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Preface 
 

 
The author, under G. Ivey‟s and M. Meuleners‟ supervision, carried out the work 

contained herein between May 2004 and May 2010. The work is original, with 

references to existing literature as appropriate.  The main part of the thesis consists of 3 

main chapters, 2 of which have been prepared for publication. Chapter 3 has been 

published as van Gastel et al (2009), chapter 4 has been submitted for publication by 

van Gastel et al (2010) and is in final revision stage, and it is planned that Chapter 5 

will form the basis for a future journal paper.  
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1. Introduction, objectives and structure of the thesis  

1.1. Introduction 
 

Internal waves are a frequently encountered phenomenon throughout the global ocean. 

They are generated by disturbances to a stratified ocean at frequencies between the 

inertial and buoyancy frequency. On continental shelf and slope regions, a common 

generation source is the oscillating barotropic tidal flow over varying topography, 

which gives rise to the internal tide. Under certain conditions, the internal tide can 

transform into a set of high-frequency, nonlinear internal waves. In the deep ocean, 

internal tides are generated at mid-oceanic topographic features. The mechanism of 

generation of internal waves on the shelf break and at mid-oceanic topographic features 

is essentially the same. The weak stratification in the deep ocean means that little 

energy is required here to cause significant mixing (Munk and Wunsch, 2007). Internal 

tides generated on the shelf break and in the deep ocean are assumed to play a very 

important role in dissipating tidal energy (Garrett and Kunze, 2007). Assimilation of 

altimeter data of tides into numerical models (Egbert & Ray 2001) showed that tides 

lose much more energy in the open ocean compared to coastal waters. This can be 

ascribed to bottom friction, generally in deep-sea regions with significant topographic 

features. 

 

Internal waves are studied for a variety of reasons. They provide a mechanism for the 

removal of energy from the barotropic tide, via the internal tide, into high-frequency 

internal waves, eventually to be dissipated into turbulent motions when the waves break 

(e.g. Kantha and Tierney, 1997). The strong horizontal currents and vertical shear 

associated with internal waves may destabilize underwater platforms and drilling 

operations for oil exploration (Bole et al, 1994). Internal waves may also cause lateral 
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transport of nutrients (Scotti and Pineda, 2004) and the perturbations in the density field 

due to internal wave motions can cause large fluctuations in the sound speed and thus 

affect acoustic propagation which is of particular relevance to the design of sonar 

systems (Duda and Preisig, 1999).  

 

Observations of internal waves from field measurements and satellite imagery show the 

phenomenon to be highly variable in space and time and sensitive to environmental 

conditions with small changes producing significant changes to the internal wave 

strength and form. This is particularly true of the Australian North West Shelf where 

internal waves are known to be both ubiquitous and very energetic. This study 

investigates, using a comprehensive set of field observations and numerical modeling 

using the 3-dimensional hydrostatic ROMS model, the long-term temporal and spatial 

variability of the internal wave climatology on the southern region of the Australian 

North West Shelf (NWS).  

 

1.2. Objectives 

The objectives of this research are to: 

1) Investigate the seasonal variability of large amplitude internal waves on the 

NWS at the North-Rankin gas platform (NRA) field site, located in a depth of 

124 m, and predict the generation region of the internal waves observed at this 

site. 

 

2) Understand the generation and propagation dynamics of internal waves on the 

southern portion of the Australian North West Shelf using the three-dimensional 
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hydrostatic ROMS model. To use this knowledge to quantify the dynamics and  

energy fluxes associated with these processes. 

 

3) Develop a predictive capability of the occurrence of internal wave-driven 

extreme currents on the seabed pipelines at NRA using 4.5 years of collected 

historical current and temperature measurements along a vertical mooring.  

 

4) Characterize the oceanic mesoscale along-shore flow variability on the NWS, 

using a combination of numerical model output from the data-assimilating 

Bluelink model and in-situ data, and assess the importance of mescoscale flows 

on the internal wave dynamics in the area. 

 

1.3. Structure of the thesis 

The thesis is presented as a series of chapters.  

 

Chapter 1 introduces the study of internal waves. The objectives and structure of the 

study are then presented.  

 

Chapter 2 is a general literature review that examines observations and modeling of 

internal tides and associated nonlinear internal waves, particularly on the Australian 

North West Shelf which is the geographic focus of this work. The oceanographic 

variability, internal tide observations, the use of weakly-nonlinear theories and the 

numerical modeling of the internal tides in the region are considered. Additionally, the 

generation mechanisms of large amplitude internal waves are examined. Also included 

is a discussion of the potential importance of mesoscale variability and three-
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dimensional variability in topography on internal wave dynamics, obtained from 

numerous observations and modeling studies around the world. 

 

In chapter 3 the variability of large amplitude internal wave climatology over a 4-month 

period is investigated using observations from a fixed vertical mooring and a benthic L-

shaped current meter array from the NRA site.  A numerical simulation has been run 

over the same period to assist in the interpretation of the field data. The model is 

validated against the field data and the location of the remote generation site of the 

internal tide is predicted.  

 

In chapter 4 the effects of three-dimensional variability in topography and spring-neap 

variability on internal wave dynamics are studied numerically using the nonlinear 

hydrostatic ROMS model. Local regions of rapidly changing topography, such as steep 

ridges, banks and headlands, lead to a spatial variability in wave dynamics, which is 

investigated. 

 

Chapter 5 focuses on the inter-annual variability of the large amplitude internal wave 

climatology and the role of mesoscale flows. Analysis is done on the relationship 

between the large scale variability in the background environment, including 

stratification and background currents, and the large amplitude internal waves observed 

on the shelf.   The most extreme nonlinear internal wave events are found in the months 

of March and April, when an alongshore sub-inertial flow is strongly present at NRA. 

The seasonal and inter-annual variability and transport of this alongshore flow is studied 

numerically. Finally the effect of tropical cyclones on the formation of nonlinear 

internal waves is discussed briefly.  
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Chapters 3, 4 and 5 consist of three self-contained chapters, containing the core findings 

of this PhD, with each intended for publication in internationally peer-reviewed 

journals. Finally chapter 6 contains conclusions and suggestions for future work.  

 

2 Literature review 

 

2.1 Overview of the background environment: the Australian North 

West    Shelf  

The Australian North West Shelf (NWS) is one of the most economically significant 

marine regions in Australia. It is the site of significant petroleum extraction and its 

natural gas operation is the country‟s largest ever resource development (Fraser and 

Bruce, 1998). Additionally, the NWS has several major fisheries, the productivity of 

which is supported by a rich community of invertebrates, cephalopods and small fish 

(Ward and Rainer, 1988).   The shelf extends over 1500 km between Cape Bougainville 

in the north and the North West Cape in the south (Webster, 1985). Between Cape 

Bougainville and Dampier its width varies between 150 km and 250 km; southwest of 

Dampier the shelf narrows markedly to 10 km at the North West Cape (Figure 2.1).  
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Figure 2.1: The North West Shelf of Australia. Field measurements have been 

conducted at NRA  

 

The continental shelf edge is defined as the 400 m contour, beyond which the 

bathymetry steepens considerably to a depth of over 1200 m. The region has tidal 

amplitudes ranging up to 10 m and the magnitude of the dissipation of tidal energy is 

one of the strongest on the globe (e.g. Egbert and Ray, 2000). Tides in the region are 

semi-diurnal with a small diurnal inequality.  The dominance of the semi-diurnal tide 

increases northwards as is shown by the ratio of amplitudes of (K1+O1) / (M2+S2), 

which decreases from 0.53 at the North West Cape to 0.21 at Dampier and 0.10 at 

Broome (where K1, O1, M2 andS2 are the lunisolar diurnal, principal lunar diurnal, 

principal lunar and principal solar constituents, respectively). Both semi-diurnal 

constituents show a strong increase in elevation between the North West Cape and 

Broome which is a result of increased cross-shelf amplification, caused by the widening 

of the shelf (Holloway, 1983). Tidal velocities are generally predominantly barotropic 

with barotropic tidal ellipses off the shelf aligned in along-shelf direction and on the 

shelf aligned in an on-shelf direction.  During summer, sea surface temperatures reach 
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30°C due to high solar radiation and the presence of warm water sourced in the tropics. 

In winter, sea surface temperatures drop to approximately 26°C (Holloway, 1996). 

Near-bottom temperatures on the shelf are coldest in summer (20°C) and warmest in 

winter (26°C) (Holloway and Nye, 1985). Salinity is relatively low in comparison with 

other regions of similar latitudes and remains relatively uniform throughout the water 

column during the year. Except for the winter months, the density structure resulting 

from the temperature distribution in the water column in combination with the strong 

tide and steep topography generates considerable internal wave activity. 

Winds on northern Australian shelves are influenced by the southeast trades in winter 

and northwest monsoons in summer. During winter, winds are relatively weak while 

warm, dry air associated with the nearby desserts drives evaporative processes on the 

shelf. During summer, conditions are more humid, and dramatic, wind forcing events 

occur in the form of very energetic, tropical cyclones (Church and Craig, 1998). The 

waters on the NWS are affected by both remote and local forcing. The Indonesian 

Throughflow and associated alongshore pressure gradient, solar heating and seasonal 

wind fields create a relatively complex circulation on the NWS. 

Holloway and Nye (1985) identified an alongshore poleward flow on the southern 

section of the NWS.   Further to this study, Holloway (1995) was able to quantify the 

transport of the poleward shelf break flow. The average transport, 4 Sv, was similar in 

magnitude to the Leeuwin Current transport to the south of the NWS and the flow was 

associated with a salinity minimum, prompting Holloway (1995) to call it the northern 

extension of the Leeuwin Current. One theory links the tropical water source of the 

Leeuwin Current directly with an outflow of the Indonesian Seas through Timor Strait 

via a pathway along the North West Shelf (Nof, 2002). Recent model particle trajectory 

studies (Domingues et al, 2007) suggest that the augmentation of the poleward flow of 
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the Leeuwin Current occurs in two different ways: directly through an offshore route 

and indirectly through an inshore route, which transits the Australian NWS in a surface 

poleward boundary flow, strongest from April to July. This tropical water flowing along 

the NWS has important physical (e.g. heat, salt and nutrient advection and dispersal of 

contaminants) and ecological implications (e.g. survival, dispersal and retention of 

larvae), and is also of direct interest to the oil-and gas industries operating in the area.  

 

2.2. Internal tide observations on the NWS 

Internal waves of tidal frequency or internal tides are generated by the interaction of 

barotropic tidal currents with sloping topography in the presence of density stratification 

at critical points when the slope of the internal wave characteristics equals the bottom 

slope (e.g. Vlasenko et al., 2005). Garrett and Kunze (2005) identified two main 

parameters influencing the type of internal wave response and the efficiency of 

conversion from the barotropic to the baroclinic tide: the slope critically parameter ɣ, 

and the tidal excursion parameter. The slope criticality parameter ɣ is the ratio of the 

local topographic slope S divided by the internal wave slope α:  

                                                                                          (2.1) 

Here ω is the forcing frequency, f the Coriolis frequency and N the buoyancy frequency. 

Although an internal response is possible for all values of ɣ, as ɣ approaches one, the 

topography is termed critical and conversion is most efficient (e.g. Lim et al., 2010). 

The tidal excursion parameter is defined as the ratio of the tidal excursion length, uo/ω, 

where uo is the amplitude of the cross-isobath barotropic tide, to the characteristic length 

scale of the topographic tide, ls. When the tidal excursion uo/ω.ls is less than one, a 

modal response is observed (Echiverri et al, 2009). As uo/ω.ls approaches one, the 

nonlinear advective terms become important and nonlinear features such as hydraulic 
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jumps and enhanced dissipation and mixing may be observed (e.g. Legg and Klymak, 

2008).                          

 

Baines (1981) was the first to report surface signatures, from Landsat data, of internal 

tides from a number of locations on the NWS (Figure 2.2). 

 

Figure 2.2: RADARSAT-1 (C-band HH) Standard Model SAR image acquired over the 

North Rankin oil and gas field of Western Australia on 12 February 1997 (orbit 11881). 

The image shows a complex pattern of internal wave signatures. Imaged area is 

approximately 100 km x 100 km. 

 

The first field measurements in this region (Holloway, 1983) found predominantly first-

mode internal waves propagating in the onshore direction at phase speeds of 

approximately 0.4 m/s with wavelengths of 20 km and being rapidly damped in 

amplitude while propagating across the shelf. Since then, many observations of internal 

waves have been reported on the NWS, sometimes associated with large vertical 

excursions of the isopycnals up to several 10‟s of meters in amplitude (e.g. Holloway 
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(1984) Holloway (1987), Holloway (1994)). The large amplitude internal waves 

(LAIW) are characterized by steep faced waves (shocks) at the leading face and also 

sometimes at the trailing face of the waves, creating strong vertical shears. Internal 

solitary wave trains are often seen following the shocks. The currents associated with 

these LAIW were observed to be most pronounced near the seabed, which is of 

particular concern in this region as these strong currents could exert extreme stresses on 

any pipelines on the seabed. Recent field observations, reported by Holloway et al. 

(2001) from measurements near the North Rankin A (NRA) oil and gas platform, were 

made between January and February 1995 during the strongly stratified summer period.  

Data collected from moored instruments and repeated profile measurements revealed 

that the internal tide is confined to an approximately 100 km wide section of the upper 

continental slope. Multiple generation sites were suggested, coinciding with near-

critical bottom slopes beyond the shelf break at the 200 m isobath.  

 

Munk and Wunsch (1998) have highlighted the potential importance of internal tides in 

removing energy from the barotropic tide and, through regions of high shear, 

contributing significantly to mixing in the ocean. The energy flux contained in the 

barotropic and baroclinic tides was first calculated on the NWS after making use of the 

linearized wave equation to determine the vertical modal structure (Holloway, 1984). 

An onshore baroclinic energy flux of 326 Wm
-1

 was found at a depth of 125m, derived 

as an average from observations over the period January – July 1982. Holloway (2001) 

calculated depth-integrated energy fluxes over the period 18 Jan – 14 Feb 1995 from 

vertical displacement amplitudes and phases and baroclinic currents at different 

locations using mooring and ship observations. Fluxes were predominantly onshore and 

values were largest between depths of 125 m and 300 m. The baroclinic energy fluxes 
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were found to be approximately 4% of the local barotropic values. In topographically 

complex regions such as the Browse basin on the Australian Northwest Shelf, the ratio 

of tidal excursion distance to topographic length scale can very small and conversion 

efficiencies from barotropic to baroclinic energy of up to 74 % have been found 

(Rayson et al., 2010). This is in contrast with wave generation in shelf-slope regions, 

where generally the ratio of tidal excursion distance to topographic length scale is large 

and conversion efficiencies are lower (Rayson et al., 2010). 

  

2.3. Generation mechanisms of LAIW 

A large proportion of internal tidal energy is believed to be contained in beams or rays 

that propagate along internal wave characteristic paths, and when intersecting the 

thermocline can produce large oscillations of tidal period (e.g. New and Pingree, 1992). 

One theory of generation is that LAIW packets will form by nonlinear steepening of the 

linear internal tide over the continental slope (Vlasenko et al, 2005). During the 

shoreward propagation of the wave packet over the sloping bottom, the number of 

oscillations increases and the wave amplitude grows (Figure 2.3). Since the tidal 

generation process varies on semidiurnal, diurnal, fortnightly and seasonal cycles, the 

character of the LAIW packets reflects these variabilities (Apel, 2003).  
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Figure 2.3: Schematic representation of internal wave generation, propagation and 

dissipation. 

 

However, there are some locations in the World Ocean (e.g. Farmer and Smyth, 1980) 

where the generation conditions are supercritical and the induced tidal velocity 

substantially exceeds the phase speed of any generated waves. In this case, a lee wave is 

then generated at topographic features during off shelf tidal streaming and the wave 

then subsequently propagates onshelf during the flood tide period (e.g. Lim, Ivey and 

Nokes, 2008). The initial lee wave emerges as a thermocline depression and begins to 

grow into a series of nonlinear internal waves while undergoing radial spreading, 

encountering variable topography, and slowly losing energy through dissipation (e.g. 

Apel, 1985; Vlasenko and Stashchuk, 2007; Alford et al, 2010).  

 

LAIW are often observed in coastal waters around the ocean e.g. the Sulu Sea (Apel et 

al., 1985), the Bay of Biscay (New and Pingree, 1992), the Canadian Shelf (Sandstrom 

and Oakey, 1995) and the New England continental shelf (Shearman and Lentz, 2004). 

The nonlinear waves have periods between approximately 10 minutes and 1 hour, are 

associated with length scales of a few hundred meters to a few kilometers, and crest-to-

trough displacements up to 160m have been observed (Duda et al., 2004).  

 

2.4. Application of weakly nonlinear models on the internal tide 

transformation on the NWS 

Weakly nonlinear theories, such as the K-dV equation and derivatives, are well known 

as an appropriate analytical model for the description of the nonlinear and dispersive 

properties of an internal wave field (Lee and Beardsley, 1974; Gear and Grimshaw, 
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1983). There have been numerous examples of the use of extended KdV theory to 

describe the observed waved forms on the NWS (e.g. Smyth and Holloway (1988), 

Holloway et al. (1997, 1999), Grimshaw et al. (2004)), attempting to take into account 

both the variable depth and horizontal density variability. For example, using a 

modified KdV equation to describe these phenomenon, Holloway (1997) noted that the 

nonlinear terms (both quadratic and cubic) are small off the shelf and become 

significant only in a relatively small region across the shelf.  They become significant 

due to both the temporal variability of the density stratification caused by the large 

amplitude of the internal tide and due to the influence of the background shear flow. 

The phase speed and dispersive term in the KdV equation are extremely sensitive to 

changes in total water depth. Both these terms are large off the shelf but decrease in 

magnitude as the internal tide moves into shallower water. Grimshaw et al. (2004) 

suggested that the wide variety of nonlinear wave shapes on the NWS could be 

explained by the synergistic action of nonlinearity and spatial variability of stratification 

along the wave path. Their simulations for NWS conditions concluded that internal 

solitary wave propagation may be well described by the variable-coefficient extended 

KdV equation for distances up to 50 km from the generation region. The wave 

amplitude at distances of more than 50 km becomes comparable with the total depth and 

for such waves the applicability of the weakly nonlinear theories becomes questionable. 

Additionally, such models will not describe the process of internal tide generation 

because no forcing mechanism is included in the model. They can, however, be used 

only for consideration of the two-dimensional stage of a wave evolution.  
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2.5. Numerical modeling of internal tides on the NWS  

Given the limitations of the weakly nonlinear equations, there have been attempts to use 

numerical models of circulation on the NWS. Internal tide generation and propagation 

on the NWS were first modeled analytically by Baines (1982) and Craig (1988) using 

two-dimensional linear analytical models with idealized topography and stratification. 

The forcing was prescribed by the vertical displacement of isopycnals by the barotropic 

flow. These early models were limited as predictive tools and did not account for the 

very important effect of energy dissipation. With increasing computing power nonlinear 

primitive equation modeling was developed, which provides a means of predicting the 

generation of the internal tide and its propagation. These models are forced through the 

specification of the offshore tidal elevation, which can be readily determined from 

global tidal models.  Holloway (1996) applied the Princeton Ocean Model (POM) over 

a cross-section of the continental shelf and slope, neglecting along-shelf variations but 

including arbitrary stratification.  An energetic internal tide was produced in the model 

with results showing sensitivity to changes in both stratification and bathymetry. 

However, the model underpredicted the observed magnitude of the internal tide and 

Holloway (1996) concluded that three-dimensional effects were likely to be important. 

A fully three-dimensional POM model was applied to the problem of semidiurnal 

internal tide generation during a relatively short 4-day simulation over the shelf and 

slope regions of the NWS (Holloway, 2001). A complex field of baroclinic motion was 

predicted for the shelf and slope region with high spatial variability. Regions of both 

subcritical and supercritical seabed slopes caused energy to be radiated both onshore 

and offshore of the generation regions. About 40 % of this energy propagated onshore 

and dissipated over the upper continental slope and outer continental shelf. The 

remaining energy propagated offshore and dissipated more slowly in the deep water, 
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with a significant amount of energy propagating out of the model domain. The internal 

tidal energy produced in the North Rankin region was substantially stronger than that 

modeled by Holloway (1996) using a two-dimensional cross-section model   

 

2.6. Effect of mesoscale and topographic variability on internal 

wave dynamics 

Because of their small phase speed and complicated vertical structure, internal tides are 

easily modified or attenuated by phenomenon that change the density stratification, such 

as ocean currents, density-driven currents, barotropic tidal current and wind (Sherwin, 

1988). Kawamura et al. (2006) observed that the semidiurnal internal tide on the eastern 

coast of Japan is intensified when the intrusion of warm water from the Pacific Ocean 

modifies the density structure such that the characteristic slope of the semidiurnal tide 

becomes comparable to the bottom slope. Kristen et al. (2008) found using wavelet 

analysis that the Florida Current meanders and instabilities cause an aperiodic variation 

in the internal wave field and narrows the internal wave band due to the horizontal shear 

created by this current. Hosegood et al.  (2006) reported that continental shelf waves in 

the Faeroe-Shetland Channel, generated by strong wind forcing, affect the low-

frequency vorticity and the density field and thereby significantly refract the path of the 

internal tides. The dynamics of LAIW are also intrinsically related to local environment 

conditions on the shelf. Small changes in either the background velocity or the presence 

of thin stratified layers on the order of few meters can radically change their properties. 

Smyth and Holloway (1988) observed an apparent correlation between the steepening of 

the internal tide on the NWS and the strength of the mean alongshore flow. Colosi et al. 

(2001) found evidence of a correlation between internal tide steepening and a shelf 
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break front jet with an orientation that was oppositely directed to the direction of 

internal tide propagation.   

 

Another factor affecting the internal wave dynamics is the interaction of internal waves 

with bottom topography. Results from two-dimensional numerical simulations 

suggested that steep slopes produce inshore propagating turbulent bores 

(Venayagamoorthy and Fringer, 2006), whereas gentle slopes encourage the formation 

of steep bore fronts followed by dispersive internal wave forms (Vlasenko and Hutter, 

2002). Subsequently three-dimensional numerical models were developed, which 

emphasized the importance of along-shelf topography on internal wave propagation. St. 

Laurent et al (2003) described, using a 3-D hydrostatic model, how the shape of shelf 

slopes, seamounts and ridges influences the internal tide propagation. Vlasenko et al. 

(2007) studied numerically the 3-D propagation of LAIW in areas of substantial 

curvature of the shelf bathymetry. Results predicted higher levels of wave energy in 

areas of local elevations (banks, headlands) and lower levels of wave energy at bottom 

depressions, leading to faster wave breaking than that in the 2-D case. Recent work by 

Rayson et al. (2010) found that internal waves generated at a number of discrete 

topographic features resulted in a partly standing internal wave and large along-shelf 

energy fluxes.  

 

2.7. Summary  

The generation of internal waves from tidal forcing (internal tides) on the Australian 

NWS is a dominant feature of the physical oceanography of the region. Internal tides 

are a dominant feature of the shelf dynamics due to three factors: the strong year-round 

density stratification on the shelf due to the intense heating and low precipitation; the 
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very large semi-diurnal barotropic tide throughout the region; and the complex and non-

uniform bottom topography with a shelf break around 200  m. Any internal tides that 

form can also steepen as they propagate inshore, creating LAIW  

 

LAIW can induce very strong bottom currents and this can be a significant factor 

affecting engineering operations on the NWS.  Clearly, what is needed is an 

understanding of the entire process of the generation, propagation and ultimately 

dissipation of these tidally driven internal waves. This understanding can then be used 

to develop process-based models to predict, in time and space, the occurrence of 

extreme internal wave events and hence extreme bottom current events. 

. 
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3. The seasonal variability of the large-amplitude internal 

wave field on the Australian North West Shelf 

 

3.1 Introduction 

On the NWS, tidal amplitudes range up to 10 m and the magnitude of the dissipation of 

tidal energy is one of the strongest on the globe. The baroclinic energy dissipation on 

the Australian North West shelf inferred from satellite altimeter data has been estimated 

to be around 150 GW (Egbert and Ray, 2000). The continental shelf edge is defined as 

the 400 m contour, beyond which the bathymetry steepens considerably to a depth of 

over 1200 m (Fig. 3.1). Tides in the region are semi-diurnal with a small diurnal 

inequality and this combination of strong tide, steep topography and year-round density 

stratification due to the strong solar heating generates considerable internal wave 

activity. 

 

Figure 3.1: The North-West shelf of Australia. Bathymetry and the location of North 

Rankin (NRA) platform are shown. 
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Internal waves of tidal frequency or internal tides are generated by the interaction of 

barotropic tidal currents with sloping topography in the presence of density stratification 

at critical points when the slope of the internal wave characteristics equals the bottom 

slope (e.g. Vlasenko et al., 2005). Using satellite imagery, Baines (1981) was the first to 

identify internal waves of tidal origin on the NWS propagating shoreward across the 

NWS. Direct field observations of these waves, sometimes with very large amplitude 

internal waves (LAIW), have since been reported (e.g. Holloway (1983) Holloway 

(1987), Holloway (1994)). The most recent field observations, reported by Holloway et 

al. (2001) from measurements near the North Rankin A (NRA) oil and gas platform, 

were made between January and February 1995 during the strongly stratified summer 

period.  Their results suggested critical internal tide generation sites exist on the NWS 

offshore from NRA near depths of 200 m and 600 m, consistent with earlier results of 

Craig (1988). 

  

There have also been efforts to apply weakly non-linear wave extended KdV theory to 

describe the observed waved forms on the NWS (e.g. Smyth and Holloway (1988), 

Holloway et al. (1997, 1999), Grimshaw et al. (2004)). Vlasenko and Stashchuck 

(2007) suggest first the applicability of such weakly non-linear theories to LAIW‟s is 

debatable, and second that it is difficult to apply such theories to cases where significant 

three dimensional effects can occur. Holloway (1996) applied the Princeton Ocean 

Model (POM) to the region and demonstrated the three dimensional nature of the 

internal tide, but simulations were limited to just 4 days duration. In summary, it 

remains unclear from previous work in the region what is the seasonal variability in the 
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internal wave field, what the range of wave amplitudes to expect is, and also how 

significant topographic effects are on internal wave propagation offshore of NRA. 

 

In this chapter we address some of these issues. We describe results from an extensive 

and continuous 4 month-long field experiment conducted in 2004 at the NRA field site. 

Measurements include both throughout the water column measurements and an L-

shaped benthic current meter array designed to give, for the first time, a detailed look at 

the seasonal variability and directional characteristics of the LAIW‟s at this energetic 

site in 124 m of water on the NWS. These results are combined with the results from a 

numerical experiment using a free-surface, hydrostatic primitive equation model to 

elucidate the processes important in the generation and propagation of the internal wave 

field towards the experimental site.  

 

3.2. Methodology 

3.2.1. Field measurements 

An experiment was conducted from 11 March 2004 until 21 June 2004 near the NRA 

platform. The platform is located on the NWS in a nominal water depth of 124 m, and 

lies approximately 120 km offshore from the town of Dampier. Temperature, current 

magnitude and direction were measured with 6 acoustic current meters suspended on a 

taut wire extending from the NRA flare tower to the bottom. Measurements were made 

at heights of 5 m, 30 m, 60 m, 75 m, 102 m and 117.5 m above the sea bottom in 124 m 

of water. Current and water temperature measurements were collected at 2-minute 

sampling. A benthic L-shaped current meter array was also deployed near the NRA 

platform, containing six cross-shelf (CS1 to CS6) and seven long-shelf (LS1 to LS7) 

moorings along two orthogonal lines radiating on a northwestward and northeastward 



Internal Wave Dynamics on the Australian North west Shelf 

 

 

- 28 - 

 

bearing from the NRA flare stack. Moorings were spaced between 50 and 200 m apart 

and each mooring carried a single current meter at 2.5 meter above sea bottom (Fig. 

3.2). All instruments on the L-shaped array collected velocity measurements at 1 minute 

sampling and 100% data return was obtained during the experiment. CTD casts were 

carried out at the flare tower on the 4
th

 of March and the 20
th

 of May.  

 

 
 

Figure 3.2: Schematic diagram of the current meter mooring at NRA showing a cross-

shore array, an along-shore array, a seabed frame and the distances between the 

moorings.  

 

3.2.2. Numerical model setup 

3.1.1.1  ROMS properties 
To assist in the interpretation of these field measurements, the Regional Ocean 

Modeling System (ROMS) v2.1 (Haidvogel et al., 2000; Shchepetkin and McWilliams, 

2005) was run on a domain of approximately 800 km by 500 km with the field site 

within the computational domain and the horizontal resolution is set to a nominal 4 km 

in the east/west and north/south directions. ROMS is a hydrostatic, primitive equation 
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ocean model that solves the Reynolds averaged form of the Navier Stokes equations on 

a Arakawa „„C‟‟ grid and uses stretched terrain following (sigma) coordinates in the 

vertical. We configure the model‟s horizontal advective scheme using a third-order, 

upstream-bias G-Scheme and a spline advection scheme for vertical transport. The 

parameterization of vertical turbulent mixing for momentum and tracers is based on 

Mellor Yamada 2.5 order closure model (Mellor and Yamada, 1982) and the horizontal 

eddy coefficient used for momentum and tracers adopted a Laplacian parameterization. 

The model domain‟s minimum depth was set to 20 m and the number of vertical sigma 

layers was set to 50, with increased resolution in the near surface and near seabed 

layers.  The bottom stress was computed using a quadratic bottom drag coefficient. 

Geoscience Australia (GA) provided the bathymetric data at the nominal resolution of 1 

km.   

 
 

Figure 3.3: The modelled domain for the ROMS simulations.  
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3.1.1.2  Forcing mechanisms 
The model domain consisted of three open boundaries located on the study area‟s 

northern, southern, and western extents (Fig. 3.3). Representation of the internal forcing 

was accomplished by maintaining a temporally varying boundary condition for 

temperature and salinity at all open boundaries.  Radiation boundary conditions were 

prescribed for the baroclinic tracers. The forcing data were sourced from the BLUElink 

Ocean Data Assimilation System (BODAS), which was developed for the purposes of 

ocean reanalyses and ocean forecasting around Australia (Oke et al. 2008). The BODAS 

data consist of daily averaged snapshots at a horizontal resolution of 10 km‟s. Tidal 

forcing was applied using the Ohio State University TPXO.6.2 global tidal solution with 

a 0.25-degree horizontal resolution. The M2, S2, N2, K2, O1, K1, P1 and Q1 tidal 

constituents were applied. Wind forcing was applied using daily averaged blended 

vector sea surface winds (at 10-m above sea level). The blended winds are from 

multiple satellite observations, on a global 0.25-degree grid sourced from the National 

Climatic Data Center (NCDC). Thermodynamic forcing data were obtained from the 

National Oceanic and Atmospheric Administration NCEP/NCAR reanalysis data set.  

3.1.1.3  Simulation runs 
Two model runs were performed each with the same model setup and forcing but run 

over a different time period. To assist in the interpretation of the field observations the 

primary simulation commenced on the 13
th

 March 2004 and ran for 60 days. The second 

simulation was performed to assist in model verification and commenced on the 1
st
 

January 2000 and ran for 40 days and this period coincided with periods of available  

sea-surface height recordings at NRA. The density-driven solution evolved for 

approximately five days at which time the volume-averaged kinetic energy reached a 

quasi-steady-state balance and the solution there after was assessed quantitatively. 
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3.3. Results 

3.3.1. Field observations 

The CTD profiles revealed near constant salinity of 34.91 psu and thus temperature was 

the dominant effect on density. The seasonal variability in the temperature in the water 

column was investigated using time series from the six moorings over the depth at the 

NRA flare tower. Temperature was interpolated vertically to a 1 m resolution using a 

cubic spline interpolation and the temperature data were passed through a 30 hour low-

pass filter to remove the tidal signals, and .the buoyancy frequency was calculated from 

low-pass filtered temperatures. Figure 3.4 shows the mean temperature profile and 

buoyancy frequency profile over four different time segments which are representative 

of each month of the deployment. During the late summer months (March and April), 

the ocean is continuously and strongly stratified. In March (Fig. 3.4a) and April (Fig. 

3.4b) the mean temperature profiles are close to linear gradients from top to bottom, 

giving an almost constant buoyancy frequency, although in April there is evidence of a 

stronger near-bottom stratification. In May (Fig. 3.4c), the water column is mixed to a 

depth of approximately 60 m as the stratification is eroded from the surface downwards 

due to seasonal surface cooling and wind mixing. In June (Fig. 3.4d) the water column 

is mixed nearly to completion.  
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Figure 3.4: Background temperature and buoyancy frequency profiles at North Rankin 

for 5-day averaged time segments in (a) March, (b) April, (c) May and (d) June. 

 

These seasonal changes in stratification produce seasonal changes in the character of the 

internal waves observed at NRA and Figure 3.5 shows four different but representative 

examples of waveforms observed during the mooring period. Figure 3.5a is from 13
th

 of 

March shows depression of the near-surface isotherms as an internal bore (11 pm) 

accompanied by a train of internal solitary waves, followed in turn by a train of waves 

of elevation (1 am) leading to a final recovery of the isotherms to the initial near-surface 

position. Generally such bores induce the strongest bottom currents in excess of 1.1 m/s. 

Figure 3.5b shows another example of a bore (8 pm) followed a couple of hours later by 

a solitary wave train of elevation (10 pm), similar to the shock waves observed by 

Smyth and Holloway (1988). The most common waveform in our data set is the 
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disturbance shown in Figure 3.5c whereby a bore (7 pm) is followed by a solitary wave 

packet, without any secondary dispersive wave tail. There is, instead, a near-linear 

relaxation of the isopycnals back towards the original depth. Due to seasonal cooling, 

from 12 April on the thermocline is located below mid-depth and only LAIW of 

elevation were subsequently observed at the NRA field site.  The final wave example 

shown in Figure 3.5d was observed in the month of May and shows a train of individual 

LAIW‟s of elevation that travel along the interface between a deep well-mixed upper 

layer and a relatively thin strongly stratified lower layer. During the winter months the 

density is near homogeneous and internal waves are non-existent. 

 

Over the entire record, these LAIW packets had timescales ranging from 1.5 hours 

down to 12 minutes. Currents of magnitude up to 1.0 m/s (see Fig. 3.6) were induced 

near the sea bed during the passage of the packet. The passage of the packets occurred 

on approximately a semi-diurnal timescale (12.4 hours) consistent with the onshore 

propagation of the internal tide although the arrival time varied between 11.3 hours and 

13.5 hours. 
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Figure 3.5: Contour time series of density profiles of (a) shock waves observed on the 

13
th

 of March, (b) 24
th 

of April, (c) triangular shaped waveform observed on the 7
th

 of 

April and (d) longer-period individual internal waves of elevation observed on the 7
th

 of 

May.  
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Figure 3.6: Typical current signatures as measured during the passage of internal wave 

packets through the L-shaped array over two tidal cycles on 16 May. 

 

To examine the LAIW, we focused on those events which induced current speeds in 

excess of a threshold defined as 40 cm/s at a depth of 5 meters above the sea bottom. 

This classification resulted in 25 significant events during our deployment period – 

about 12% of all tidal cycles in the total record. For each event the density profile, linear 

phase speed, observed phase speed, direction of propagation and the amplitude of the 

leading wave in a packet were estimated. In order to remove both the low-frequency 

tidal and circulation signals and the turbulence signal, velocities were band-pass filtered 

between 10 minutes and 3 hours in order to focus on induced currents associated only 

with the LAIW packets.  

 

An estimate of the linear phase speed for the first vertical mode was obtained by solving 

the linear eigenvalue problem given by,   
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where ζ indicates the vertical displacement, σ is the wave frequency, k is the horizontal 

wave number, f is the inertial frequency, N is the buoyancy frequency. For a given 

stratification, water depth, wave and inertial frequency, (1) can be solved numerically, 

to give the vertical structure ζ and horizontal wave number k and hence the linear phase 

speed of the wave. Following Holloway (1994, 1997) we assume here negligible 

dependence on the background shear in this region of the NWS, that the energy is in the 

first vertical mode, and that bottom slopes are too small to significantly affect the linear 

phase speed.  

 

The observed phase speed of the packets was calculated by dividing the distance 

between the moorings on the cross-shore array by the time lag between the arrival of the 

leading wave, correcting where necessary when the phase velocity was not aligned 

directly with the long axis of the array. The phase speeds were finally corrected from 

advective effects via subtraction of the barotropic component of velocity obtained from 

the flare tower mooring. Using the L-shaped array, the actual direction of propagation 

of the LAIW packets could be determined and the results for phase speed and direction 

are shown in Figures 3.7a and 3.7b, respectively. Observed phase speeds were up to 

twice the linear speed emphasizing the strongly non-linear nature of the LAIW‟s. 

During spring tide, the wave packets propagate from a 300º - 335º direction, while 

during neap tide they propagate from a more northward direction in the 320º - 355º 

range, indicating the waves would not be well described by a simple 2 dimensional (x-z) 

model. 
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Figure 3.7: For 25 events during the mooring period (a) relationship between the linear 

phase speed and observed phase speed; (b) bathymetric map of the NRA field region 

showing two propagation directions of the NIW packets, associated with spring-neap 

cycle modulation. 

 

Finally we determined the amplitude of the wave by estimating the vertical 

displacement associated with the leading edge of the wave packet (cf New and Pingree 

(1992), Stanton and Ostrovsky (1998) Holloway et al.  (1999)). We calculated the non-

linearity index as the ratio of the amplitude of this wave to the initial depth of the 
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pycnocline before arrival of the wave packet (Stanton and Ostrovsky (1998)). As seen in 

Figure 3.8a, phase speeds increase with amplitude of the leading wave and, as seen in 

Figure 3.8b, the non-linearity index ranges between 0.6 and 3 for most of our LAIW 

packets at NRA, with the exception of a few outliers. These outliers were all associated 

with waves of depression observed in the first month of measurements. The largest 

nonlinearity index was found on the 16 March: a wave of depression with maximum 

vertical displacement of the isopycnals of 83 m starting from an initial depth of 8 m, 

implying an index of value of 10.4 ± 1.5, where the error bounds are our estimate to 

account for interpolation errors. 

 

 

Figure 3.8: Relationship between phase speed and (a) the amplitude of the leading 

wave (b) the nonlinearity index. 
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Henyey (1999) found that for values of the index less than 0.1, the KdV equation works 

fairly well, but by the time the parameter reaches 0.2, the KdV equation is unable to 

describe the dynamics. The extended KdV model accounts for a higher degree of 

nonlinearity, although formally it also assumes small displacements (Stanton and 

Ostrovsky, 1998). Grimshaw et al. (2004) used the variable-coefficient extended KdV 

equation to show that internal solitary wave propagation on the NWS may be well 

described up to a depth of 160 m, but further inshore the applicability of the extended 

KdV equation becomes questionable due to the large amplitude of the waves. As seen in 

Figure 3.8b, for our observation site in 124 m of water, the non-linearity index lies 

between 0.6 and 3 indicating even the extended KdV is of limited use in describing the 

observed waves.  

 

3.3.2. Numerical modeling 

We focus in this thesis on two issues in regard to the ROMS predictions: firstly, how 

does it compare with the observations described above; and secondly, what can the 

model tell us about the generation of the internal waves that are observed at the NRA 

field site. In particular, our interest is in the model predictions regarding the generation 

and the evolution dynamics of the internal tide, the influence of the bottom topography 

and its three dimensional variability on the internal wave field. The bottom slopes on 

the continental slope region offshore are a maximum of only 10 , any wave beams 

generated are thus also of very low slope. It can be shown that the process of generation 

of the beams is thus hydrostatic to excellent approximation and hence should be well 

modeled by a hydrostatic model like ROMS. ROMS uses a mode-splitting technique 

with a fast time step for the barotropic response and a slower one for the baroclinic 

response, and this means that barotropic predictions such as sea-surface height (SSH) 
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can be compared with field data directly but comparison of baroclinic flow fields is 

more difficult due to phase shifts between data and model. 

 

The phase shifts between the two are introduced by several factors. Firstly, there is the 

seven day reset time-scale associated with the data assimilation process in the 

BLUElink model which forces temporal changes in the internal and external boundary 

forcing we use to drive ROMS. Secondly, the field data are from one point with 1 

minute sampling, whereas the corresponding model output comes from a grid cell of 

scale 4 km and an internal time step of 200 seconds. Finally, ROMS does not have the 

spatial resolution to resolve the LAIW‟s seen at NRA but, even more fundamentally, as 

it is a hydrostatic model it cannot capture the highly non-linear phase speeds associated 

with the passage of these waves through NRA (see Fig. 3.7). Although ROMS cannot 

describe the LAIW‟s observed at NRA, it can describe the generation and the 

propagation of the internal tide. 

In Figure 3.9a we show a comparison of the predicted and observed sea surface heights 

at the NRA location over a 30-day period covering two spring-neap cycles.  As can be 

seen, the tidal amplitudes at the site are up to 1.5 m and the modeled response predicts 

these observed peak amplitudes with an accuracy of ±0.06 m (one standard deviation). 

And the correct phasing between model and observation is reproduced. Figure 3.9b 

shows the comparison between the predicted and observed barotropic currents at NRA. 

To within the 95% confidence intervals shown, the model is in good agreement with the 

observed currents from low frequencies up to a frequency of approximately 7x104 s1 , 

or a period of oscillation of 0.39 hrs. Finally, Figure 3.9c shows the comparison of the 

percentage exceedance currents between model and data. The percentage exceedance 

statistics present a more conclusive validation tool to ascertain information about 
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maximum currents which are independent of time. The results show the model 

underestimates the observed magnitude to a maximum of 12% at the peak exceedance 

level of 95%. Overall, these different comparisons of model and data indicate excellent 

predictive capability of the barotropic flow at the experimental site. 

 
B. Spectral density comparison of the field 

(black) and model (red) depth averaged 

total current  

C. Percentage exceedance of the depth 

averaged total current  

 

  

 

Figure 3.9: Model verification. Plot A. is a time-series comparison of the modeled 

(dashed red line) and observed (dashed black line) sea-surface height (m) variability 

using converted pressure readings taken adjacent to the NRA platform during January 

2000. For comparison purposes only a verification simulation with the same setup as 

the primary run was performed to coincide with the observation period. Observed 

pressure data were not available during the period of the primary simulation.  Plot B. 

and plot C. refer to verification of the primary simulation. Plot B. is the spectral density 

comparison of the depth averaged total current speed with the 95% confidence interval 

(solid red line) displayed at the base of the plot and plot C. is the percentage 

exceedance comparison. The observed depth averaged current speed was determined by 

averaging the depth integrated current speed recordings at the six current meter 

locations.  
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Figure 3.10 shows the spectral comparisons between model and observations at four 

differing depths for total current, two in the upper water column (Fig. 3.10a and 3.10b) 

and two near the seabed (Fig 3.10c and 3.10d). At the 95% confidence interval, for all 

depths there is good agreement for frequencies from 10
-5 

s
-1

 up to 3.10
-4 

s
-1

, or a period 

of oscillation between ~ 24 hr and ~3 hr (~18 times the buoyancy period). Beyond this 

frequency the model underpredicts the observed currents due to its inability to model 

the LAIW‟s that exist in this bandwidth.  

 

A. Spectral density comparison of the field 

(black) and model (red) total current at 

117m ASB 

B. Spectral density comparison of the field 

(black) and model (red) total current at 

75m ASB 

  

C. Spectral density comparison of the field 

(black) and model (red) total current at 

30m ASB 

D. Spectral density comparison of the field 

(black) and model (red) total current at 5m 

ASB 

  

 

 

 

 
 

Figure 3.10: Spectral density comparison of the modeled (dashed red line) and 

observed (dashed black line) total current speed (m/s). Plot A at 117 m ASB, plot B. at 



Internal Wave Dynamics on the Australian North west Shelf 

 

 

- 43 - 

 

75 m ASB, plot C. at 30 m ASB and plot D. at 5 m ASB. At the base of each column is 

the correctly scaled 95% confidence interval (solid red line) applicable to each of the 

spectral plots.  

 

Finally, in Figure 3.11 we show the percent exceedance criteria and note that the model 

underpredicts the observed total current speed by ~10% over the water column, with the 

exception of 5 m ASB where the model overpredicts by 5%. We suspect this last effect 

is due to the model setup underestimating the bottom drag coefficient – note we have 

used a standard CD  2.5x10
3  in all simulations. Overall we thus conclude the model is 

in good agreement with the observations at our experimental site.  

A. Percentage exceedance of the total current 

at 117m ASB 

B. Percentage exceedance of the total current 

at 75m ASB 

  
C. Percentage exceedance of the total current 

at 30m ASB 

D. Percentage exceedance of the total current 

at 5m ASB 

  
 

Figure 3.11: Percentage exceedance at 5%, 25%, 50%, 75% and 95% of the modeled 

(ROMS) vs. observed (Field) total current speed (m/s). Plot A at 117 m ASB, plot B. at 

75 m ASB, plot C. at 30 m ASB and plot D. at 5 m ASB. 
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Consider now the model predictions regarding internal tide generation offshore of NRA 

on the continental slope where, although not shown, we know critical points for the M 2  

tide do occur. For clarity, we focus on just a few tidal cycles and show in Figure 3.12 

the horizontal temperature field extracted from a depth of 60m every 4 hours for a total 

of 20 hours. Each plot clearly shows wave crests (dark to light blue areas) as regions of 

colder water (23°C to 26°C) and wave troughs (orange through to red area) as regions of 

warmer water (27.5°C to 29°C). Consider the region around NRA. The primary internal 

wave represented by the largest vertical excursion of the isotherms originates from a 

bearing of 308° (Fig. 3.12A). A smaller secondary internal wave originates from a 

bearing of 15° (Fig. 3.12A) and both waves arrive in phase at NRA. This single wave 

crest subsequently moves steadily inshore until by Figure 3.12D it has propagated all 

the way to NRA, subsequently moving another 30 km inshore and dissipating in a water 

depth of about 60 m. A more detailed discussion of the modeling and the dynamics of 

the internal tide and the effects of 3D topography is given in Chapter 4. 

 

To determine the time of travel from the generation site we extracted a time series of the 

total velocity along the vertical profile orientated at the same bearing as the primary 

internal wave. Figure 3.13 is a representative vertical profile of the velocity field and 

shows internal wave generation occurred in depths between 400m – 600m at 65 km – 75 

km from NRA. Shoreward-propagating internal wave beams originating at the slope 

forward reflected off both the sea surface and the thermocline and showed peak 

velocities of 0.6 m/s and the beam aspect ratio to be approximately 1:50 (V:H) (Fig. 

3.13).  
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A. Snapshot: 24
th

 March at 12 am B. Snapshot: 24
th

 March at 4 am 

  
C. Snapshot: 24

th
 March at 8 am B D. Snapshot: 24

th
 March at 12 pm 

  
E. Snapshot: 24

th
 March at 4 pm F. Snapshot: 24

th
 March at 8 pm 

  

      
 

Figure 3.12: Time series of the horizontal temperature slice at a depth of 60m. The time 

interval between each snapshot is 4 hrs commencing on the 24
th

 of March 2004. Plot A 

at 12 am the 24
th

 of March 2004, plot B. 4 am the 24
th

 of March 2004, plot C. 8 am the 

24
th

 of March 2004, plot D. 12 pm the 24
th

 of March 2004, plot E. 4 pm the 24
th

 of 
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March 2004 and plot F. 8 pm the 24
th

 of March 2004. The location of NRA is given by 

the red dot. The black areas represent land. Wave troughs are marked as text in the 

figures.  

.  

 

 

Figure 3.13: Snapshot of the vertical profile of the total current velocity in cross-shore 

direction overlaid with isotherms (thin black lines) at a bearing 315° or along the same 

bearing as the primary internal wave illustrated if Figure 3.12. The time of the snapshot 

is 12 am the 24
th

 of March 2004. Clearly evident are the internal wave beams and their 

forward reflection off both the sea surface and upper thermocline (traced in grey).  

 

 

Model simulations over many tidal cycles show that the internal tide generation appears 

to occur  ~70 km from NRA in an arc ranging from 300° - 15° and extending ~120 km 

along the (curved) slope and it takes approximately 3.2 tidal cycles for an internal tide 

to travel from the generation region to NRA. If we take typical observed phase speeds 

of a wave through the L-shaped array as seen above in Fig 3.8, the inferred travel 

distance over three tidal cycles yields an estimate of 65 km ± 20 km during the spring 

tide and 50 km ± 25 km during a neap tide event. Thus both field data and model are in 

agreement in predicting wave generation occurs in water depth of 400-600 m. Figure 

3.12 clearly shows not only the spatial extent over which internal tide generation occurs 

but, due to the curved nature of the bathymetry, a focusing of the baroclinic energy 
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towards NRA. This form of topographical steering thus plays an important role in the 

observed tidal dynamics at NRA and highlights the importance of 3D numerical models 

in determining the propagation characteristics of the wave paths.  

 

3.4. Conclusions   

The data from this study at the NRA gas production platform in 124 m of water show an 

internal wave field characterized by very energetic LAIW‟s over the entire 3.5 month 

period from summer through to winter conditions. Waves are strongest and are 

predominantly waves of depression during periods of strong stratification observed in 

the first half of the deployment period, while in the second half of the deployment 

waves are weaker and are predominantly waves of elevation. The application of the 

nonlinearity index over the study period reveals an internal wave field characterized by 

strong nonlinearity, suggesting that even the less energetic waves are unlikely 

candidates for a description based on weakly nonlinear theory. For the first time, we 

were able to accurately measure the phase speed and direction of propagation of the 

wave packets without ambiguity. The phase speed of the NIW packets appears to 

depend on the variability in stratification at the shelf break. The variation from spring to 

neap tide affects the observed direction of propagation of the wave packets. The 

generation site for the waves has been estimated in a water depth of some 400 - 600 m. 

The numerical simulations predicted tidal beams emanating from critical topography on 

the slope and showed the focusing of internal tidal energy toward the NRA site.  

 



Internal Wave Dynamics on the Australian North west Shelf 

 

 

- 48 - 

 

4. Tidally generated internal waves on the Australian North West 
Shelf 

 

 

4.1. Introduction 
 

The Australian North West Shelf (NWS) is known to have very strong internal tides 

(e.g. Holloway, 1983; Holloway et al, 2001; Jackson, 2007) and to be one of the most 

significant global regions for tidal energy dissipation (Egbert and Ray, 2000). Currents 

on the NWS are strongly dominated by the barotropic tide with its spring-neap cycle 

(Condie and Andrewartha, 2008). Recent experimental work on the NWS, at the North 

Rankin gas platform (NRA) (Latitude 19.6 Longitude 116.1  ) in a depth of 124 m, 

showed that there was a considerable variability in semidiurnal internal tides from 

summer to winter (Van Gastel et al., 2009 and Chapter 3 above).  Nonlinear internal 

wave packets of both depression and elevation were observed over a 4-month period, 

covering the transition from summer to winter conditions, with amplitudes as large as 

80 m and bottom currents up to 1 m/s.  

 

Internal tides are generated when the bottom slope matches the slope of the internal 

wave beams (e.g. Vlasenko et al 2005), where the wave slope α is given by  

                                                                                             (4.1)     

where ω is the dominant tidal frequency, f the Coriolis parameter and N the 

buoyancy frequency.  Preliminary numerical modeling by Van Gastel et al., (2009) 

estimated the internal tide generation to occur ~70 km offshore and north-west from 

NRA in a water depth of 400 – 600 m and extending ~120 km along the locally curved 

continental slope. Emanating from this generation region, modeling results suggested a 

three-dimensional pattern of forward reflecting internal wave beams propagating 
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towards the inshore experimental site, and subsequently dissipating in shallow waters 

further inshore from NRA.  

 

Early numerical studies on the NWS (Holloway, 1996) focused on two-dimensional 

propagation of waves in (x,z) space, where the x axis is along the propagation direction. 

Usually, variations of stratification along the y axis, perpendicular to the propagation 

direction, are either neglected (e.g. Green et al. (2008)) or were initialized as 

horizontally homogeneous (Cummins and Oey (1997)). However, in most applications 

only a fully three dimensional model is able to model the interaction of the barotropic 

flow with the three dimensional topography to obtain both the alongshore variability as 

well as the local vertical component of the model and hence the forcing of the internal 

tide (e.g. Holloway and Merrifield, 1999). Recognizing these limitations, Holloway 

(2001) subsequently used a three-dimensional model to estimate the energy content of 

the M2 internal tide over the shelf and slope regions of the NWS. Although his 

simulations were restricted to only a four-day period, (representative of summer 

conditions in January 1995) and a single constituent of the tidal forcing (either M 2  or 

S2 ), he concluded the depth-integrated baroclinic energy flux was highly variable in 

space, with regions of both onshore and offshore flux, and found an energetic internal 

tide containing about 5 % of the total energy lost from the barotropic tide within the 

model domain. Specifically, in the vicinity of NRA the ratio of baroclinic to barotropic 

fluxes was approximately 4% (Holloway 2001).  

  

Previous modeling studies didn‟t examine the effects of variable forcing over the 

spring-neap cycle and how important the three dimensional nature of the topography is 

on generating, mediating and dissipating internal waves and energy fluxes on the NWS. 
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These questions form the primary objective of the present model study summarized in 

this chapter. We use a fully three dimensional version of the numerical ocean circulation 

model ROMS (Haidvogel et al., 2000; Shchepetkin and McWilliams, 2005) and focus 

on two main issues in regard to the ROMS predictions: firstly, how does it compare 

with the field observations, and secondly what can the model tell us about the spatial 

variability of the internal tide throughout the domain? We examine in particular the 

internal tide events that occur in the strongly stratified summer months over the March 

to April period. This work is an extension of previous work describing field 

observations by Van Gastel et al., (2009), and we focus primarily on the modeling of 

the internal tide in the region.  

4.2. Model setup 
 

 

ROMS v3.1 (Haidvogel et al., 2000; Shchepetkin and McWilliams, 2005) is a 

hydrostatic, primitive equation, sigma coordinate ocean model that solves the Reynolds 

averaged form of the Navier-Stokes equations on a Arakawa „„C‟‟ grid. ROMS is run on 

a domain of approximately 800 km by 500 km with the horizontal grid resolution set to 

a nominal 2.2 km grid resolution. The model minimum depth was set to 20 m and the 

number of vertical sigma layers was set to 70, with increased resolution in the near 

seabed layers. The bottom stress was computed using a quadratic stress with bottom 
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drag coefficient of 0.0025. 

 

Figure 4.1: The modelled domain showing the seabed topography (white lines, 50 m to 

400 m at 50 m intervals and 500m to 5000m at 100 m interval) and the energetics 

domain boundary illustrated by the boxed region. Overlaid on the figure are 

representative M2 tidal amplitudes illustrating the general along slope propagation of 

the tide in water depths greater than 400m, and the topographically steered upslope 

orientation of the tide when moving into shallower waters. The red lines represent the 

M2 tidal amplitude.  

 

The model domain consists of three open boundaries located on the study area‟s 

northern, southern, and western extents (Fig. 4.1). Our study area is indicated by the 

black rectangular line in Figure 4.1. The co-range lines show incoming tidal flow from 

the western boundary, initially propagating along the shelf. During eastward 

propagation the tidal forcing is topographically steered in cross-shore direction and 

currents are nearly orthogonal to topography, theoretically setting the stage for intense 

barotropic-to-baroclinic energy conversion (Baines, 1982). Representation of the 

internal forcing was accomplished through the one way coupling of ROMS to the coarse 

scale data assimilating ocean circulation model Bluelink ReANalysis (BRAN) version 

2.1, see Oke et al. (2008), by maintaining a daily varying boundary condition for 
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temperature and salinity at all open boundaries. Initial conditions for the temperature 

and salinity fields were also obtained from BRAN and thus we have realistic spatially 

varying fields over the domain. Although the BRAN model solution does not include 

any tidal forcing, it does provide the preconditioning of ambient stratification on which 

internal waves ride. A short overview of the BRAN model solution is presented in 

section 4.5.  

 

Tidal forcing was applied using the Oregon State University TPXO.7.1 tide model, 

carrying the four dominant diurnal and semi-diurnal tidal constituents at the boundaries. 

Besides the tidal forcing along the boundaries, the model is also driven by atmospheric 

forcing fields at the surface. Wind forcing was applied using daily averaged blended 

vector sea surface winds (at 10-m above sea level) observations, on a global 0.25-degree 

grid sourced from the National Climatic Data Center (NCDC). Daily averaged 

thermodynamic forcing data were obtained from the National Oceanic and Atmospheric 

Administration NCEP/NCAR reanalysis data set on a global 2.5 degree grid resolution.  

 

The model can be configured with choices from several types of boundary conditions, 

horizontal and vertical advection schemes for momentum and tracers, pressure-gradient 

algorithms, and turbulence closures. We configure the model‟s horizontal advective 

scheme using a third-order, upstream-bias G-Scheme and a spline advection scheme for 

vertical transport. The parameterization of vertical turbulent mixing for momentum and 

tracers is based on Mellor Yamada 2.5 order closure model (Mellor and Yamada, 1982) 

and the horizontal eddy coefficient used for momentum and tracers adopted a Laplacian 

parameterization. Radiation boundary conditions were prescribed for the baroclinic 

tracers.  
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Δx, M 2.2 km, 270 Resolution zonal direction, number of grid points. 

Δy, L 2.2 km, 360 Resolution meridional direction, grid points. 

N 70 Number of sigma coordinate levels. 

hmax >4000 m Maximum depth of computational domain. 

hmin 20 m Minimum depth of computational domain. 

θs 3.0 Sigma coordinate stretching factor. 

θb 0.9 Sigma coordinate bottom stretching factor. 

Δt(baroclinic) 60 s Baroclinic time step. 

Δt(barotropic) 2 s Barotropic time step. 

νv 4.6 m
2
/s Horizontal eddy viscosity. 

νd 4.6 m2/s Horizontal eddy diffusivity. 

R 2.5 x 10
–3 

Quadratic bottom drag coefficient. 

 

Table 4.1: Model parameterization 

 

The simulation period commenced on the 14
th

 March 2004 and ran for 35 days, 

representing two spring neap cycles. Model runs were confined to the year 2004 to 

allow comparison with field experiment conducted over this period. The model‟s 

parameterization is given in Table 4.1. A limitation of the model development and 

evaluation was that comparisons could only be made against field measurements at a 

single site, NRA, although the model was able to describe the ocean behaviour over a 

domain scale of 800 km by 500 km (Fig. 4.1).  Verification of the model‟s performance 

was made by comparing the modeled depth averaged solution, current speed at 30m and 

75m above the seabed (ASB), and the through water column temperature profile with 

field data covering the same period (see section 4.4). The field data consisted of a 

throughout the water column current meter mooring totaling six current meters in the 

vertical in a nominal water depth of 124 m. A complete description of the results from 

this field experiment is given in Van Gastel et al. (2009) and Chapter 3. 
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4.3. Energetics 
 

We follow the procedure summarized by Nash et al., (2005) and Green et al., (2008) 

and  calculate the tidally averaged depth-integrated horizontal baroclinic energy flux 

FH (W/m) (hereinafter referred to energy flux) between the limits 0 (free surface) to –H 

(seabed) from  

 

                                                                 (4.2) 

 

where < > represents a tidal average, and u and p  represents the velocity and pressure 

fluctuations due to internal waves. Clearly this is not an accurate representation of the 

energy flux when highly non-linear internal waves are present, as can occur near NRA 

(Van Gastel et al., 2009). However, this should be a good representation of the fluxes 

throughout much of our domain where internal wave dynamics are linear or weakly 

nonlinear. In the present application, following Nash et al., (2005) and Green et al., 

(2008), the perturbation density is derived as 

 

                   (4.3) 

where  is the instantaneous density profile and  is obtained by 

low-pass filtering  at a period which is long compared to the dominant tidal 

forcing frequency of 12.4 hr but short enough as not to remove low frequency 

oscillations. The pressure perturbation is calculated from (4.3) using the hydrostatic 

equation and the baroclinicity requirement that the depth averaged pressure perturbation 

must equal zero (e.g. Nash et al., 2005). 
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                (4.4) 

where  

 

The 3D velocity perturbation is defined as 

              (4.5) 

 where  is the instantaneous horizontal velocity field,  is the low-

pass filtered horizontal velocity field at the same filtering period as (4.3) and  

is the depth-averaged velocity. It is, like the first term on the RHS of (4.4), determined 

by requiring the baroclinicity condition.  

 

4.4. Model validation  
 

The model‟s spectral energy response is compared with the field data in Figure 4.2A. 

There is good agreement with the observed depth averaged currents  at NRA between 

the frequency of 10
-6

 s
-1

 , associated with low frequency oscillations with periods of 

~2.9 days, up to a frequency of ~ 10
-4 

s
-1

, or a period of oscillation of ~2.8 hrs (~16 

times the buoyancy period). Within this frequency band, the semi-diurnal, the M6 and 

M4 tidal harmonics are well resolved at the 95% confidence. The model has also an 

excellent predictive capability of the depth average current response between 5% and 

95% exceedance (Figure 4.2B).  
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Figure 4.2 Model verification at the NRA field site (Fig.4.1). Plot A shows the spectral 

density comparison of the depth averaged current speed (m/s) of the modeled (solid red 

line) and observed (dashed black line) for the period 17
th

 March 2004 to 17
th

 April 

2004. The 95% confidence interval (dotted black line) is shown at the base of the graph. 

Plot B is the percentage exceedance comparison. The optimal solution is given as the 

solid black line. For a direct comparison, the observed and modeled velocity current 

speed was determined by averaging the depth integrated current speed recordings at 

the six current meter locations at 5 m ASB (above the seabed), 30 m ASB, 60 m ASB, 75 

m ASB, 102 m ASB and 117 m ASB. The observed and modeled sample rate was 2 

minutes. 

 

The comparison of the current speed at 30 m ASB and 75 m ASB between model and 

observations (not shown) indicated that at the 95% confidence interval, there is good 

agreement for the both velocity components for frequencies up to 1×10
-4

 s
-1

 or a wave 

period of ~3hr (~18 times the buoyancy period of 10 minutes). At higher frequencies 

the model underpredicts the spectral energy response due to its inability to resolve the 

observed locally high frequency and large amplitude internal wave dynamics and the 

associated currents observed at NRA by van Gastel et al (2009), but it clearly 

reproduces the phase and range of wave heights at periods of 3 hours and longer.   

 

Extending the model validation to the temperature field, the water column temperature 

structures are compared over a 14 day spring-neap cycle in Figure 4.3.  We compare the 

modelled temperature response (Fig 4.3A) with the corresponding observed 3hr low-

pass filtered temperature profile (Fig. 4.3B), while the unfiltered field data are shown in 
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Figure 4.3C. The filtering interval was chosen based on the spectral response 

comparisons of the velocity fields. The internal wave height varied significantly from 

30 m oscillations, arriving during the neap tide (year day 90 - 95), to events in excess of 

60 m (modeled) and 75 m (observed) arriving after the peak of the spring tide. 

Comparative internal wave statistics have been summarized in Table 4.2. The model 

resolves the phase and variability in the low-wavenumber structure. Mean wave height, 

wave period and number of waves over the spring neap cycle are congruent with the 

low-pass filtered measurements at 3 hours. This is consistent with the spectral analysis 

plot shown in Figure 4.2.  

 

  
ROMS 

Observed: Low 

Pass Filtered  @ 

3 hours  

Observed: Low 

Pass Filtered  

@20min 

Observed: 

unfiltered 

Total Waves 129 140 1371 3253 

Waves per tidal 

cycle 2.3 2.5 24.5 54 

Mean Wave 

Period  5.66 ± 5.8 hrs  4.95 ±  7.2 hrs 0.5± 0.49 hrs 0.22± 0.28 hrs 

Mean Wave 

Height 15.0 ±  29.43 m 17.1 ±  35.2 m  5.3 ±  13.8 m  5.0 ±  13.2 m 

Max. Wave 

Height 
64.1 m 75.2 m   50.6 m   56.04 m 

 

Table 4.2: ROMS and the observed wave comparison statistics. Comparative time series 

data are the depth location of the 27 degree isotherm extracted over the period 19
th

 Mar 

2004 to the 17
th

 April 2004. Comparative values stated at the 95% confidence interval. 

Individual waves and their wave height were identified by determining points of local 

maxima (wave crest) and local minima (wave trough) along the time series. 

 



Internal Wave Dynamics on the Australian North west Shelf 

 

 

- 58 - 

 

 
 

Figure 4.3: A comparison of through water column temperature profile at the NRA field 

site for the period 21
th

 March 2004 to 4
rd

 April 2004. Image A shows the modeled 

response, image B the low pass filtered at 3 hours observed signal and image C, the 

unfiltered observed signal. The undulating sea surface profile illustrates the period of 

the spring neap tide. Images B and C have been extrapolated to the sea-surface as the 

height of the ‘nearest to surface’ current meter is set to a maximum of 9.5 m below the 

sea surface during the peak of the spring tide. Comparisons in this region of the water 

column are not valid. 
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4.5. Mean circulation 
 

The BLuelink ReAnalysis (BRAN) v2.1 model solution describes the large scale mean 

circulation and shows strong spatial variability during the March to April modeling 

period consisting of meandering currents and eddies (Fig. 4.4). The inflow of warm, low 

salinity waters from the Pacific Ocean through the Indonesian archipelago and the 

Timor Sea in conjunction with strong solar heating sets up an upper water column 

geopotential gradient. This gradient drives an energetic surface flow southward, that has 

a high propensity to meander and shed eddies (Fig. 4.4).  This Leeuwin Current (LC) 

source waters flow, migrates along in the vicinity of the shelf break, and dominates the 

near surface circulation dynamics off the Western Australian coastline year round (e.g. 

Meuleners et al. 2007b).  It remains unclear how the LC affects the generation and 

evolution of internal waves. Observations have shown that the meandering LC can 

cause the thermocline to locally deepen, for periods of up to 3 days, in regions where 

the internal wave beams interact with the thermocline, possibly enhancing the local 

internal wave response. We address this issue further in Chapter 5.  
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Figure 4.4: The mean flow characteristics off Australia’s North West coast during the 

model period. The image was sourced from the Bluelink ReANalysis (BRAN) V2.1 

modelled solution and shows the near surface mean ocean temperature overlaid with 

the mean currents (arrows) and bathymetry. The mesoscale circulation and the 

coupling of these features with the Indonesian through flow are apparent in the figure. 

The ROMS domain is outlined in pink.  

 

 

4.6. Modelling results 
 

We use the temporal average of the energy flux divergence  (Wm
-2

) (Figure 4.5) and 

the depth-integrated horizontal baroclinic energy flux vector F (Wm
-1

) (Figure 4.6) to 

characterize the generation and propagation dynamics of the baroclinic tide. The energy 
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flux divergence of the baroclinic tide is the consequence of baroclinic conversion and 

dissipation (Zaron et al, 2006) and is calculated as the line integral of the outward 

normal component of F around each grid cell. Positive values of flux divergence 

measure the radiated baroclinic energy flux and it gives us a good measure of the 

barotropic-to-baroclinic energy conversion (Carter et al, 2006). There is a strong spatial 

variability between the spring (Fig. 4.5A) and neap (Fig. 4.5B) tidal period, with both 

greater intensities and extent of generation sites in the spring period. Five of the larger 

generation sites during spring tide have been selected for discussion, while two 

generation sites stand out during neap tide (Fig. 4.5B).  

 

Site 1 is located 100 km southwest of NRA at a depth of ~600m and produces a 

predominantly offshore propagating internal wave beam reaching peak values of 6000 

W/m at the bottom of the steep ridge (Fig. 4.6), with all onshore directed energy 

dissipating before reaching the 200m isobath. Offshore of NRA at the continental shelf 

break (400 m), one can identify two distinct source regions (Fig. 4.5). Site 2 is active 

during both spring and neap tide and is located ~25km WNW of NRA (300°). Site 3, 

located along the 315°  transect, extends from a depth of 380 m, to a depth of 650 m 

(Fig. 4.5A). This site is the main generation region of internal wave beams influencing 

the internal wave signature observed at the NRA field site during spring tide but is only 

weakly active during neap tide (Fig. 4.5B). The model results indicate this generation 

region to shift up and down the slope over the identified depth range. Using the critical 

slope condition (Eq.1), it can be found that the slope of the internal wave beam varies 

by up to 0.7 degrees during the spring period of the tide. Beams and hence energy 

fluxes originating from sites 2 and 3 appear to converge inshore of the 200 m contour 
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(Fig. 4.6), in a region that is known to be associated with enhanced baroclinic tidal 

activity (Van Gastel et al, 2009).  

 
 

Figure 4.5: The divergence of the horizontal energy flux. Image A represents the spring 

tide period and image B the neap tide period. The overlaid arrows illustrate the 

direction of the energy flux (Eq. 2). The numbers refer to different generation sites 

discussed in the text. 

 

This multi-site generation suggests that there is variation in the preferential generation 

site of internal waves that pass through NRA during the spring-neap period. Site 4 is 
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also located NW of NRA (315°) and is the deepest of the identified generation sites at 

~1500m. This site, because of its deep location and weak localized barotropic forcing 

and stratification, produces a weak onshore propagating internal wave beam (Fig. 4.6). 

The final site 5 is located approximately 110 km NNE of NRA in a depth of ~600m 

(Fig. 4.5A) and is a predominantly active generation site during spring tide. The cross-

shore propagating baroclinic energy flux has a beam width of ~ 40 km (Fig. 4.6).  

 
Figure 4.6: The depth-integrated, tidally –averaged (12.4 hours) horizontal energy flux 

FH  during spring tide. The 4 main pathways of energy propagation (SW, WSW, NW and 

ENE) are represented by black, dashed lines. The color shading represent the 

magnitude of thedepth-integrated horizontal energy flux F. The red, black and blue dots 

represent points along the 130 m isobath see Figure 4.7.  Time series data of the 27° 

isotherm were extracted at 5km intervals along the NW transect, see Figure 4.8, and 

used to generate Tables 4.3 and 4.4. 

 

Maximum depth-integrated energy of 5000 W/m is observed at the 200 m contour, with 

no significant energy flux inshore of the 130 m contour, indicating strong dissipation of 

internal waves within this area. To illustrate the spatial variability of internal wave 

activity, Figure 4.7 shows time series at three distinct locations of the vertical position 
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of the 27 degree isotherm - chosen because it sits centrally in the thermocline. 

Examining the along-shore spatial variability of the internal tide (Fig. 4.7), it is evident 

that the time series representing the NW_NRA and WSW_NRA locations are in phase 

and represent part of the same wave profile.  

 

 
 

Figure 4.7: Time series of the IW field at 3 locations in the vicinity of NRA for the 

period 19
th

 Mar 2004 to the 4
nd

 April 2004. The three overlaid time series represent the 

vertical location of the 27° isotherm in a water depth of ~130 m. The selected isotherm 

is representative of the upper thermocline where the greatest vertical excursion of the 

isotherms occurred. The location of the three points is shown in Figure 4.6: the larger 

black dot is positioned 5km NW of NRA and is represented as the black line (referred to 

as NW_NRA in the manuscript); the blue dot located 13 km WSW of NRA is represented 

as the blue line plot (WSW_NRA); and the red dot located 32 km ENE of NRA is 

represented as the red line plot (ENE_NRA).  

 

It is also evident that the internal waves passing through NW_NRA have the greatest 

wave amplitudes during the spring tide. An estimate of the travel time since generation 

of these waves is 3 days. Comparing the time series from the NW_NRA and ENE_NRA 

locations, the phase difference of ~6 hours indicates two waves independently 

generated. The estimated travel of internal waves propagating along the ENE transect is 

4 days.  
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To better understand the 3D dynamics of internal tide propagation, we extend the spatial 

analysis and investigate the cross-shore variability along the important transect 

extending NW from NRA crossing the generation site 3 identified above. Commencing 

at NRA and extending offshore in a 315° direction for a distance of 45 km, the mean 

wave statistics were estimated by identifying and tracking individual wave crests, 

troughs and amplitudes at individual stations separated by 5 km along this transect. 

Dividing the separation distance by the estimated travel time of either the crest or trough 

of an individual wave gave an estimate of phase speeds. Also, by extracting high-

frequency data from the model, we were able to estimate the time associated with the 

passage of individual waves past a fixed point and hence estimate their wavelength 

using the computed phase speed. The vertical excursion induced by individual waves 

was estimated by determining points of local maxima (wave crest) and local minima 

(wave trough) along the 27 degree isotherm. An example of the result is given in Fig. 

4.8A, and spectral plots of the modeled and observed isotherms are presented in Fig. 

4.8B and 4.8C. Tables 4.3 and 4.4 summarize the findings on the characteristics of the 

internal tides along the entire 45 km transect. Expand explanation of figure 4.8 A: need 

to do  
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Figure 4.8: Image A: an example of the technique used in estimating the linear phase 

speed, wavelength and amplitude of the modeled internal wave field. Overlaid is the 

time series location of the 27° isotherm extracted at 3 stations along the NW transect 

depicted in Figure 4.6). Image B and C compare the spectral response of the modeled 

(image B) and observed (image C) of the time series of the location of the 27° isotherm 

extracted at NRA. The black and red lines represent the 1
st
 (19

th
 Mar 2004 to the 2

nd
 

April 2004) and 2
nd

 (3
rd

 April 2004 to the 17
th

 April 2004) spring neap period. The 

modeled response reproduces the frequency of the observed IW wave oscillations to 

1×10
-4

 s
-1

 (~3 hours) for the 1
st
 spring neap period and to 3×10

-4
 s

-1
 (~1 hour) for the 

second period.  

 

The tabulated results for both tidal periods show a similar pattern of wave evolution. In 

deep water at stations I and J in water depths of ~300 m, the internal tide has an 

amplitude of ~30 m and wavelength of ~23 km and propagates onshore with a phase 

speed of ~1 m/s. These waves are modified and begin to slow and steepen decreasing 

their wavelength to ~15 km and phase speed to ~0.7 m/s as they move into shallower 

water near station D in a water depth of ~150 m.  
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 Stn A 

(124m) 

Stn B 

(127m) 

Stn C 

(137m) 

 

Stn D 

(152m) 

Stn E 

(174m) 

Stn F 

(200m) 

Stn G 

(230m) 

Stn H 

(259m) 

Stn I 

(283m) 

Stn J 

(308m) 

Total Waves 64 46 54 63 75 68 53 57 58 51 

Waves per 

Tidal cycle 
2.4 1.7 2.0 2.3 2.8 2.5 2.0 2.1 2.1 1.6 

Phase Speed 

(m/s) 
0.61 0.24 0.74 0.14 1.0 0.18 1.0 0.27 1.0 0.26 

Period (hrs) 6.13 6.36 5.54 6.57 4.66 4.67 5.87 7.0 6.76 7.7 

Wavelength 

(km) 
13.5 24.7 14.8 23.5 16.8 22.8 21.1 37.7 24.3 54.6 

Max. Wave 

Hgt. (m) 
64.1 47.9 54.5 37.6 38.5 37.4 35.8 27 31.1 35.6 

Mean Wave 

Hgt. (m) 
12.9 15.5 12.3 9.0 9.0 9.7 9.1 8.6 9.7 13.0 

Steepness 

(Max Wave 

Height/ 

Wavelength) 

0.047 0.035 0.037 0.025 0.023 0.022 0.017 0.013 0.013 0.015 

 

Table 4.3: ROMS internal wave statistics at 10 sites located along the NW (315°) transect 

originating at NRA (Latitude 19.58S, Longitude 116.14E).  The transect bearing corresponds 

to the dominant propagation direction of the modeled baroclinic energy flux through NRA 

during spring tide (see Fig. 4.6). Comparative statistics computed using the time varying depth 

location of the 27 degree isotherm extracted over the spring neap period 19
th

 Mar 2004 to the 

2
nd

 April 2004. Where appropriate, the range of values given was at 2 standard deviations 

from the mean.  

 

 

Table 4.4: The same statistical comparison of the internal wave field as in Table 4.3 using the 

27 degree isotherm height data extracted for the second spring neap period 3
rd

 April 2004 to the 

17
th

 April 2004.  

 

The modification process is described below. Wave steepening commenced within 15 

km offshore of the NRA field site in water depths of between 137 m and 152 m.  

 Stn A 

(124m) 

Stn B 

(127m) 

Stn C 

(137m) 

Stn D 

(152m) 

Stn E 

(174m) 

Stn F 

(200m) 

Stn G 

(230m) 

Stn H 

(259m) 

Stn I 

(283m) 

Stn J 

(308m) 

Total Waves 51 59 73 71 80 79 62 56 72 51 

Waves per  

Tidal cycle 

1.9 2.2 2.7 2.6 3.0 2.9 2.3 2 2.7 1.9 

Phase Speed 

(m/s) 
0.62 0.21 0.81 0.32 - 1.08 0.41 0.91 0.17 

Period (hrs) 5.98 6.62 4.5 5.7 4.12 4.38 5.6 6.02 6.48 5.26 
Wavelength 

(km) 
13.3 24.3 13.1 28.4 - 21.8 40.6 21.2 24.4 

Max. Wave  

Hgt. (m) 
43.7 43.2 54.4 29.7 33.7 43.7 22.9 21.8 28.9 33.5 

Mean Wave  

Hgt. (m) 
17.3 14.1 11.1 7.9 8.1 8.2 8.4 8.6 7.5 11.6 

Steepness 

(Max Wave 

Height/ 

Wavelength) 

0.033 0.032 0.042 0.023 - - 0.011 0.01 0.014 0.016 
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Significant wave steepening occurs within 5 km of the field site during the first tidal 

period. Evident for both tidal periods, is that at station C in Table 4.3 and 4.4 (10 km 

offshore from NRA), the internal wave height peaked at ~54 m, then tends to oscillate 

before finally decreasing inshore of 124 m. 

 

The baroclinic tidal properties are further illustrated by looking at x-z snapshots of the 

wave field taken during the first tidal period along transects drawn in Fig. 4.6. A three 

tier stratificationArnoldo comment 9 + Harvey: need to rephrase is evident in the 

transect crossing NRA (Fig. 4.9A), with a strong thermocline extending from ~30 m to 

~90 m below the surface, a secondary stratification zone located between ~90 m and 

~250 m and a weakly stratified region below 250 m. The shape of the wave is 

influenced by the bottom and is constrained by the bathymetry in water depths less than 

120 m, but is freely propagating offshore from this location (Harvey doesn‟t 

understand). The figure also suggests a region of internal tide modification located 

offshore of the inner shelf break in water depths between 140 m and 220 m. The more 

energetic internal wave trapped within the thermocline (centered around the thick solid 

black line in Figure 4.9A) steepens in the presence of the local change in the topography 

and the secondary stratification zone (thick dashed black line in Figure 4.9A annotated 

as „C‟).It is also suggested that there is a localized breaking of this wave in the region 

annotated as „C‟. This combination of effects is unique to the first spring tide, and its 

significance is evident when comparing the modeled internal wave heights between the 

two periods (see Table 4.3 (station A) and Table 4.4 (station A)).bb should be related to 

station E-F, cc to station I-J,aa to station D for first spring tide (Table 4-3) (Tom en 

Harvey) Harvey: improve description time-series. What is the source ofIW in deep 

water centered around thermocline?  
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Figure 4.9: A snapshot of the magnitude of the baroclinic current velocity in cross-

shore direction overlaid with the isotherms extracted along the NW transect for the 27
th

 

March at 3 pm (spring tide). Clearly evident are the internal wave beams and their 

forward reflection off both the sea surface and upper thermocline (traced in grey).  

This is an example of a typical response during the 1
st
 spring tide extracted from movies 

of the dynamics. The black solid line represents the location of the 25° isotherm and the 

black dashed line represents the location of the 21° isotherm (upper image). The black 

vertical lines annotated as ‘aa’, ‘bb’ and ‘cc’ mark the location of the time series 

comparison of the 21° (red) and 25° (black) isotherms displayed in the lower image. 
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A time series comparison is made of the vertical location of the 25° isotherm, 

representing the mid depth of the thermocline, with the vertical location of the 21° 

isotherm, representing the internal wave dynamics associated with the secondary 

stratification zone (Fig. 4.9B).  

The isotherm displacements at the deep water location annotated as „cc‟ in Figure 4.9A, 

are in phase indicating the existence of a single freely propagating wave baroclinic 

mode centered around the thermocline. Moving inshore to location „bb‟, the wave like 

oscillations of the 25° isotherm now lags those of the  21° isotherm by up to three 3 

hours. At the inner site („aa‟) , the wave like oscillations of the isotherms are now more 

in phase suggesting the wave field is now best represented as a single propagating wave 

with a vertical scale extending over the depth of the stratified water column (see also 

Fig. 4.9B). The hypothesis is that near station „bb‟ an interaction takes place between 

the internal tide signature, trapped within the thermocline, and a rising internal wave 

beam (Fig. 4.9A), amplifying the vertical wave motions  to 60 – 70 m in this region.  

The barotropic tidal forcing over the steep slope along the SW transect supports a 

predominantly offshore propagating internal wave beam (Fig. 4.10A). Little baroclinic 

velocity is directed onshore and predicted wave amplitudes on the shelf („aa‟) are on the 

order of 30 m. The offshore reflected beam clearly affects the density gradient along its 

pathway. Large semidiurnal downward vertical displacements up to 85 m are observed 

at the 15° C isotherm at location „bb‟ (Fig. 4.10B) and further down the steep slope in 

colder waters. 



Internal Wave Dynamics on the Australian North west Shelf 

 

 

- 71 - 

 

 

Figure 4.10: A snapshot of the magnitude of the baroclinic current velocity in cross-

shore direction overlaid with the isotherms extracted along the SW transect for the 24
th

 

of March at 1 am (spring tide). Clearly evident is the internal wave beam reflecting off 

the bottom and propagating in offshore direction. The black solid lines represent the 

location of the 25° C isotherm and the black dashed line represents the location of the 

21° C isotherm (upper image). The black vertical lines annotated as ‘aa’, ‘bb’ and ‘cc’ 

mark the location of the time series comparison of the 15°  (blue), 21° (red) and 25° 

(black) isotherms displayed in the lower image. 
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4.7. Conclusion 
 

Internal waves of tidal origin are a dominant feature of the NWS dynamics and are 

influenced by three factors: the year-round variability of the strong density stratification 

on the shelf due to the intense heating and low precipitation; the very large semi-diurnal 

barotropic tide throughout the region; and the complex and non-uniform bottom 

topography. In this study, the spatial variability of the generation and propagation 

dynamics of internal tides on the southern part of the NWS is investigated using a 

numerical nonlinear hydrostatic model. To summarize the generation dynamics of 

internal waves within a 100km radius of NRA, we used the depth-integrated baroclinic 

energy (Eq. 2) in association with the divergence of the baroclinic energy flux and the 

location of regions of critical slope to identify the main generation sites during the 

spring and neap tide.   

 

Offshore of the NRA platform, multiple generation sites produce complex interactions, 

which influence the character of the internal tide passing through NRA. Consistent with 

Van Gastel et al., (2009), the along crest length of the waves is large, of the order of 

10‟s of kilometers and  the exact direction of propagation of waves towards NRA varies 

over the spring-neap cycle. The main generation site, located 70 km NW  of NRA, is 

mainly active during spring tide and varies its location in water depth between 380 m to 

650 m, thereby changing the slope of the internal wave beam moving away from the 

bottom region by up to 0.7 degrees. It appears there is an interaction between the 

internal tide signature, trapped within the thermocline, and a rising internal wave beam. 

Wave amplitudes vary strongly from tide to tide and spatially along the wave crest.  
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5. The interannual variability of mesoscale flow and its effect 

on the internal wave climatology on the Australian North West 

Shelf 

5.1. Introduction 

Several field studies (e.g. Holloway, 1988; Van Gastel et al 2009) have revealed that the 

Australian North West Shelf (NWS) is a region where energetic internal tides occur 

frequently and can generate strong mixing when they dissipate. The internal tides are  

generated by the interaction of barotropic tidal currents with sloping topography in the 

presence of density stratification at critical points when the slope of the internal wave 

characteristics equals the bottom slope (e.g. Vlasenko et al., 2005; Chapters 3 and 4 

above). The magnitude of the slope of the characteristics is defined as                                    

                                                  

2/1

22

22




















N

f
                                    (5.1) 

 with variable stratification N affecting the location of critical points on the bottom 

slope (Garrett and Kunze, 2007). Regions of critical slope act as sources of intense 

beams of internal tidal energy which can become nonlinear as they encounter strong 

near-surface stratification, leading directly to turbulence (Althaus et al. (2003)) or 

breaking up into groups of higher frequency, short wavelength and large amplitude 

internal waves (Gerkema (2001).  

 

The Australian NWS is located on the eastern boundary of the Indian Ocean, which is a 

region of unusually high seasonal and interannual variability. Seasonally, the eastern 

Indian Ocean is subject to severe tropical cyclone activity during the summer months. 

The cyclones originate in the warm tropical waters of the Arafura and Timor Seas and 
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often propagate on the NWS (Hearn and Holloway, 1989). On longer timescales, the 

eastern Indian Ocean (Figure 5.1) is directly forced by not only the strong seasonal 

monsoons but also remotely forced by the western Pacific Ocean via the Indonesian 

Throughflow (Birol et al, 2001).  

 

 
 

Figure 5.1: Near-surface current in the eastern Indian Ocean and the Indonesian 

Throughflow region (From Condie et al., 2008) 

 

The combination of the Indonesian Throughflow and the monsoonal wind regime 

creates a warm water pool on the Australian North West shelf (Morrow et al, 1998).  

This warm water pool is thought to be the source waters of the Leeuwin Current (e.g. 

Godfrey et al., 1985) and Holloway (1995), for example, observed the presence of a 

poleward fresh Leeuwin current core near the shelf break of the Australian NWS. The 
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ADCP data collected by Holloway (1995) revealed the existence of a poleward flow at 

17°S in a total water depth between 100 and 400 m, with strongest flow at a depth of 

150 m. Using altimetry data, Morrow et al. (1998) found that the large interannual 

variations in the eastern Indian Ocean directly influence the forcing of the density-

driven Leeuwin Current, which is generally recognized south of the North West Shelf at 

22°S.  

 

These interannual variations in the Indonesian Throughflow are not solely associated 

with the El Nino Southern Oscillation (ENSO) variability, but are also controlled by the 

interannual variability in South Java winds and equatorial Indian Ocean winds (Potemra 

and Schneider, 2007). Domingues et al. (2007) investigated the pathways of the 

Leeuwin Current system based on a 5 year simulation of the Los Alamos National 

Laboratory Parallel Ocean Program model. He concluded from particle tracking that 

flow from the Eastern Gyral Current (Figure 5.1) augments the poleward flow of the 

Leeuwin current in two different ways: directly through an offshore route which diverts 

into the Leeuwin Current south of 22° S and indirectly through an inshore route which 

transits the Australian NWS in a surface poleward boundary flow, strongest from April 

to July.     

 

Despite this increasing appreciation of the oceanographic variability on the NWS, the 

understanding of the mean seasonal low-frequency flow and, in particular, its potential 

impact on the internal wave activity in this region has not been investigated. In this 

chapter, we seek to extend the present knowledge of the influence of the mesoscale 

flows and their potential effect on the interannual variability of the internal wave field 

on the NWS, using a combination of a long-term current mooring at the North Rankin 
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gas platform at a depth of 124 m and the data assimilating ocean circulation model 

Bluelink ReANalysis (BRAN) version 2.1, (see Oke et al. (2008). The daily model 

output provides us with both spatial and temporal resolution to examine mesoscale 

processes occurring at time-scales greater than a few days. This allows us to 

characterize the along-shore shelf break flow in our study region, including the density 

structure, depth and extent of the large scale shelf and shelf break flows, the strength in 

terms of transport, and the seasonal and inter-annual variability and the potential 

consequences for internal wave activity. The description of the shelf break flow as an 

extension of the Leeuwin Current is also examined. 

  

5.2. Data collection   

The North Rankin gas production platform (NRA) is located on the shelf in a depth of 

124 m and has a long history of collecting high-quality current and temperature 

measurements along a vertical mooring. In this study, 4.5 years of data are used, 

covering the years 1997, 1998, 2001, 2004 and January – April 2006.   The data consist 

of current and temperature measurements at either six or seven depths (5m, 23m, 35m, 

50 m, 65m, 95m, 120 m) collected at a 2-minute sampling interval and sea surface wind 

measured at the flare tower collected at a 10-minute sampling interval. A number of 

instrument failures in 1997 and 1998 reduced the data return in these years.  These data 

thus provide long-term records that can be used to examine the inshore propagating 

internal wave field, generated in deeper waters off the shelf break (Van Gastel et al 

(2009), Chapters 3 and 4 above) and examine long term variability in the local internal 

wave climatology at this inner shelf location 
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5.3. Description of numerical model    

The Bluelink ocean model (Oke et al, 2008) is a global ocean eddy-resolving model that 

solves the coupled nonlinear hydrostatic equations of motion for a fluid. The key 

elements of the Bluelink system are the Bluelink ocean data assimilation system 

(BODAS) and the Ocean Forecasting Ocean Model (OFAM). OFAM is a global model 

with higher resolution in the Australian region and stretched resolution away from this 

region. The horizontal grid has 1/10° resolution both horizontally and meridionally and 

has 47 z-levels in the vertical with decreased resolution towards greater depths. BODAS 

is an ensemble optimal interpolation system used to initialize OFAM. It uses intra-

seasonal anomalies from OFAM to estimate background error covariance for each 

variable and a weighted least-squares-fit is then used to compute over all observations. 

The ensemble-based background error covariances are multivariate and inhomogeneous, 

reflecting the length-scales and variability of the oceanic circulation. This method has 

the advantage that it assimilates different observation types in a single step, in contrast 

to many other assimilation systems. Tidal forcing is not included in OFAM which is 

dominant in macro-tidal environments such as the NWS. As a result it should be 

emphasized that without tidal dissipation the predicted low-frequency currents are 

overestimated. 

 

The Bluelink Reanalysis (BRAN) is the initial application of BODAS and is a 14-year 

(1993-2006) ocean integration of OFAM, where BODAS is used to sequentially 

assimilate observations once every 7 days. Observations assimilated in BRAN include 

sea surface height from satellite altimetry and coastal tide gauges, sea surface 

temperature from satellite images, and in situ temperature and salinity profiles obtained 

from autonomous vertical profiling drifters (ARGO), a network of moorings in tropical 
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Pacific (TAO) and XBT-data. There is no assimilation in water depths less than 200 m 

due to inaccuracies in satellite imagery at shallow depths. BRAN can be regarded as a 

series of 7-day forecasts for the purpose of assessing predictive skills. The use of real-

time surface fluxes and observations means that results from BRAN should exceed the 

performance of a true forecast system. The daily mean field on the 7
th

 day and the 

observations from BODAS are used at the commencement of the modeling run for the 

following week. Over a time-scale of one day, the temperature, salinity and sea surface 

height are nudged towards those predetermined values, and the model is again 

integrated forward in time for another 7 days, and then the cycle repeats.  

 

5.4. Results  

5.4.1. Field observations 

      5.4.1.1. Temperature and current variability at NRA 

The stratification at NRA during the five years of observation shows a similar pattern 

each year. The water column is continuously and strongly stratified from January to 

April (Figure 5.2). Conversely in the winter months (June – September) the water 

column is mixed to a depth of at least 80 m due to seasonal convective cooling, the 

seasonal thermocline is then closer to the bottom than the free surface. In the near-

bottom waters the maximum temperature occurs later in the year (June), consistent with 

the slow downward diffusion of heat. In May conditions are quite variable between the 

summer and winter conditions. At the start of summer (October-November), the heating 

of the surface layer results in a strengthening of the seasonal thermocline. The surface 

layers display a seasonal variability with warmest temperatures in March (28° -30°C) 

and coldest temperatures in August (24°C).  
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Figure 5.2: Low-pass filtered (72-h) temperatures at North Rankin for 1997, 1998, 

2001, 2004 and 2006. The filter is designed to remove tidal and inertial frequencies. 

Arrows represent the passage of tropical cyclones close to our study region.     

 

Figure 5.3 presents a typical yearly cycle of the low-pass filtered (72-h) currents 

observed at NRA in both the alongshore (Figure 5.3a) and cross-shore (Figure 5,3b) 
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directions. The data are from November 2000 to October 2001, the period which 

coincides with the most complete data return of the 5 years of analyzed data. Consistent 

with previous observations by Holloway (1985), the flow in Figure 5.3a is 

predominantly in poleward direction at our study location and shows strong intra-

seasonal variations. There is a rather weak alongshore flow (10 cm/s) present in 

November and December 2000, the alongshore flow then strengthens in January and 

February and reaches its maximum strength of 30-40 cm/s from March till June, before 

weakening again from July till October 2001.  

 
Figure 5.3: Vertical sections of 72-hr low-pass filtered current velocity in alongshore and 

cross-shore direction observed at North Rankin in 2001. Negative values are respectively in 

poleward direction (upper plot) and onshore (lower plot) direction.  
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The alongshore velocity signature is strongest between the surface and mid-depth, and 

occasionally extends to a depth of 90 m.  Reversals of this typical flow to an 

equatorward direction are infrequent. As seen in Figure 5.3b, the cross-shore flow is 

generally weak; swift bursts of southeastward (onshore) flow are mostly associated with 

the occasional shifting of the directionality of the prevailing southwestward flow 

towards a more poleward direction.  

 

               Figure 5.4: Vector stick plots of the low-pass filtered (72-h) 12-h averaged  

              current at North Rankin during the five years of observation.  
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The most energetic flows are near-surface, and Figure 5.4 shows stick plots of the low-

pass filtered (72-h) 12-hourly averaged currents of near surface flows at 2 different 

depths (60 m and at either 23 or 35 m, depending on the availability of current meters) 

for the 5 years of observation. In 1997, the low-frequency current at both depths was 

highly variable in direction from January until mid-March and changed to a steady 

southwestward flow afterwards. In 1998, the poleward low-frequency flow was 

continuously and vigorously present from February to May in the study region, with 

current maxima of 40 cm/s in April and May.  In 2001, the poleward flow exhibited a 

stronger slightly stronger signature at 23m depth but was from March onwards. In both 

2004 and 2006, the flow manifested itself more strongly at mid-depth but was poleward 

most of the time. In general sudden increases in the strength of the poleward flow 

occurred intermittently and persisted for periods of approximately 10 days (Figure 5.3 

& 5.4).  Periods of equatorward flow are rare (eg February 2006), and the dominant 

pattern is poleward flow over much of the year.  

 

      5.4.1.2. Intra- and inter-annual variability of large amplitude internal waves 

As discussed in Chapter 3, the large amplitude internal wave (LAIW) climatology on 

the NWS displays strong seasonal variability (Van Gastel et al., 2009). During the 

summer months (November to April), the thermal stratification is defined by a shallow 

mixed upper layer above a nearly linearly stratified lower layer, supporting LAIW of 

depression at NRA. The upper plot in figure 5.5 shows a typical example of waves of 

depression observed during spring tide in summer of 2001. LAIW in summer are 

characterized by very large vertical displacements up to 80 m (figure 5.5a) and are 

associated with near-seabed high-frequency current magnitudes (high-pass filtered at 3 

hours) of the order of 40 - 60 cm/s (figure 5.5b and 5.5c).  The LAIW illustrated in 
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figure 5.6 were observed two weeks later. Although the stratification and tidal phase are 

similar, the amplitudes of the waves of depression were now considerably weaker and 

limited to 20-30 m in amplitude and near-seabed high-frequency current magnitudes 

were of the order of 20 cm/s.  

 

Figure 5.5 (a) Contour plot of through water temperature, (b) high-pass filtered current 

speed at 30 m and (c) 5 m above the sea bottom from 13 to 17 January 2001 at North 

Rankin.  

 

Figure 5.6 (a) Contour plot of through water temperature, (b) high-pass filtered current 

speed at 30 m and (c) 5 m above the sea bottom from 25 to 29 January 2001 at NRA. 
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While stratification and tidal forcing are similar in these two examples, there are 

differences in the low frequency flow field. The first half of January 2001, 

corresponding to the period shown in Figure 5.5a, is characterized by the presence of a 

poleward low-frequency flow at NRA (see Figure 5.4). Conversely in the latter half of 

January 2001, corresponding to the period shown in Figure 5.5b, mesoscale flows are 

almost non-existent. This appears the only difference between the two periods, and this 

example suggests the possible influence of this poleward low-frequency flow on 

internal wave dynamics in the shelf-slope region. As the large scale flows on the shelf 

will have a strong geostrophic component, any change in current magnitude (and/or 

direction) must be associated with a change in the lateral density gradient and, in turn, 

this can affect the process of internal wave generation and possibly propagation. We 

examine this suggestion further below in the context of the Bluelink data.  In the 

autumn (spring) months, the stratification weakens due to surface cooling (heating), 

supporting now predominantly LAIW of elevation near NRA. In the winter months 

(June to August), the water column is relatively well mixed and observations of LAIW 

(and any variability) are scarce. 

 

Extreme forcing can also occur. Between two to four tropical cyclones passed over our 

study region between December and April every year, except in 1997. The passage of 

cyclones and tropical storms are associated with abrupt temporal changes of current and 

temperature (Figure 5.7). A good example of the effect of cyclones can be seen in the 

case of tropical cyclone Monty from the NRA throughout the water column mooring.  
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Figure 5.7: (a) Low-pass filtered (60-h) plot of temperature (contour) and along-shore 

velocity (color). Poleward flows are considered negative (blue) (b) Contour plot of 

through water temperature, (c) high-pass filtered current speed and (d) total current 

speed at 5 m above the sea bottom before, during and after the passage of Cyclone 

Monty at North Rankin.    
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Tropical cyclone Monty was a category five cyclone that propagated very close to North 

Rankin on 1 March 2004 before making landfall. Following the passage of Cyclone 

Monty, note over the period February 30 to March 5 the induced along-shelf poleward 

directed flow (Figure 5.7a),  localised deepening of the seasonal thermocline and the 

compression of the isotherms. Prior to the arrival of the cyclone, the near-linearly 

stratified water column supported waves of depression at NRA (Figure 5.7b) and 

resulted in near-bottom high-frequency currents of the order of 0.6 m/s (Figure 5.7c). 

The localized mixing during and after the passage of the cyclone led initially to a 

dramatic reduction in the baroclinic (HF component) component velocity near bottom 

and a very strong increase in the total currents near-seabed velocities, associated with 

direct forcing from the surface winds, which peaked at over 0.8 m/s on March 1 (Figure 

5.7d). As shown in Chapter 3 it takes about 36 hours for waves to propagate to NRA 

from the generation site. The thermocline begins to relax towards its initial condition by 

about March 3 and waves of elevation were observed. The tidally-dominated pattern of 

large amplitude waves of depression was not really seen again until the stratification re-

established itself around March 5-7 (Zed, 2007).   

 

 

Clearly then due to changes in stratification, tide, mesocale flows and possible cyclone 

activity, there can be variability in the internal wave field, and hence variability in such 

important processes as the high frequency (HF) near-seabed currents induced by 

propagating NIW packets. One way of summarizing the consequences of these sources 

of seasonal variability is to investigate the occurrence frequency of extreme LAIW. The 

occurrence frequency is defined here as the number of semidiurnal events with HF 

currents above 0.4 m/s divided by the total number of semidiurnal tides in a month. The 
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results in Figure 5.8 for all 5 years of data show a strong seasonal variability. The low 

occurrence frequencies of less than 5% correspond to the winter period. However, the 

highest occurrence frequencies are distributed in March and April with a maximum 

occurrence frequency of over 30%.  

 

Figure 5.8: Monthly distribution of extreme (>40 cm/s) LAIW occurrence frequency at 

5m ASB. In 1997 current meter data at 5m ASB were available in February, March and 

October and from June – December in 1998. 
 

  

5.4.2. Numerical modeling 

The mesocale flow field in the region was first examined using BRAN 2.1 by Millar 

(2007) using a single cross-transect from the shoreline, through the site of NRA, and 

past the shelf break (Figure 5.9). The transect crosses at right angles to the isobaths at 

the shelf break. Daily depth integrated transport perpendicular to this transect was 

calculated between two depth intervals, the first between the shoreline and the 300 m 

contour (shelf region) and the second between the 300 m and 770m contour (shelf break 



Internal Wave Dynamics on the Australian North west Shelf 

 

 

- 88 - 

 

region). These were chosen based on results of Van Gastel et al, (2009), in particular the 

first area encompassing the region of LAIW dissipation, and the second encompassing 

the region of internal tide generation. Transport contours are plotted in time and with 

distance offshore, allowing us to track the temporal and spatial variability of the 

alongshore flow.  

 

Figure 5.9: Map of the domain and bathymetry on the Australian North West Shelf. The 

coast is marked by the blue line, the chosen transect is marked by the red line and the 

NRA platform is marked by the blue circle on the transect. 

 

For both regions, the depth-integrated transport as function of offshore distance is 

plotted for 1997, 1998, 2004 and 2006 in Figure 5.10, where black contour lines were 

added to highlight periods of particularly strong flow. On the shelf (upper panel in each 

year in Figure 5.10) poleward flow was the dominant situation.  The strongest poleward 

flows are between March and July, particularly in 1998, 2004 and 2006. On the shelf, 

equatorward flow is infrequent, although clear evidence for this can be seen clearly in 

2004 and 2006 in August and September. These reversals in the generally poleward 
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flow on the NWS are thought to be associated with strong southwesterly winds 

(Holloway and Nye (1985), Brink et al. (2007)). In general, the inter-annual variability 

of the poleward flow on the shelf was very high: some years were found to have a 

stronger flow (e.g. 2006), while in other years the flow was relatively weak (e.g. 1997). 
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Figure 5.10 (from Millar, 2007): Daily time series of depth-integrated transport on the 

shelf  break plotted with depth, and hence distance offshore, for the years 1997, 1998, 

2004 and 2006. The line plot on the left shows shelf profile for the corresponding depth 

interval Blue indicates poleward flow and red indicates equatorward flow where all 

units are m
2
/s.  

 

On the shelf break (lower panel in Figure 5.10), poleward flow was again the norm 

although the flow strength and direction through was more consistent than in the 

shallower shelf waters. Equatorward flow was sustained for longer periods of time than 

in shallower waters and did frequently occur from June to September during the 4 years 

of study. Previous research (Feng et al., 2003) found that the Leeuwin Current further 
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south weakens during an El Niňo event. In our application, the poleward flow on the 

shelf and shelf break during the El Niňo from mid-1997 to mid-1998 was not 

particularly weaker than in other years. The ENSO signal coincided with an Indian 

Ocean Dipole year and the total Indonesian Throughflow was only reduced by 1 Sv for 

this period and therefore was not expected to strongly manifest itself on the NWS (Lan 

et al., 2008).  

 

These trends can be seen more easily in the total transport. The total transport along the 

transect between the coast and the 300 m isobaths, was calculated by Millar (2007) for 

each day and plotted as a time series as shown in Figure 5.11.   The transport rates for 

1997, 1998, 2001, 2003, 2004 and 2006 are all included in Figure 5.11. Poleward 

transport was dominant over all years and generally strongest between March and June. 

The poleward flow was strongest in April 2006, reaching a peak of almost 15 m
3
/s. 

Equatorward transport was less common but persisted for periods ranging from a few 

days to a month, at times reaching as high as 7 m
3
/s (eg January 1998, October 2003, 

August 2004), but generally remaining less than 4 m
3
/s. These transport rates were 

comparable to both previously observed flows on the NWS and Leeuwin current 

transport  south of the North West Cape. Between 17° and 19°S, the in situ poleward 

volume transport for May to June of 1993 was observed as approximately 4 m
3
/s 

(Holloway, 1995). In our transport  calculations, the poleward flow at the shelf break, 

for the same period, and averaged across the 6 years of Bluelink output was 

approximately 3 m
3
/s. At the North West Cape, mean Leeuwin Current transport  is 

between 1.8 m
3
/s (Domingues, 2006) and 3.2 m

3
/s (Feng et al., 2003) in the winter 

months.  
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Figure 5.11 (from Millar, 2007): Time series of daily bulk transport  (m
3
/s) along the 

transect between the coast and the 300 m isobath. Negative transport , which is 

predominant during all years, is poleward. Positive transport  occurs less frequently 

and represents equatorward flow.  

 

From these BLUElink model data, mesoscale alongshore flows on the NWS can thus be 

classified either as a typical poleward flow or as a less common equatorward flow. The 

strongest flows were observed in April 2006 and January 1998 flow in, respectively, the 

poleward and equatorward directions.  These periods are chosen to study the water 

column characteristics such as velocity, temperature, salinity and density along the 

transect in more detail in Figure 5.12 and 5.13.  
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Figure 5.12 (from Millar, 2007): Representative profile plot showing typical along-

shore flow on 2 April 2006. The first subplot shows the strong poleward direction of the 

flow at the shelf break (blue). Weaker poleward flow exists further offshore. The 

following three subplots show the water column structure along the transect. Isopycnals 

slope downward at the shelf break and there is a relatively low salinity associated with 

the shelf break flow. 

 

A typical day from April 2006 is shown in Figure 5.12. Near-surface velocities (upper 

panel) exceeded 0.3 ms
-1 

over a region more than 150 km wide at the surface, which is 

wider than the Leeuwin Current south of the North West Cape (Feng et al., 2003). The 

flow was evident at the surface, with the core above the shelf break. The poleward flow 

reached depth as great as 250 m, the salinity associated with this flow (second panel) 
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was quite low, around 34.5 ppt, and the temperature (third panel) was near 30 Deg C 

because the flow is sourced in warm, low salinity tropical waters (Domingues, 2006). In 

contrast, the characteristic salinity of the Leeuwin Current south of the North West Cape 

is around 35.4 ppt (Smith et al., 1991). Importantly, isopycnals (fourth panel) clearly 

sloped downwards toward the shelf break when the flow was poleward.  

 

An example from January 1998 of strong, oppositely-directed equatorward flow along 

the transect is shown in Figure 5.13. Reversals tended to be weaker, with peak velocities 

around 0.15 ms
-1

, extending over about 50 km at the surface and extending all the way 

to the bottom near 200 m. In contrast to the poleward flow in Figure 5.12, with this 

equatorward flow the isopycnals (fourth panel) have now relaxed considerably, do not 

slope downwards at the shelf break and generally the density field near the shelf break 

has been considerably changed. Changes in stratification are known to affect the 

generation and propagation of the internal waves (eg Hosegood and van Haren (2006)), 

and presumably this process on the NWS must modify the tidally-generated internal 

wave field locally generated on the NWS and observed further inshore at NRA. 
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Figure 5.13 (from Millar, 2007): Representative profile plot showing a flow reversal on 

4 January 1998. The first subplot shows the relatively weak equatorward flow (positive) 

at the shelf break. Further offshore flow is weakly poleward. The following three 

subplots show the water column structure along the transect. There is relatively high 

salinity associated with the shelf break flow. 

 

5.5. Discussion 

The general variation of the poleward flow both in our field experiment and in the 

Bluelink output is aligned with seasonal fluctuations in the Leeuwin Current strength. 

The Leeuwin Current south of the North West Cape is strongest from April to 

September (Borland et al., 1998), while poleward flow on the shelf break was found to 
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be strongest from March to June. NWS waters could thus be seasonally reinforcing, 

with an advance in phase, the Leeuwin Current south of the North West Cape and could 

be more important during this period than other tropical sources at that latitude 

(Domingues et al., 2007).  The year-round stratification, in combination with the strong 

tidal forcing, supports internal tides during most of the year at North Rankin, but the 

most energetic waves and extreme bottom currents were observed in March and April 

during periods of strong stratification and intense poleward flow. In the Bluelink model 

output there was a clear evidence of downward sloping isopycnals at depths between 

200m and 400 m, the generation region for the internal tide, as observed in Chapters 3 

and 4. 

 

This variability in density field and hence local buoyancy frequency is significant 

because it can, in turn,  affect the location of the critical point, as determined by 

equation (5.1)) and thus the internal wave dynamics on the NWS inshore of this 

generation point. The effect of the poleward flow on the generation and propagation of 

the internal tide needs to be verified using the coupled Bluelink/ROMS model and is 

subject of future work. Finally, the stratification may undergo rapid and dramatic 

localized sharpening and deepening by the passage of tropical cyclones in the summer 

months, which affects the internal wave characteristics on the shelf region. The extreme 

forcing induced by the passage of cyclones can mix the water column down to a depth 

of 150 m (Zed, 2007) and thus even completely prohibit internal wave propagation onto 

the shelf.  
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6. Conclusion 
 
 

The data from the field study at the NRA gas production platform in 124 m of water 

show an internal wave field characterized by very energetic large amplitude internal 

waves over the entire 3.5 month period from summer through to winter conditions. 

Waves are strongest and are predominantly waves of depression during the summer, 

while in winter they are weaker and are predominantly waves of elevation. The 

application of the nonlinearity index over the study period reveals an internal wave field 

characterized by strong nonlinearity, with amplitudes as large as 90 m and bottom 

currents up to 1 m/s.  

 

Model results at the North Rankin platform are in very good agreement with field 

observations at the North Rankin platform. Both model and field results predict internal 

wave propagation from two different directions towards the North Rankin platform. 

This suggest that the model output can be used to predict internal wave events over 

broad regions on the NWS and estimate the magnitude of near-seabed currents, which is 

of particular engineering interest.  

  

The spatial variability of the generation and propagation dynamics of internal tides on 

the southern part of the NWS is investigated using both the depth-integrated horizontal 

energy flux and the energy flux divergence. The southwestern plateau is bounded by a 

steep continental slope connected onshore to a narrow shelf. This steep ridge generates 

offshore baroclinic energy fluxes of 6000 W/m that propagate to the bottom of the ridge 

at 1300 m. Energy fluxes originating offshore of the North Rankin platform appear to 

converge inshore of the 200 m contour. Maximum energy fluxes of 5000 W/m are 

found at the site where they converge. The resulting internal waves steepen in the 
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presence of the local topography at depths of ~ 150 m as the waves propagate inshore. 

There seems to be only a weak energy flux inshore of North Rankin, indicating strong 

energy dissipation in this area and suggests site for future detailed field measurements 

to verify this model prediction. Another dominant wave generation site is identified 

approximately 110km NNE of NRA in depths of ~700 m. Wave amplitudes vary 

strongly from tide to tide and spatially along the wave crest.  

 

The year-round stratification, in combination with the strong tidal forcing, supports 

internal tides during most of the year at North Rankin, but the most energetic waves and 

extreme bottom currents were observed in March and April during periods of strong 

stratification and intense poleward flow both locally and offshore. The general variation 

of the poleward flow, both in our field experiment and in the Bluelink output, is aligned 

with seasonal fluctuations in the Leeuwin Current strength. The Leeuwin Current south 

of the North West Cape is strongest from April to September (Borland et al., 1998), 

while poleward flow on the Australian North West Shelf was found to be strongest from 

March to June. The importance of mesoscale flow dynamics on the internal wave 

mechanism remains to be established. Therefore future studies may benefit from a 

detailed investigation on the effect of mesoscale flows on the generation and 

propagation dynamics of internal waves.  
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