flooding at Fremantle was examined 

through monthly exceedance distributions for each signal. 

Monthly distributions of observed water level at Fremantle are shown in Figure 

6-5a. The median behaviour was approximately sinusoidal, peaking in May-June, with an 

extended period over which the median water level was low from October to February. 

The 98% (low) and 2% (high) exceedance levels diverged from the median behaviour. 

The 98% exceedance level peaked in June and was lowest in December-January. The 2% 

exceedance level peaked in June and was low in March and October. The 0% exceedance 

level (highest observed in that month) was above 1.5m CD for all months except October 

and November. However, 85% of such events occurred in the months of May to July. 

The median of the monthly distributions of slowly varying water level at 

Fremantle had an annual cycle, skewed from a sinusoidal pattern, peaking in May, with 

an extended period over which the median water level was low from October to January 

(Figure 6-5b). The 98% (low) and 2% (high) exceedance levels corresponded well to the 

median behaviour. 

Monthly distributions of tidal variation at Fremantle had a biannual cycle, peaking 

in June-July and December-January (Figure 6-5c). Solstitial peaks are characteristic of 

diurnal locations, as the declination of the Moon is maximum (Pugh 1987). At higher or 

lower exceedance levels, the range of the seasonal cycle increased.  

Monthly distributions of the residual water level (surge approximation) at 

Fremantle are shown by Figure 6-5d. The 98% (low) exceedance level had small seasonal 

variations, with slightly lower levels in February-March and June-July than other periods 

of the year. The 2% (high) exceedance level had a sinusoidal pattern, peaking in June-
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July. The 0% exceedance level was high in January-February and May to July, although 

the number of events above 0.4m was much fewer for the summer period than during 

winter. 

It was understood that the patterns of tide, surge and mean sea level at Fremantle 

were likely to change further up the estuary and river channel. Consequently, the relative 

influence of river and coastal flooding processes at the estuarine stations was examined 

using time series for large recorded flood events of each type. A large river flooding event 

was recorded in January 2000, which showed a clear super-elevation of the water levels 

at Guildford above those at Barrack Street for a number of days (Figure 6-6a). Peaks 

occurred simultaneously at Guildford and Upper Swan, with a small peak occurring at 

Barrack Street five days later.  During other periods of the year, the daily maximum at 

Guildford strongly corresponds to the daily maximum at Barrack Street.  
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Figure 6-5: Seasonal distributions of decomposed Fremantle water levels 

Hourly data from 1959-2012 has been used to examine seasonal distributions. Separation 

of tide, surge and mean sea level approximations was developed using a 30-day running 
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mean and a Doodson-X0 filter. (a) Total water level has an annual cycle, with a peak 

around May to June, although high water levels have been observed between January 

and September; (b) Mean sea level has an annual cycle, with a peak occurring around 

May to June; (c) Surge occurs mainly during winter months, but comparatively large 

events have occurred between January and September; (d) Tide has a twice-annual cycle, 

with peaks occurring near the solstices in June and December. 

 

Figure 6-6: Large recorded coastal and river flood events 
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This figure shows data from the three measurement stations within the lower Swan River 

estuary and river channel. It indicates that the estuary is predominantly subject to coastal 

flooding and by Upper Swan flooding is fluvial in nature, with a transition occurring in 

between. (a) The largest river flooding event in the Guildford and Upper Swan records 

occurred without a corresponding peak downstream at Barrack Street. (b) The highest 

coastal flooding event was apparent at both Barrack Street and Guildford, but did not 

reach upstream to Upper Swan, although it was followed by subsequent runoff flooding. 

The largest recorded coastal flooding event occurred in May 2003, in which the 

Barrack Street and Guildford levels peaked on the same day, with Guildford slightly 

lower than Barrack Street (Figure 6-6b). Water levels at Upper Swan peaked two days 

later, when the Guildford peak had receded. Throughout the period shown in Figure 6-6b 

water levels during fortnightly high tides were slightly higher at Barrack Street than at 

Guildford.  

The variations between Fremantle, Barrack Street and Guildford prompted further 

analysis of the water level signals using the bandpass decomposition. Over the period 

1989 to 2008 significant differences between sites for each of the mean sea level, surge 

and tide signals were identified (Figure 6-7). Mean sea level variations were strongly 

coherent between the three sites, except for brief periods of riverine flooding, which 

appeared as spikes at the Guildford station. The surge approximation was almost identical 

for Fremantle and Barrack Street, with a slightly more variable signal at Guildford, which 

apparently captured brief periods of river flooding. The tidal signal, measured by standard 

deviation, reduced approximately 20% between Fremantle and Barrack Street, with a lag 

of approximately 2.5 hours. The ratio and lag of the tidal signal between Fremantle and 

Guildford varied throughout the year. The biannual tidal signal, which is almost equal at 

Fremantle, became disproportional up river, with a larger tide range during summer than 

during winter, with Guildford varying seasonally from approximately 80% down to 35% 

of Fremantle daily tide range. The tidal lag from Fremantle to Guildford changed from 

approximately four hours during summer to six hours during winter. The 18.6 year nodal 

cycle was apparent in the tidal signal at all three sites. 
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Seasonal distributions of the Barrack Street decomposed hourly water levels 

(Figure 6-8a-c) indicated that the characteristics of the Fremantle distributions were 

retained, with a slight damping of the tidal signal. 

Seasonal distributions of the Guildford decomposed hourly water levels (Figure 

6-8d-f) indicated that a number of the characteristics of the Fremantle distributions were 

not retained. The median mean water level at Guildford peaked in July, apparently in 

response to winter river flows rather than mean sea level, which peaked in May-June 

(Figure 6-5). The highest surge approximations occurred in July to September, which was 

slightly later than at Fremantle. The typical pattern of daily variations varied with 

exceedance level, from an annual signal peak in December at the 10% exceedance, to a 

biannual signal peaking in June and December at the 2% and annual maximum 

exceedance. 
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Figure 6-7: Decomposition of water level signals 
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Decomposed water level signals based on hourly water level data from Fremantle, 

Barrack Street and Guildford are presented. The decomposition used a 30-day running 

mean and Doodson-X0 filter to provide approximations for tide, surge and mean sea level. 

Comparison of mean sea level time series (left panels) indicates that there is a substantial 

difference in the regime at Guildford, as irregular winter flood affect the mean level. 

Surge approximations (centre panels) show a decline in surge within the estuary at 

Barrack Street, with coastal flooding from Fremantle damped, and runoff flooding 

observed at Guildford being dispersed within the wider area of the estuarine basin. Tidal 

approximations (right panels) show declining tide range upriver, with the tidal signal at 

Guildford affected during runoff flooding. At all sites, tidal modulation characteristic of 

the lunar nodal cycle was evident. 

 

Figure 6-8: Seasonal distributions of decomposed water levels 

Seasonal distributions of tide, surge and mean sea level approximations for Barrack 

Street (left panels) and Guildford (right panels) were developed in the same manner as 

for Fremantle (Figure 6-5). The seasonal pattern from Barrack Street is very similar to 

that at Fremantle. The seasonal surge and mean sea level distributions are substantially 

different at Guildford, due to the influence of runoff flooding. 
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The seasonal characteristics of the tide, surge and mean sea level signals indicated 

that the processes are approximately in phase during May to July. However, the potential 

for the seasonal mean water level peak timing to shift (within the year) or for the peak to 

occur over a prolonged period was considered a potential source of variability in coastal 

flooding frequency. Consequently, mean sea level fluctuations were examined in greater 

detail using the Fremantle record (Figure 6-9). Annual mean water levels over recent 

decades were highly correlated with ENSO, as discussed by previous researchers (Provis 

& Radok 1979; Aubrey & Emery 1986). A large change in mean sea level from 1993 to 

2000 occurred as the result of a shift from El Niño to La Niña conditions (Feng et al. 

2004). Further variation was identified by removing the annual mean from monthly 

average water levels, indicating systematic variations of the seasonal range that are not 

coherent with annual mean sea level changes. Recent seasonal peaks occurred in 1998, 

1999 and 2003.The maximum difference between annual peaks was 0.15m, which was 

smaller than the 0.25m maximum difference between annual mean water levels. 

 

Figure 6-9: Decomposition of MSL signal 
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Monthly mean sea level from Fremantle was used to examine inter-annual and seasonal 

mean sea level variability. (a) Inter-annual mean sea level range from 1978-2008 was 

approximately 0.2m, underlying a seasonal range of approximately 0.4m. The majority 

of high monthly mean water levels were coincident with high annual mean sea level. (b) 

Cyclic variation of the seasonal range was apparent after removal of the inter-annual 

mean sea level fluctuation. Peaks or troughs of the seasonal range did not correspond to 

any particular phase of the inter-annual mean sea level fluctuation.  

Fremantle monthly mean water levels peaked between April and July in all years, 

mainly in May or June. The proportion of annual peaks, when examined using progressive 

10-year blocks, was mainly during June in the 1910s and 1950s (Figure 6-10). The most 

recent period, from the 1990s to present has had a very high proportion of highest monthly 

levels occurring during May. 

 

Figure 6-10: Variability of seasonal mean sea level signal  

Timing of the seasonal mean sea level was considered from the calendar months in which 

the seasonal peak occurred for each year. This is presented as the proportion of peaks 

within overlapping 10-year blocks. The overall record suggests long-term cyclic 

behaviour, with two cycles between 1910 and 1990. However, from the 1990s, there has 
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been a high occurrence of early season mean sea level peaks, which is not apparent in 

the preceding decades. 

6.5 Discussion 

The sea level offset method of Church et al. (2006) was used to provide a 

preliminary analysis of the Barrack Street data set and independent confirmation that the 

major supra-decadal change in flooding frequency is associated with mean sea level 

change. Notably, the method provided a relatively blunt tool, as the lumped nature of the 

analysis, where longer data sets were required to approach stationarity, prevented 

identification of sub-decadal variations. Consequently, the method was largely 

constrained to identifying the influence of historic sea level rise. 

Following similar interpretation of extreme data sets (Bijl et al. 1999; Church et 

al. 2006), the sea level offset was interpreted through a combination of vertical (mean sea 

level) and gradient (storminess) changes. Within this framework, the analysis for Barrack 

Street (Figure 6-2) implied a mean sea level offset of 0.05 to 0.09m, which was 

comparable with the corresponding 0.07m change in mean sea level between the historic 

and modern periods. Notably for this analysis, mean level rose 0.10m over the period 

1930 to 1976 and remained approximately constant from 1976 to 2005, albeit with some 

large decadal-scale variations associated with ENSO fluctuations. The nearly parallel 

nature of the two distributions implies a consistent level of storminess. However, the 

sensitivity of the extreme distribution fitting to outliers is highlighted by the influence of 

the May 2003 water level. Removal of this outlier suggested that the modern distribution 

was much flatter than the historic record, possibly indicating that the more recent period 

was less stormy. 

The long-term analyses of threshold exceedance and cumulative exceedance event 

count (Figure 6-3) showed progressive accelerating change and bursts of activity. The 

progressive change was apparently caused by sea level rise, with the acceleration likely 

to be caused by the non-linear relationship between exceedance levels and recurrence. 

The bursts of activity were partly explained by ENSO-driven mean sea level variations. 

However, removal of the annual average sea level variation indicated a regular harmonic 

pattern, corresponding to the 18.6 year lunar nodal cycle (Chapter 5). 
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The presence and timing of the nodal cycle was confirmed through annual 

standard deviations of the tidal signal, peaking in 1969, 1988 and 2006 (Figure 6-4). 

These are out of phase with modulations reported for semi-diurnal locations (Araújo & 

Pugh 2008; Menéndez et al. 2009) The apparent pattern of increasing tidal signal was 

neither confirmed nor refuted due to uncertainty associated with instrumentation changes 

or the effects of major capital dredging for Fremantle Port from 1954 to 1973 and in 1990.  

Annual standard deviations of the surge approximation, generated after both high and low 

band filtering, suggested a relative random signal, although with a change in character 

over decadal scales. At approximately 1990, inter-annual variability increased, which 

occurred during the lowest phase of the nodal cycle. This partly obscured the cyclic 

pattern of the annual standard deviations of total water level. 

Monthly distributions developed for the water level components (Figure 6-5) 

recreated the previously reported characteristics of tide, surge and mean sea level for 

Fremantle. Specifically: 

 The slowly varying signal provided an annual pattern matching those described 

by Pariwono et al. (1986) and Pattiaratchi & Buchan (1991) with a peak during 

winter months; 

 The tidal signal is biannual with solstitial peaks, which is a characteristic of 

mainly diurnal tidal conditions; 

 Large positive residuals mainly occur during winter months, which corresponds 

to the known period of winter storms (Gentilli 1971; Steedman & Associates 

1982); and 

 Occasional large positive residuals may occur over summer and spring; which 

includes tropical cyclone effects, either direct or through shelf waves (Chapter 4). 

Although these general patterns were recreated, it was recognised that the residual 

signal only provided a surge approximation. The use of bandpass filtering effectively 

transferred the slowly varying portion of the surge to the 30-day running mean sea level 

and may have transferred a portion of the surge to the tidal signal. Similarly, the 30-day 

running mean sea level included the influence of sustained variations in winds. As a 
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consequence, there was a seasonal difference between ‘storm events’ with corresponding 

surge levels: 

 Over winter months, a high positive surge was typically caused by the change 

from calm weather to strong westerlies; 

 During summer, high positive surges caused by local synoptic conditions were 

typically produced by change from sustained easterly winds to moderate 

westerlies. 

Monthly distributions of the observed water levels and the three derived 

components indicated the seasonal non-stationarity of tide, surge and mean sea level 

distributions. The three components all caused high water levels in the months of May to 

July, with the median behaviour only slightly out of phase. Consequently, high water 

levels were largely restricted to a relatively short period of the year, from May to July, 

despite the capacity for severe winter storm events to occur until September. 

The biannual tidal cycle provided the capacity for high water levels to be reached 

during December to February, despite relatively low mean sea levels. The majority of 

large surge events over these months were associated with tropical cyclone generated 

shelf waves, which may occur between December and April (Chapter 4).  

The large river and coastal flooding events (Figure 6-6) indicated the transition 

from coastal to river flooding dominance occurred in the vicinity of Guildford. Although 

river flooding caused the largest recorded water level event at Guildford, coastal flooding 

dominated daily variations and caused moderately high water levels. The source of each 

flood event was indicated by whether the Guildford peak lagged either the Barrack Street 

or Upper Swan stations. 

Temporal decomposition of the hourly water levels at Fremantle, Barrack Street 

and Guildford indicated the relative propagation of tide, surge and mean sea level 

fluctuations up river (Figure 6-7). Surge and mean sea level propagated virtually 

unmodified; however the tide was significantly modified. During summer months, the 

tide was reduced approximately 20% from Fremantle to Barrack Street, but with no 

significant further damping up to Guildford. During winter months, additional tidal 
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damping and lag occurred between Barrack Street and Guildford. It is considered possible 

that the increased tidal damping was caused by changes in baroclinic structure due to 

freshwater inputs during winter months. This seasonal variation provided explanation for 

some of the contrasting estimates of lag and damping derived within the Swan River. 

Annual and monthly mean water level variations were shown to contribute a 

similar range of water level variation between years (Figure 6-7). However, the relatively 

shorter duration of the seasonal ranging is considered likely to have limited the 

opportunity for coincident surge and high tide events. 

The apparent change in the seasonal occurrence of peak monthly water levels 

(Figure 6-8) has shifted the mean sea level peak out of phase from the surge and tidal 

peaks. In theory, if this shift occurred in isolation of any other change, this should have 

reduced the peak amplitude of coastal flooding. However, this effect is partly offset 

because the difference in phase allows an extended period when two or more components 

may be in phase. This extends the window for coastal flooding events approximately by 

a month and therefore enables a greater number of high water level events to occur.  

6.6 Concluding Remarks 

In this chapter, field data from four sites at Fremantle, Barrack Street, Guildford 

and Upper Swan was used to examine the temporal and spatial variability of diverse 

coastal flooding processes within the lower Swan River. The research aimed to assess the 

proposition that there had been a change in coastal flooding over the last 20 years, and to 

determine the spatial extent over which coastal flooding is active up river. 

The perception of increased frequency of coastal flooding has been confirmed. 

However, multiple active processes were identified as contributing factors to changes 

over the period 1990 to 2008, each with comparable amplitude (Table 6-3). These have 

occurred through sequential and overlapping contributions, combined with an overall 

modest sea level rise. 

Highest water level events occurred coincident with large surges in 1994-1996, 

1998 and 2003-2004. The most frequent flooding events occurred during 1999-2000 and 

2008-2009, associated with La Niña correlated high mean sea levels. 
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Table 6-3: Significant sub-decadal water level changes 1990–2009. 

Process Variation Timing 

Sea level rise 0.15 m Over 20th Century 

 0.03 m 1990-2009 (proportion) 

ENSO variability 0.25 m 1990-2000 

  El Niño to La Niña shift 

Seasonal variability 0.15 m 1990 (min) 

  2000 (max) 

Lunar nodal cycle 0.15 m 1997 to 2006 

  18.6 year cycle 

Surge variability (range 

of annual maxima) 
0.25 m 

1993 (min) 

2003 (max) 

Seasonal phase shift 
Does not change amplitude, 

but allows longer window 

1990 (late) 

2005 (early) 

 

Following previous analyses of multi-scaled processes (Komar & Enfield 1987; 

Pasaric & Orlic 2001), sustained signals were expected to be more likely to contribute to 

flooding frequency than short-duration signals. Whilst this was confirmed through 

comparison of year-to-year variation of flooding frequency, the factors contributing to 

changes in coastal flooding have not simultaneously been in positive phase since the 1928 

to 1932 and 1946 to 1952 tidal peaks, when marked flooding occurred (Riggert 1978). 

Interestingly, during the period 1990 to 1993, the factors were all in negative phase, with 

the nodal cycle dropping towards a low in 1997. The combination of all factors 

simultaneously in positive phase would raise floods levels by approximately 0.4m, which 

is comparable with projected mean sea level change over the next 50 to 100 years. The 

scale of this variation indicates that flood risk assessment in the Swan River Region 

should incorporate the major processes identified in this study and demonstrates a 

potential limitation of using historic extreme water level distributions to project future 

risk in a microtidal climate. 

A significant outcome of the water level analysis was that cyclic climate and tidal 

signals were larger in scale than random weather signals. Although extreme water levels 
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were all associated with high surges, mainly quasi-deterministic processes influenced the 

frequency of moderate coastal flooding. This raises the question whether conventional 

stochastic methods based upon historic flood records are appropriate to describe flood 

risk in this region. An advantage of the quasi-cyclic nature of flooding frequencies is 

improved predictability of coastal management requirements (e.g. maintenance), as 

previously applied in mesotidal and macrotidal locations (Méndez et al. 2007; Menéndez 

et al. 2009). The methodology applied in this research provides improved ability to 

distinguish processes causing sub-decadal changes in coastal flooding frequency. 

However, its relevance is expected to reduce significantly outside of micro-tidal, low-

surge environments.  

Comparison of tidal stations up river supports the previous understanding that the 

estuarine system effectively acts as a temporal filter, preferentially damping tides, with 

limited reduction of surges or mean sea level variations. The four stations examined 

demonstrated that the transition from coastal to river flood dominance occurs in the 

vicinity of Guildford. Sites with closer spacing are required to provide a detailed 

evaluation of the coastal flooding signal damping and lag up river; recognising that 

deployments should be for at least twelve months, to capture the significant seasonal 

effects. 

Results of this study will be used to help evaluate whether there is a need to review 

the development levels and setbacks for the lower Swan River estuary. The micro-tidal 

climate and the relatively low management threshold determined that a range of sea level 

processes actively influenced the frequency and level of coastal flooding. The diversity 

of driving processes and their range of scales need to be considered in decisions 

concerning flood management on the low lying estuary shores. 



 151 

 

 

Chapter 7 : Discussion and Conclusions  

The aim of the thesis was to examine relative contributions of different sea level 

phenomena to coastal flooding along the Western Australian coast. The knowledge to be 

developed was intended to support refined assessment of coastal hazard assessment and 

circulation studies for the Western Australian coast. In part this was to evaluate a 

previously unconfirmed perception of increased flooding occurrence. Due to the 

geographic extent of the Western Australian coast, a secondary focus was applied to the 

highly populated Swan River region adjacent to the State capital, Perth. 

The first phase of research involved exploration of the Western Australian tide 

gauge record, with three research pathways identified and subsequently evaluated: 

1. The association of anomalous surge events in the southwest with remote 

forcing from tropical cyclones in the northwest; 

2. The contribution of inter-annual tidal modulations to variability of high water 

level occurrence around the State. This included examination of effects on a 

range of tides, from microtidal, mainly diurnal conditions, through to 

macrotidal, semi-diurnal conditions; and 

3. Variability of high water level occurrence in the microtidal Swan River region, 

including interactions of storm events, mean sea level and tidal modulations. 

These pathways were evaluated through analysis of water level data from an existing 

network of twenty-six tide gauges, managed by the WA Department of Transport. 

Time series filters were applied to tide gauge records, typically with hourly data, 

to help distinguish between processes active over different time scales. The spatial 

observation framework was subsequently used to identify the geographic signature, 

coherence and nature of propagation of different phenomena. This represents a relatively 

conventional approach for analysis of multiple tide gauges (Pugh 1993), but has been 

undertaken over a larger spatial scale and broader oceanographic range than commonly 

reported in national or state level literature. It is further noted that global tide gauge data 

studies have either neglected the Western Australian coast (Woodworth & Blackman 

2004) or analysed more dispersed sets of tide gauges along the Western Australian coast 
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(Muis et al. 2016).  A dispersed set of gauges more clearly display discrete behaviour, 

but may reduce the ability to examine spatial transitions. Locations where global analyses 

have equivalent tide gauge density include the Atlantic coast of North America and the 

Pacific coasts of Asia, North America and South America. 

The Western Australian tide gauge network provides a natural laboratory for 

observation, with an extremely wide range of climatic, oceanographic and tidal 

conditions. This has included opportunity to explore the role of water level processes that 

are oceanographically unusual, including Ekman setup due to the shelf-edge Leeuwin 

Current, and tropical cyclone generated shelf waves propagating for thousands of 

kilometres. However, in counterpoint, the large geographic scale increases the potential 

for misattribution, particularly where there are interactions between forcing mechanisms.  

Simple numerical techniques have been used for analysis of water level time 

series. This provided a robust capacity to analyse extended data sets of varying length and 

with high rates of missing data. However, by using empirical methods, results can be 

influenced by the analysis parameters, and could be considered non-unique. This is 

illustrated by use of the Doodson-X0 filter, which has shown a capacity to characterise 

active surge processes (see Figure 3-11, Figure 6-5), as it does not distribute all ‘misfit’ 

to tidal residual. However, the consequent surge approximation has smaller amplitude 

than either tidal residual or skew surge, suggesting low capacity to use derived statistics 

for a joint probability method. It is considered plausible that use of spatially-based water 

level data (e.g. altimetry) or more conventional analysis techniques to decompose water 

level may help to refine aspects of this research.  

The research has confirmed the contribution of different sea level phenomena to 

coastal flooding along the Western Australian coast. It has identified and characterised 

several sea level processes that have otherwise been obscured or neglected in previous 

analyses and flooding assessments. The outcomes of the individual pathways of research 

are discussed in more detail in Section 7.1.  
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7.1 Discussion of Research 

Exploration of the tide gauge record for Western Australia has confirmed previous 

characterisation of coastal flooding, with high water levels principally associated with 

mid-latitude storms for the south of the State; and tropical cyclones in the north. However, 

this research has extended the previous research by demonstrating a diversity of water 

level processes active along the State’s coast. These phenomena provide seasonal and 

inter-annual variability of water level, including tidal modulations and mean sea level 

fluctuations, which act to precondition the coastal flooding risk associated with surge 

events. For the Swan River region, the similar amplitude of each of the water level signals 

makes the timing and interaction of multiple processes crucial to flooding likelihood. The 

deterministic nature of tidal modulations, together with the extended time scales of mean 

sea level fluctuations, supports improved prediction of flood hazard. 

A common theme identified through the research is how coincidental processes 

interact. Understanding and application of these interactions supports refined estimation 

of flood hazard. Interactions can be influenced by process time scales, relative phase or 

direction of propagation. An example is provided by the seasonal variability of tide, surge 

and mean sea level processes, such as shown in Figure 6-5. The relative phase of the three 

different components has implications for use of joint probability techniques, and may 

underplay the significance of processes typically occurring when other processes are in 

low phase. Over longer time scales, fluctuations in flood risk are influenced by the relative 

phase of mean sea level fluctuations, tidal modulations and storminess, as reported in 

Chapter 6.   

Evaluation of anomalous sea level fluctuations observed in the Southwest is 

discussed in Chapter 4. This research confirmed the anomalous behaviour is characteristic 

of continental shelf waves, originating from tropical cyclones in the Northwest, which 

then propagate along the coast for thousands of kilometres. The challenge of adequately 

modelling continental shelf wave generation, propagation and decay using numerical 

methods provides a strong justification for further empirical evaluation of remotely 

generated shelf waves. A key research question, which has been partly explored through 

the Bushfires and Natural Hazards Co-operative Research Centre since 2014, is the 
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transitional behaviour of coastally trapped waves across the Ningaloo region, where the 

negligible shelf width prevents propagation as a shelf wave. 

Typically the significance of tropical cyclone-induced shelf waves or direct surge 

from southward travelling tropical storms is offset by seasonal mean sea level and tidal 

phase. Consequently they have commonly been under-represented when considering 

flood risk for the Southwest, with a few notable exceptions (Martin et al. 2014). However, 

the signal time scale and southward propagation of either continental shelf waves or the 

storms themselves determines that a positive superposition with tide will always occur. 

As transit of the signal typically occurs over 2-3 days, a positive surge will always be 

coincident with the high tides occurring within this period. Also, as the surge signal 

propagates southward, in the opposite direction to the tide, there will always be at least 

one location on the west-facing coast where the shelf wave peak occurs simultaneous to 

the peak tide within the surge transit. 

Process interactions are particularly significant for flood risk associated with 

tropical cyclones. The opportunity for coastally trapped waves, direct surge and resonant 

response to storm system speed to occur coincidentally provides the capacity for greater 

water level response than might be expected than from estimations based on storm 

intensity and tide alone. Developing an understanding of flood risk associated with 

tropical cyclones is further complicated by the process of extra-tropical transition. 

Developing a greater understanding of transition characteristics in the southeast Indian 

Ocean basin remains an area of active research (Evans et al. 2017). 

Since publication of the research in Chapter 4, the improved understanding has 

been operationally applied by the Bureau of Meteorology for improved forecasting of 

hazard. Moderate-term hazard forecasting, say 7 days ahead, is available from predicted 

tropical cyclone pathway, using the synoptic typing described in Chapter 4. A short-term 

hazard estimate, say 2-3 days ahead, can be obtained by combining tide gauge 

observations with the characteristic speed of propagation (Figure 4-10), in an equivalent 

way to that proposed for the southern Australian coast (Mitchell et al. 1992). Although 

major flooding did not occur, two recent events displayed the potential for interaction of 

coincident processes. Tropical cyclone Bianca (January 2011)  and tropical cyclone 

Narelle (January 2013) both occurred during a phase of high mean sea level and can be 
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considered near misses with regards to simultaneous occurrence of tide, direct surge and 

shelf waves. 

The potential contribution of tidal modulation to coastal flooding hazard has been 

evaluated using a relatively straightforward method based upon time-series filtering, 

detailed in Chapter 5. Two principal cycles have been confirmed as being strongly linked 

to tidal form along the Western Australian coast. For mainly diurnal sections of coast in 

the southwest, the 18.6 year lunar nodal cycle contributed to variation in coastal flooding 

risk. On the mainly semi-diurnal northern sections of coast, a 4.4 year cycle was 

identified, which corresponds to the first sub-harmonic of lunar perigee. This finding 

confirms the understanding of perigean and nodal cycles examined in detail for the United 

States coast (Wood 1978, 2001b). However, it is noted that previously applied analytic 

techniques assessed the role of each modulation separately, and often only resolved the 

effect of the 18.6 year nodal cycle. The technique developed for this research is capable 

of simultaneously resolving the influence of both perigean and nodal modulations. 

A major research question prompted by Chapter 5 is whether the relationship 

established between tidal form and modulations of high water level occurrence is 

applicable on a global basis. This question has subsequently been addressed through 

collaborative research (Haigh et al. 2011) and is considered ancillary research that has 

followed from this thesis. 

The key importance of understanding tidal modulations is improved forecasting 

of periods of flood risk. However, modulations may also have implications for other 

forms of tidally-influenced dynamics, including coastal stability (Gratiot et al. 2008) or 

estuarine water quality (Rochlin & Morris 2017). Investigation of inter-annual coastal 

change for Scarborough Beach, Western Australian identified that tidal modulation plays 

a secondary role in inter-annual beach width variability (Eliot & Travers 2011). Further 

research into the response of tidally-dependent systems is warranted, with existing case-

studies more commonly inferred from cycle duration, rather than the specific timing, 

which can be computed. 

Exploration of historic water level records within the lower Swan River estuary, 

as reported in Chapter 6, has confirmed a perception of changing occurrence of coastal 
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flooding between 1897 and 2013. However, identification of processes contributing to 

this change has determined that change was not singularly determined by sea level rise, 

with several different contributing processes, each active at different times. There has 

been a relative absence of flood-enhancing processes coinciding over the last 50 years. 

However, should such a coincidence occur, there is potential for a secular change of flood 

hazard equivalent to a 0.4m sea level change. It is anticipated this would parallel 

historically damaging phases during the 1930s and 1950s. 

Overall, my research demonstrates historic flood occurrence is not a direct 

function of sea level rise and storm intensity, although these factors contribute 

significantly to sea level variability. Flood occurrence may also be influenced by mean 

sea level variability and tidal modulations, particularly if these are in phase with other 

processes. There may be consequent implications for interpretation of historic coastal 

flooding rates, such as those derived from radiometric dating (Nott 2011) or optically 

stimulated luminescence. Neglecting how multiple sea level processes may coincide, can 

potentially underestimate projected coastal flooding risk, particularly if the state-space is 

synthetic. 

7.2 Scientific Context of Research Questions 

The geographic and situational relevance of the main research questions are 

considered here. Although many water level phenomena can be detected in different water 

bodies, their relevance can vary substantially according to their amplitude and timing 

relative to other processes. 

Chapter 4 evaluates the propagation of continental shelf waves generated by 

tropical storms. Although this is partly paralleled for all coastal margins subject to tropical 

storms (Tang & Grimshaw 1995; Yankovsky 2008, 2009; Kennedy et al. 2011; Ke & 

Yankovsky 2011), there are a number of oceanographic characteristics along the Western 

Australian coast likely to enhance the significance of the phenomenon compared to other 

locations: 
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 The Northwest Shelf structure is suitable for enhanced shelf wave 

generation, with a broad, shallow and east-west facing coast comparable 

only to the Gulf of Mexico; 

 Continental curvature broadly matches the recurve of tropical storms as 

they pass 20o latitude, giving greater opportunity for reinforcement of the 

travelling wave; 

 Poleward movement of the travelling wave corresponds to increasing 

Coriolis. As this is the restoring force for shelf waves, there is potential 

for extended propagation. 

These characteristics enhance the capacity for tropical cyclones to generate perceptible 

continental shelf waves on the Western Australian coast. It is also plausible that other 

oceanographic characteristics, such as the poleward travelling shelf current (the Leeuwin 

Current) or the microtidal climate of the southwest region, may contribute to the relative 

significance of this phenomenon. 

The contribution of inter-annual tidal modulation to coastal flooding along the 

west Australian coast was explored in Chapter 5, with a technique developed to 

simultaneously evaluate the influences of lunar nodal and perigean cycles. Confirmation 

of a strong relationship to tidal form prompted postulation of global relevance, which has 

been subsequently explored following publication of the Chapter (Haigh et al. 2011). It 

is worthwhile noting that the contribution of inter-annual tidal modulation to flooding can 

be obscured when considering extreme flooding (Menéndez & Woodworth 2010) and is 

sometimes confused with the much smaller amplitude mean sea level fluctuations 

associated with the same lunar cycles (Houston & Dean 2011; Woodworth 2012). 

Chapter 6 outlines contributions of different water level processes to sea level 

variability within the micro-tidal estuarine setting of the Swan River and considers the 

seasonal and inter-annual interactions of those processes. Substantive influence of mean 

sea level trend, climate cycles, relative storminess and tidal modulation was demonstrated 

to affect flooding occurrence. Although equivalent analyses have identified roles for these 

phenomena (Menéndez & Woodworth 2010), the Swan River setting represents a 

comparatively unusual case, where different phenomena have closely equivalent 
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influence. The potential contribution of different processes to high water level occurrence 

has significance for the determination of observational relationships between sea level 

extremes and mean sea level change (Mawdsley et al. 2015; Arns et al. 2017). It is noted 

that interaction of multiple inter-annual processes may provide the opportunity for short-

term secular change that is distinct from secular trends of high water levels (Mawdsley 

2016). The capacity for anomalous periods of coastal flooding to occur has been 

anecdotally reported for the Swan River region (Fraser 1905). 

Differences in how tides, surges and mean sea level processes transition in the 

Swan River from the ocean to the upper estuary were identified in Chapter 6. This 

behaviour is considered generally relevant to estuarine systems, due to the relative time 

scales of the different forcing mechanisms. However, differences in estuarine 

morphology, tidal regime, surge climatology and fluvial discharge will substantially 

affect the relative signal transitions. The Swan River is an unusual case, with a deep relict 

estuarine basin, microtidal conditions and low fluvial discharge, which potentially limits 

inference of the findings to other estuaries. 

7.3 Context of Approach in Academic and Professional Practice 

Decomposition of water level records in order to identify water level phenomena 

is widely undertaken in academic and professional practice. Key reasons for undertaking 

decomposition include isolation of a signal when characterising an active process; or 

characterisation of independent processes to support an improved representation of the 

state-space through joint probability methods (Pugh & Vassie 1980; Middleton & 

Thompson 1986; Dixon & Tawn 1994, 1997). However, the approach used has become 

increasingly convergent, built around common practices for tidal analysis (Foreman 

1977; PCTMSL 2007) and data storage, such as hourly or monthly data, with the 

classification scheme of tide, surge and mean sea level used to decompose observations 

and rebuild flood likelihood estimates. 

Identification of multiple water level processes with overlapping time scales may 

provide several challenges for characterisation, prediction and flood hazard assessment 

(Jay & Flinchem 1999). These include: 
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 By neglecting or discounting active processes, sources of water level 

variability will not be included in prediction. This has the potential to 

under-estimate flood hazard, or provide an inadequate prediction of 

hydrodynamics; 

 Grouping of processes leads to potential attribution of one processes’ 

characteristics to the behaviour of others in the same group. For example, 

pressure setup and resonant response (meteotsunami) may be clustered 

together as storm surge. However, the time scales of the two signals are 

markedly different, with consequences for estimation of associated 

hydrodynamic flows;  

 Water level phenomena are often developed through a combination of 

multiple processes (Figure 7-1). Because of this, behaviour of a single 

water level phenomena identified in isolation may not always be 

representative of its interaction with other processes; and 

 

Figure 7-1: Constituent Relationships between Water Level Phenomena 

 The capacity for different forms of interaction between processes 

depending on time scale, phase and propagation has been demonstrated in 

this thesis. This indicates that generalised tools for the recombination of 
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multiple processes, such as the joint probability method, need to be applied 

with care to avoid phase relationships inherent to the statistical method. 

7.4 Thesis Conclusions 

A network of 26 tide gauges has been used to evaluate processes contributing to 

water level variability along the Western Australian coast. Signals were characterised 

using time scales and spatial patterns, including coherence and propagation. This 

evaluation confirmed previous description of the coast including diurnal, microtidal 

conditions in the southwest with flooding mainly due to mid-latitude storms; and semi-

diurnal mesotidal to macrotidal conditions in the northwest, with occasional extreme 

flooding associated with tropical cyclones. However, the research undertaken also 

showed that other processes, including mean sea level change correlated with El Niño 

climate variability and inter-annual tidal modulations, may substantially affect the 

occurrence of coastal flooding. For the southwest region of the State, where multiple 

processes have similar amplitudes, the interactions of these processes may be substantial, 

with a coincidence of processes able to produce a secular change in coastal flooding, 

equivalent to 0.4m sea level rise. 

Evaluation of anomalous surges identified in the southwest tide gauge records 

identified that they were developed by tropical cyclones passing across the Northwest 

Shelf, causing shelf waves to develop, which propagate anti-clockwise along the Western 

Australian coast with very gradual decline. Shelf waves typically ranged from 0.3-0.6m 

amplitude, with the size strongly affected by path, although approximately 75% of 

tropical cyclones developed a detectable signal. The dispersed tide gauge network along 

the coast allowed distinction of the shelf wave from storm surges through signal speed, 

with waves travelling 450-500 km/day. This speed is near to the phase speed of a mode 1 

shelf wave, which is related to shelf structure. 

  A simple method to simultaneously identify the influence of tidal modulations 

corresponding to 18.6-year and 4.4-year cycles was identified, based on water level 

exceedances. This addresses a limitation of existing techniques, including annual standard 

deviations or analysis of tidal constituents, in which the 4.4-year modulation was 

obscured. The relative significance of the two forms of modulation is strongly linked to 
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tidal form, with the 18.6-year modulation associated with the lunar nodal cycle being 

apparent at locations with diurnal tides; and the 4.4-year modulation associated with the 

subharmonic of lunar perigee being more significant at locations with semidiurnal tides. 

Consideration of long-term water level records within the Swan River region 

indicated that mean sea level rise has apparently been the main factor affecting coastal 

flooding incidence. However, other influential factors over decadal and sub-decadal time 

scales have included mean sea level variability, inter-annual tidal modulations and 

substantial variation of storminess. There is potential for water levels substantially higher 

than previously measured in the Swan River if these factors are coincident. 

The research findings offer capacity for improved prediction of coastal flooding 

hazard. This includes a wholly predictable variability caused by tidal modulation, which 

peaks every 18.6 years and is next scheduled to peak in 2025; and variability associated 

with El Niño climate cycles, which fluctuate over 2-6 year cycles, allowing reasonable 

prediction on a seasonal basis. The potential importance of these cycles is enhanced by 

the microtidal conditions experienced along southwest Australia. Coincidence of these 

cycles with a severe storm has not occurred since the 1950s and could effectively provide 

a secular change. 

The propagating character of coastally trapped waves generated from tropical 

cyclones also offers capacity for improved prediction of coastal flooding, albeit over a 

shorter time frame of a few days. The existing tide gauge network may be used to identify 

a travelling signal, based upon phase speed, and subsequently predict its arrival time at 

locations further south along the coast. 

7.5 Some Research Strengths and Weaknesses 

The approach used has focused upon the analysis of tide gauge data sets, which 

intrinsically provides a set of strengths and weaknesses (Douglas 2001). A key attribute 

is that gauge data is factual information, encompassing the full suite of active processes. 

Tide gauge data is the longest available measure of oceanographic processes in Western 

Australia, and therefore gives a crucial record for understanding historical change.  

However, the data set provides spatially discrete observations with some gauges more 
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than 500km apart, and its interpretation is reliant upon post-processing assumptions to 

focus on individual processes of interest. 

The Western Australian coast provides an ideal natural laboratory for application 

of water level phenomena, with its enormous length, and substantial transitions in tidal 

character and meteorology. As demonstrated in Chapter 4, the continental scale and 

structure also supported distinction of storm surge and coastally trapped wave 

propagation. However, it is important to recognise that geographically similar patterns of 

transition may offer potential for misattribution, such as confusing tidal and climate 

drivers. A limitation to water level analysis identified for southwest Western Australia is 

the largely coincident arrival of wind, wave and pressure components due to eastward 

travelling low pressure systems. This obscures attribution of forcing and response 

mechanisms, compared to the more discrete behaviour apparent on east coast Australia 

(Blain Bremner Williams & Weatherex 1985; Callaghan et al. 2017).  

Development of a method to simultaneously evaluate the influence of lunar nodal 

and perigean cycles on coastal flooding is described in Chapter 5. The method developed 

is computationally simple and robust, reducing the influence of missing data which can 

substantially affect analysis derived from harmonic decomposition. However, results are 

sensitive to the choice of threshold level, with a higher threshold generally more 

indicative of storminess, particularly without high-pass filtering (Bromirski et al. 2003; 

Menéndez & Woodworth 2010). It is further noted that the coarse nature of annual 

statistics limits the capacity to harmonically characterise the inter-annual fluctuations. 

Consequently, the relationship to lunar nodal and perigean cycles was assumed on the 

basis of previous research (Wood 1978, 2001 a&b), rather than resolving the periodicity 

from the dataset. 

7.6 Subsequent Applications and Suggestions for Future Work 

Research pathways relevant to this thesis have been demonstrated by technical 

applications subsequent to publication of individual papers: 

 Observation of shelf wave formation and propagation described in Chapter 

4 has been paralleled in research across several different coasts. These 
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observations (Ke & Yankovsky 2011; Kennedy et al. 2011; Ding et al. 

2012; Pasquet et al. 2013; Li et al. 2015, 2016) have included generation 

by both tropical and non-tropical storm systems. In all cases, mode 1 

waves have been dominant, with phase speeds generally in the range of 5 

to 11m/s, compared to the 5-5.5m/s derived in Chapter 4; 

 The significance of tidal modulation examined in  Chapter 5 was explored 

as ancillary research (Haigh et al. 2011) through analysis of a global tide 

model incorporating M2, S2, N2, K2, K1, O1, P1, Q1, Mf, Mm, M4, MS4 

and MN4 harmonic constituents. This confirmed the regional behaviour 

identified along the Western Australian coast and demonstrated its 

relationship to tidal form across the globe (included as Appendix B1). The 

approach of using exceedance to examine inter-annual modulations has 

been applied to the Mediterranean, Indian, Iberian and US east coasts 

(Šepić et al. 2012; Antony et al. 2016; Fortunato et al. 2016; Dahl et al. 

2017). However, use of standard deviations or tidal constituents to 

examine modulations remains common (Merrifield et al. 2013; Feng et al. 

2015) despite limited capacity to resolve modulations from lunar perigee 

and its subharmonic (Pugh 1987; Wood 2001); 

 The importance of considering a combination of active processes and their 

relative phase interactions, as described in Chapter 6, has been applied by 

other researchers (Haigh et al. 2014a; McInnes et al. 2016). Technical 

applications, including ancillary work by the author, have included use in 

coastal hazard assessments (Damara WA Pty Ltd 2012; URS Pty Ltd 

2013; Allender et al. 2017) and refined interpretation of historic coastal 

change (Eliot & Travers 2011). 

Some potential future research pathways include: 

 Chapter 4 provides a predominantly empirical description of continental 

shelf wave generation due to tropical cyclones and propagation along the 

Western Australian coast. Advances in analytic and numerical methods for 

shelf wave behaviour, combined with targeted data collection and analysis 
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are required to improve understanding of shelf wave generation and 

propagation. This can be applied to better predict flood hazard; 

 Scientific issues requiring better resolution include identification of 

relationships between storm characteristics and shelf wave generation; 

understanding of shelf wave propagation past the very narrow shelf 

Ningaloo region; and evaluation of tropical cyclone-induced flooding in 

southwest Western Australia, through interactions of extra-tropical 

transition, storm surge and shelf wave processes; 

 Chapter 5 demonstrates influence of tidal modulations on the occurrence 

of high water levels, with global relevance to flooding reported in ancillary 

research (Haigh et al. 2011). However, the contribution to decadal-scale 

variation of flood hazard is yet to be established, with equivalent 

evaluation of variation in wave hazard suggesting a possible pathway 

forward (Méndez et al. 2007). This application is most relevant to areas 

where tidal modulation is substantial relative to tidal amplitude, such as 

southwest Western Australia, with other locations including the Gulf of 

Mexico, Gulf of Tonkin, Sea of Okhotsk, Caribbean Sea and southern 

Brazil coast (Haigh et al. 2011); 

 Better understanding of the timing of sea level fluctuations is relevant to 

morphodynamic and tidal exchange (water quality) assessments. The 

relationships to high water level examined in Chapter 5 may be relevant 

to features which evolve in response to elevated water levels, such as 

beaches. The analysis may require refinement if considering inter-annual 

variation of features likely to respond to water level ranging, such as ebb-

tide sill dynamics, or estuarine water quality; 

 Exploration of interactions between water level processes, as undertaken 

within Chapter 6, is relevant to other geographic locations. The capacity 

for multiple water level processes to move in and out of phase is an 

important mechanism for apparent secular change of flooding. In some 

situations, as demonstrated for southwest Western Australia, this may be 

as significant as sea level rise over the next few decades, with a shorter 

time frame for identification and adaptation. Application of the analytic 
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method across global sites with long-term sea level records may be a 

useful first step in identifying sites potentially subject to phase-related 

secular change of coastal flooding; and 

 As with tidal modulation, there is opportunity to use improved 

understanding of phase relationships to refine coastal hazard assessment 

and flood prediction. 
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Appendix A: Water Level Cascades for Selected Sites 

Bunbury Water Level Cascade (1987-2014) 
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Fremantle Water Level Cascade (1959-2014) 
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Barrack Street Water Level Cascade (1988-2014) 
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Geraldton Water Level Cascade (1966-2008) 
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Carnarvon Water Level Cascade (1965-2008) 
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Exmouth Water Level Cascade (1990-2008) 
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Onslow Water Level Cascade (1985-2013) 
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Broome Water Level Cascade (1966-2014) 
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Appendix B: Ancillary Publications 

Ancillary research related to this thesis and its underlying analyses was completed 

through collaboration with other researchers. 

Sea Level Variability 

An early summary of existing literature describing the array of sea level processes 

active along the Western Australian coast (contributing to Chapter 3) was released as a 

conference paper: 

Pattiaratchi C & Eliot M. (2008) Sea-level Variability in South-west Australia: 

from Hours to Decades. Proceedings of the 31st ASCE International Conference on 

Coastal Engineering, Hamburg, Germany 2008. 

Understanding of the sources of sea level variability identified in Chapter 3, in 

conjunction with wind variability, was used to develop a model for coastal change at 

Scarborough Beach, correlated with observed beach measurements. A response to 

multiple sea level phenomena was identified, and reported as a conference paper: 

Eliot M & Travers A. (2011) Dynamics of Scarborough Beach, City of Stirling, 

Western Australia. Coast & Ports 2011. Proceedings: 20th Australasian Coastal & Ocean 

Engineering Conference and the 13th Australasian Port and Harbour Conference, held 

28-30 September 2011, Perth Convention Exhibition Centre. 

The nature of sea level variability associated with tropical cyclones, including 

evaluation of seasonal patterns and meteorological characteristics has been published as 

technical report, to support planning applications: 

Eliot M. (2016) Design Storms for Western Australian Coastal Planning: 

Tropical Cyclones. Report to Department of Transport, Seashore Engineering Pty Ltd, 

Report No. SE015-01. 
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Mean Sea Level 

Initial evaluation of mean sea level processes, as explored for Western Australian 

sites in Chapter 3 and Chapter 6, was considered using alternative analytic methods, to 

highlight regional coherence and the substantive nature of decadal mean sea level 

variability. This assessment was released as a conference paper: 

Haigh ID, Eliot M, Pattiaratchi C & Wahl T. (2011) Regional changes in mean 

sea level around Western Australia between 1897 and 2008. Coast & Ports 2011. 

Proceedings: 20th Australasian Coastal & Ocean Engineering Conference and the 13th 

Australasian Port and Harbour Conference, held 28-30 September 2011, Perth 

Convention Exhibition Centre. 

Storminess 

Evaluation of storminess variability was included in exploration of the Western 

Australian tide gauge records (Chapter 3). Initially presented results have not otherwise 

been published. Examination of storm surge variability for the Fremantle region was 

undertaken through synoptic typing, with results presented as an extended conference 

abstract. 

Haigh ID, Eliot M & Pattiaratchi CB. (2010) Historic Changes in Storm Surges 

around Southwestern Australia. Proceedings of the 15th Physics of Estuaries and Coastal 

Seas (PECS) conference, Colombo, Sri Lanka, 14–17 September 2010. 

Seasonal Sea Level 

The nature of seasonal sea level variation, as explored for Western Australian sites 

in Chapter 3 and Chapter 6 was examined on an Australia-wide basis. This evaluation 

was supported by numerical modelling to assess the relative contributions of barotropic 

and baroclinic effects. This assessment was released as a conference paper: 

Wijeratne EMS, Pattiaratchi CB, Haigh ID & Eliot M. (2012) The seasonal cycle 

of sea level around Australia. Australian Meteorologic and Oceanographic Society, 18th 

National Conference. 
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Tidal Modulations 

The methodology outlined in Chapter 5 was applied to a global database of 

predicted tides, to support spatial and temporal analysis of the contribution of inter-annual 

tidal modulation to flooding incidence. This evaluation was published as a journal paper: 

Haigh I, Eliot M & Pattiaratchi C. (2011) Global influences of the 18.61 year 

nodal cycle and 8.85 year cycle of lunar perigee on high tidal levels. Journal of 

Geophysical Research, 116, C06025. 

Supplementary Studies 

The broad approach used for this thesis, to identify systematic departures between 

predicted tides and observed water levels, was applied to the Australian tide gauge 

network, and placed in the context of factors contributing to sea level variability (Chapter 

3). One of the anomalistic sites identified was explored through numerical modelling, 

with the evaluation published as a journal paper: 

Wijeratne EMS, Pattiaratchi CB, Eliot M & Haigh ID. (2012) Tidal characteristics 

in Bass Strait, south-east Australia. Estuarine, Coastal & Shelf Science, 714. 

Application the research developed through this thesis has been refined 

interpretation and understanding of coastal response to storm events for southwest 

Australia. One example of this application was presented as a conference paper:  

Pattiaratchi CB, Wijeratne EMS, Haigh ID & Eliot M. (2014) Physical processes 

leading to extreme water levels in Southwest Australia. Proceedings of the 34th ASCE 

International Conference on Coastal Engineering, Seoul, Korea 2014. 
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Appended Papers 

Peer-reviewed papers developed as ancillary publications to this thesis, which are 

not included as full chapters, have been appended in their published form. 

Appendix B.1 

Haigh I, Eliot M & Pattiaratchi C. (2011) Global influences of the 18.61 year 

nodal cycle and 8.85 year cycle of lunar perigee on high tidal levels. Journal of 

Geophysical Research, 116, C06025. 

Appendix B.2 

Wijeratne EMS, Pattiaratchi CB, Eliot M & Haigh ID. (2012) Tidal characteristics 

in Bass Strait, south-east Australia. Estuarine, Coastal & Shelf Science, 714. 
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[1] Periods of high astronomically generated tides contribute to the occurrence of extreme
sea levels. Over interannual time scales, two precessions associated with the orbit of the
Moon cause systematic variation of high tides. A global assessment of when these tidal
modulations occur allows for the prediction of periods when the enhanced risk of coastal
flooding is likely in different parts of the world. This paper uses modeled tides to assess the
influence of the 18.61 year lunar nodal cycle and the 8.85 year cycle of lunar perigee (which
affects high tidal levels as a quasi 4.4 year cycle) on high tidal levels on a global scale. Tidal
constituents from the TPXO7.2 global tidal model are used, with satellite modulation
corrections based on equilibrium tide expectations, to predict multidecadal hourly time
series of tides on a one‐quarter degree global grid. These time series are used to determine the
amplitude and phase of tidal modulations using harmonic analysis fitted to 18.61, 9.305,
8.85, and 4.425 year sinusoidal signals. The spatial variations in the range and phase of
the tidal modulations are related to the global distribution of the main tidal constituents and
tidal characteristics (diurnal or semidiurnal and tidal range). Results indicate that the 18.61
year nodal cycle has the greatest influence in diurnal regions with tidal ranges of >4m and that
the 4.4 year cycle is largest in semidiurnal regions where the tidal range is >6 m. The
phase of the interannual tidal modulations is shown to relate to the form of the tide.

Citation: Haigh, I. D., M. Eliot, and C. Pattiaratchi (2011), Global influences of the 18.61 year nodal cycle and 8.85 year cycle
of lunar perigee on high tidal levels, J. Geophys. Res., 116, C06025, doi:10.1029/2010JC006645.

1. Introduction

[2] When extreme sea level events occur along low‐lying,
highly populated, and/or developed coastlines, the impacts
can be devastating, including considerable loss of life, bil-
lions of dollars worth of damage, and drastic changes to
coastal landforms [Lowe et al., 2010]. As a society, we have
become increasingly vulnerable to extreme high sea levels
because of the rapid growth in coastal populations and the
accompanying increased investment in infrastructure at the
coastal zone [Nicholls et al., 2007]. The occurrences of
major coastal floods in the last decade (i.e., those arising
from hurricanes Katrina, Sidr, and Nargis) have dramatically
emphasized the damage that extreme sea level events are
capable of, particularly when combined with the rise in
coastal populations [Menéndez and Woodworth, 2010].
[3] Extreme sea levels (exclusive of surface gravity

waves) arise as a combination of three factors: mean sea
level, tide, and surge [Pugh, 2004]. Extreme sea levels are
most often viewed in the context of storm surges, but the
impacts of storm events in many coastal areas are strongly
modulated by the tide [Wood, 2001a]. Over interannual time

scales, variations in high tides arise as a result of the 18.61 year
lunar nodal cycle and the 8.85 year cycle of lunar perigee,
the latter of which influences sea level as a quasi 4.4 year
cycle [Wood, 2001b; Woodworth and Blackman, 2004;
Menéndez and Woodworth, 2010]. Assessment of these
systematic tidal modulations allows the prediction of periods
when enhanced risk of coastal flooding is likely.
[4] Recently, Eliot [2010] examined the influence of

interannual tidal modulations on coastal flooding along the
Western Australian coastline using tide gauge observations.
Interestingly, his results indicated that the contribution of
tidal modulations to the likelihood with which high water
levels would be exceeded varied significantly around the
coastline in terms of both amplitude and phase. High water
levels along the southern part of the coastline were domi-
nated by the nodal cycle, while the northwest region was
affected mainly by the quasi 4.4 year cycle of perigean
influence. In the microtidal southwest region of Western
Australia, the lunar nodal cycle had a range (i.e., twice the
amplitude) of about 10 cm in high tidal levels, which is
small compared to the surge and mean sea level fluctuations.
However, on the basis of the return period curves calculated
from tide gauge records in this region, Eliot [2010] showed
that a 10 cm rise in water level represents a threefold vari-
ation in the relative likelihood of extreme flood events. Eliot
[2010] also emphasized that the phases of the interannual
tidal modulations are significant. The nodal modulation was
detected in the records for the northern part of the coastline,
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but this was 180° out of phase with the nodal modulations
detected in tide gauge records in the southern region. The
most recent peaks of the nodal modulations occurred in
1997 for northern sites and in 2006 for southern sites. These
different features of high tidal levels around Western Aus-
tralia are important from a flood management point of view,
and their effects contribute to the year‐to‐year variation of
coastal management requirements.
[5] The aim of this paper is to examine the contribution of

the 18.61 year lunar nodal cycle and the 8.85 year cycle of
lunar perigee to high tidal levels on a global scale. Tidal
constituents from a global tidal model are used, in con-
junction with satellite modulation corrections based on
equilibrium expectations, to predict multidecadal hourly
tidal time series. From these long time series, the amplitude
and phase of the two interannual tidal cycles and their
subharmonics are calculated for different high tidal levels.
The locations where they most influence high tidal levels are
identified. The spatial variations in the range and phase of
the modulations in high tidal levels are related to the global
distribution of the main tidal constituents and tidal char-
acteristics (diurnal/semidiurnal and tidal range).

2. Background

[6] Tidal modulations are systematic variations of tidal
forcing mainly caused by the relative movements of the
Earth, Moon, and Sun, with the spring‐neap cycle being the
most commonly recognized. Two important precessions
(a precession is defined as the rotation of a plane with respect
to a reference plane) of the Moon, namely, the 18.61 year
lunar nodal cycle and the 8.85 year cycle of lunar perigee,
cause tidal modulations on interannual time scales. These
modulations affect the interpretation of tide gauge records
that extend over several years, particularly when dealing
with water level extremes [e.g., Kaye and Stuckey, 1973;
Wood, 2001b; Woodworth and Blackman, 2004; Araújo and
Pugh, 2008; Haigh et al., 2010; Menéndez and Woodworth,
2010]. A brief description of the two cycles, their influence
on tidal forcing, and the methods for inclusion in tidal
analyses are given here. None of this material is new.
[7] The lunar nodal cycle was defined by Bradley [1728];

it is determined by the relative movement of the plane in
which the Moon orbits the Earth [Pugh, 1987]. This orbital
plane is inclined at 5°9′ to the plane in which the Earth
orbits the Sun (this plane is called the ecliptic), which is
inclined at 23°27′ to the Earth’s equatorial plane. The point
where the Moon crosses from the south to the north of the
ecliptic is called the Moon’s ascending node [Ray, 2007].
The mean longitude of the ascending node (denoted N) is
calculated relative to the vernal equinox, one of two points
where the Earth’s equator intersects the ecliptic. Primarily
because of the gravitational attraction by the Sun, the
Moon’s orbital plane precesses in a retrograde sense so that,
with time, the rate of change of N is negative (i.e., west-
ward) [see Ray, 2007, Figure B1]. The period of precessions
is 18.61 years. It is for this reason that a draconic month (the
time it takes for the Moon to return to the same node) is
shorter than the sidereal month (the time it takes for the
Moon to complete one revolution with respect to the fixed
stars). This motion is often referred to as the “regression of

the Moon’s nodes.” The longitude N can be evaluated by the
formula [Pugh, 1987]

N Tð Þ ¼ 259:16� � 1934:14�T þ 0:0021�T 2;

where T is the number of Julian centuries that have passed
since midnight on 1 January 1900 at the Greenwich
meridian.
[8] The 18.61 year lunar nodal precession has a large

effect on the Moon’s declination (its angle below or above
the equator), maximizing the declination when N = 0° (23°
27′ + 5°9′ = 28°36′) and minimizing it when N = 180° (23°
27′ − 5°9′ = 18°18′) [see Ray, 2007, Figure B1]. In the latter
part of the 20th century and early part of the 21st century, N
crossed 0° (i.e., lunar declination reached maxima) in March
1969, November 1987, and June 2006. N crossed 180° (i.e.,
lunar declination reached minima) in July 1978 and March
1997 and will cross 180° again in October 2015. Changes in
the Moon’s declination, in turn, have a large effect on the
character of lunar tidal forcing. A large declination tends to
maximize diurnal forces at the expense of semidiurnal and
vice versa [Ray, 2007].
[9] The cycle of lunar perigee is determined by the

Moon’s elliptical orbit around the Earth, with its phase
described by the positions of least and greatest distance
known as perigee and apogee, respectively [Pugh, 1987].
The line joining perigee and apogee (the line of apsides)
advances in the opposite direction of the lunar regression
(i.e., eastward) and completes a full revolution in 8.85 years.
It is for this reason that the anomalistic month (the period of
time that the Moon moves from the perigee to the apogee
and to the perigee again) is longer than the sidereal month.
The longitude of lunar perigee (p) can be evaluated by the
formula [Pugh, 1987]

p Tð Þ ¼ 334:39� � 4069:04�T þ 0:0103�T 2;

where T is the number of Julian centuries that have passed
since midnight on 1 January 1900 at the Greenwich
meridian.
[10] The main influence of the 8.85 year cycle of lunar

perigee on high tides occurs as a quasi 4.4 year cycle. About
every 4.4 years, the Sun is coincident with the line of
apsides. Larger tidal ranges are experienced during these
years, particularly around the time of the equinox when the
Sun’s declination is zero (which maximizes semidiurnal
forces) [Cartwright, 1974; Wood, 2001a].
[11] Tidal modulations are developed through variations

in the gravitational tidal potential in response to the relative
positions of the Moon, Earth, and Sun [Pugh, 1987]. The
influence of these modulations upon the frequency and
range of high water levels is determined by their relative
direction of variation and the source of the high water levels.
In general, the high water levels may be classed according to
the dominant semidiurnal or diurnal tidal form. Both nodal
and perigean influences may be present for either tidal form;
however, there is a general association of perigean influence
on high water levels for areas with mainly semidiurnal tides
and a general association of nodal influence on high water
levels for areas with mainly diurnal tides.
[12] The 18.61 year lunar nodal cycle represents variation

of lunar declination, which therefore enhances the latitudinal
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influence of diurnal inequality and solstitial tides. Hence,
the nodal cycle more strongly influences high water level
variation in regions principally experiencing diurnal tides,
with peaks at the solstices. The 8.85 year perigean cycle
represents variation of lunar orientation relative to the Earth‐
Sun axis, and therefore, it is mainly a “longitudinal” motion.
Enhanced tidal forcing occurs when there is Earth‐Sun‐
Moon alignment in both longitude and declination, with the
latter mechanism producing equinoctial peak tides for regions
experiencing mainly semidiurnal tides. As the solar declina-
tion is away from the equator during the solstices, the peri-
gean cycle does not produce a regular harmonic influence on
high water levels in regions experiencing mainly diurnal
tides.
[13] The effects of the lunar nodal and perigean modula-

tions on individual tidal constituents are well understood
and routinely allowed for in tidal analyses of sea level data.

Table 1. Satellite Modulation Correction Terms for the Lunar
Constituentsa

f (Factor) u (Angle) (deg)

Mm 1.000 − 0.130 cos(N) 0.0°
Mf 1.043 + 0.414 cos(N) −23.7° sin(N)
Q1, O1 1.009 + 0.187 cos(N) 10.8° sin(N)
K1 1.006 + 0.115 cos(N) −8.9° sin(N)
M2, N2 1.000 − 0.037 cos(N) −2.1° sin(N)
K2 1.024 + 0.286 cos(N) −17.7° sin(N)

a[After Pugh [1987, Table 4:3]. N is the longitude of the Moon’s
ascending node. The diurnal terms, Mf and K2, have maximum amplitudes
when N = 0° in March 1969, November 1987, June 2006, etc., when M2 is
at a minimum. M2, N2, and Mm have maximum equilibrium amplitudes
when N = 180° in July 1978, March 1997, October 2015, etc.

Figure 1. (a) Amplitude of the eight primary and two long‐period tidal constituents from the TPXO7.2
global tidal model. (b) Amplitude of these constituents multiplied by the satellite modulation corrections
listed in Table 1. Note that the shading scales are different in Figure 1a but are the same in Figure 1b.
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In modern harmonic analyses of tidal heights [Godwin,
1972; Foreman, 1977; Pugh, 1987], which follow the
development of tidal potential theory by Doodson [1921],
the frequency of each tidal constituent is expressed as a
linear superposition of six astronomical forcing harmonics
of the form [Cherniawsky et al., 2010]

!k ¼ l1� þ l2sþ l3hþ l4pþ l5N þ l6p′;

where li are small integers known as Doodson numbers; t, s,
and h are the mean rates of change of lunar time (with a
mean period of 24.84 h) and of the longitudes of the Moon
(27.3 days) and the Sun (365.24 days), respectively; p and
−N, as outlined above, are the mean longitude of the lunar
perigee (8.85 years) and of the Moon’s ascending node
(18.61 years), respectively; and p′ is the solar perigee
(20,392 years), which is similar in nature to the lunar peri-
gee motion but is determined by the Earth’s elliptic orbit
around the Sun. (The influence of the solar perigee cycle on

high tidal levels is negligible over the time scales considered
in this paper.) From the six variables t, s, h, p, N, and p′, one
can calculate the positions of the Sun or Moon, and hence
the tidal generating forces, at any time [Foreman, 1977].
[14] Cartwright and Edden [1973] showed in detail how

the major tidal constituents (the technical definition of a
tidal constituent is a group of spectral lines having Doodson
numbers where the first three digits are identical [Ray,
2007]) are split by the nodal and perigean modulations,
generating additional lines whose frequencies differ from
the primary frequencies by one or two (i.e., subharmonics)
cycles per 18.61 or 8.85 years, respectively. When tidal
records with durations approaching or exceeding the
18.61 year nodal period are analyzed, it is possible to cal-
culate the amplitude and phases of these “satellites” of the
major constituents [e.g., Foreman and Neufeld, 1991;
Cherniawsky et al., 2010]. Hence, when the individual tidal
constituents are summed, the interannual tidal modulations
are included directly in the tidal predictions. However, tidal

Figure 1. (continued)
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analyses are typically performed using only a year or two of
tide gauge observations. When only a few years of records
are analyzed, only the frequencies that differ by at least one
multiple of the third harmonic (h) can be included in the tidal
analysis [Cherniawsky et al., 2010]. Hence, the influence of
the nodal and perigean modulations must be represented
indirectly in some way [Pugh, 2004]. Traditionally, these
effects have been handled using small adjustment factors f
(amplitude amplification factor) and u (angle), which are
usually assumed to vary in the same way as gravitational
potential varies and are estimated from astronomical
parameters [see Cartwright and Tayler, 1971; Cartwright
and Edden, 1973; and Pugh, 1987, Table 4:3]. The factors
f and u are often called nodal factors or nodal modulation
corrections. However, the term “nodal modulation,” as
Foreman [1977] points out, is a misnomer. It, and the factors
f and u, were first used before the advent of modern com-
puters to designate corrections for the Moon’s nodal pro-
gression that were not incorporated into calculations of the
astronomical argument for the main constituents. The term
“satellite modulation” is more appropriate now (and is used
throughout this paper) because the correction accounts for
not only the contribution of the lunar node but also the lunar
and solar perigee effects.

[15] The factors that determine f and u for the major lunar
constituents are given in Table 1. For M2 and N2, the
maximum equilibrium nodal variation is 3.7%. For K2, the
maximum variation is 28.6%. O1 and Q1 vary by 18.7% of
the mean amplitude, and K1 varies by 11.5%. For the solar
constituents S2 and P1, f and u are 1.0 and 0.0. The minor
constituents, M1 and L2, are also affected by the 8.85 year
cycle of lunar perigee. For these constituents, f and u are
more complex and involve terms with both N and p [Pugh,
1987].
[16] With recent advances in global ocean tidal models,

altimetry missions (e.g., TOPEX/Poseidon, Jason‐1, and
Jason‐2), and assimilation methods, accurate maps of the
main tidal constituents are now available on a global scale
(see Andersen [1995] and Shum et al. [1997] for reviews).
Using these major constituents, the minor constituents that
can be inferred from them [Godwin, 1972], and satellite
modulation corrections based on equilibrium tide expecta-
tions (described above), predictions of the tide, with inter-
annual tidal modulations included, can be made for
locations around the world. From these tidal predictions, the
influence of the 18.61 year lunar nodal cycle and 8.85 year
cycle of lunar perigee on high tidal levels can be examined
on a global scale. This is the basis of the method used in this
current study.

3. Methodology

[17] In this paper, tidal constituents from the TPXO7.2
global tidal model are used, with satellite modulation cor-
rections based on equilibrium tide expectations, to predict
multidecadal time series of tides. TPXO7.2 best fits (in a
least squares sense) the Laplace tidal equations and along‐
track averaged data from the TOPEX/Poseidon and Jason
altimetry missions obtained with Oregon State University
Tidal Inversion Software (OTIS). The tides are provided for
eight primary (M2, S2, N2, K2, K1, O1, P1, and Q1), two
long‐period (Mf and Mm), and three nonlinear (M4, MS4,
and MN4) harmonic constituents on a one‐quarter degree
resolution full global grid (see Egbert et al. [1994] and
Egbert and Erofeeva [2002] for more details). The ampli-
tudes of the eight primary and two long‐period constituents
are shown in Figure 1a.
[18] The harmonic constituents were downloaded from the

OTIS Web site (http://volkov.oce.orst.edu/tides/), and the
tide was predicted (from these constituents) using the Tidal
Model Driver (TMD)MATLAB toolbox created by scientists
at Earth Space Research (http://polaris.esr.org/ptm_index.
html). TMD includes standard satellite modulation correc-
tions based on equilibrium tide expectations and also includes
16 other minor constituents in the tidal prediction (2Q1,
sigma1, rho1, M1, chi1, pi1, phi1, theta1, J1, OO1, 2N2, mu2,
nu2, lambda2, L2, and t2). The amplitude and phase of these
minor constituents are inferred from the eight major con-
stituents. The tide was predicted every hour for a 60 year
period (January 1951 to December 2010) for each ocean
grid node on a one‐quarter degree resolution full global grid
(1400 × 721 grid cells). (It is important to note that this
method does not consider the nodal tide, which influences
mean sea levels (see Pugh [1987] for details). However, as
the nodal tide is small (theoretically <0.02 m), the influence

Figure 2. (a) The tide. (b) Annual standard deviation of the
tide. (c) The 18.61 (solid) and 4.4 (dotted) year harmonic
signals calculated from the annual standard deviation time
series. (d) The annual 99.9th percentile. (e) The 18.61 and
4.4 year harmonic signals calculated from the 99.9th percen-
tile time series for the grid node nearest to Fremantle,Western
Australia. Note that the standard deviation and percentile time
series have been plotted with their means removed.
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on high tidal levels is also likely to be small and hence will
not significantly impact the results.)
[19] Two robust methods were used to determine the

influence of tidal modulations on high tidal levels across the
globe. First, the standard deviation of the 60 year tidal time
series was calculated for each calendar year at each ocean
grid node following Pugh [2004], Araújo and Pugh [2008],
and Eliot [2010]. Second, the hourly tidal values for each
calendar year were ordered in terms of height and used to
calculate time series of various percentile levels. The per-
centile time series analysis method is described in detail by
Woodworth and Blackman [2004] and has been used
extensively in sea level research. As the aim of this study is
to determine the contribution of tidal modulations to high
tidal levels, we focus on the 99.9th percentile, which is the
height below which the tide remains for 99.9% of the ob-
servations. This corresponds approximately to the level of
the eight highest hourly sea level values in a year. However,

to consider the sensitivity of the results to the percentile
level chosen, time series for an additional 19 percentile levels,
ranging from median to annual maximum (50th, 60th, 70th,
80th, 90th, 95th, 96th, 97th, 98th, 99th, 99.1th, 99.2th, 99.3th,
99.4th, 99.5th, 99.6th, 99.7th, 99.8th, and 100th), were also
calculated for each ocean grid node (using the 60 year time
series described above).
[20] The amplitude and phase of the tidal modulations and

their subharmonics were estimated from both the annual
standard deviations and each percentile time series using
harmonic analysis fitted to 18.61, 9.305, 8.85, and 4.425 year
sinusoidal signals. The amplitudes of the 9.305 and 8.85 year
cycles were typicallymore than an order ofmagnitude smaller
than that of the 18.61 and 4.425 year cycles, respectively, and
hence are not considered further. The procedure for the grid
node nearest to Fremantle, Western Australia (32°, 115°), can
be seen in Figure 2.

Figure 3. (a) The annual 99.9th percentile. (b) The 18.61 and 4.4 year harmonic signals calculated from
the 99.9th percentile time series for four sites around the world. (c) The locations of the four sites are
shown. Note that R is tidal range and F is form factor; these time series have been plotted with their means
removed.

HAIGH ET AL.: INTERANNUAL TIDAL MODULATIONS C06025C06025

6 of 16



[21] Tests were undertaken to assess the sensitivity of the
method to the length and timing of the tidal time series. The
tide was calculated for the 101 year period from 1910 to
2010 for four sites, the locations of which are shown in
Figure 3. These four sites were chosen to (1) sample a range
of different tidal conditions (i.e., the tides at sites 1 and 2 are
semidiurnal in form, at site 3 they are mixed but mainly
diurnal in form, and at site 4 they are strongly diurnal) and
(2) illustrate different characteristics of the interannual tidal
modulations based on the results of the global assessment
(i.e., sites 1 and 2 are dominated by the 4.4 year cycle; sites
3 and 4 are dominated by the 18.61 year cycle). Annual
standard deviation and 99.9th percentile time series were
derived for each year of the 100 year time series. Harmonic
analysis for the four cycles was undertaken for record
lengths of 18, 19, and up to 100 years, with the starting date
varied to cover the full range of the time series (e.g., when
considering 31 year lengths, the subsets 1910–1940, 1911–
1941, and so on up to 1980–2010 were analyzed). It was
found (results not shown) that when record lengths of at

least three complete nodal cycles (i.e., about 56 years) were
used, the amplitude of the four cycles varied by less than
1 cm, irrespective of the start and end dates of the tidal
record, justifying the use of a 60 year time series for the main
analysis.
[22] The spatial variations in the range (i.e., twice

amplitude) and phase of the 18.61 and 4.4 year modulations
in high tidal levels are related to the global distribution of
the main tidal constituents and the form and range of the
tide. The tidal form factor and range have been calculated at
each of the ocean grid nodes using the TPXO7.2 global
database of tidal constituents. The form factor (F) has been
derived from the main harmonic constituent amplitudes (H)
using the following equation:

F ¼ HK1 þ HO1

HM2 þ HS2

� �
:

The tides may be roughly classified as [Pugh, 2004] F = 0–
0.25 for the semidiurnal form; F = 0.25–1.50 for the mixed,

Figure 4. (a) Range of the 18.61 year modulation in the 99.9th percentile tidal level. (b) Range of the 4.4
year modulation in the 99.9th percentile tidal level.
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mainly semidiurnal form; F = 1.50–3.00 for the mixed,
mainly diurnal form; and F > 3.00 for the diurnal form.
[23] For semidiurnal locations (F < 0.25), the tidal range

has been estimated as the difference between mean high
water springs (MHWS) and mean low water springs
(MLWS), calculated by the following equations:

MHWS ¼ HM2 þ HS2

MLWS ¼ � HM2 þ HS2ð Þ:

For mixed and diurnal locations (F > 0.25), the tidal range
has been estimated as the difference between mean higher
high water (MHHW) and mean lower low water (MLLW),
calculated by the following equations:

MHHW ¼ HM2 þ HK1 þ HO1

MLLW ¼ � HM2 þ HK1 þ HO1ð Þ:

The tidal range (R) is typically classified as R = 0–2 m for
microtidal, R = 2–4 m for mesotidal, and R = >4 m for
macrotidal.

4. Results

4.1. Range of Tidal Modulations

[24] Figure 4 shows the ranges of the 18.61 and 4.4 year
modulations in the 99.9th percentile tidal level on a global
scale. The range of the 18.61 year modulation (Figure 4a) is
largest (between 0.5 and 0.8 m) in the Gulf of Tonkin (in the
South China Sea), in the Shelikhov Gulf (in the Sea of
Okhotsk), along the southwestern coast of New Guinea (in
the Arafura Sea), and in the Ross Sea. The range of the
4.4 year modulation (Figure 4b) is largest (between 0.3 and
0.6 m) in the eastern part of the Bering Sea, in the Hudson
Strait, in the Gulf of Panama, on the Patagonian Shelf, in the
Irish Sea, in the Bristol Channel and English Channel, at the
entrance to the White Sea, on the northwest Australian
Shelf, and in the Shelikhov Gulf.

Figure 5. (a) Tidal form factor. (b) Tidal range.
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[25] Spatial variations in the range of the 18.61 year
modulation (Figure 4a) are related to the global distribution
of the main tidal constituents (Figure 1a). However, it is the
amplitude of the tidal constituents multiplied by the relevant
satellite modulation corrections that determines the varia-
tions in the nodal modulations and not just the amplitude of
the tidal constituents. Figure 1b shows the amplitudes of the
eight primary and two long‐period tidal constituents multi-
plied by the relevant satellite modulation corrections listed
in Table 1. The multiplied constituents M2, K2, K1, and O1

are clearly dominant (hereafter we refer to these as M2n, K2n,
K1n, and O1n, and likewise for the other constituents).
Although the amplitude of K2 is considerably smaller than
that of M2 (Figure 1a), the amplitude of K2n is similar in
magnitude to M2n (Figure 1b). This is because the satellite
modulation correction is much larger: 28.6% for K2 as
opposed to 3.7% for M2. The amplitude of O1 is typically
smaller than the amplitude of K1, but the amplitudes of O1n

and K1n are similar in magnitude, given that K1 is multiplied
by 11.5% while O1 is multiplied by 18.7%. The amplitudes
of S2n and P1n are zero because they are solar constituents.
The amplitudes of N2n, Q1n, Mfn, and Mmn are relatively
small (typically <1 cm) because the amplitudes of N2, Q1,
Mf, and Mm are small in the first place.

[26] In relating the spatial variations in the range of the
18.61 year modulation to the distribution of the amplitude of
the dominant constituents M2n, K2n, K1n, and O1n, the sign
of the satellite modulation terms (listed in Table 1) also
needs to be considered. The amplitudes of K2n, K1n, and O1n

are largest when N = 0° (because of the positive sign),
whereas M2n is largest when N = 180° (because of the
negative sign). Hence, when the modulated tidal con-
stituents are summed, K2n, K1n, and O1n will act to reduce
the influence of M2n on high tidal levels.
[27] The opposing phase and differences in satellite

modulation corrections help to explain spatial variation of
the 18.61 year modulation range (Figure 4a) in terms of the
amplitudes of M2n, K2n, K1n, and O1n (Figure 1b). For areas
where M2n is large and the other contributing constituents
are small, or vice versa, the nodal modulation is relatively
large and therefore may occur at locations where the tide is
either diurnal or semidiurnal in form. The large nodal
modulations in the Gulf of Mexico, western and northern
Pacific Ocean, and Southern Ocean are a result of the large
amplitudes of K1n and O1n in these regions. These areas are
either mixed or diurnal in form (Figure 5a). The large nodal
modulations in the Hudson Strait, on the Patagonian Shelf,
in the Bristol and English channels, and at the entrance to

Figure 6. Ranges of the (a) 18.61 and (b) 4.4 year modulation in the 99.9th percentile tidal level plotted
against the tidal range.
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the White Sea are a result of the large amplitude of M2n in
these regions. These areas are semidiurnal in form (Figure 5a)
and have very large tidal ranges (Figure 5b).
[28] For areas where there is less difference in scale

between M2n and the other contributing constituents, the
opposing phase of the modulations causes a reduction of the
18.61 year range. There are several regions where the ampli-
tude of M2n is large but the range of the nodal modulations is
small, e.g., in the Gulf of Alaska, in the Mozambique
Channel, and offshore of Panama, Colombia, and Ecuador.
In the Gulf of Alaska, the nodal modulations are small as the
influence of M2n is reduced by K1n and O1n, which are also
large in this region. Offshore of Panama, Colombia, and
Ecuador and in the Mozambique Channel, the large ampli-
tude of M2n is reduced by K2n, the amplitude of which is
also large in this region. The band of large nodal modula-
tions, extending from the Sea of Okhutsk to the Solomon
Sea, can be seen to relate to the large amplitudes of K1n and
O1n and the small amplitude of M2n in this area. On either

side of this band, the amplitude of M2n is larger and reduces
the influence of K1n and O1n in these areas.
[29] The spatial variations in the range of the 4.4 year

modulation (Figure 4b) cannot be expounded in the same
way as the nodal variations, described above, can. The M1

and L2 constituents have a perigean modulation, but the
satellite modulation corrections are more complex, involv-
ing terms with both N and p, and hence, they cannot simply
be factored, as is done in Figure 1b. The amplitudes of the
M1 and L2 constituents (which are inferred in TMD from the
primary constituents) are much smaller than the amplitudes
of M2n, K2n, K1n, and O1n and alone cannot account for the
large range of the 4.4 year modulation observed in Figure 4b.
However, the addition of nodal‐modulated M2, N2, and K2

constituents and/or the addition of nodal‐modulated K1, O1,
and Q1 constituents results indirectly in a 4.4 year modu-
lation. It appears that it is this mechanism that accounts for
the majority of the observed 4.4 year modulation. Interest-
ingly, the spatial variations in the range of the 4.4 year

Figure 7. Ranges of the (a) 18.61 and (b) 4.4 year modulation in the 99.9th percentile tidal level expressed
as a percentage of the tidal range.
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modulation can be seen to relate, to a large degree, to the
range of the tide (Figure 5b).
[30] Figures 6a and 6b show the ranges of the 18.61 and

4.4 year modulation in the 99.9th percentile level plotted
against the tidal range, respectively. The plots distinguish
between grid cells where the tide is semidiurnal, mixed but
mainly semidiurnal, mixed but mainly diurnal, or diurnal in
form. The vast majority of the data points fit in distinct
bands. The few points that are scattered away from these
bands all lie near the coast in narrow channels or inlets. This
may result from the inaccuracy of the relatively coarse
global tidal model for coastal locations with complex
topography.
[31] The range of the 18.61 year modulation generally

increases with tidal range (Figure 6a). However, the range of
the nodal modulation typically increases more with tidal
range for locations dominated by diurnal tides as compared
to locations dominated by semidiurnal tides. The average
slope of the curve is about 3 to 5 times steeper for the loca-
tions dominated by diurnal tides as compared to the locations
dominated by semidiurnal tides. This is expected, given that
the satellite modulation corrections for K1 and O1 are about
3 and 5 times larger, respectively, than the correction for M2

(Table 1). The nodal modulation is largest (between 0.5 and
0.8 m) in regions dominated by diurnal tides with tidal
ranges of >4 m (Figure 6a).
[32] The range of the 4.4 year modulation also increases

with tidal range (Figure 6b), but the differences between the
various form factor bands are not as pronounced as with the
nodal modulation (Figure 6a). The range of the 4.4 year
modulation increases more at locations with larger semidi-
urnal tides, which is the opposite of the case with the nodal
modulation. The 4.4 year modulation is largest (between 0.3
and 0.6 m) in regions dominated by semidiurnal tides where
the tidal range is >6 m.

[33] From a coastal flooding perspective, it is interesting
to consider the range of the tidal modulations as a per-
centage of the tidal range at a given site. At two different
sites, the range of the 18.61 or 4.4 year modulations might
be around 10 cm; however, the influence of the interannual
tidal modulations is likely to be more significant at the site
with the smaller tidal range, as Eliot [2010] found for
Western Australia. Figures 7a and 7b show the ranges of the
18.61 and 4.4 year modulations, respectively, expressed as a
percentage of the tidal range. Around southwest Australia,
in the Gulf of Mexico, and around southern England, the
range of the 18.61 year modulation is of similar magnitude:
about 10 cm (Figure 4a). However, the range of the 18.61 year
modulation is about 17% of the tidal range around southwest
Australia and in the Gulf of Mexico but is less than 5% of
the tidal range around southern England (Figure 7a). The
range of the 18.61 year modulation is the largest percentage
of the tidal range mainly in areas where the tide is strongly
diurnal (Figure 5a). The range of the 4.4 year modulation is
at least 5% of the tidal range in a large proportion of the
world’s oceans (Figure 7b). In the Caribbean Sea, the range
of the 4.4 year modulation is over 15% of the tidal range.
[34] It is also important to determine which of the two

cycles is more dominant in high tidal levels at a given
location, which would allow coastal managers to predict
whether periods of enhanced risk of coastal flooding are
likely every 18.61 or 4.4 year. Figure 8 shows the regions
where the range of 18.61 year modulation is larger than the
range of the 4.4 year modulation in high tidal levels, and
vice versa. The spatial distribution closely resembles that of
the tidal form factor (Figure 5a). The lunar nodal modulation
dominates over the 4.4 year modulation in regions where the
tide is mixed or diurnal in form, whereas the 4.4 year
modulation dominates high tidal levels in regions where the
tide is semidiurnal in form. The patterns observed for

Figure 8. Regions of the world’s oceans where the range of the 18.61 year modulation in the 99.9th
percentile tidal level is larger than that of the 4.4 year modulation and vice versa.

HAIGH ET AL.: INTERANNUAL TIDAL MODULATIONS C06025C06025

11 of 16



Western Australia are consistent with those observed by Eliot
[2010], showing that the nodal modulation dominates high
tidal levels in the southwest (diurnal) region and that the
4.4 year modulation dominates high levels in the northwest
(semidiurnal) region. An analysis of the data reveals that the
4.4 year modulation tends to dominate in regions where the
form factor is <∼0.6.
[35] Up to this point, only the ranges of the interannual

tidal modulations in the 99.9th percentile tidal level have
been considered. The ranges of the 18.61 and 4.4 year
modulations were also calculated for the annual standard
deviation time series and for an additional 19 percentile
levels. Figures 9 and 10 show the ranges of the 18.61 and
4.4 year modulations, respectively, calculated from the
standard deviation time series and for a selection of per-
centile levels. The ranges of the twomodulations are sensitive
to the percentile level chosen, particularly for the 4.4 year
modulation, but the relative spatial distributions are gener-
ally similar. The range in the annual tidal standard deviation
is smaller than that calculated from the 99.9th tidal per-
centile, but the global spatial distributions are similar. The
range of the 4.4 year modulation is reduced, more than that
of the 18.61 year modulation, when lower percentile levels

are considered. The range of the 4.4 year modulation is
negligible in the annual standard deviation time series,
allowing focus on the nodal cycle. Eliot [2010] used time
series of monthly percentile levels at two tide gauge sites
around Western Australia to explain the inability of annual
standard deviations to successfully identify the influence of
lunar perigee. When the lunar perigean cycle acts to enhance
equinoctial tides, there is also a corresponding diminishing of
high tidal levels around the time of the solstices. As standard
deviations equally weight both phases, the annual standard
deviation is virtually constant.

4.2. Phase of Tidal Modulations

[36] The 18.61 year lunar nodal precession has a large
effect on the Moon’s declination, which in turn has a large
effect on the character of lunar tidal forcing. When N = 0°,
the Moon’s declination is at a maximum (28°36′), which
tends to maximize diurnal forces at the expense of semidi-
urnal forces [Ray, 2007]. Hence, nodal modulation of
diurnal tides is at a maximum when N = 0°, which last
occurred in 2006, whereas when N = 180°, the Moon’s
declination is at a minimum (18°18′), which tends to max-
imize semidiurnal forces at the expense of diurnal forces.

Figure 9. (a–h) Range of the 18.61 year modulation in the standard deviation time series and for various
percentile tidal levels.

HAIGH ET AL.: INTERANNUAL TIDAL MODULATIONS C06025C06025

12 of 16



Hence, the nodal modulation of semidiurnal tides is at a
maximum when N = 180°, which last occurred in 1997.
Therefore, the nodal modulation in high tidal levels will
have one of two phases at a given location depending on
whether that site is dominated by semidiurnal or diurnal
tides. This can be clearly seen in Figure 3. At sites 1 and 2
(Figures 3a and 3b), where the tide is semidiurnal in form,
the nodal modulation last peaked in 1997, whereas at sites 3
and 4 (Figures 3c and 3d), where the tide is mixed or diurnal
in form, the nodal modulation last peaked in 2006.
[37] Figure 11 shows the phase (in degrees, with the ori-

gin of time taken as midnight on 1 June 2006 at the
Greenwich meridian) of the 18.61 year modulation calcu-
lated by harmonic analysis of the annual tidal standard
deviation time series. As expected, two phases are evident.
One phase (0°) corresponds with the point when the nodal
tidal modulation last peaked in 2006 and correlates with
maximum lunar declination (i.e., N = 0°), whereas the other
phase (180°) corresponds with the point when the nodal
tidal modulation last peaked in 1997 and correlates with
minimum lunar declination (i.e., N = 180°). An analysis of
the data reveals that at the locations where the nodal cycle

last peaked in 1997, the form factor is <∼0.6, consistent with
results described in section 4.1.
[38] The results shown in Figure 11 are consistent with

those found by Eliot [2010] for Western Australia, showing
that the nodal cycle is out of phase between the southern
(diurnal) and northern (semidiurnal) regions. The results are
also consistent with those of Marmer [1951] and Kaye and
Stuckey [1973], who identified that the nodal tidal mod-
ulations were out of phase between the East Coast of the
United States (semidiurnal) and in the Gulf of Mexico
(diurnal).
[39] Examination of Figure 3 shows that the 4.4 year

modulation in high tidal levels also has two phases that, like
the nodal modulation, appear to be related to the form of the
tide. However, considering the nature of the cycle of lunar
perigee (described in section 2), it is not clear why this should
be the case. It could be due to the fact, as outlined above, that
the majority of the 4.4 year modulation appears to arise
indirectly from either the addition of nodal‐modulated M2,
N2, and K2 constituents or the addition of nodal‐modulated
K1, O1, and Q1 constituents, rather than directly through the
M1 and L2 constituents. Sensitivity tests (results not shown)

Figure 10. (a–h) Range of the 4.4 year modulation in the standard deviation time series and for various
percentile tidal levels.
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show that the addition of nodal‐modulated M2, N2, and K2

constituents produce a 4.4 year cycle that is 180° out of phase
of that produced by the addition of nodal‐modulated K1, O1,
and Q1 constituents. The global distribution of the phase of
the 4.4 year modulation is similar to that observed in the nodal
modulation (Figure 11).

5. Discussion

[40] This paper has used modeled tides to estimate the
contribution of the 18.61 year lunar nodal cycle and the 4.4
year cycle of perigean influences to high tidal levels on a
global scale. The results show that the lunar nodal modulation
can have a range of up to about 0.8 m in certain locations,
while the range of the 4.4 year modulation can be up to
about 0.6 m in certain areas. The regions where the nodal
modulations are largest are in areas with large diurnal tides.
In the literature [e.g., Jeuken et al., 2003; Gratiot et al.,
2008], areas with large nodal influence have tended to be
linked to regions with large semidiurnal tides (i.e., where the
M2 tidal constituent is large), disregarding nodal influences
in diurnal regions. Woodworth et al. [2005] identified that
many studies also mistakenly ignore the role of diurnal tides
in discussions of tidal asymmetry.
[41] This current study has also examined the phase of the

tidal modulations, highlighting that there are two phases in
both the 18.61 and the 4.4 year modulations in high tidal
levels, which are dependent on the form of the tide. The
phases of the interannual tidal modulations are important
from a coastal flooding perspective, and yet, surprisingly,
there are few discussions of this in the literature.
[42] In their study relating the nodal cycle to coastal

erosion, Gratiot et al. [2008, Figure 3] estimated the
amplitude of the nodal modulation on a global scale by
multiplying mean high water level (calculated from a global
map of tidal amplitude proposed by Simon [2007]) by 3.7%.
Gratiot et al. used this to estimate regions of the world’s

coastlines that could experience significant coastal erosion
over the next decade. Our estimates are reasonably consis-
tent with those of Gratiot et al. [2008] in some regions with
large semidiurnal tides (e.g., in the Hudson Strait and Bay of
Fundy, on the Patagonian Shelf, and in the Bristol and
English channels). This is expected because the M2 tidal
constituent dominates in these regions. However, the
approach of multiplying high water level by the M2 satellite
modulation correction (3.7%) significantly overestimates
the amplitude of the nodal modulation around northwest
Australia, in the East China Sea, and in the Bass Strait,
where the amplitudes of M2, K1, and O1 are all relatively
large. Furthermore, this approach also does not account for
the areas where the nodal modulations are largest (i.e., diurnal
areas with large tidal ranges such as along the southwestern
coast of New Guinea). Importantly, the estimates of Gratiot
et al. [2008] did not account for the phase difference
between diurnal and semidiurnal regions. While regions
with semidiurnal tides may experience significant coastal
erosion over the next decade, regions with mixed and
diurnal tides will see a reduction in coastal erosion over the
next decade.
[43] In undertaking this study, two main assumptions

were made: (1) the modeled tidal constituents are accurate,
and (2) the real nodal and perigean tidal satellite constituents
conform in the same way as do their equilibrium counter-
parts. In regard to the first point, we have used the TPXO7.2
global tidal model, which is one of over 20 global ocean tide
models that have been developed over the past two decades.
Shum et al. [1997] assessed the accuracy of 10 global tidal
models (including an earlier version of the TPXO model). In
the deep ocean, the models were shown to be very accurate
and agreed to within 2–3 cm. However, larger differences
were identified in shallow water regions. It would be
interesting, particularly with a focus on shallow water
regions, to repeat the exercise undertaken in this current study
using tidal constituents for a range of global tidal models
and also from higher‐resolution regional tidal models.

Figure 11. Phase (in degrees with the origin of time taken as midnight on 1 June 2006 at the Greenwich
meridian) of the 18.61 year modulation in the annual tidal standard deviation.
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[44] In regard to the second point, several studies have
compared the observed tidal nodal modulations with their
corresponding nodal equilibrium tidal constituents and have
shown that differences do occur at some locations (see
Cherniawsky et al. [2010] and Shaw and Tsimplis [2010] for
a review). However, as these previous studies focus on
modulations in individual tidal constituents, it is difficult to
determine the combined impact these differences have on
modulations at high tidal levels. Considering that the dif-
ferences found for individual tidal constituents are relatively
small, it is likely that any changes to the interannual tidal
modulations would also be small.
[45] Recently, Cherniawsky et al. [2010] undertook har-

monic analyses of 16 year long time series of altimeter data
for the Pacific and western Atlantic oceans and directly
estimated the amplitude of the nodal satellites M2n, K2n,
K1n, O1n, and Q1n from their parent constituents M2, K2, K1,
O1, and Q1. A visual comparison between their measured
results (presented by Cherniawsky et al. [2010, Figures 1–5]
and the modeled ones (presented in Figure 1b) suggested
reasonable agreement. This implies both that the TPXO7.2
modeled tidal constituents are reasonably accurate and that
the real nodal satellite constituents conform in a way similar
to that of their equilibrium counterparts.
[46] This paper has analyzed modeled tides, and there is a

need to compare the results with observational data.
Recently, Menéndez and Woodworth [2010] examined the
occurrence of extreme high water levels using the Global
Extreme Sea Level Analysis (GESLA) quasi‐global tide
gauge data set compiled by staff at the Antarctic Climate
and Ecosystems Cooperative Research Centre (Australia)
and the National Oceanography Centre (Liverpool, U. K.).
Using nonstationary extreme value analysis based on
monthly maxima, they estimated the amplitudes of the 18.61
and 4.4 year modulations in high sea levels at 258 tide gauge
sites around the world [seeMenéndez and Woodworth, 2010,
Figure 10], although this was not the focus of their study. The
period from 1970 onward was considered. They noted the
limitation of estimating nodal amplitudes from only two
cycles of data in the records commencing in 1970. They
found significant (90% confidence) signals for the nodal
component with ranges of up to 0.1 m in the northeast
Atlantic and the South China Sea. They found significant
signals for the 4.4 year modulation along the coastlines of
North America, the South China Sea, and several locations
in eastern and southern Australia, with ranges of less than
0.06 m. Comparing Menéndez and Woodworth’s [2010]
Figure 10 with Figure 4 shows that the geographically
limited coverage of the GESLA tide gauge network does not
capture the spatial complexity of the tidal modulations and
therefore highlights the advantage of the modeling approach
employed in this current study. Our results are qualitatively
consistent with those ofMenéndez and Woodworth [2010] at
the tide gauge locations. However, a direct comparison of
the range of the two modulations is difficult because of
differences between the tidal levels examined and data
lengths used. We have focused on the annual 99.9th per-
centile level for a 60 year period, whereas Menéndez and
Woodworth [2010] estimated the magnitude of the tidal
modulations from time series of monthly maxima with

varying lengths. As highlighted in section 4.1, the ampli-
tudes of the tidal modulations are sensitive to the tidal level
chosen. A more direct, quantitative comparison using the
GESLA data and the methods outlined in this paper will
form the basis for future work.
[47] The focus of this study has been the contribution of

the 18.61 year nodal cycle and 8.85 year perigean cycle to
high tidal levels. However, interannual tidal modulations, in
particular, nodal modulations, are of special interest in a
range of studies and have been linked to changes in sea
surface temperature [Loder and Garrett, 1978; Garrett,
1979], tree ring data (a proxy for air temperatures)
[McKinnell and Crawford, 2007], monsoonal activity
[Campbell et al., 1983], rainfall [Vines, 1982], fish popu-
lations [Parker et al., 1995], discharge and flooding of the
Nile River [Hameed, 1984], and coastal and estuarine
morphology [Oost et al., 1993; Jeuken et al., 2003; Gratiot
et al., 2008]. Hence, the results of this study may have wider
implications.

6. Conclusions

[48] This paper has analyzed modeled tides to map the
contribution of the 18.61 year lunar nodal cycle and the 8.85
year cycle of lunar perigee (which affects high tidal levels as
a quasi 4.4 year cycle) to high tidal levels on a global scale.
Regions of the world’s oceans where these interannual
modulations make the highest contribution to high tidal levels
have been identified. The spatial variations in the range and
phase of the tidal modulations have been related to the
distribution of the main tidal constituents and the form factor
and range of the tide. Results have shown that the nodal
modulation is largest (between 0.5 and 0.8 m in the 99.9th
percentile tidal level) in diurnal regions with tidal ranges of
>4 m, and the 4.4 year modulation is largest (between 0.3
and 0.6 m in the 99.9th percentile tidal level) in semidiurnal
regions where the tidal range is >6 m. In areas where the
form factor of the tide is >∼0.6, the nodal modulation
dominates over the 4.4 year modulation in high tidal levels,
and the phase of the nodal modulation correlates with N = 0°
(i.e., maximum lunar declination). In these regions, the
nodal modulation was at a maximum in 2006 and will peak
again in 2024. In areas where the form factor of the tides is
<∼0.6, the 4.4 year modulation dominates over the nodal
modulation in high tidal levels. In these regions, the phase of
the nodal modulation correlates with N = 180° (i.e., mini-
mum lunar declination), and the nodal modulation was
maximum in 1997 and will peak again in 2015. The phase of
the 4.4 year modulation has also been shown to relate to the
form of the tide at a given location. A comparison of the
modeled results presented in this paper with the measured
quasi‐global tide gauge data set GESLA will form the basis
for future work.
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a b s t r a c t

We used a two-dimensional, barotropic, numerical model to examine the complex behaviour of the tides
in Bass Strait. Bass Strait, located in south-east Australia between the Australian continent and Tasmania,
has the appropriate dimensions to create a half-wave tidal resonance for the M2 tides. The M2 tidal wave
(amplitude < 0.4 m) enters the strait from both strait openings, increasing the M2 tidal amplitude
towards the central northern Tasmanian coast to a maximum of w1.1 m. The tidal phases and current
ellipses in the strait showed theM2 tides resembled a half-wavelength resonance in a curved, open basin.
The semidiurnal, S2, and diurnal, K1 and O1, tidal amplitudes were comparatively small (<0.2 m),
progressive in nature and mostly constant through the strait. The model simulations revealed that when
only open boundary tidal (OBT) forcing was included in the model, the model over predicted the M2

amplitudes by w10e15% in the strait’s central region; when OBT and direct gravitational tidal (DGT)
forcing were included, the model accurately reproduced the observed tidal amplitudes. DGT forcing was
used to generate resonantly amplified M2 tides (amplitudes of 0.1e0.3 m) locally, with destructive
interference between the OBT-forced and DGT-forced tides occurring in the centre of the strait. The
model simulations also revealed that storm systems propagating west to east attenuated the M2 tidal
amplitudes in the strait. The greatest decrease in the tidal amplitudes occurred along the central
northern Tasmanian coast and was attributed to tide surge interaction and resonance behaviour in the
strait.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Bass Strait

Bass Strait is a shallow (mean depth w60 m) sea in south-east
Australia, which separates Tasmania from the mainland (Fig. 1).
The mean width (distance between the mainland and Tasmania) is
w250 km, and the median line arc length (distance between the
200 m depth contours on the strait’s eastern and western sides) is
w550 km. The tides in Bass Strait are mainly semidiurnal, with
a form factor, F< 0.25 (Pugh,1987). TheM2 tidal constituent, which
dominates the tides, has an amplitude ofw0.2e0.4 m at the strait’s
ends, increasing to a maximum of w1.1 m along the central
northern Tasmanian coast (Fandry et al., 1985; Australian
Hydrographic Service, 2011). The semidiurnal, S2, and diurnal, K1
and O1, tidal amplitudes are small (<0.2 m) and mostly constant
through the strait. Strong tidal currents (>2.5 ms�1) have been
recorded at the strait’s south-east and south-west openings (http://
www.tidetech.org/bass-strait-tidal-streams), whereas weak tidal
Wijeratne).

All rights reserved.
currents and long flushing times (w160 days) have been recorded
in the central region (Sandery and Kämpf, 2005).

Several observational and numerical studies on tides and their
related dynamics in Bass Strait have been undertaken (e.g. Jones,
1980; Fandry, 1982; McIntosh and Bennett, 1984; Fandry et al.,
1985). All these modelling studies found close agreement for the
diurnal component of the tides when they were compared with
measured values; however, the M2 semidiurnal component was
overestimated by w10e20%. McIntosh and Bennett (1984) and
Fandry et al. (1985) attributed this discrepancy in the M2 semi-
diurnal tides to uncertainty in the bathymetry, friction parame-
terization, and open boundary forcing. They also suggested the
error resulting from the use of approximate dynamical equations
was larger than the error introduced by inadequate open boundary
data and bathymetry. Fandry et al. (1985) proposed the superpo-
sition of two opposingM2 Kelvin waves led to resonantly amplified
tidal amplitudes in the centre of the strait; however, the transverse
variation of tidal amplitudes in the strait and the presence of higher
M2 amplitudes along the central northern Tasmanian coast have not
been adequately explained to date.

During severe storms, large (0.5e1.0 m), semidiurnal signals
have been detected in the de-tided sea level residual band in the

http://www.tidetech.org/bass-strait-tidal-streams
http://www.tidetech.org/bass-strait-tidal-streams
mailto:wijeratn@sese.uwa.edu.au
www.sciencedirect.com/science/journal/02727714
http://www.elsevier.com/locate/ecss
http://dx.doi.org/10.1016/j.ecss.2012.08.027
http://dx.doi.org/10.1016/j.ecss.2012.08.027
http://dx.doi.org/10.1016/j.ecss.2012.08.027


Fig. 1. Map of the study area showing the bathymetry (in metres) and tide gauge sites
(C). The inset shows the domain of the hydrodynamic model.

E.M.S. Wijeratne et al. / Estuarine, Coastal and Shelf Science 114 (2012) 156e165 157
centre of Bass Strait. McInnes and Hubbert (2003) suggested that
enhanced westerly currents during strong cold fronts interacted
with the tidal currents to displace the tidal node eastward from
Bass Strait, resulting in a tidal phase displacement; however,
a quantitative analysis of the effects of this displacement on the
tidal dynamics has not been undertaken.

We used a two-dimensional, barotropic, hydrodynamic model
to examine how different forcing components interacted in the
strait and how direct gravitational tides affected the total tides in
the strait. We also examined the effects of the strait’s curvature on
the half-wave tidal resonance and the effects of the tideesurge
interaction on the tidal dynamics in the strait to determine why:
(1) previous tidal models overestimated the M2 tidal amplitudes in
the centre of the strait; (2) M2 amplitudes were higher along the
central northern Tasmanian coast; and (3) large, semidiurnal
signals were present in the de-tided sea level residual band during
storms.

The numerical model set-up is outlined in Section 2, and the
model results are presented in Section 3. We discuss the model
results and address the study objectives in Section 4, and present
our conclusions in Section 5.

1.2. Direct gravitational and open boundary-forced tides

Direct gravitational forced tides are the result of the gravita-
tional forces of the Moon and Sun on the water in a particular shelf
sea itself, whereas co-oscillating tides represent tides, which
propagate in and out into the basin from the adjacent ocean
through the open boundaries.

If the basin is completely enclosed, only DGT forcing can
generate tides, for example, in Loch Ness, Scotland (Pugh et al.,
2011); these DGT-forced tides are called independent tides
(Garrett, 1975), a process also known as local tidal potential (e.g.
Gouillon et al., 2010).

In most numerical studies of tides in coastal regions, OBT forcing
has been used to force the tides, and DGT-forced tides generated in
basins have often been overlooked. Incorporating DGT forcing into
model equations of motion allows the capture of the free tidal
response and tides generated specifically in a basin. This approach
improves simulations when modelling large spatial scales or shelf-
boundary transitions (Garrett, 1975; Gouillon et al., 2010).

Slater (1985) showed the contribution of OBT forcing to the total
tide was minor compared with the contribution of the DGT forcing
in the Cretaceous Seaway of North America. Candela (1991) showed
the integrated contribution of the co-oscillating tide forced at
Gibraltar Strait wasw10% of the directly generated tidal amplitude.
In contrast, a resonantly amplified DGT component can greatly
affect the local tides, especially in shelf seas that have natural
periodicity close to the forcing tidal frequencies, for example, the
continental shelf between Itajai and Santos, Brazil (Huthnance,
1980); the Celtic Sea and Bristol Channel (Heath, 1981); the Gulf
of Tartary, Sea of Japan (Odamaki, 1989); the EasternMediterranean
(Tsimplis et al., 1995); and the Gulf of Mexico (Gouillon et al., 2010).

Depending on the relative phases and magnitudes of the OBT
and DGT forcing, the interaction of different forcing components
may lead to tides amplifying or attenuating in bays and shelf seas
(Odamaki, 1989; Cummins et al., 2010; Gouillon et al., 2010); thus
tides in a tidal resonant system similar to Bass Strait could be
predicted more accurately if DGT forcing were included in the
model equations.

1.3. Tidal resonance

Resonant effect is the main mechanism for anomalously strong
tides in many bays and shelf sea straits, for example, Ungava Bay,
Canada (Arbic et al., 2007); the Bay of Fundy (Garrett, 1972); Shark
Bay, Western Australia (Burling et al., 2003), and the Taiwan Strait
(Lin et al., 2001). Resonance tide occurs if the tidal period is close to
one of the eigenmodes of the basin.

In bays or shelf seas open at one end, the superposition of
incident and reflected waves produces standing waves through
quarter-wave resonance phenomena, in which the nodal point (or
section) occurs at the mouth (or shelf edge) and the anti-node
occurs at the head (or on the coast). The quarter-wave resonance
phenomenon generates large tides in the Bay of Fundy, whose
length is nearly equal to one-quarter of the semidiurnal tides’
wavelength (Garrett, 1972). In shallow coastal bays, tidal propaga-
tion has often been viewed as the superposition of incident and
reflected waves under the influence of friction, for example, San
Francisco Bay (Walters et al., 1985) and Puttalam Lagoon, Sri Lanka
(Wijeratne and Rydberg, 2007).

Two oppositely travelling tidal waves entering both ends of
a strait produce half-wavelength resonant tides in the strait, for
example, Hudson Strait (Arbic et al., 2007; Cummins et al., 2010),
Taiwan Strait (Lin et al., 2001), and Bass Strait (Fandry et al., 1985).
In half-wave resonant, the nodal section occurs at the strait’s ends
and the anti-node section occurs in the centre of the strait.

Johns and Hamzah (1968) studied the characteristics of standing
waves in a curved canal and found the canal’s curvature induced
a spectrum of transverse oscillations, which enhanced the local
wave amplitude at the outer side of the curvature. They also
showed the oscillation period of a curved canal resembled that of
a rectilinear canal, which consisted of a length equal to that of the
median line along the curved canal; thus the transverse variation of
tidal amplitudes or the occurrence of large amplitudes along the
central outer shoreline in curved basins such as Bass Strait cannot
be attributed purely to the Kelvin wave effect.

1.4. Tideesurge interaction

Studies have suggested that nonlinear interaction between tides
and surges affects the heights and shapes of storm surges along the



Table 1
The model set-up, which included direct gravitational tidal (DGT) forcing, open
boundary tidal (OBT) forcing, and atmospheric forcing (AF).

Simulation DGT OBT AF Model domain/bathymetry Model period

1 Yes Yes Yes Covering all Australia/actual 1970e2009
2 No Yes Yes Covering all Australia/actual 2003e2004
3 Yes No No Covering all Australia/actual 2003e2004
4 Yes Yes No Covering all Australia/actual 2003e2004
5 No No Yes Covering all Australia/actual 2003
6 No Yes* No Bass Strait/simplified, curved,

open canal
MayeJune 2003

* Synthetic M2 tidal wave forcing.
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coast (Johns et al., 1985; Pugh, 1987; Bernier and Thompson, 2007;
Horsburgh andWilson, 2007; Jones and Davies, 2008). Here the sea
surface elevation either increases above or decreases below its
original storm surge value and changes the tidal amplitude. How
much the tidal amplitude changes depends on the storm strength,
wind direction, bathymetry, and local tidal conditions (Bernier and
Thompson, 2007; Horsburgh and Wilson, 2007; Jones and Davies,
2008). Ruessink et al. (2006) showed that wind-driven flow
enhanced friction during the flood phase of a tidal cycle more
than it reduced friction during the ebb flow, thereby increasing
the friction over the tidal cycle and reducing the tide current range.
Jones and Davies (2008) showed that changes in the bottom
stress affected tidal elevations and currents in shallow seas during
storms.

Generally, only non-tidal signals (surges, seiches, and other
weather components) are present in the de-tided sea level residual
band; however, damped or amplified tides resulting from tidee
surge interaction during storms could remain in the sea level
residual band as a semidiurnal signal (e.g. Wang and Chai, 1989).
Zhang et al. (2010) showed that tideesurge interaction in the
Taiwan Strait caused semidiurnal oscillations in the sea level
residual band. McInnes and Hubbert (2003) examined tide gauge
data and showed that semidiurnal oscillations remained in the sea
level residuals during storms in Bass Strait, with larger oscillations
recorded along the central northern Tasmanian coast.

2. Numerical model

2.1. Model set-up

A depth-averaged tideesurge model for the whole Australian
coast (see Fig. 1) has been developed using the Danish Hydraulic
Institute’s MIKE21 FM (flexible mesh) suite of modelling tools. The
MIKE21 FM model is based on the numerical solution of the
incompressible Reynolds-averaged, NaviereStokes equations
invoking the assumptions of Boussinesq and hydrostatic pressure
(see Danish Hydraulic Institute, 2010, for more details).

The bathymetric data used for the model were obtained from
Geoscience Australia’s nine-arc second (250 m) dataset (Webster
and Petkovic, 2005). The grid resolution was chosen based on the
region’s coastal topography and local water depth variability and
had a resolution of w20e30 km at the open ocean boundaries,
decreasing to <2.5 km along the whole Australian coast. In Bass
Strait, the grid resolution varied between 2.5 and 4 km.

Astronomical tidal levels derived from the TPX07.2 global tidal
model were used to force themodel at the open boundaries (Egbert
et al., 1994; Egbert and Erofeeva, 2002). This forcing included eight
primary tidal constituents (M2, S2, N2, K2, K1, O1, P1, and Q1), two
long-period constituents (Mf and Mm), three shallow-water
constituents (M4, MS4, and MN4), and an additional 16 minor
tidal constituents (2Q1, s1, r1, M1, c1, p1, f1, q1, J1, OO1, 2N2, m2, n2, l2,
L2, and s2), which were inferred from the eight tidal constituents.
The model formulation also included the direct effect of the tide-
generating astronomical forcing, which was prescribed through
a tide-generating potential term in the modelling tools.

The model-forced, atmospheric forcing (AF) data (pressure and
wind components) were obtained from the US National Center for
Environmental Prediction (NCEP) global reanalysis (Kalnay et al.,
1996). These meteorological fields were available every 6 h and
had a horizontal resolution of 2.5�. We used Manning’s roughness
coefficient (0.32 m1/3s�1) to specify the model’s bed resistance. The
model minimum time step was set to 0.1 s and the maximum to
900 s. The model was set to output the sea level and currents (east-
west and north-south components) for all grid points at one-hour
intervals.
As part of our study on estimating the current extreme sea level
exceedance probabilities around the coastline of Australia (Haigh
et al., 2012), the model was run for a continuous period of 40
years (from 1970 to 2009) and included all forcing agents (AF, DGT
forcing, and OBT forcing). The model was validated using obser-
vations from 29 tide gauge sites around Australia with long (>30
years) records (Haigh et al., 2012). Several other simulations were
undertaken (see Section 2.2 and Table 1) to determine the internal
response of the Bass Strait tides to AF, DGT forcing, and the strait’s
curved topography. A comparison of the measured and predicted
tides around Bass Strait is presented in Section 3.1.

2.2. Experimental set-up

Six model runs (see Table 1) were undertaken including and
excluding the three main forcing terms: AF, DGT forcing, and OBT
forcing. Simulation 1, the most realistic model configuration,
included AF, DGT forcing, and OBT forcing. Simulation 2 included AF
and OBT forcing, but excluded DGT forcing; most modelling studies
of shallow seas have used this configuration, and it also corre-
sponded with past Bass Strait modelling studies (e.g. Fandry et al.,
1985). In simulation 3, only DGT forcing was included. Simulation
4 combined DGT and OBT forcing, but excluded AF, and in simula-
tion 5, only AF was included.

An idealised model simulation (simulation 6) was also per-
formed to examine resonance behaviour in a curved, open basin
representative of Bass Strait. The model dimensions were chosen to
resemble the local geometry of Bass Strait. AF, DGT forcing, the
Coriolis effect, and the transverse variation of the tides at the open
boundaries were all excluded for this simulation. The idealised
model was forced at the open boundaries with a synthetic M2 tide
that had an amplitude of 0.4 m and a phase of 40�.

2.3. Data analysis methods

The predicted sea level and current time series at every model
grid point were subjected to harmonic analysis using the T-Tide
MATLAB toolbox (Pawlowicz et al., 2002). To visualise and interpret
the model results for Bass Strait, co-tidal charts for the main tidal
constituents,M2, S2, K1, and O1, were produced and the tidal current
data were transformed into tidal ellipse parameters for the phase
(q), orientation (q), semi-major axis (A), and semi-minor axis (B).

To calculate the sea level residuals: (1) we subtracted the tidal
component (harmonically predicted) from the tide gauge obser-
vations or predicted sea level and (2) subtracted the model runs
that included only tidal forcing (simulation 4) from the model runs
that included tidal and atmospheric forcing (simulation 1). The sea
level residuals consisted of surges, seiches, and other noise and
weather components. We filtered the sea level residual further to
remove the lower frequency fluctuations (>32 h) and to isolate the
semidiurnal oscillations that occurred during storms.



Table 2
The harmonic tidal constituents calculated from the tide gauge data and predicted
(from simulations 1 and 2) sea level data at the Bass Strait sites. The amplitudes (in
metres) and phase lags (in italics) are in degrees with respect to the Greenwich
transit of the moon.

Site M2 S2 K1 O1

Burnie Tide gauge 1.14
40�

0.14
187�

0.16
302�

0.12
277�

Simulation 1 (DGT þ OBT þ AF) 1.14
42�

0.14
194�

0.17
296�

0.13
282�

Simulation 2 (OBT þ AF) 1.28
32�

0.18
210�

0.17
286�

0.14
265�

George Town Tide gauge 1.09
49�

0.13
204�

0.16
311�

0.12
280�

Simulation 1 (DGT þ OBT þ AF) 1.08
45�

0.13
203�

0.17
299�

0.14
283�

Simulation 2 (OBT þ AF) 1.25
30�

0.14
220�

0.17
314�

0.14
265�

Lonsdale Tide gauge 0.44
36�

0.13
158�

0.14
279�

0.10
261�

Simulation 1 (DGT þ OBT þ AF) 0.43
42�

0.12
166�

0.14
272�

0.12
265�

Simulation 2 (OBT þ AF) 0.51
25�

0.12
143�

0.14
265�

0.11
284�

Hobart Tide gauge 0.24
309�

0.01
244�

0.21
291�

0.14
270�

Simulation 1 (DGT þ OBT þ AF) 0.25
310�

0.01
249�

0.25
282�

0.22
281�

Simulation 2 (OBT þ AF) 0.25
318�

0.01
252�

0.25
278�

0.22
278�
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3. Results

3.1. Tide gauge and predicted data comparison

Table 2 shows the measured and predicted tidal constituents
from simulations 1 and 2 for the six tide gauge sites around Bass
Strait. Here themeasured and predicted continuous data from 2003
to 2004 were used to perform a harmonic analysis. As expected, the
predicted tidal phases and amplitudes from simulation 1 (which
included AF, DGT forcing, and OBT forcing; see Table 1) corre-
sponded with the measured data for all the major tidal
constituents.

The results from simulation 2 (which included AF and OBT
forcing, but excluded DGT forcing) showed the M2 tidal amplitudes
in the centre of the strait were w10e15% higher than they were in
simulation 1 and the tide gauge data. For example, at George Town
(Fig. 1), simulation 2 predicted M2 amplitude of 1.25 m; simulation
Fig. 2. The measured and predicted sea level residuals for 2003 at (a) Victor Harbor; (b) Lon
data; the red lines denote the results from simulation 1; and the blue lines denote the res
1 predicted M2 amplitude of 1.08 m; and the tide gauges recorded
M2 amplitude of 1.09 m. The S2 amplitude from simulation 2 was
also slightly higher than it was in simulation 1 and the tide gauge
data; however, the K1 and O1 tidal amplitudes resembled the tidal
amplitudes from the tide gauge data. The results from simulation 2
corresponded with the results from McIntosh and Bennett’s (1984)
and Fandry et al.’s (1985) modelling studies. These results showed
that when DGT forcing was included in the model, the model
accurately reproduced the observed tides in Bass Strait.

The measured and predicted (from simulations 1 and 2) sea
level residuals for Victor Harbor, Lonsdale, Burnie, and Hobart for
2003 are shown in Fig. 2. The model’s performance was evaluated
using model skill levels (Willmott, 1984). The skill levels >0.90
(Fig. 2) showed that both model configurations (simulations 1 and
2) captured the main characteristics of the storm surges that
occurred through the year; however, both simulations slightly
underestimated the peak of the highest storm surge events. This
underestimate may have been due to the coarse temporal (six-
hourly-averaged) and spatial (2.5�) scale of the NCEP atmospheric
forcing. A comparison between the measured and predicted
frequency oscillations in the sea level residual band is presented in
Section 3.3.
3.2. Tidal propagation and resonance

Fig. 3 shows the predicted co-tidal charts for the M2 and K1
tides for simulations 1 to 3. The charts for simulations 1 (Fig. 3a
and b) and 2 (Fig. 3c and d) revealed the M2 tidal wave propa-
gated south along Australia’s east coast as a Kelvin wave. Part of
this wave was refracted westward at the strait’s eastern end while
the main part of the wave moved clockwise around the Tasma-
nian coast and was then refracted eastward at the strait’s western
end. The M2 amplitude at the strait’s eastern end was w0.4 m,
and the M2 amplitude at the strait’s western end was w0.2 m. The
M2 tidal amplitudes increased from the strait’s eastern and
western ends towards the centre of the strait and also towards
the southern shoreline (i.e. the northern Tasmanian coast). The
highest amplitudes occurred along the central northern Tasma-
nian coast.

The K1 tide propagated as a Kelvin wave from west to east
through the strait, with slightly higher amplitudes occurring along
the Victorian coast (Fig. 3b and d). The K1 tidal wave was refracted
at the strait’s western end and travelled anticlockwise around
sdale; (c) Burnie; and (d) Hobart. The black lines denote the results from the tide gauge
ults from simulation 2.



Fig. 3. Tidal amplitudes (in metres black lines) and phases (in degrees red lines) around Bass Strait calculated from the model simulations. (a) & (b) the M2 and K1 tidal components
from simulation 1 (which included atmospheric forcing, direct gravitational tidal forcing, and open boundary tidal forcing); (c) & (d) the M2 and K1 tidal components from
simulation 2 (which included atmospheric forcing and open boundary tidal forcing); (e) & (f) theM2 and K1 tidal components from simulation 3 (which included direct gravitational
tidal forcing only). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Tasmania towards Australia’s east coast. The S2 and O1 (not shown)
tidal constituents also had similar wave propagation characteristics
to the K1 tides. The K1 tidal amplitudes predicted in simulations 1
(Fig. 3b) and 2 (Fig. 3d) were similar, which revealed that DGT has
no effect on K1 amplitudes. The M2 tidal amplitudes recorded in
simulation 1 (Fig. 3a) differed from those recorded in simulation 2
(Fig. 3c); simulation 2, which excluded DGT forcing, over predicted
the tidal amplitudes in the strait, especially along the central
northern Tasmanian coast (Burnie and George Town; see Table 2).
Fig. 3e and f show the M2 and K1 tidal phases and amplitudes
calculated from simulation 3, which included DGT forcing only. The
M2 tide (Fig. 3e) had amplitudes between 0.1 and 0.3 m (with
a maximum recorded off the central northern Tasmanian coast),
and the S2 tide (not shown) had a maximum amplitude of w0.1 m;
however, no diurnal tides were generated.
To assess the tides’ resonance behaviour in Bass Strait, we
examined the tidal current ellipse characteristics from two model
configurations: (1) the Bass Strait model, which included real
topography and DGT and OBT forcing (simulation 4; Table 1); and
(2) an idealised model, which was representative of Bass Strait, but
included a curved channel (simulation 6; Table 1). Fig. 4 shows the
M2 and K1 tidal current ellipses’ semi-major axis speeds obtained
from simulation 4. The ellipses (shown in black) were included at
selected points across the domain to show the tidal current’s
general circulation pattern. Our results from Fig. 4a showed: (1) the
M2 tidal currents were strongest at the strait’s south-east and
south-west ends; (2) the east-west direction M2 current compo-
nents were aligned in opposite directions at the strait’s eastern and
western and ends; and (3) the M2 current ellipses were weakened
towards the centre of the strait and oriented to the strait’s



Fig. 4. The semi-major axis speeds for the (a) M2 and (b) K1 current ellipses around
Bass Strait calculated from simulation 4. The colours denote the semi-major axis
speeds, and the ellipses (in black) are plotted at selected cells. The lines extending from
the centre of the ellipses represent the current’s direction and speed at the time of
local high sea level.

Fig. 5. The M2 tidal amplitude and current ellipses from the idealised model.
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transverse axis. The phases and orientations of the tidal current
ellipses showed the M2 tides at the strait’s open ends were
progressive in nature and the M2 tides in the centre of the strait
were standing in nature.

The K1 currents (semi-major and semi-minor axes) were weak
throughout the strait (Fig. 4b), and the current ellipses developed
gradually in one direction (west) through the strait. The K1 currents
were stronger near the Victorian coast than they were to the south
of the strait. The S2 and O1 tidal current ellipses (not shown) also
had similar characteristics to the K1 tide.

Fig. 5 shows theM2 tidal amplitude and current ellipses from the
idealised model experiment (simulation 6; Table 1). The tidal
amplitude increased towards the centre of the strait and was
strongest along the central outer shoreline (i.e. off the central
northern Tasmanian coast). The tidal amplitude along the outer
shoreline was 20% higher than it was along the inner shoreline (i.e.
the Victorian coast). The currents ellipses were rectilinear, and the
currents’ eastewest components were aligned in opposite direc-
tions at the strait’s eastern and western ends. The currents were
stronger in the strait’s south-west and south-east corners. The
currents in the centre of the strait were oriented towards the outer
shoreline. These results suggested the idealised model with
simplified topography (without the Coriolis effect) could simulate
the main resonance behaviour features of M2 tides in Bass Strait.
Fig. 6. The tide gauge and modelling results (from simulations 1, 2, and 5) showing the
tide levels and sea level residuals between 28 May and 10 June 2003. (a) The measured
and predicted tides (based on tidal constants) for Victor Harbor; (b) the sea level
residuals from the tide gauge and predicted data for Victor Harbor; (c) the measured
and predicted tides (based on tidal constants) for Lonsdale; (d) the sea level residuals
from the tide gauge and predicted data for Lonsdale; (e) the measured and predicted
tides (based on tidal constants) for Burnie; (f) the sea level residuals from the tide
gauge and predicted data for Burnie.
3.3. Sea level residuals during storms

The storm surge series (Fig. 2) showed sea level oscillations
occurred during surge events at the Burnie and Lonsdale tide
stations. Herewe examine the oscillations produced during a storm
that occurred between 5 and 8 June 2003. Fig. 6 shows the time
series of the measured and predicted tides (using tidal harmonics)
and the measured and predicted (from simulations 1, 2, and 5) sea
level residuals for Victor Harbor, Lonsdale, and Burnie from 28 May
to 10 June 2003. During the storm, the semidiurnal sea level ranges
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were significantly damped at Burnie (Fig. 6e) and slightly damped
at Lonsdale (Fig. 6c); however, no damping was observed at Victor
Harbor (Fig. 6a), which is located outside the strait.

The measured and predicted sea level residuals for Victor
Harbor, Lonsdale, and Burnie are shown in Fig. 6b, d, and f,
respectively. The sea level residual obtained from the tide gauge
data showed the highest surge occurred at Victor Harbor (Fig. 6b).
The surge levels at Lonsdale and Burnie were low; however, large
semidiurnal oscillations were observed in the sea level residual
band. This result revealed that tidal damping during the storm
caused the semidiurnal oscillations in the sea level residual band.
The sea level residuals at Lonsdale (Fig. 6d) and Burnie (Fig. 6f),
derived from model simulations 1 and 2 (Table 1), reproduced the
semidiurnal signal in the sea level residual band during the storm;
however, simulation 5 (which included only AF) did not reproduce
this feature.

Fig. 7 shows the distribution of the sea level residual at different
times during the storm and the sea level residual range on 7 June
2003. The sea level residual levels were high at 0000 h (Fig. 7a), low
at 0600 h (Fig. 7b), and high again at 1200 h (Fig. 7c). The semi-
diurnal sea level residual range (difference between the lowest and
highest sea level residuals) on 7 June 2003 (Fig. 7d) showed the
semidiurnal sea level residual component (i.e. the damped tidal
range) increased towards the centre of the strait, with the highest
range (>0.6 m) occurring along the central northern Tasmanian
coast.

3.4. M2 tidal attenuation

Fig. 8a shows the M2 tidal amplitudes along the Victorian and
northern Tasmanian coasts, which were extracted from the model
simulations (using 2003e2004 continuous data) that included AF
(simulation 1) and excluded AF (simulation 4). The results showed
Fig. 7. The sea level residuals for Bass Strait on 7 June 2003 at (a) 0000; (b) 0600; and (c) 120
that atmospheric forcing attenuated the M2 tide by 0.02e0.04 m to
the north and south of the strait (stations V28eV55 along Victoria’s
south coast and stations T33eT53 along the northern Tasmania
coast); however, no tidal attenuation occurred at the stations
located outside the strait. The largest decrease in tidal amplitude
(w0.04 m) occurred along the central northern Tasmanian coast
(Fig. 8b). Here, we used classical harmonic analysis method (see
Pugh,1987) to estimate the tidal constituents from time series (tide
gauge and predicted sea levels), hence estimated tidal amplitudes
represented the mean value for whole period (i.e. over periods of
both calm and storm conditions); however the analysis could be
improved using a method that can capture the time variability of
the harmonic coefficients, such as wavelet analysis (e.g. Foreman
et al., 2009).

4. Discussion

4.1. Impact of DGT forcing on M2 tides

The results from simulations 1 and 2 revealed that when only
OBT forcing was included in the model, the model over predicted
the M2 amplitudes by w10e15% in the centre of the strait; these
results corresponded with the results fromMcIntosh and Bennett’s
(1984) and Fandry et al.’s (1985) studies. When DGT forcing was
included in the model, the model accurately reproduced the
observed tidal amplitudes. The results from simulation 3 revealed
that DGT forcing generated strong, resonantly amplifiedM2 tides in
Bass Strait.

Odamaki (1989) showed a phase difference of 180� caused
destructive interference between OBT and DGT components,
resulting in low M2 amplitudes in the Gulf of Tartary, Japan.
Gouillon et al. (2010) also showed constructive and destructive
interference between DGT and OBT forcing amplified and
0. The semidiurnal sea level residual range for Bass Strait on 7 June 2003 is shown in (d).



Fig. 8. (a) The M2 tidal amplitudes along the Victorian coast (stations V1eV66) and
northern Tasmanian coast (stations T33eT53) from the simulations including only tidal
forcing (red line) and both tidal and atmospheric forcing (black line); (b) the distri-
bution of the M2 amplitude difference from the simulations with and without atmo-
spheric forcing. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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attenuatedM2 tides in the Gulf of Mexico. The superposition of two
waves of the same frequency can be expressed as:

hðtÞ ¼ hiðtÞ þ hoðtÞ ¼ aisin ðut� qiÞ þ aosin ðut� qoÞ

where h is the combined sea level at time, t; hi is the sea level forced
by direct gravitational tides; ho is the sea level forced by open
boundary tides; u is the selected tidal constituent’s frequency; a is
the selected tidal constituent’s amplitude; and q is the selected tidal
constituent’s phase.

For the M2 tidal constituent in the centre of Bass Strait, the DGT
amplitude (ai) was w0.3 m; the OBT amplitude (ao) was w1.2 m;
the DGT phase (qi) was w180�; and the OBT phase (qo) was w40�.
The phase difference wasw140�; thus we expected the destructive
interference between the two forcing components to cause atten-
uation. The resultant amplitude (a) was w1.1 m. For the M2 tidal
constituent at the strait’s western end, constructive interference
from the OBT and DGT components occurred because the phase
difference was <90�. At the strait’s eastern end, the phase differ-
ence was w180�; hence destructive interference occurred. Bass
Strait consists of direct gravitational-forced tides and open
boundary-forced tides; thus we believe DGT and OBT forcing
should be included when using hydrodynamic models to predict
the tides and related dynamics in Bass Strait.

4.2. Impact of strait curvature on tidal resonance

The tidal phases and current ellipses in Bass Strait suggested the
M2 tide was a progressive wave at the strait’s western and eastern
ends and a standing wave in the centre of the strait. Bass Strait is
a curved, open canal, with the Victorian coast forming the inner
boundary and the northern Tasmanian coast forming the outer
boundary (Fig. 1). The wavelength (l) of a tidal wave is given as
l ¼ 2pgh/s, where g is acceleration due to gravity; h is the mean
water depth; and s is the tidal component’s angular frequency
(radians s�1). The mean water depth is w60 m; thus the wave-
length (l) is w1100 km for the M2 tidal constituent
(s ¼ 1.405 � 10�4 s�1). The Bass Strait median line arc length (the
distance between the 200 m contour through the eastern and
western sections of Bass Strait) is w550 km; thus the strait has the
appropriate geometric dimensions for half-wavelength resonance
in the semidiurnal period.

Johns and Hamzah (1968) showed the oscillation period of
a curved canal resembled that of a rectilinear canal, which had
a length equal to that of themedian line along the curved canal. The
half-wavelength resonance period (T) for an open-end canal is
given as T ¼ ð1=nÞ2L= ffiffiffiffiffiffi

gh
p (Pugh,1987), where L is the canal length

and n is the mode number, with n ¼ 1 for the fundamental mode;
hence the fundamental mode of the half-wavelength resonance
period in the strait is w12.5 h.

Another approach to determine the dominant resonant
frequency of a system is to examine its response to a range of
forcing frequencies (Garrett, 1972; Godin, 1988). Our results for
simulation 3, which included only DGT forcing (Table 1), revealed
the M2 tide was stronger than the other tidal frequencies and that
the strait’s fundamental period was almost semidiurnal.

The idealised model configuration reproduced the half-
wavelength resonance behaviour for curved, open canals (Johns
and Hamzah, 1968). The M2 tidal amplitude along the central
northern Tasmanian coast was about four times higher than it was
at the ends of the strait. Anomalously amplified semidiurnal tides
have also been observed near the centre of the western Taiwan
Strait (i.e. on China’s east coast) (Lin et al., 2001; Jan et al., 2004).
Johns and Hamzah (1968) studied the characteristics of standing
waves in a curved canal and found that curvature in the canal
induced a spectrum of transverse oscillations and enhanced the
local wave amplitude at the outer side of the curvature.

Fandry et al. (1985) described the transverse variation of M2
tidal amplitudes in Bass Strait as Kelvin waves; however, we found
the strait’s curvature contributed to the transverse variation of the
M2 tidal amplitudes. The idealised model simulation (simulation 6)
revealed the observed transverse variation of the M2 amplitude
could be reproduced without Coriolis forcing (see also Lin et al.,
2001).

4.3. Impact of tideesurge interaction on M2 tide

The tidal damping that occurred during the June 2003 storm
showed the sea level residual had a semidiurnal signal (see also
McInnes and Hubbert, 2003). The damping of tidal amplitudes
during storms can be attributed to: (1) decreasing resonance
amplification by the damping of the incident (entering) tidal wave;
(2) the amplification of DGT resonance and destructive interference
with co-oscillating resonance; (3) variation in the tidal current
harmonics when stratification has affected the horizontal current’s
vertical profile (e.g. Prandle,1982); (4) the decrease of the baroclinic
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tidal contribution to the surface tides bydesertification (tidalmixing
of the water column); and (5) the generation of semidiurnal seiches
by atmospheric forcing (e.g. Luettich et al., 2002).

Baroclinic forcing was unlikely to have caused the large sea level
residual variations found in the surface tides in Bass Strait because
of the strait’s shallow depths. Also, during winter, and especially
during storms, the strait is vertically well mixed, so density strati-
fication would have had little effect on the sea level residuals. Our
results showed that when AF and OBT forcing were included in the
model, a semidiurnal signal in the sea level residual band during
the stormwas produced. The simulations that included only AF did
not generate significant semidiurnal sea level oscillations during
the storm; thus local seiching would not have caused this semi-
diurnal signal.

Oscillations of storm surge elevationwith near semidiurnal tidal
periods have also been observed in the Taiwan Strait along the
north Fujian coast during typhoons (Zhang et al., 2010). Zhang et al.
(2010) suggested that strong tidal and storm-induced current along
the channel direction enhance tideesurge interaction via nonlinear
bottom friction. The tideesurge interaction is further intensified by
the channel effect of the Strait, resulting in oscillations along the
northern Fujian coast.

The tidal currents in Bass Strait were strongest at the strait’s
eastern and western ends and weaker in the centre of the strait;
however, the strongest semidiurnal oscillations in the sea level
residual band (i.e. the tidal damping) occurred in the centre of the
strait, especially along the central northern Tasmanian coast. We
attributed these large, semidiurnal signals in the sea level residual
band to tidal resonance damping during storms. Tideesurge inter-
action was strongest at each end of the strait; however, our results
showed that a small decrease in the tidal amplitude at theendsof the
strait would greatly decrease the tidal amplitude in the centre of the
strait due to the half-wavelength resonance behaviour in the strait.

5. Conclusions

We performed six barotropic model simulations with different
tidal and atmospheric forcing combinations to study the effect of
these forcing mechanisms on the tides in Bass Strait. Generally,
a numerical model that includes only open boundary forcing could
reproduce the tides in marginal seas where the co-oscillating tide
predominates; however, our results revealed that direct gravita-
tional forcing generatedM2 tidal resonance in Bass Strait, where the
strait’s natural periodicity resembles theM2 tidal frequency. TheM2
tidal amplitudes in the centre of the strait were accurately repro-
duced when the model was forced with open boundary and direct
gravitational tides; thus we concluded that direct gravitational tidal
forcing must be included in numerical models of Bass Strait to
reproduce the tidal dynamics accurately.

We also found that half-wavelength resonance in a curved, open
canal amplified the M2 tides in the central northern Tasmanian
coast, and tideesurge interaction at the ends of the strait attenu-
ated the M2 tidal amplitudes during storms. Outside the strait,
however, tide-surge interaction had less effect on the tides.
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