
Occurrence and controls on Dense Shelf 

Water Cascades around Australia 

Tanziha Mahjabin 

B. Sc. 

 
 

This thesis is presented for the degree of Doctor of Philosophy at The University of 

Western Australia  

Oceans Graduate School and The UWA Oceans Institute 

Environmental Engineering and Oceanography 

2018



 

 

This page has been left blank intentionally. 



 

i 

 

THESIS DECLARATION 

I, Tanziha Mahjabin, certify that: 

This thesis has been substantially accomplished during enrolment in the degree. 

This thesis does not contain material which has been accepted for the award of any other 

degree or diploma in my name, in any university or other tertiary institution. 

No part of this work will, in the future, be used in a submission in my name, for any other 

degree or diploma in any university or other tertiary institution without the prior approval 

of The University of Western Australia and where applicable, any partner institution 

responsible for the joint-award of this degree. 

This thesis does not contain any material previously published or written by another 

person, except where due reference has been made in the text.  

The work(s) are not in any way a violation or infringement of any copyright, trademark, 

patent, or other rights whatsoever of any person. 

This thesis contains published work and/or work prepared for publication, some of 

which has been co-authored.  

Signature:

Date: 12/1



 

ii 

 

ABSTRACT 

Along Australian continental shelves, high evaporation during summer and 

cooling during winter result in a cross-shelf density gradient that drives gravity currents 

transporting denser water along the sea bed offshore.  This process is defined as Dense 

Shelf Water Cascade (DSWC). Multi-year transects (192) of ocean glider data from eight 

contrasting regions around Australia confirmed the existence of DSWC as a regular 

occurrence during autumn and winter periods. The main parameters controlling DSWC 

were identified as buoyancy input (cross-shelf density gradient) and vertical mixing 

through wind and tidal action. To examine the spatial variability of DSWC along the Perth 

Metropolitan continental shelf region, a three-dimensional hydrodynamic model was 

used. The model, validated using field measurements, confirmed the presence of DSWC 

throughout the model domain. Although there was gradual cooling of coastal waters 

during autumn and winter, there were periods of rapid heat loss during the passage of 

storm systems. During these periods the cross-shelf density gradients were enhanced and 

generated strong DSWC. Onshore winds associated with cold fronts enhanced the 

DSWC. The field and numerical model results confirmed the cross-shelf density gradient 

as the dominant forcing mechanism for DSWC formation.  The influence of tidal mixing 

was small even in regions of high tidal range compared to the cross-shelf density gradient.  

In contrast, wind effects had a strong influence through: (1) inhibiting DSWC through 

vertical mixing; and, (2) enhancing during onshore winds. DSWC play an important role 

in ecological and biogeochemical processes in Australian waters as a conduit to the 

transport of dissolved and suspended materials offshore.  
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Chapter 1 

Introduction 

The coastal ocean is the interface between the deep water ocean environment and 

the terrestrial system and acts as the receiving basin for input of suspended and dissolved 

matter that includes nutrients, biota and pollutants. Processes that control the transport 

and mixing between the coastal and offshore waters, the cross-shelf exchange, has been 

defined as one of the central problems in coastal physical oceanography (Brink, 2016). 

Cross-shelf exchange is a critical process that contributes to maintaining healthy coastal 

ecosystems and is the subject of this study with reference to Australian coastal waters. 

Majority of inputs to the coastal margin are through fresh water sources such as rivers 

and anthropogenic discharges (e.g. wastewater). As these inputs are buoyant they are 

transported in the ocean surface layer subject to the prevailing hydrodynamic regime. 

They are easily identified in the field and also in satellite imagery. If the spatial scale is 

unrestricted by coastal features and under low mixing conditions, river plumes can 

influence the hydrodynamics to hundreds of kilometres from the source region (Simpson, 

1997; Horner-Devine et al., 2014). These systems have been subject to many 

investigations over the past decades being defined as river plumes or Regions of 

Freshwater Influence (ROFI) where the hydrodynamic regime is governed by the positive 

density gradient between lower salinity riverine water and higher salinity oceanic water 

(Simpson, 1997). Here, buoyancy input from freshwater sources exceeds that from 

changes in heat and freshwater fluxes across the ocean surface.  



Chapter - 1 : Introduction  

--------------------------------------------------------------------------------------------------------- 

2 

 

Regions that experience a Mediterranean climate (dry hot summers and mild 

cooler winters) are subject to high rates of evaporation, low rainfall and negligible river 

input resulting in a net loss of fresh water from the coastal margin. As an example, 

Australia has a high rate of evaporation, ~2.5 m per year (Yu, 2007) with significantly 

less rainfall and river run-off. As a consequence, coastal water bodies become more saline 

than the surrounding ocean water with the water density decreasing from the coast to the 

ocean (i.e. a negative density gradient). With the advent of cooling during the late autumn 

and winter this density contrast is increased. Here, buoyancy input from heat and 

freshwater fluxes across the ocean exceeds that due to freshwater sources and thus are 

opposite to that in ROFI regions where the density is increasing from the coast to the 

ocean. Rather than having a buoyant plume due to freshwater input, the negative density 

gradient drives a circulation of offshore directed denser water along the sea bed defined 

as Dense Shelf Water Cascade (DSWC) (e.g. Shapiro et al., 2003; Canals et al., 2006; 

Shearman and Brink, 2010; Pattiaratchi et al., 2011; Mahjabin et al., 2016a,b,c).  

DSWC have ecological and biological implications in Australian waters 

(Pattiaratchi et al., 2017; Chen et al., 2019). Hence, understanding hydrodynamic 

processes that lead to the formation and persistence of DSWC is of high importance. 

Previous studies of gravity currents exiting Shark Bay – a hypersaline embayment in 

Western Australia indicated that the outflows were driven by the longitudinal density 

gradient but were controlled by vertical mixing resulting from wind and tidal forcing 

(Burling et al., 1999; Nahas et al. 2005; Hetzel et al., 2013; Hetzel et al., 2018). In South 

Australia, the outflows from the Gulfs were related to the spring-neap cycle and were thus 

controlled by tidal action (Lennon et al., 1987).  
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DSWC in Australia were first documented by Pattiaratchi et al. (2011) using ocean 

glider data collected over a 13 month period. These authors showed that DSWCs were 

regular occurrences, along the Two Rocks transect (same region as this study), 

particularly during the autumn and winter months.  In autumn, the dense water was 

formed through changes in salinity resulting from evaporation, whilst in winter, 

temperature change through surface cooling was the dominant factor. This study is much 

more than an extension of the initial study by Pattiaratchi et al. (2011). It examined the 

drivers and variability of the DSWC not just in South-west Australia but around Australia 

too.  

1.1 Objectives 

Through a combination of field measurements and numerical modeling this thesis 

examines the dominant physical processes that control the formation and controlling 

mechanisms of DSWC around Australia with an emphasis on Western Australia. This 

thesis comprises three specific aims: 

(i) Identification and documentation of the occurrence of DSWC around Australia 

using ocean glider data. This included large spatial scales and seasonal (monthly) 

variability and regions with contrasting wind and tidal characteristics (Chapter 4); 

(ii) Describe the role of wind induced mixing that control the formation and transport 

of DSWC along the Rottnest continental shelf. Here, field measurements were 

used to examine the variability of DSWC along a single transect (Two Rocks) 

over a period of ~one month under varying wind conditions (Chapter 5); 

(iii) Examine the three-dimensional aspects of DSWC using a validated numerical 

model (ROMS) to define flow pathways; along-shelf movement; and, response to 
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weather events (rapid cooling and mixing events) including changes in wind speed 

and direction (Chapter 6). 

1.2 Structure of the thesis 

This thesis is prepared as a series of papers for publication in scientific journals. 

As a result, there are some repetitions of study site description, methods and literature 

review between the chapters. There are three self-contained papers in this thesis 

comprising field experiments and numerical modeling. 

Following the introduction, the concepts of DSWC formation and literature 

review of previous relevant works in different continental shelves surrounding Australia 

are described in Chapter 2.  The data and instrumentations are described into Chapter 3. 

In Chapter 4, 192 glider transects are involved in different continental shelves 

surrounding Australia to document the occurrences of DSWCs and to explore the 

dominant forcing mechanism. Chapter 5 involves multi-platform field measurements 

(moored instruments, ocean gliders, HF Radar and remotely sensed data) along the wind-

dominated Rottnest continental shelf to emphasize the influence of wind speed and 

direction on DSWC formation. Chapter 6 investigates the spatial and temporal variability 

of DSWC along the Rottnest continental shelf through numerical modelling. It also 

defines the influence of topography and wind as well as impacts of weather events (e.g. 

rapid cooling associated with storm systems). Finally in Chapter 7, overall discussion and 

conclusions of all chapters are described and links between them are presented. 

Other peer-reviewed publications (Mahjabin et al., 2016a,b) resulting from this 

thesis are referred to but do not create individual chapters. These papers are included as 

Appendices A and B. Both of these papers involve North-West continental shelf. The 
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paper in Appendix A describes the factors influencing the occurrence of DSWC in Pilbara 

region and also other water properties influenced by it. This study was undertaken through 

the use of ocean glider deployments. The paper in Appendix B used both ocean glider 

and mooring deployments to demonstrate the seasonality of DSWC formation in 

Kimberley and Pilbara regions.  
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Chapter 2 

Background 

2.1 Introduction 

An overview of current knowledge of the formation of Dense Shelf Water 

Cascades (DSWCs) and its variation based on temperature and salinity dominance are 

presented in this chapter. The characteristics of DSWCs are introduced in Section 2.2. 

Previously studied cascade occurrences are reflected in Section 2.3. Section 2.4 represents 

selected study locations surrounding Australia for this research work. Finally the 

concluding remarks are presented in Section 2.5. 

2.2 Characteristics of Dense Shelf Water Cascades 

Regions that experience a Mediterranean climate (dry hot summers and mild 

cooler winters) are subject to high rates of evaporation, low rainfall and negligible river 

input resulting in a net loss of fresh water from the coastal region. Summer evaporation 

leaves the shallow coastal waters more saline and subsequently in autumn and winter the 

nearshore waters become cooler due to heat loss by evaporation (Latent Heat Flux). In 

combination, strong negative density gradients develop with density decreasing from the 

coast to the ocean. This negative density gradient drives a circulation of offshore directed 

denser water along the sea bed (e.g. Pattiaratchi et al., 2011; Hetzel et al., 2013; Mahjabin 

et al., 2016a,b,c). This circulation is similar to that observed in ‘inverse’ estuarine systems 

located in Mediterranean climates with negligible or intermittent freshwater input and 

loss of freshwater through evaporation (Lennon et al., 1987; Lavin et al., 1998). In coastal 
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regions this buoyancy-driven gravity current is defined as Dense Shelf Water Cascade 

(DSWC) (Shapiro et al., 2003; Canals et al., 2006; Shearman and Brink, 2010; Pattiaratchi 

et al., 2011; Mahjabin et al., 2016a,b,c) (Figure 2.1). 

 

Figure 2.1: Cross-shelf transects of (a) temperature, (b) salinity and (c) density highlights 

the formation of DSWC on NW Australian Shelf during July 2003 (Shearman and Brink, 

2010). 
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The formation of dense water cascades due to horizontal density gradients has 

been examined before in laboratory experiments (Figure 2.2). A simple lock exchange 

experiment showed two fluids of different density gradients separated by a barrier in a 

tank. When the barrier was removed the buoyancy forces caused the denser fluid to flow 

under the lighter fluid as a gravity current and the water column became vertically 

stratified. Linden and Simpson (1986) modified the experiment to determine the effects 

of turbulence introduced by bubbles in the tank (Figure 2.2). Vigorous turbulence created 

by bubbling tends to mix this stable stratification. Once the fluid was vertically mixed the 

gravity current front was destroyed, and the horizontal density gradient varied smoothly. 

 

Figure 2.2: Lock exchange with turbulence (Linden and Simpson, 1986) 

In estuaries and coastal regions an analogous situation occurs with turbulence 

generated primarily by wind- and tidal- induced vertical mixing. Coastal shelf seas, and 

their associated estuaries, are often characterised by strong longitudinal gradients in 

density which are related to horizontal differences in salinity, due to freshwater inflow or 

evaporation, by inshore to offshore temperature differences, or by a combination of both 

(Simpson et al., 1990; Burchard et al., 2008; Shearman and Brink, 2010). This situation 

is similar to the laboratory experiments described above. Vertical mixing and turbulence 
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have been found to be important drivers of the variability in the presence of horizontal 

density gradients defining the stratification status of the water body (Simpson et al., 1990; 

Verspecht et al., 2009; Burchard, 2009). Many studies have addressed stratification status 

of estuaries (i.e. permanently mixed; periodically mixed; and, permanently stratified 

states) and examined the balance between horizontal buoyancy flux that promotes vertical 

stratification whilst turbulent kinetic energy generated through tidal stirring promotes 

vertical mixing (Simpson et al., 1990; 2005). 

In estuarine systems which are generally tidally dominated, the interaction 

between the longitudinal density gradient with the vertical shear in tidal currents leads to 

a forcing mechanism that is termed ‘tidal straining’ (Simpson et al., 1990) defined by: 

(
𝜕𝜙

𝜕𝑡
)
𝑠𝑡𝑟𝑎𝑖𝑛

=
𝑔

𝜌

𝜕𝜌

𝜕𝑥
∫ (𝑢 − �̅�)𝑧𝑑𝑧
ℎ

0
 (2.1) 

Where 𝜌 (kgm-3) is the mean density, h (m) is the depth of the water column, g (ms-

2) is acceleration due to gravity, u (ms-1) and �̅� (ms-1) is the velocity and depth mean 

velocity respectively; d𝜌/dx (kgm-4) is the horizontal density gradient and the integral is 

taken over the water column depth h. 𝜙 (Jm-3) is the potential energy anomaly defined as 

the energy required to vertically mix a stratified water column (Simpson et al., 1990): 

𝜙 =
1

ℎ
∫ (𝜌 ̅ − 𝜌)𝑔𝑧𝑑𝑧
0

−ℎ
 (2.2) 

with 

𝜌 ̅ =
1

ℎ
∫ 𝜌𝑑𝑧
0

−ℎ
 (2.3) 

The tidal stirring term is given by  

(
𝜕𝜙

𝜕𝑡
)
𝑠𝑡𝑖𝑟

=
−𝑒𝑘𝜌|𝑢|3

ℎ
 (2.4) 

where k is a drag coefficient (~2.5x10-3); e is a mixing efficiency (~4x10-3). The ratio of 

straining to stirring terms (Simpson et al., 2005):  
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𝑅𝜙 = (
𝜕𝜙

𝜕𝑡
)
𝑠𝑡𝑟𝑎𝑖𝑛

(
𝜕𝜙

𝜕𝑥
)
𝑠𝑡𝑖𝑟

⁄ =
𝑔ℎ2

𝑒𝑘𝜌|𝑢|2
𝜕𝜌

𝜕𝑥
 (2.5) 

Simpson et al. (2005) defined 𝑅𝜙 as a non-dimensional quantity that defined the influence 

of the horizontal density gradient in the stratification-mixing within a tidal cycle. 𝑅𝜙 is 

equivalent to the horizontal Richardson number defined by Stacey et al. (2001):  

𝑅𝑖𝑥 =
𝑔

𝜌

ℎ2

𝑢∗
2

𝜕𝜌

𝜕𝑥
 (2.6) 

The horizontal Richardson number (Rix), also defined as the Simpson number 

(Simpson et al., 1990; Monismith et al., 1996) is the ratio of the longitudinal density 

gradient (stratifying force) to vertical mixing (destratifying force). The main difference 

between equations 2.5 and 2.6 is the definition of the tidal stirring term: �̅� in equation 

(2.5) and 𝑢∗ in equation (2.6) which are related through a drag coefficient (Cd=2x10-3): 

𝑢∗ = 𝐶𝑑
0.5�̅�. Monismith et al. (1996) proposed that Rix > O(1) leads to dominance of 

stratification by horizontal density gradients over tidal mixing leading to a stratified water 

column. 

 

Numerical simulations by Horwitz (2012) indicated that the cross-shelf transport 

to be controlled by the horizontal Richardson number (Rix) and transport fraction (U/u*h, 

where U is the cross-shelf transport and u*h is the transport by cross-shelf wind stress) 

that is the transport relative to the expected neutral density. Horwitz (2012) found that for 

increasing density in the direction of the wind stress (for this study onshore winds) causes 

an increase in horizontal density gradient which enhances the cross-shelf transport by 

increasing the stratification and reducing mixing. For a wind stress opposing the density 

gradient, the cross-shelf density gradient decreased the cross-shelf transport by enhancing 

vertical mixing for a particular wind stress magnitude. Transport fraction is increased by 

offshore wind stress along the inner shelf while onshore wind stress decreases it. 
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In coastal regions there is an additional mixing term provided by wind mixing. 

Thus the vertical stratification is defined by the competing influences of vertical mixing 

resulting from wind mixing and/or tidal mixing (Hetzel et al., 2013; Pattiaratchi et al., 

2011) and the horizontal density gradient that promotes stratification. The balance 

between the major destratifying and stratifying influences neglecting air-sea exchanges 

can be expressed as (Simpson et al., 1990; Nahas et al., 2005):  

4εkDρ

3π

𝑈3

h⏟    
Tidalmixing

+ δkSρa
W3

h⏟      
Windmixing

=
1

320

g2h4

ρKmz

∂ρ

∂x

2

⏟      
Gravitational circulation

    (2.7) 

Where, h = mean depth; ρa = air density; kD = drag coefficient for bottom 

stresses; ε = tidal mixing efficiency; δ = wind mixing efficiency; ub = near-bed tidal 

velocity; W= wind speed; Kmz = vertical eddy diffusivity; and kS = drag coefficient for 

surface wind stress (Pugh, 1987).  

For a particular water depth h, when the gravitational circulation term (RHS of 

equation (2.7)) is higher than the combined wind and tidal mixing terms (LHS of equation 

(2.7)), the water column is vertical stratified which allows for the formation of DSWC.  

The equation (2.7) implies that when the horizontal density gradient (d𝜌/dx) is higher and 

is able to overcome vertical mixing through tidal and wind action, DWSC can occur.  In 

contrast if the action of tidal and/or wind induced vertical mixing is relatively higher (i.e., 

higher values of U and/or W) the water column is vertically mixed thus inhibiting the 

formation of DSWC even in the presence of a horizontal density gradient. It should be 

noted that vertical mixing is through turbulent kinetic energy (TKE) generated by the 

action of tides and winds.  Tidal action generates TKE at the seabed that is transported 

upwards from the sea bed into the water column. In contrast, winds generates TKE at the 

sea surface that is transported downwards from the sea surface (Hetzel et al., 2013). 
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Figure 2.3: Effects of vertical mixing by wind and tide in the presence of a cross-shelf 

density gradient. (a) Under low wind and tidal mixing conditions bottom gravity current 

will be present; (b) Under strong vertical mixing conditions the water column will be well 

mixed. 

2.2.1 Development of a cross-shelf density gradient due to surface cooling 

Consider a water body on a shelf with sloping bathymetry that is vertically and 

horizontally well-mixed.  When a uniform surface cooling (heating) is prescribed on the 

water body shallow water cools (heats) faster compared to those in deeper water 

(‘differential heating/cooling’) that results in the formation of a cross-shelf density 

gradient. Assuming that the cross-shore heat flux due to horizontal convection and 

advection is negligible, the rate of temperature decrease due to surface cooling and the 

associated cross-shore density gradient can be quantified using the linear equation of state 

(Pringle, 2001; Horwitz and Lentz, 2014). If the water body is subject to a negative heat 
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flux, Q (Wm-2) over a time period t (s), the depth–averaged temperature T (oC) will 

decrease by 𝑄𝑡 ℎ𝜌𝑐𝑝 ⁄ (oC) relative to the initial temperature at t=0s.  The cross-shelf 

temperature gradient generated by the surface heat flux is: 

𝜕𝑇

𝜕𝑥
=

𝜕

𝜕𝑥
(

𝑄𝑡

𝜌𝑐𝑝 ℎ(𝑥)
) =

𝑄𝑡

𝜌𝑐𝑝 
(
𝜕

𝜕𝑥

1

ℎ
) =

𝑄𝑡

𝜌𝑐𝑝 
(
−𝛼

ℎ2
) (2.8) 

The change in water depth in the cross-shelf (x-direction) is assumed to be linear 

and given by ℎ(𝑥) = 𝛼𝑥, with  is the slope. Here, 𝜌 is the density, 𝑐𝑝 is the specific heat 

capacity of water (= 3985 J kg-1 oC-1).  Assuming a linear equation of state (𝜌 = 𝜌0 +

𝛼𝑇(𝑇 − 𝑇0), 𝛼𝑇, is thermal expansion coefficient), the cross-shelf density gradient 

generated by the surface heat flux is 

𝜕𝜌

𝜕𝑥
= −𝜌0𝛼𝑇 

𝜕𝑇

𝜕𝑥
= 𝜌0𝛼𝑇 

𝑄𝑡

𝜌𝑐𝑝 
(
𝛼

ℎ2
) (2.9) 

Numerical simulations by Horwitz (2012) indicated that the cross-shelf transport 

to be controlled by the horizontal Richardson number (equation 2.6). Horwitz (2012) 

found that for increasing density in the direction of the wind stress (for this study onshore 

winds) an increased horizontal density gradient increased the cross-shelf transport by 

increasing the stratification and reducing mixing. For a wind stress opposing the density 

gradient, a larger cross-shelf density gradient decreased the cross-shelf transport by 

enhancing vertical mixing for a particular wind stress magnitude.  

 

2.2.2 Preconditioning of cascade formation 

The physical mechanisms for the formation of cascading may differ in the 

formation process of horizontal density gradients in the bottom layer between shallow 

and deep waters. This density contrast may happen due to only temperature, due to only 
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salinity, or due to temperature and salinity both. All these processes include sea-air 

interactions and convection mixing because of the atmospheric forcing.  

2.2.2.1  Temperature-Driven cascades 

 

Figure 2.4: Schematic diagram of horizontal density contrast formation between shelf 

and slope waters under outward heatflux. Subscripts o, s and c specify the initial state, 

shelf water and slope water respectively (Shapiro et al., 2003). 

When the convection depth exceeds the depth of the shelf considering temperature 

response to winter cooling is the only major driver of the cascade while advection of 

temperature or salinity is negligible, then a density gradient appears between the shelf 

and offshore waters. If meteorological conditions are same for the shelf region and 

offshore water, the temperature difference between them (Figure 2.4) results: 

∆T = Tc  − Ts =
1

2
 
dT

dz
 
(Hc−Hs)

2

Hs
      (2.10) 

Where, Subscripts o, s and c specify the initial state, shelf water and slope water 

respectively; dT/dz = temperature gradient below the mixed layer; HS =  initial uniform 

mixed layer due to  convective cooling which is equal to the depth of the shelf; HC  = final 

depth of the offshore mixed layer. If an initial temperature difference is existent between 
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shelf and offshore waters, it can be added to the value given by equation (2.10). If a 

salinity gradient (dS/dz) exists because of surface cooling, the temperature shifts at the 

bottom of mixed layer (Shapiro et al., 2003). There can appear an intermediate warm 

layer and temperature inversion if the salinity gradient becomes stable. After considering 

everything with the absence of precipitation or salinization, it can be obtained: 

∆T = Tc  − Ts =
1

2
 
dT

dz
 
(Hc−Hs)

2

Hs
− 

β

2α
 
dS

dz

(Hc−Hs)
2 (Hc+Hs)

HcHs
 (2.11) 

∆S = Sc  − Ss = − 
1

2
 
dS

dz
 
(Hc−Hs)

2

Hs
  (2.12)  

∆ρ = ρc  − ρs = (β
dS

dz
− α

dT

dz
 )
(Hc−Hs)

2

2Hs
  (2.13)  

Where, α = thermal expansion coefficient; β= salinity contraction coefficient. 

Horizontal advection of temperature or salinity can enhance or decrease the 

density contrasts, but not by its own.  It needs help from local vertical mixing due to sea-

air interaction to create favorable conditions for cascade formation.  

2.2.2.2  Salinity-Driven cascades 

Density contrast by salinity favourable for cascading can happen in two ways 

(Shapiro et al., 2003): (a) through summer heating and evaporation; or (b) through winter 

cooling and ice formation. Equation (2.5) can be applied in here as well in nearly linear 

pycnocline (i.e., mid-latitude ocean margins and tropical arid zones) where convection is 

driven by winter cooling and summer evaporation respectively.  
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The physical mechanism producing the density contrast is complicated in ice-

covered seas. There no further cooling happens due to heat fluxes from the ocean to the 

atmosphere because of the presence of small temperature variability and low thermal 

expansion coefficient. But there is a release of brine because of new ice formation as the 

salinity of new ice is only about 1/3 of the sea-water salinity. If the convection layer is 

limited to depth by a strong halocline in deep waters and by the seabed in shallow areas, 

the amount of brine released is too small, and the thickness of the mixed layer is fixed 

with time, ejected salt creates high dense water in shallow (Hs) layer over the shelf than 

thicker (Hc) homogeneous layer over the deeper part (Figure 2.4). Thus a salinity-driven 

density gradient forms due to thermal forcing from the atmosphere. 

Density contrast induced by freezing can be defined as follows. The mass of salt 

per unit area, M (kgm-2), ejected in the water due to freezing is (Martin and Cavalieri, 

1989): 

M = ρihi(S − Si) = 0.69ρihiS  (2.14)  

Where, S = salinity of sea water; Si = salinity of ice, Si =0.31S; ρi = density of ice; 

hi= thickness of ice; ρi = 0.92X103 kgm-3. The corresponding increase in salinity and 

density is 

∆S =  
M

ρH
,     ∆ρ =  β∆S  (2.15) 

Where, ρ and H are the density and thickness of the mixed layer respectively. The 

additional density contrast due to freezing is, 

∆Sf = Sc  − Ss = − 0.62S 
his

Hs
 (1 −

hic

his

Hs

Hc
) (2.16) 
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Where, his = the cumulative values of ice thickness formed over the shelf over a 

fixed period of time; hic= the cumulative values of ice thickness formed over the deep 

water over a fixed period of time. If the amount of ice production is the same in shelf and 

deep waters, then hic =his and the density contrast is dependent on the relative depth of 

the shelf (Hs) and the halocline (Hc). 

2.2.2.3  Combined Temperature-Salinity-Driven cascades 

Cascades are often driven by both temperature and salinity in polar and subpolar 

regions. Autumn cooling decreases the water temperature over the shelf to the freezing 

point, while the upper mixed layer of the deep water has temperature above freezing. But 

that is not enough for the initiation of cascading. Further heat loss leads to more cooling 

and helps to deepening of the convective layer in the deep water. The same heat flux 

results in the ice formation over the shelf. Also the brine ejection leading to salinity 

increase over the shelf (equation 2.8) forms a horizontal density gradient between the 

shelf and the deep waters. As the water over the shelf has lower temperature than that the 

deeper part, additional salinization required for cascading is small. It may appear, the 

temperature is the sole driver of cascading, keeping the salinity contribution hidden. This 

mechanism was observed in Barents Sea situated in the Arctic Ocean (Ivanov et al., 2004).  

2.2.3  Initiation of cascading 

Shapiro et al. (2003) had established an initiation parameter considering a bottom 

boundary layer under a cross-slope density gradient ρ′ =
dρ

L
 assuming no along-slope 

gradients, no lateral diffusion, steady state, and negligible cross-slope advection of 

momentum in the boundary layer. The parameter was, 
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RH = 
dρ.S.g

ρ.L.f2
< 1 (2.17) 

Where, 
dρ

L
 = lateral density gradient; S= slope; f = Coriolis parameter ~ 104 s-1; 

g= gravitational acceleration, ms-2; ρ = density perturbation relative to a mean density ρo 

~ 103 kgm-3. 

RH > 1 means a large density gradient 
dρ

L
 (up-slope being denser) on the steep 

slope S with weak rotation f suggesting an accelerating down-slope flow. In majority of 

cases, whenever RH < 1, it can be considered that the observations are still in the 

preconditioning phase or after any phase of accelerating down-slope flow. Although this 

theory becomes invalid where advection plays a major role.  

2.2.4  Down-slope transport 

After initiation of cascading, the dense plume down the slope is characterized as 

gravity current. During down – slope transport, multiple layers of mixed water can depart 

from the main plume which was proved by laboratory experiments (Voropaev et al., 

1978). This entrainment and detrainment of nearby waters makes the dense plume 

partially loses its volume, momentum and density contrast (Hill et al., 1998; Baines, 

2001). The final depth of cascading depends on the amount of entrainment/detrainment 

of surrounding water that is mixed into the plume. For example, the Mediterranean 

overflow water finds its equilibrium density at middepth whereas the Denmark Strait 

overflow water remains bottom-trapped (Price and O’Neil Baringer, 1994).  

However, entrainment/detrainment during the down-slope movement of plumes 

does not completely destroy the core of dense shelf water (Baines, 2002). After the 
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occurrence of mixing, typically a bottom layer of approximately constant mean thickness 

is reached and eventually the plume approaches its level of neutral density and leaves the 

sloping bottom (Baines 2001). 

The down-slope fluxes and lifespan timescales was estimated by the model 

established by Shapiro and Hill (1997) which satisfied a better coincidence with 

observations. They also found that the temperature contrasts continued to develop, 

although the cascading started before the cooling period finishes. 

2.3  Previously documented cascade occurrences 

Ivanov et al. (2004) documented 61 confirmed occurrences of DSWCs in the world ocean 

with the majority located in polar regions resulting mainly from ice formation. The 

statistics showed (Ivanov and Shapiro, 2003), both temperature and salinity were 

responsible in 48% of all identified cases. Cascade formation in tropical and sub-tropical 

regions had more temperature input compared to salinity input. Only temperature against 

hindering salinity gradients played role in 45% of cases mostly in mid-latitudes. High 

salinity was predominant in the remaining 7% of cascade studies. Salinity was solo driver 

in the Arctic seas having extremely strong horizontal density contrasts sometimes more 

than 2 kgm-3 in shallow areas than quasi-steady polynyas. But in the deeper part of Arctic 

shelves, temperature became solo driver of cascade instead of salinity. Later several other 

studies (e.g. De Madron et al., 2005; Sandery and Kämpf, 2005; Brink and Shearman, 

2006; Ribbe, 2006; Ulses et al., 2008; Shearman and Brink, 2010; Pattiaratchi and Woo, 

2009; Pattiaratchi et al., 2011; Petrusevics et al., 2009; Hetzel et al., 2013; Mahjabin et 

al., 2016a,b; Hetzel et al., 2018) took place which were not involved in the above 

statistics. All dense water cascade occurrences around the World Ocean are shown in 
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Figure 2.5. Each location has its individual properties for cascade formation and 

complements our knowledge of ocean- shelf exchange processes. And all the references 

of previous studies of DSWC are included in Table 2.1 according to site numbers 

mentioned in Figure 2.5.  
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Figure 2.5: Previously documented dense water cascade occurrences around the world.
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Table 2.1: The references of previous studies of DSWC ( site numbers in Figure 2.5). 

Site numbers  References 

1 Falina et al., 2012 

2 Magaldi et al., 2015 

3 Wobus et al., 2011 

4 De Madron et al., 2005, 2013; Gaudin et al., 2006; Palanques et 

al., 2006, 2007, 2009; Puig et al., 2008, 2013; Ulses et al., 2008; 

Sanchez-Vidal et al., 2008; Pasqual et al., 2010; Ribo et al., 

2011; Salvado et al., 2012; Pusceddu et al., 2013 

5 Ivanov et al., 2004; Tesi et al., 2008; Chiggiato et al., 2016; 

Foglini et al., 2016 

6 De Madron et al., 2005; Estournel et al., 2005; Theocharis et al., 

1999; Theocharis & Georgopoulos, 1993; Georgopoulos et al., 

1992; Gertman et al., 1990 

7 Roveri et al., 2014 

8 Shapiro & Hill, 1997 

9 Ivanov & Shapiro, 2005 

10 Golovin, 2007 ; Ivanov & Golovin, 2007 

11 Banse, 1997 

12-16 Ivanov et al., 2004 

17 Lavin et al., 1998; Valle-Levinson et al., 2003 

18 Winant & Gutierrez de Velasco, 2003 

19-36 Ivanov et al., 2004 

37 Shearman & Brink, 2006, 2010; Mahjabin et al., 2016        

38 Logan & Cebulski, 1970; Burling et al., 1999; Nahas et al., 2005; 

Pattiaratchi & Woo, 2009; Hetzel et al., 2013 

39 Pattiaratchi et al., 2011               

40 Petrusevics et al., 2009; Lennon et al., 1987                 

41 Bowers et al., 1987; Nunes & Lennon, 1987; Nunes Vaz et al., 

1990; De Silva Samarasinghe & Lennon, 1987; Ivanov et al., 

2004                       

42 Godfrey, 1980; Tomczak, 1981, 1986; Gibb, 1992; Sandery & 

Kampf, 2004; Ivanov et al., 2004 

43 Symonds & Gardiner, 1992; Ivanov et al., 2004                  

44 Ribbe, 1996, 2007                
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2.3.1  Mid-latitudes cascades 

In mid-latitudes, cascades source water was usually colder than the ambient water 

at the same depth level (Ivanov et al., 2004). The temperature was almost always the 

major agent, while the salinity could either slightly assist or obstruct initiation of the 

cascade. Only exceptional was the Malin shelf cascade, where salinity prevailed.  

Rockall Bank was generally considered as the site of first direct observation of 

cascading (Nansen 1913) in mid-latitudes, located in a narrow submarine rise in the North 

Atlantic Ocean around hundreds miles to the west of the British Isles (Figure 2.6). The 

Malin shelf is situated just opposite of Rockall Bank across the Rockall Trough (Figure 

2.6). Another nearby location of observed cascade formation was the Celtic Sea, which 

was the shelf margin of the North Atlantic Ocean to the south of Ireland and off the 

western entrance to the English Channel (Figure 2.6).  In Rockall Bank, temperature was 

the solo driver of cascade. Summer observations confirmed cold dense water sinking and 

spreading away from the bank (Figure 2.7a). In Celtic Sea, the annual surface temperature 

variability sometimes exceeded 5oC while the salinity did not exceed 0.10 psu (Ellett et 

al., 1986). On the other hand, Malin shelf was strongly affected by the warm and saline 

Rockall Slope current (Huthnance, 1986) which extended to the depth of 500m (Figure 

2.7b). The salty slope current water penetrated on the outer shelf near the surface 

introducing a horizontal salinity gradient at shallow depths (Hill, 1995). The winter 

cooling reduced slightly the temperature of the more saline water on the shelf, which 

made it even denser. 
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Figure 2.6:  Mean winter density distribution at the surface (dashed lines) and thin lines 

show the bottom topography of the North-Western European shelf-slope area. Locations 

of individual sections are represented by symbols (Ivanov et al., 2004). 
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Figure 2.7: (a) Potential density (solid lines) and temperature (shaded areas) cross 

sections near the Rockall Bank in July 1966. (b) Potential density (solid lines) and salinity 

(shaded areas) across the edge of the Malin shelf in February 1996 (Shapiro et al., 2003; 

Ivanov et al., 2004). 
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There are other examples of cascade formations in mid-latitudes where advection 

played an important role. Skagerrak, at the eastern flank of the North Sea, had existence 

of cascades towards its deepest depressions with the effect of abnormally cold winter 

(Ljoen and Svannson, 1972). Vertically homogeneous North Sea cold water reached the 

southern slope of the Skagerrak and then descended down to the bottom at 600m (Shapiro 

et al., 2003; Ivanov et al., 2004). The Sea of Okhotsk, in the north-western part of Pacific 

Ocean, experienced cascades due to severe winter conditions. Rejected salt over the shelf 

during ice formation increased the salinity of local water. Both temperature and salinity 

contributed to the cascade formation in 1:3 ratio (Ivanov et al., 2004). Another thermally 

induced cascade occurrence was spotted in Peter the Great Gulf near Japan Sea 

continental slope (Leonov, 1960). Cascading events in this spot was the main ventilation 

system for renewing the bottom water of Japan Sea (Talley et al., 2003).  

2.3.2  Tropic and Subtropical cascades 

Temperature generally dominates over salinity in the tropics and sub-tropics. 

However, temperature and salinity are considered as equal partners in initiating the 

cascades in this climate.  

Eastern Mediterranean Sea received its dense bottom water mainly from The 

Adriatic Sea (Zoccolotti and Salusti, 1987) where north-east winter winds (Bora) 

influenced the sourcing of cold water on the northern Adriatic shoals and moved 

southwards along the shelf break and gradually deepened. Later it continued to descend 

at the shelf break off Cape Bari due to density excess. Although the most active 

production of dense shelf water happened in winter, the most intensive cascading was 

assumed to occur in late winter and spring as well as in summer (Bignami et al., 1990).   
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There were several wide shelves in the Aegean Sea where the formation of dense 

water may take place (De Madron et al., 2005) which were exposed to very cold and dry 

northerlies from the Balkans (Poulos et al., 1997). But the low saline water from the black 

sea created an insulating layer hindering dense water formation in north and northwest of 

the Lemnos island (Zervakis et al., 2000); On the other hand, the northward flow of waters 

from Levantine advected saltier as well as denser water into the Southern and Central 

Aegean Sea over the Cyclades (Theocharis, et al. 1999) and Lemnos Plateau 

(Georgopoulos et al.1992).  

Dense water forms in the shallow region of Gulf of Lions due to very strong wind, 

which made the colder less saline dense water plumes dropped into the Cap de Creus 

Canyon (De Madron et al., 2005; Ulses et al., 2008; De Madron et al., 2013) up to 350 m 

(Figure 2.8). In all cases, temperature plays an important role in cascade formation. After 

dense waters spill over the shelf break depth (150–200 m), they influence the formation 

of the Western Intermediate Water (WIW) (Dufau-Julliand et al. 2004). Later they 

eventually mix with the warmer and saltier Levantine Intermediate Water (LIW) in the 

deeper levels with the underlying Western Mediterranean Deep Water (WMDW) (Puig 

et al., 2013).  

Coastal waters of the Carolina, south-eastern part of the North American 

continent, had more saline water than the waters in further north due to small river runoff 

and addition of salt from the Gulf Stream (Steffanson et al., 1971). The cold air outbreak 

in winter rapidly cooled the shelf water and increased the existing water density. The 

combination of this cooling with the salinity over the shelf led to the density contrast  
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Figure 2.8: (a) Bottom topography of Gulf of Lions (De Madron et al., 2013) and location 

of section in the Cap de Creus Canyon (red line); (b,c) Density (solid lines) and 

temperature and salinity distribution (shaded areas) respectively along the Cap Creus 

Canyon section on the 19th March 2004 (De Madron et al., 2005). 

required for cascading (Yoder and Ishimaru, 1989). Another example of the temperature 

and salinity contribution was the Northern Gulf Of California (Lavin et al., 1998; Shapiro 

et al., 2002). 

Strong evaporation in Banc d’ Arguin, a shallow semi-enclosed bay between Cape 

Blanc and Cape Timiris off the west African coast, formed high saline water and 
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eventually made it sufficiently dense to overcome the cross-frontal temperature gradient 

and cascade down the continental slope (Mittelsdaedt, 1991; Ivanov et al., 2004). 

DSWC was also documented in few different locations around Australia that 

experienced a Mediterranean climate: North-west Australian shelf (Brink and Shearman, 

2006; Shearman and Brink, 2010, Mahjabin et al., 2016a; Mahjabin et al., 2016b), Shark 

bay (Pattiaratchi and Woo, 2009; Hetzel et al., 2013), Rottnest continental shelf 

(Pattiaratchi et al., 2011), Great Australian Bight (Petrusevics et al., 2009), Spencer Gulf 

(Bowers and Lennon, 1987), Bass Strait (Gibbs, 1992; Gibbs et al., 1986; Godfrey et al., 

1980; Sandery and Kämpf, 2005; Tomczak, 1981), Jervis Bay (Symonds and Gardiner-

Garden, 1994) and Hervey Bay (Ribbe, 2006).  

DSWC formation was identified in the North-West Australian region through 

examination of the oceanic response to large outgoing heat and freshwater fluxes for 

individual events in a single season (Brink and Shearman, 2006; Shearman and Brink, 

2010) (Figure 2.9). It showed that the latent heatflux was the largest heat flux exceeding 

-400 Wm-2. On 30 June and 3 July, the largest outgoing heat fluxes occurred during the 

night time because of large air‐sea temperature difference and low relative humidity. In 

Jervis bay, differential cooling was the main pre-conditioning mechanism for the density 

contrast (Symonds and Gardiner-Garden, 1994). On the contrary, Bass Strait (Tomczak, 

1985, 1987) and Spencer Gulf (Bowers and Lennon, 1987) cascades were seasonal 

phenomenon.  In Bass Strait, it was affected by warm and saline intrusions in the 

intermediate layer and was traced as far as 1200 km to the north-east from its source 

making dense water flux around 0.2–0.5 Sv. And Spencer Gulf experienced significant 

longitudinal density gradient only in autumn and winter when the brine was cooled. 
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Figure 2.9: (a) Short-wave (dashed grey line), long-wave (grey line), latent (black line), 

and sensible (dashed black line) heat fluxes estimated from meteorological observations 

(positive indicates heat into the ocean). (b) Total heat flux (black line) and cumulative 

freshwater flux (grey line) (Shearman and Brink, 2010). 
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2.3.3  Polar cascades 

The small low-temperature expansion coefficient and vertical structure of 

temperature and salinity made cascade dependent on depth in polar seas. Salinity played 

more important role to the density field than the temperature. Although temperature 

gradients in the upper layer always favour cascades, but their contribution was commonly 

much smaller than salinity. On the other hand, it was different in the deeper layers. The 

salinity contrast decreased with warmer and more saline water off-slope allowing 

temperature to prevail the cascade. Dense overflows off the polar shelves in both 

hemispheres had much in common (Aagaard, Coachman, Carmack, 1981). Both had 

warm and saline intermediate layers with very stable upper layer. 

Most studied location along the Antarctic continental shelves was the Weddell Sea 

shelf. About 12 confirmed cascade occurrences were documented in there (Baines and 

Condie, 1998). The source water was cold almost at freezing point during winter and 

water became relatively saline because of brine release while freezing. With the effect of 

cold and strong offshore winds, this process was enhanced in coastal polynyas (Gill, 

1973). At high pressure, ice started melting under deep ice shelves which started 

modifying the properties of the source water by producing cold but fresher component 

(Baines and Condie, 1998).The source water filled up the depressions on the shelf and 

then spilled over through canyons towards the deep sea, mixing with warm deep water 

over the slope (Foster and Carmack, 1976). Large scale water cascaded here leaded to the 

most widespread water mass in the world by finally forming Antarctic Bottom Water 

(AABW) or sometimes by forming intermediate layers in the Southern Ocean interior 

(Baines and Condie, 1998). In this way, the production rate of dense water in the major 

source area was between 1.5 and 3.6 Sv in the Weddell Sea shelf (Foster and Carmack, 
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1976; Gill, 1973; Muench and Gordon, 1995). Indirect evidence of cascading events was 

also observed to the west of Ross Sea in Antarctic region (Baines and Condie, 1998). 

Among 25 cascades found in the Arctic Ocean, the 19 deepest cascading 

occurrences occurred in the Barents, Kara, and Laptev sea (Ivanov et al., 2004; Ivanov 

and Golovin, 2007). Two major Barents Sea (in the Western Novaya Zemlya polynya) 

(Figure 2.10a) water masses during winter were intermediate Barents Sea Water and 

Barents Sea Bottom Water (BSBW). The intermediate one was formed due to thermal 

convection around the whole basin (Steele et al., 1995) and the BSBW formed in patchy 

pattern due to cascading of colder hypersaline water from extensive local shoals (Midttun, 

1985) (Figure 2.10b). More than 10 metres of ice froze in the Western Novaya Zemlya 

polynya during an average winter, which made the shelf very productive in forming 

BSBW (Winsor and Bjork, 2000). The sea-air heat fluxes enhances to more than 500 Wm-

2 due to strong atmospheric forcing and oceanic advection during winter (Hakkinen and 

Cavalieri, 1989) which helped in forming ice. Storfjord in the north-western Barents Sea 

(Quadfasel et al., 1988; Schauer, 1995; Schauer and Fahrbach, 1999), Central Bank in the 

central part of the Barents Sea (Quadfasel et al., 1992), Bear Island Channel entering the 

Norwegian Sea with the departure of BSBW water (Blindheim, 1989), and Franz-Victoria 

Channel (Martin and Cavalieri, 1989; Zakharov, 1996; Winsor and Bjork, 2000; Ivanov 

et al., 2004) were some other examples of Arctic cascade occurrences locations while 

carrying BSBW water. Initially formed BSBW in the eastern Barents Sea mixed with 

overlying Atlantic-origin water while propagating from the western Novaya Zemlya shelf 

towards the mouth of St. Anna Trough in Kara Sea. The total outflow of dense water 

through St. Anna Trough to Nansen Basin was estimated as 2 Sv (Schauer et al., 2002). 

On the slope of 
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Figure 2.10: (a) Location of sections and bottom relief in the north-eastern Barents Sea; 

(b) Density (solid lines) and temperature distribution (shaded areas) across the western 

Novaya Zemlya shelf in August 1976 (Ivanov et al., 2004). 
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Nansen Basin, this combined outflow partly displaced and partly flowed under the 

lighter Atlantic-origin water coming from Fram Strait (Rudels, Friedrich, and Quadfasel, 

1999), and continued eastwards along the continental slope. The north-east of the 

Severnaya Zemlya archipelago in the Laptev Sea also provided favourable background 

conditions for dense-water formation and cascading (Aagaard et al., 1981; Martin and 

Cavalieri, 1989; Rudels et al., 2000, Ivanov and Golovin, 2007). Similar as other locations 

of Arctic ocean, cold saline water was observed in the bottom layer of Barrow Canyon, 

the sloping channel connecting the eastern Chukchi Sea shelf with the deep Beaufort Sea 

during winter (Garrison and Becker, 1976; Melling, 1993; Melling and Moore, 1995; 

Weingartner et al., 1998). 

Another location of dense water formation in the north of the Arctic circle was 

Foxe Basin. Under severe winter cooling and with the effect of ebb tide, extremely saline 

brine formed from water repeatedly trapped on the banks and increased the salty water 

mass inside the basin (Campbell, 1964). The seabed rapidly deepened in the mouth of 

Foxe Strait and that salty water followed the bottom profile down to the deepest 

depression. The bottom water was shielded from the surface by a strong halocline, 

allowing the cascade to proceed throughout the summer (Ivanov et al., 2004). 

In summary, the temperature contrast was favourable to cascade in almost all 

climate zones. In some cases, the salinity contrast favoured cascading while in some other 

cases it hindered cascading. With permanent ice cover in polar areas, there were a few 

events where salinity acts as a solo driver and created very strong density gradient.
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2.4 New Cascade Study Locations 

Eight contrasting locations around Australia (Figure 2.11) were selected as current 

study regions for this thesis based on the availability of ocean glider data (Pattiaratchi et 

al., 2017).  These locations consisted of contrasting tidal (0.6 to 10m) and wind (mean 

wind speeds > 7 ms-1) conditions and included: (1) The Kimberley, north-west Australia: 

macro-tidal and moderate winds (Shearman and Brink, 2010); (2) The Pilbara, north-west 

Australia: macro-tidal (Holloway, 1983a,b); (3) Two Rocks, Western Australia:  wind 

dominated (Pattiaratchi et al., 1997;Mihanovic et al., 2016) with low tidal range and 

diurnal tides (Pattiaratchi and Eliot, 2008); (4) Investigator Strait, South Australia: tidally 

driven with spring-neap tidal cycle dominating (Nunes and Lennon, 1986; 1987); (5) Port 

Stephens, New South Wales: macro tides (McPherson et al., 2013) and strong winds 

(Geary, 1987); (6) Yamba, New South Wales: mostly wind driven and micro-tidal 

(Pritchard et al., 2007); (7) Capricorn Channel, Queensland: moderate winds and macro 

tides (Andutta et al., 2011); and, (8) Cooktown, Queensland: moderate winds and macro 

tides (Hamilton, 1994; Hamylton and Puotinen, 2015).  

The Kimberley coast in northwest Australia is macro-tidal and is subject to high 

evaporation resulting in cross-shelf density gradients and buoyancy-driven circulation. 

High evaporation and winter cooling were responsible for DSWC formation (Brink et al., 

2007). The Kimberley continental shelf has some of the largest tides in the world, 

resulting in strong tidal currents. A strong sea breeze, common to the entire coastline of 

Western Australia, blew along the Kimberley coast in the summer and spring (Masselink 

and Pattiaratchi, 2001; Pattiaratchi et al., 1997; Verspecht and Pattiaratchi, 2010). 
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Figure 2.11: Study locations with glider deployments surrounding Australia: Kimberley; 

Pilbara; Two Rocks; Investigator Strait; Port Stephens; Yamba; Capricorn Channel; 

Cooktown. 

The Pilbara site is also located on northwest Australian shelf with the Holloway 

current transporting ~1 Sv of water to the south-west parallel to the coastline (Pattiaratchi 

et al., 2014). The Holloway current was confined between the depths 100m and 200m 

along the shelf break and was stronger during the monsoon (April-June) transition period 

(Pattiaratchi et al., 2014). An interesting characteristic of the Pilbara was the seasonal 

appearance of cool, salty water inshore during the winter, when the wind was dominated 

by the south-easterly winds (Holloway and Nye, 1985). The Pilbara experiences 

semidiurnal barotropic tides with the tidal height amplitude increasing from 0.9 m to 2.0 

m from the shelf break to the coast (Holloway, 1983b). Semidiurnal internal tides of 
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Pilbara were dominated by baroclinic mode vertical structure with currents reaching 0.20 

m s−1 (Holloway, 1983a, 1994; Holloway et al., 2001); however, internal tidal activity 

was minimal during the winter (Holloway et al., 2001).   

Two Rocks, situated on the south-west coast of Australia, experiences one of the 

strongest wind in the world (Pattiaratchi et al., 1997; Zaker et al., 2007). Low tidally 

driven currents together with low runoff and river input had a negligible influence in this 

zone (Gallop et al., 2012). Because of the absence of land‐based freshwater input to the 

region and southward deflection of the Swan River discharged at Fremantle, the river 

input was low. The study was located in a Mediterranean climate zone with annual 

evaporation rate about 2 m (Farrington et al., 1990). During the summer, coastal heating 

and evaporation resulted in a band of warmer, higher saline water in the coastal boundary 

layer (Pearce et al., 2006); which established a horizontal density gradient to act like main 

driving force for cascade formation. The cross-shelf density gradient was crucial to the 

cross-shelf transport in inner continental shelf (Horwitz and Lentz, 2014). The 

bathymetric features of this location included: (1) the shallow inshore regions where the 

depths were <10m having discontinuous submerged limestone reefs; (2) the upper 

continental shelf from around ~10 to ~40 km having mean depth of 40m; (3) the depth 

increased rapidly in the lower continental shelf between 50m and 100m isobath; (4) the 

shelf break located at ~200 m isobaths (Pattiaratchi et al., 2011). The region experienced 

onshore winds and frequent storm events with offshore significant wave heights up to 7 

m in winter (Lemm et al., 1999), whereas in Summer it was affected by strong southerly 

winds frequently exceeding 15 ms-1 (Masselink and Pattiaratchi, 2001). In autumn, low 

wind speeds were common. In general, sea breezes in Two Rocks followed approximately 

35% of all wind patterns annually (Steedman and Craig, 1983), having wind speeds 10 - 

15 ms-1 regularly, which was a significant source of vertical mixing (Verspecht and 
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Pattiaratchi, 2010). Sometimes the wind direction played an important role as well. If the 

wind stress blew towards the coast, water near the surface moved onshore and piled up at 

the coast. This introduced a pressure gradient to balance the wind stress by driving an 

offshore return flow along sea bed (Tilburg, 2003). The wind direction rotation was in 

anticlockwise direction in south-western Australia which conveyed into the currents 

(Gallop et al., 2012). The dominant current in Two Rocks was the Leeuwin Current (LC) 

that flow southward against the predominant wind, driven instead by an along‐shelf 

pressure gradient (Godfrey and Ridgway, 1985). This current carried warmer and lower 

saline water flowing along the 200 m isobaths (Pattiaratchi and Woo, 2009; Ridgway and 

Condie, 2004). Another major current was Capes Current in the inner shelf flowing in 

water depths of <50 m and transported colder water northward in summer (Gersbach et 

al., 1999). 

Investigator Strait is located in southern Australia, near the entrance to Spencer 

Gulf and Gulf St. Vincent. These Gulf are hypersaline with more freshwater lost to 

evaporation than gained from precipitation and runoff. Thus they are more saline and 

denser than adjacent shelf waters resulting in their classification as inverse (or negative) 

estuaries. The irregular tidal character of this region produced a modulation of tidal 

turbulence from springs to neaps which was immensely exaggerated (Nunes and Lennon, 

1986, 1987). During neap tides, tidal currents fall to zero for a period of 2-3 days and 

result in intensification of the baroclinic circulation. This releases hypersaline water along 

the seabed through Investigator Strait (Lennon et al, 1987; Nunes Vaz et al., 1990).  

The continental shelf of Port Stephens (NSW) is relatively narrow (15-20 km). 

To the north of this site the southward East Australian Current (EAC) separates from the 

coast by forming a southward flowing eddy field that strongly influenced circulation on 
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the shelf (Suthers et al. 2011). The EAC interacts with the continental shelf topography 

uplifting of slope water which is advected along the shelf to Port Stephens (Oke and 

Middleton, 2001). Tides along the Port Stephens coast were semi-diurnal with a 

significant diurnal inequality (McPherson et al, 2013). The mean spring and the mean 

neap range were accordingly 1.2 m and 0.8 m (MHL 2012). 

Yamba is located at the north of Coffs Harbour. It can have strong wind about 

~12 ms-1. Tide characteristics are semidiurnal and have micro-tidal range which was 

about 1.2 m during spring tide (Pritchard et al., 2007). East Australian Current (EAC) was 

flowing further offshore with warm and oligotrophic waters.  

The Capricorn channel located in the southern Great Barrier Reef region and 

during the dry season during the dry season typically from July to November is 

hypersaline (salinity ~ 37) (Walker, 1981; 1982; Wolanski and Jones, 1981). 

Amplification of the semi-diurnal tides were responsible for shelf currents in the upper 

layers and caused nutrient uplift from the upper slope to the outer shelf in the Capricorn 

Channel (Griffin et al., 1987; Middleton et al., 1994). In areas of low reef density, the 

tidal currents were mainly cross-shelf and in high reef density it was along-shelf 

(Andrews and Bode, 1988; Church et al., 1985; Lambrechts et al., 2008; Spagnol et al., 

2001; Wolanski, 1994). Moreover, the wind was also responsible to modulate the hyper 

salinity. Spring-neap tidal fluctuations of the salinity happened inshore in the absence of 

wind (Andutta et al., 2011). The coral reefs of Great Barrier Reef and theirs islands were 

scattered over the continental shelf and semidiurnal tides drifted on and off the shelf. The 

whole region had a tidal amplitude around 2.5~7 m depending on the region (Hamylton 

and Puotinen, 2015). 
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Cooktown is located in the northern Great Barrier Reef region. 40% of all 

cyclones happening between Cape York and Brisbane crossed the coastline of north 

Cooktown and 50% crossed between Cooktown and Mackay (Hamylton and Puotinen, 

2015). Most islands were subject to smaller trade wind generated waves, with significant 

wave height about 0.8 m (Larcombe et al., 2001) The South-East Trade winds were 

particularly steady at Cooktown (Hamilton, 1994). A summary of study locations and 

with their different wind and tidal regimes are shown in Table 2.2. 

Table 2.2: Tidal and wind characteristics for each study site. 

Study area 
Tidal range 

(m) 

Maximum Wind 

speed 

(ms-1) 

(1) Kimberley  7 – 10  10.6  

(2) Pilbara 4 – 5  9   

(3) Two Rocks 0.6 – 0.8  15 

(4) Investigator 

Strait 
1.5 – 2  16.5 

(5) Port Stephens   2.2 – 2.5  6.8 

(6) Yamba 1.2  12.4  

(7) Capricorn 

Channel 
6 – 7  5.4  

(8) Cook Town 2.5-7 9.3 

2.5  Concluding Remarks 

This chapter presented the current knowledge of DSWCs formation. Based on 

different climate, cascade might be formed with temperature dominance, salinity 

dominance or both might influence equally. The study locations surrounding Australia 

were chosen in subtropics climate region to compare their cascade characteristics with 

previous studies.  
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Chapter 3 

Field Measurements and Numerical Modelling 

3.1  Field Experiments 

In this research ocean gliders and moored oceanographic instruments were used 

to collect field data.  

3.1.1  Ocean Gliders 

Autonomous ocean gliders are very useful tool to collect high resolution data on 

water column structure and ideal for observing DSWC. The Slocum Glider (Figure 3.1) 

is 1.8 m long, 21.3 cm in diameter and weighs 52 kg. It travels through the water column 

in a sawtooth pattern using a buoyancy engine which helps the glider to change its density 

by making it more (less) buoyant than the surrounding water causing it to ascend 

(descend). We used high spatial and temporal resolution data collected using Teledyne 

Webb Research Slocum Electric Gliders (Schofield et al., 2007) operated by the 

Australian National Facility for Ocean Gliders (ANFOG) located at The University of 

Western Australia (Pattiaratchi et al., 2017). The data are publicly available through the 

Integrated Marine Observing System (IMOS) (https://portal.aodn.org.au/). Slocum 

gliders cover maximum depth range of 200 m. Gliders can measure data at 2 Hz from the 

surface to up to 5 m above the seabed with mean speed of 25 km per day (Schofield et 

al., 2007) and navigates its way to a series of pre-programmed waypoints using GPS, 

internal dead reckoning and altimeter measurements. This allows the glider to be piloted 

following cross-shelf transects which are ideal for documenting the spatial extent and 

https://portal.aodn.org.au/
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evolution of DSWC. A Seabird-CTD, Chlorophyll-a fluorescence measuring sensor, 

coloured dissolved organic matter (CDOM) sensor, 660 nm Backscatter WETLabs 

BBFL2SLO optical sensor and an Aanderaa Oxygen Optode are also attached with the 

ocean glider (Figure 3.1). We used 110 ocean glider missions operated from 2008 to 2016 

for this study. 
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Figure 3.1: (a) Slocum glider before deployment; (b) Slocum glider floating at the water 

surface and (b) a diagram describing the various components 

(http://imos.org.au/facilities/oceangliders/glider-instrumentation/). 

http://imos.org.au/facilities/oceangliders/glider-instrumentation/
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3.1.2  Mooring Deployments 

Moored instrument arrays can provide detailed measurements of the temporal 

variability and vertical structure of the water column at fixed locations. Acoustic Doppler 

current profilers (ADCPs) together with temperature and pressure sensors (TPs) and 

conductivity-temperature sensors (CTs) at near- surface and near-bed and thermistors had 

to be deployed along the cross-shelf transects. These mooring data provided a time series 

of vertical water column density structure, velocity shear and horizontal density gradients. 

In our field experiment, we used three mooring deployments near Rottnest continental 

shelf (Chapter 5, Figure 5.1). The field experiment was conducted over a 43 day period 

from 22 May 2015 to 03 July. The nearshore mooring (M1) at 19 m depth, located in 

31.62O S and 115.604O E, consisted 1200 kHz workhorse Teledyne RD upward looking 

ADCP, two RBR Duo CTs at top and bottom of the chain. To measure the vertical 

temperature stratification and pressure, five RBR-TWR-2050 thermistors with pressure 

sensors were attached to the chain at 3.5 m intervals (Figure 3.2a). The ADCP was 

sampling at two minute intervals. The second mooring (M2) at 34 m depth was located at 

31.67O S and 115.515O E. The ADCP attached to it, was of Sentinel V50 500 kHz with 5 

beam and sampling at every 20 minutes. Two SBE37 CTs at the top and bottom of the 

chain and six SBE39 thermistors at 5.6 m intervals were attached to the thermistor chain 

(Figure 3.2b). The 1st, 3rd and 5th thermistor contained a pressure sensor to measure the 

water depth. In additional mooring TR40 (located at 31.72O S and 115.398O E) deployed 

by CSIRO at 40 m depth further offshore, which was aligned with two other moorings.  
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Figure 3.2: (a) The setup of M1 (19m depth) mooring deployment; (b) The setup of M2 

(34m depth) mooring deployment.

3.2  Ocean Glider Data 

A very large set of high spatial and temporal resolution ocean glider data were 

used to highlight DSWC around Australia in eight contrasting regions. The data set 

consisted of 192 transects selected from over 110 glider missions (year 2008-2016) under 

varying wind and tidal conditions (Chapter 4). Tidal data were predicted using the 

TPXO7.2 global database (http://volkov.oce.orst.edu/tides/TPXO7.2.html) and wind data 

were obtained from the European Centre for Medium-Range Weather Forecast Interim 

Reanalysis (ECMWF ERA-I) (https://apps.ecmwf.int/datasets/data/interim-full-

daily/levtype=sfc/). The ocean glider data involved in this study are shown in Table 3.2. 

http://volkov.oce.orst.edu/tides/TPXO7.2.html
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/


Chapter - 3 : Field Measurements and Numerical Modelling 

---------------------------------------------------------------------------------------------------------- 

48 

 

Table 3.2: Glider missions according to Study Sites. 

Study Sites Site ID Mission according to areas 

Year Start Time End Time 

Kimberley 1 2011 25/11/2011 1/12/2011 

2 2012 29/05/2012 3/06/2012 

3 10/06/2012 18/06/2012 

4 27/07/2012 31/07/2012 

5 6/08/2012 9/08/2012 

6 9/08/2012 14/08/2012 

7 19/09/2012 23/09/2012 

8 23/09/2012 26/09/2012 

9 26/09/2012 1/10/2012 

10 2013 24/02/2013 4/03/2013 

11 20/06/2013 28/06/2013 

12 27/09/2013 6/10/2013 

13 6/12/2013 13/12/2013 

14 2014 5/02/2014 15/02/2014 

15 12/04/2014 21/04/2014 

16 21/04/2014 2/05/2014 

17 14/08/2014 23/08/2014 

18 24/08/2014 31/08/2014 

19 30/09/2014 9/10/2014 

20 2015 12/03/2015 20/03/2015 

21 20/03/2015 29/03/2015 

22 26/05/2015 29/05/2015 

23 4/06/2015 10/06/2015 

Pilbara 24 2012 1/07/2012 5/07/2012 

25 23/07/2012 30/07/2012 

26 31/07/2012 8/08/2012 

27 2013 12/02/2013 18/02/2013 

28 12/03/2013 20/03/2013 
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29 22/06/2013 27/06/2013 

30 9/07/2013 15/07/2013 

31 22/09/2013 27/09/2013 

32 27/09/2013 2/10/2013 

33 2014 12/02/2014 19/02/2014 

34 19/02/2014 22/02/2014 

35 23/05/2014 1/06/2014 

36 2/06/2014 11/06/2014 

37 14/09/2014 21/09/2014 

38 20/09/2014 25/09/2014 

39 19/11/2014 27/11/2014 

40 27/11/2014 4/12/2014 

41 2015 11/03/2015 15/03/2015 

42 19/03/2015 29/03/2015 

Two Rocks 43 2009 21/01/2009 24/01/2009 

44 31/01/2009 6/02/2009 

45 21/02/2009 23/02/2009 

46 14/03/2009 16/03/2009 

47 27/03/2009 28/03/2009 

48 29/03/2009 31/03/2009 

49 8/04/2009 14/04/2009 

50 17/05/2009 21/05/2009 

51 4/06/2009 7/06/2009 

52 11/06/2009 14/06/2009 

53 5/08/2009 7/08/2009 

54 21/08/2009 23/08/2009 

55 26/08/2009 27/08/2009 

56 2010 23/01/2010 26/01/2010 

57 9/02/2010 11/02/2010 

58 8/05/2010 11/05/2010 

59 12/05/2010 15/05/2010 

60 28/06/2010 1/07/2010 
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61 30/07/2010 6/08/2010 

62 13/08/2010 16/08/2010 

63 5/08/2010 8/08/2010 

64 12/08/2010 15/08/2010 

65 17/09/2010 19/09/2010 

66 27/10/2010 27/10/2010 

67 27/10/2010 28/10/2010 

68 01/11/2010 03/11/2010 

69 6/11/2010 9/11/2010 

70 2011 13/03/2011 16/03/2011 

71 14/04/2011 16/04/2011 

72 23/04/2011 26/04/2011 

73 19/06/2011 20/06/2011 

74 20/08/2011 24/08/2011 

75 14/09/2011 17/09/2011 

76 17/09/2011 19/09/2011 

77 22/09/2011 24/09/2011 

78 25/09/2011 27/09/2011 

79 27/09/2011 30/09/2011 

80 2012 6/03/2012 9/03/2012 

81 12/03/2012 15/03/2012 

82 19/05/2012 21/05/2012 

83 23/05/2012 26/05/2012 

84 3/08/2012 5/08/2012 

85 10/09/2012 13/09/2012 

86 2013 23/02/2013 25/02/2013 

87 25/02/2013 28/02/2013 

88 28/02/2013 3/03/2013 

89 16/04/2013 18/04/2013 

90 26/04/2013 28/04/2013 

91 1/05/2013 4/05/2013 

92 17/10/2013 20/10/2013 
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93 31/10/2013 3/11/2013 

94 2014 18/02/2014 22/02/2014 

95 26/02/2014 1/03/2014 

96 17/05/2014 18/05/2014 

97 8/08/2014 10/08/2014 

98 13/08/2014 16/08/2014 

99 15/11/2014 17/11/2014 

100 22/11/2014 23/11/2014 

101 2015 16/02/2015 18/02/2015 

102 21/02/2015 23/02/2015 

103 15/03/2015 17/03/2015 

104 17/03/2015 19/03/2015 

105 26/05/2015 27/05/2015 

106 29/05/2015 30/05/2015 

107 1/06/2015 3/06/2015 

108 4/06/2015 5/06/2015 

109 5/06/2015 7/06/2015 

110 7/06/2015 8/06/2015 

111 8/06/2015 10/06/2015 

112 10/06/2015 12/06/2015 

113 17/10/2015 18/10/2015 

114 18/10/2015 19/10/2015 

115 1/11/2015 2/11/2015 

116 3/11/2015 5/11/2015 

117 2016 14/04/2016 16/04/2016 

118 13/05/2016 15/05/2016 

119 15/05/2016 16/05/2016 

120 16/05/2016 18/05/2016 

121 18/05/2016 20/05/2016 

122 22/05/2016 23/05/2016 

123 23/05/2016 25/05/2016 

124 18/07/2016 19/07/2016 
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125 20/07/2016 22/07/2016 

126 12/11/2016 13/11/2016 

127 14/11/2016 15/11/2016 

128 16/11/2016 18/11/2016 

129 19/11/2016 20/11/2016 

130 21/11/2016 22/11/2016 

131 22/11/2016 24/11/2016 

132 24/11/2016 26/11/2016 

133 26/11/2016 28/11/2016 

134 29/11/2016 30/11/2016 

135 1/12/2016 3/12/2016 

Investigator 

Strait  

136 2008 16/07/2008 18/07/2008 

137 2009 15/01/2009 19/01/2009 

138 31/01/2009 4/02/2009 

139 20/06/2009 21/06/2009 

140 4/11/2009 7/11/2009 

141 2010 10/02/2010 13/02/2010 

142 2011 2/02/2011 4/02/2011 

143 2012 12/04/2012 14/04/2012 

144 24/04/2012 26/04/2012 

145 26/04/2012 29/04/2012 

146 12/09/2012 14/09/2012 

147 24/09/2012 27/09/2012 

148 26/09/2012 1/10/2012 

149 27/11/2012 27/11/2012 

150 2013 11/04/2013 14/04/2013 

151 25/04/2013 27/04/2013 

152 31/10/2013 1/11/2013 

153 4/11/2013 8/11/2013 

154 2014 21/03/2014 23/03/2014 

155 31/03/2014 4/04/2014 

156 5/06/2014 9/06/2014 
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157 23/06/2014 24/06/2014 

158 10/10/2014 12/10/2014 

159 27/11/2014 30/11/2014 

160 2015 1/05/2015 3/05/2015 

161 14/05/2015 16/05/2015 

Port Stephens 162 2008 25/11/2008 28/11/2008 

163 2009 28/10/2009 1/11/2009 

164 2010 9/03/2010 9/03/2010 

Yamba 165 2012 22/06/2012 23/06/2012 

166 19/07/2012 23/07/2012 

167 9/09/2012 10/09/2012 

168 19/11/2012 21/11/2012 

169 2013 14/06/2013 15/06/2013 

170 23/10/2013 24/10/2013 

171 5/12/2013 7/12/2013 

172 2014 5/04/2014 8/04/2014 

173 1/07/2014 3/07/2014 

174 15/09/2014 17/09/2014 

175 1/10/2014 7/10/2014 

176 2015 10/02/2015 10/02/2015 

177 1/04/2015 1/04/2015 

178 1/06/2015 3/06/2015 

179 3/06/2015 4/06/2015 

180 1/11/2015 1/11/2015 

181 2016 1/03/2016 1/03/2016 

182 1.04/2016 1.04/2016 

Cooktown 183 2016 17/02/2016 18/02/2016 

184 18/02/2016 18/02/2016 

185 22/03/2016 23/03/2016 

186 23/03/2016 23/03/2016 

187 6/05/2016 7/05/2016 

188 20/08/2016 23/08/2016 
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189 18/08/2016 19/08/2016 

190 31/07/2016 1/08/2016 

191 28/07/2016 29/07/2016 

Capricorn 

Channel 

192 2011 11/07/2011 14/07/2011 
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3.3  Study Location and Data for Chapter 5 

Chapter 5 introduced the effects of different wind events on DSWCs. This study 

was focused on the inner continental shelf waters of Two Rocks in South-Western (SW) 

Australia (Figure 3.3) that experiences one of the strongest wind regimes particularly 

under sea breeze conditions (Pattiaratchi et al., 1997; Zaker et al., 2007). Weak tidally 

driven (diurnal tidal range < 0.6m) currents together with low runoff and river input have 

negligible influences in this zone (Gallop et al., 2012; Pattiaratchi et al., 1997). A field 

experiment was conducted that used three oceanographic moorings located on the inner 

continental shelf (Figure 3.3) and complemented by a Slocum ocean glider deployed 

concurrently to undertake repeat transects along the mooring transects (Figure 3.3). 

Meteorological data from the Rottnest Island station together sea surface temperature 

(SST) from satellite and surface current fields from a shore based HF Radar system 

provided additional supporting data.  

Mooring setup for this study is described in Section 3.1.2. An ocean glider mission 

was undertaken simultaneously with the deployment of the moorings between 26 May 

and 14 June 2015 to conduct repeated surveys over the shelf along the Two Rocks transect 

paralleled to the mooring line (Figure 3.3). Data were collected using Teledyne Webb 

Research Slocum Electric Gliders (Schofield et al., 2007) operated by the Australian 

National Facility for Ocean Gliders (ANFOG) located at the University of Western 

Australia (Pattiaratchi et al., 2017).  

Wind speed and wind direction, at 30 minute intervals, were obtained from the 

Australian Bureau of Meteorology weather station at Rottnest Island, located offshore 

near the study site ~40 km south of Two Rocks (Figure 3.3). 
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The Australian Coastal Ocean Radar Network (ACORN) at The University of 

Western Australia operates surface current mapping HF radar (HFR) systems as part of 

the Australian Integrated Marine Observing System (IMOS). This facility provides 

hourly, time-resolved coastal ocean surface current maps using a high-frequency, phased 

array wave radar—the WEllen RAdar (WERA)—which is shore-based and provides a 

reliable data set of surface currents (Gurgel et al. 1999). The Rottnest Shelf WERA HFR 

system transmits at a frequency of 9.33 MHz with a bandwidth of 33 kHz.  

Two WERA HFR shore stations were located at Guilderton and Fremantle (Figure 

3.3). The radar coverage area overlapped the mooring sites, except at the nearshore 

mooring. The WERA measurement were available at hourly intervals and the surface 

current vectors were derived over a regular grid with a horizontal resolution of 4 x 4 km. 

WERA HFR data were reprocessed using ACORN-developed software, which includes 

an improved analysis algorithm to step from raw spectra to surface current components 

and provide quality control flags on the data points (Cosoli et al. 2017; Cosoli et al. 2018). 

The WERA hourly data were downloaded from the IMOS data portal 

http://thredds.aodn.org.au/thredds/catalog/IMOS/ACORN/catalog.html.

http://thredds.aodn.org.au/thredds/catalog/IMOS/ACORN/catalog.html
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Figure 3.3: Location of glider transect and three mooring deployments (M1, M2, TR40) 

in May 2015 with the bathymetry of Two Rocks continental shelf. Radar stations are 

situated on Guilderton (GUI) and Fremantle (FRE) and the wind station is in Rottnest 

Island.

3.4  Study Location and Data for Chapter 6 

This study also focused on the inner continental shelf water of Two Rocks in 

South-Western Australia (Figure 3.4) which has one of the strongest wind in the world 

(Pattiaratchi et al., 1997; Zaker et al., 2007). The main aim of Chapter 6 was to gain a 

better understanding of DSWC dynamics through the use of a numerical model validated 

by ocean glider data in Southwest Australia. Specifically, the model would be used to 

define DSWC pathways through cold water plumes, assess the along-shore component of 

flows, and determine the influence of daily to weekly synoptic weather variability. The 

model validation was performed by comparing against the one glider transect (Figure 
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3.4). The model domain did not include the entire length of the glider transect which 

continued further offshore of the model domain (Figure 3.4). 

 

Figure 3.4: (a) Location of glider transect and mooring deployments (M1, M2, TR40) in 

May 2016 with the bathymetry of Two Rocks continental shelf. Wind data was used from 

the station situated at Rottnest Island maintained by the Australian Bureau of 

Meteorology. The black dashed line represent the hydrodynamic nested model domain. 

(b) Large scale parent grid and nested child domain for both ROMS ocean modelling 

system and WRF-ARW model.
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3.4.1 Numerical Model Setup 

The cross-shore and along-shore transport of cold water plumes in South-west 

Australian Continental shelf near Two Rocks and their spatial and temporal variability 

were investigated through Regional Ocean Modeling System (ROMS) modelling output. 

The model was focusing on whole year 2016. Although we used only part of it during 

May 2016.The model domain is shown with dotted line in Figure 3.4. 

We used the ROMS, a 3-D hydrostatic, non-linear, free surface, s-coordinate, time 

splitting finite difference primitive equation numerical ocean model (Shchepetkin and 

McWilliams, 2005, 2009). A more detailed description of the model and numerical 

schemes can be found at the ROMS webpage (http://www.myroms.org).  

Our modelling system consisted of 2 one-way nested domains; (i) parent for wider 

western region of Australia at ~ 1.5 – 2.5 km horizontal resolution with embedded 

additional (ii) child domain for wider Perth region at 500 m resolution. Bathymetry for 

ROMS domains used in the deep region GEBCO database, which was further improved 

with GSA250m and LIDAR data in the coastal regions. Final bathymetry was minimally 

smoothed using approach of linear programming (Sikiric et al., 2009). Non-tidal parent 

domain's boundary conditions for the free surface, temperature, salinity, and velocity 

were taken from the global 1/12 degree HYCOM model (http://hycom.org) and combined 

with 9 tidal constituents for elevation and barotropic velocities from global barotropic 

tidal inverse solution (TPXO, Egbert and Erofeeva, 2002). Nested child model boundaries 

were updated every 600s downscaling dynamics from the parent model. For the 

barotropic part in both models, we used Flather scheme (Flather, 1976) and for the 

baroclinic velocity and tracers (temperature and salinity), we used a combination of 

Orlanski-type radiation boundary conditions with nudging (Marchesiello et al., 2001). 
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Advection scheme used in nested model and for active tracers (temperature and salinity) 

was using a multidimensional positive definite advection transport algorithm—

MPDATA (Smolarkiewicz and Margolin, 1998), which was a conservative and positive 

definite scheme, while for the parent system we used upwind third-order scheme. In the 

case of baroclinic momentum, we used the upwind third-order advection scheme for both 

models. 

Atmospheric forcing was prescribed every hour via bulk formulation (Fairall et 

al., 1996), using all needed variables from a locally tuned atmospheric modelling system 

based on WRF-ARW model core. The WRF-ARW model was configured for two 

domains, larger than those for ROMS model, with the difference of using 2-way coupled 

mode for boundary information exchange. Atmospheric parent model domain was having 

10 km horizontal resolution and 45 levels in the vertical, completely covering wider area 

of western Australia ROMS parent domain with nested domain for wider Perth region 

defined at 2 km horizontal resolution. Boundary and initial conditions for the parent 

atmosphere model were interpolated from the global NCOM GFS (0.25 deg resolution) 

model. Both, atmosphere and ocean model outputs were saved hourly and served using 

openDAP thredds server (http://130.95.29.59:8080/thredds/catalog.html). 

3.4.2 Field Observations  

We used high resolution temperature, salinity and density data from Teledyne 

Webb Research Slocum Electric Glider (Schofield et al., 2007) deployed on the same 

location during May 2016 to do repeated survey over the shelf and to verify the model 

output (Figure 3.4). All gliders were operated by the Australian National Facility for 

Ocean Gliders (ANFOG) located at the University of Western Australia. These data were 

http://130.95.29.59:8080/thredds/catalog.html
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available through the Integrated Marine Observing System (IMOS). The detailed 

description of Slocum glider are in Section 3.1.1. 

We also used bottom moored upward looking ADCP defined as mooring TR40 

(located at 31.72O S and 115.398O E) at 40m depth, deployed by CSIRO, during the same 

month long data to get the velocity profiles and verify the model output (Figure 3.4). This 

shelf mooring was equipped with temperature and pressure loggers and upward looking 

RDI Workhorse Sentinel 600 ADCP operated at a frequency of 600 kHz. This ADCP 

collected velocity profiles in 2 m bins sampling at every 20 minute interval. 
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Chapter 4 

Australian continental shelves as an inverse estuary 

Summary 

Transport and exchange across the continental shelf and vertical mixing are key 

elements in a wide range of interdisciplinary problems that motivate much of the research 

on shelf circulation. Cross-shelf exchange is important for biota, nutrients, suspended and 

dissolved material between the coast and the open ocean. Dense shelf water is formed 

when the density of the inner shelf water is increased either by a decrease in temperature 

through cooling and/or an increase in salinity from evaporation. This cross-shelf density 

gradient drives a gravitational circulation with offshore transport of higher density water 

along the sea bed in majority of the shallow coastal regions around Australia. This process 

is defined as Dense Shelf Water Cascade (DSWC) and the circulation similar to that 

observed in ‘inverse’ estuarine systems. Analysis of 192 transects from 110 missions of 

ocean glider data collected between 2008 and 2016 confirmed that, under a range of wind 

and tidal conditions, DSWC was a regular occurrence during autumn and winter seasons.  

This was mainly due to cooling of the coastal waters that were pre-conditioned with 

higher salinity resulting from evaporation during the summer months. It is shown that 

even in the presence of relatively high wind- and tidal- induced vertical mixing, DSWCs 

were present due to the strength of the cross-shelf density gradient. 
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4.1  Introduction 

Globally, the coastal ocean is the receiving basin for input of suspended and 

dissolved matter that includes nutrients, biota and pollutants and represents an important 

component of the ocean environment, connecting the terrestrial system to the deeper 

ocean (Lenz and Fewings, 2012). The exchange of water between the coast and deeper 

regions: the cross-shelf exchange has been defined as one of the central problems in 

coastal physical oceanography (Brink, 2016). Majority of the inputs to the coastal zone 

are through fresh water sources such as rivers and anthropogenic discharges. As these 

inputs are usually buoyant they are transported along the ocean surface layer subject to 

the prevailing hydrodynamic regime and are easily identified in the field and in remote 

sensing imagery. If the spatial scale is unrestricted by coastal features and under low 

mixing conditions, river plumes can influence the hydrodynamics to hundreds of 

kilometres from the source region (Simpson, 1997; Horner-Devine et al., 2014). These 

systems have been subject to many investigations over the past decades being defined as 

river plumes or Regions of Freshwater Influence (ROFI) where the hydrodynamic regime 

is governed by the positive density gradient between lower salinity riverine water and 

higher salinity oceanic water (Simpson, 1997). Here, buoyancy input from freshwater 

sources exceeds that from changes in heat and freshwater fluxes across the ocean surface.  

Regions that experience a Mediterranean climate (dry hot summers, mild cooler 

winters and low precipitation) are subject to high rates of evaporation and negligible river 

input resulting in a net loss of fresh water from the coastal region. As a consequence, 

coastal water bodies become more saline than the surrounding ocean water with the water 

density decreasing from the coast to the ocean (i.e. a negative density gradient). With the 

advent of cooling during the late autumn and winter this density contrast is increased. 
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Here, buoyancy input from heat and freshwater fluxes across the ocean exceed that due 

to freshwater sources and thus are opposite to that in ROFI regions where the density is 

increasing from the coast to the ocean. Rather than having a buoyant plume due to 

freshwater input, the negative density gradient drives a circulation of offshore directed 

denser water along the sea bed (e.g. Pattiaratchi et al., 2011; Hetzel et al., 2013; Hetzel et 

al., 2018; Mahjabin et al., 2016a). This circulation is similar to that observed in ‘inverse’ 

estuarine systems located in Mediterranean climates with negligible or intermittent 

freshwater input and loss of freshwater through evaporation (Lennon et al., 1987; Lavin 

et al., 1998). In coastal regions, this buoyancy-driven gravity current is defined as Dense 

Shelf Water Cascade (DSWC) (Shapiro et al., 2003; Canals et al., 2006; Shearman and 

Brink, 2010; Pattiaratchi et al., 2011; Mahjabin et al., 2016a,b) and have been documented 

in over 60 locations around the world with the majority located in Polar Regions resulting 

mainly from ice formation.  

Estuarine systems are associated with strong longitudinal density gradients due to 

the interaction between fresh and ocean water and are generally tidally dominated.  

Interaction between the longitudinal density gradient with the vertical shear in tidal 

currents in estuarine systems leads to a forcing mechanism termed ‘tidal straining’ 

(Simpson et al., 1990). Many studies have addressed stratification status of estuaries (i.e. 

permanently mixed; periodically mixed; and, permanently stratified states) and examined 

the balance between horizontal buoyancy flux that promotes vertical stratification whilst 

turbulent kinetic energy generated through tidal stirring promotes vertical mixing 

(Simpson et al., 1990; 2005). The ratio of the longitudinal density gradient (stratifying 

force) to vertical mixing (destratifying force) is defined by the horizontal Richardson 

number (Rix), also defined as the Simpson number (Simpson et al., 1990; Monismith et 

al. (1996); Stacey (1996), given by 
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Monismith et al. (1996) proposed that values of Rix > O(1) would lead to 

dominance of stratification by horizontal density gradients over tidal mixing leading to a 

stratified water column.  

DSWCs are generated through the formation of a cross-shelf density gradient by 

surface cooling and/or evaporation. Consider an initially homogeneous water body on a 

continental shelf with a sloping bathymetry subject to uniform surface cooling (or 

heating). Here, the shallower water cools (heats) faster compared to those in deeper water 

(‘differential heating/cooling’) that results in the formation of a cross-shelf density 

gradient (Section 2.2.1).  This density gradient provides the buoyancy input that drives 

the DSWC. In contrast, turbulent kinetic energy resulting from wind and/or tidal action 

promotes vertical mixing. When the buoyancy input dominates over turbulent wind 

and/or tidal mixing, a DSWC is formed (Figure 4.1a).  In the case of vertical mixing being 

stronger than the buoyancy in put a vertically mixed water column is present although the 

cross-shelf density gradient is present (Figure 4.1b). The balance between the buoyancy 

input (stratifying influence) and vertical mixing (destratifying influences), neglecting air-

sea exchanges can be expressed as (Simpson et al., 1990; Nahas et al., 2005):  
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   (4.2)  

 

Where, h = mean water depth; ρa = air density; ρ = mean seawater density; kD =

 drag coefficient for bottom stresses; ε = tidal mixing efficiency; δ = wind mixing 

efficiency; U = near-bed tidal velocity; W = wind speed; Kmz = vertical eddy diffusivity; 

and kS = drag coefficient for surface wind stress (Pugh, 1987).  
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Figure 4.1: Schematic of the effects of vertical mixing by wind and tide in the presence 

of a cross-shelf density gradient: (a) Under low wind- and tidal- induced mixing 

conditions bottom gravity current exists; (b) Under strong vertical mixing conditions the 

water column is well mixed although a density gradient is present 

For a particular water depth h, when the gravitational circulation term (RHS of 

equation (4.2)) is higher than the combined wind and tidal mixing terms (LHS of equation 

(4.2)), the water column is vertical stratified and allow the formation of DSWC. Equation 

(4.2) implies that when the horizontal density gradient (d𝜌/dx) is higher and able to 

overcome vertical mixing through tidal and wind action, DWSC could occur. In contrast 

if the action of tidal- and/or wind- induced vertical mixing was relatively higher (i.e., 

higher values of U and/or W) the water column was vertically mixed thus inhibiting the 

formation of DSWC even in the presence of a horizontal density gradient. 

DSWC has been documented previously for a single season in locations around 

Australia that experienced a Mediterranean climate: North-west Australian shelf (Brink 

and Shearman, 2006; Shearman and Brink, 2010), Shark bay (Pattiaratchi and Woo, 2009; 
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Hetzel et al., 2013; Hetzel et al., 2018), Great Australian Bight (Petrusevics et al., 2009), 

Spencer Gulf (Bowers and Lennon, 1987), Bass Strait (Gibbs, 1992; Gibbs et al., 1986; 

Godfrey et al., 1980; Sandery and Kämpf, 2005; Tomczak, 1981), Jervis Bay (Symonds 

and Gardiner-Garden, 1994), Hervey Bay (Ribbe, 2006), North-Western Continental 

shelves (Mahjabin et al., 2016a,b). Seasonal variation in DSWC was identified as a major 

feature through the deployment of ocean gliders in coastal waters along the Rottnest 

continental shelf (Pattiaratchi et al., 2011). This Chapter extends this work by examining 

the generating mechanisms and the seasonal variability of DSWC formation around 

Australia within a range of wind and tidal conditions. 

Globally, Australian waters experience one of the highest evaporation rates 

(~2.5m per annum Yu, 2007) and as such, majority of Australian coastal seas are 

dominated by evaporation and winter cooling with higher density water present in 

coastal waters. This is highlighted by SST climatology in Australian shelf waters 

(Wijffels et al., 2018) for May and June that indicated colder water closer to the coast due 

to surface heat loss (Figure 4.2). Coastal water also contained elevated salinities due to 

evaporation during the summer and early autumn which lead to horizontal density 

gradient that drive DSWC with circulation patterns analogue to that of an inverse estuary. 

DSWC around Australia are examined using an extensive ocean glider data set obtained 

around Australia between 2008 and 2016 (Pattiaratchi et al., 2017) that include 192 cross-

shelf transects selected from over 110 glider missions from eight different regions. The 

DSWCs were present even in the presence of high wind- and tidal- induced vertical 

mixing due to the strength of the negative cross-shelf density gradient (denser water along 

the coast). 
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Figure 4.2: Sea Surface Temperature (SST) climatology during May and June around 

Australian continental shelves showing a band of cooler water at the coast. The 

climatology is described in Wijffels et al. (2018) included data collected over a 25 year 

period. Note the different temperature scales 

The 8 locations around Australia (Figure 4.3) were selected based on the 

availability of ocean glider data (Pattiaratchi et al., 2017). These locations had contrasting  

tidal (0.6 to 10m tidal range) and wind (maximum wind speeds > 7 ms-1) forcing and 

included: (1) The Kimberley, north-west Australia: macro-tidal and moderate winds 

(Shearman and Brink, 2010); (2) The Pilbara, north-west Australia: macro-tidal 

(Holloway, 1983); (3) Two Rocks, Western Australia: wind dominated (Pattiaratchi et 

al., 1997; Mihanovic et al., 2016) with low tidal range and diurnal tides (Pattiaratchi and 

Eliot, 2008); (4) Investigator Strait, South Australia: tidally dominated (Nunes and 

Lennon, 1986; 1987); (5) Port Stephens, New South Wales: macro tides (McPherson et 

al., 2013) and strong winds (Geary, 1987); (6) Yamba, New South Wales: mostly wind 

driven and micro-tidal (Pritchard et al., 2007); (7) Capricorn Channel, Queensland: 

moderate winds and macro tides (Andutta et al., 2011); and, (8) Cooktown, Queensland: 
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moderate winds and macro tides (Hamilton, 1994; Hamylton and Puotinen, 2015). A 

summary of the study locations and calculated cross-shore density gradients combining 

all seasons with their different wind speed and tidal range were shown in Table 4.1. 

The aim of this Chapter is to identify and document the occurrence of DSWC 

around Australia using ocean glider data as well as defining the major forcing 

mechanisms that drive DSWC. The extensive data set (192 cross-shelf transects from 110 

glider missions) included large spatial scales (the Australian continent) and enabled the 

identification of seasonal (monthly) variability in regions with contrasting wind and tidal 

characteristics.   

This chapter is arranged as follows: Section 4.2 describes the methodology. 

Results and discussion are presented in Sections 4.3 and 4.4 respectively. The conclusions 

are presented in Section 4.5. 

Table 4.1: Tidal and wind speed range and the horizontal density gradient calculated from 

glider data for each study site. 

Study area 
Tidal range 

(m) 

Maximum Wind 

speed 

(ms-1) 

Horizontal density 

gradient range 

(x10-6 kgm-4) 

(1) Kimberley  7 – 10  10.6  -9.27 to +4.87 

(2) Pilbara 4 – 5  9   -14.23 to +8.29  

(3) Two Rocks 0.6 – 0.8  15 -30 to +9.73   

(4) Investigator Strait 1.5 – 2  16.5 -18.78 to +22.58 

(5) Port Stephens   2.2 – 2.5  6.8 -3.66    

(6) Yamba 1.2  12.4  -4.4 

(7) Capricorn Channel 6 – 7  5.4  -9.82 

(8) Cook Town 2.5-7 9.3 -8.17 to +18.73  



Chapter - 4 : Australian continental shelves as an inverse estuary 

---------------------------------------------------------------------------------------------------------- 

71 

 

4.2 Methods 

Water column data were obtained from cross-shelf transects undertaken using 

Teledyne Webb Research Slocum electric gliders (http://www.webbresearch.com/) from 

8 locations around Australia (Figure 4.3). The ocean gliders are operated by the Australian 

National Facility for Ocean Gliders (ANFOG), facility of Integrated Marine Observing 

System (IMOS) hosted at The University of Western Australia (Pattiaratchi et al., 2017). 

All the ocean glider data are publicly available through the Australian Ocean Data 

Network (https://portal.aodn.org.au).  

The ocean gliders obtain data from 0 - 200 m, from the surface to 2 m above the 

seabed, travelling at a mean horizontal speed of 25 km per day (Schofield et al., 2007). 

The glider traverses a saw-tooth pattern using buoyancy control whilst moving forward 

to the target destination and navigates its way to a series of pre-programmed waypoints 

using GPS, internal dead reckoning and altimeter measurements. The gliders were 

equipped with a Sea-Bird Scientific SBE 41CP pumped CTD (conductivity–temperature–

depth) sensor, a WETLabs BBFL2SLO 3 parameter optical sensor (which measured 

chlorophyll fluorescence, coloured dissolved organic matter, and backscatter at 660 nm), 

and an Aanderaa oxygen optode. All the sensors sampled at 4 Hz which yielded 

measurements ~7 cm in the vertical. The focus of this chapter is on the temperature and 

salinity (and density) data. Subsequent to the ocean glider recovery, all the data collected 

by the glider are subject to QA/QC procedures that include a series of automated and 

manual tests (Woo, 2017). IMOS data streams are provided in NetCDF-4 format with 

data files containing meta-data and scientific data for each glider mission. 

https://portal.aodn.org.au/
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Ocean glider data collected between 2008 and 2016 from 8 different locations 

around the Australian continent were analysed and included 192 transects selected from 

110 ocean glider deployments each lasting 20-25 days.  The analyses presented here is 

limited to the top 150m of the water although the glider acquired data to a maximum 

depth of 200 m. The data set included a total of 275547 vertical profiles and over 84 

million data scans in total. The horizontal density gradients were calculated by subtracting 

the depth-mean density at a point closest to the coast from the depth-mean density at a 

point at the seaward end of the transect and dividing by the distance between the two 

points. The resulting density gradient was defined to be negative when the nearshore 

water was denser than offshore.  

Tidal data were predicted using the TPXO7.2 global database 

(http://volkov.oce.orst.edu/tides/TPXO7.2.html) and wind data were obtained from the 

European Centre for Medium-Range Weather Forecast Interim Reanalysis (ECMWF 

ERA-I) (Dee et al., 2011; https://apps.ecmwf.int/datasets/data/interim-full-

daily/levtype=sfc/). Terms in equation (4.2) were evaluated through estimates of local 

wind speed cubed (W3) and bottom current speed cubed (|U3|).   

Although data from 8 locations were available; only 4 locations Kimberley, 

Pilbara, Two Rocks and Investigator Strait (Figure 4.3a) contained data through the whole 

year to define the seasonal variability. The mean horizontal density gradient for each 

month of the year was calculated using multiple transects acquired over several years. 

Two Rocks has the highest repeating missions around 44, and other locations such as 

Kimberley, Pilbara and Investigator Strait have 15, 12 and 16 missions respectively. Error 

bars to show minimum and maximum density gradients for each month at each of the 4 

locations (Figure 4.6). 

http://volkov.oce.orst.edu/tides/TPXO7.2.html
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
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Figure 4.3: (a) Locations where glider deployments around Australia that indicated 

DSWC; (b) The occurrence of DSWC at the eight different locations around Australia: 

(i) Kimberley; (ii) Pilbara; (iii) Two Rocks; (iv) Investigator Strait; (v) Port Stephens; (vi) 

Yamba; (vii) Capricorn Channel; (viii) Cooktown. Vertical and horizontal scales are 

given at the top left corner. All sigma-t (σT, kgm-3) plots have different colour scales but 

the same vertical depth scale (maximum 150 m). Kimberley, Pilbara, Investigator Strait, 

Port Stephens and Capricorn Channel are to 50 km from the shore (horizontal scale (a)); 

and, Two Rocks, Yamba and Cooktown are to 20 km (horizontal scale (b)). 
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4.3  Results 

Ocean glider data collected between 2008 and 2016 from 8 different locations 

around the Australian continent (Figure 4.3) were analysed and included 192 transects 

selected from 110 ocean glider separate glider deployments.  The results are presented to 

highlight the DSWC events as measured from the Slocum glider observation along cross-

shelf transects and include: typical examples of DSWC from Two Rocks and the Pilbara; 

occurrence of DSWC around Australia, seasonality of DSWC; and, examination of the 

driving mechanism of the cascades. Although all the data were used to calculate the cross-

shelf density gradients, only a selected profiles are used to highlight typical features. 

Typical cross-shelf transects for Two Rocks (obtained in May 2016) and Pilbara 

(obtained in July 2012) indicated that both temperature and salinity contributed to the 

dense water formation (Figure 4.4). At Two Rocks, there was temperature and salinity 

differences of 2oC and 0.2 units, respectively whilst in the Pilbara the differences were 

2.5oC and 0.6 units. At both locations, the DSWC was ~20-30 m in thickness and 

extended to 80m and 150 m water depth at Two Rocks and Pilbara, respectively. Here, 

the denser water along the sea bed contained cooler, more saline water originating from 

the shallower inner shelf region. The SST climatology for May/June indicated a narrow 

band of colder water adjacent to the coast due to heat loss in the shallow waters (Figure 

4.2). Ocean glider data, collected during the same time period, shows the continuation of 

this cooler water along the seabed offshore. The higher salinity water is derived from 

evaporation during summer/autumn.  Thus during this period both temperature (cooling) 

and salinity (evaporation) contributed to the formation of the DSWC.  

Evidence of DSWCs were found in all ocean glider deployments conducted north 

of 36oS around the Australian coastline, particularly during the winter months. At all of 
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these locations cooling is the main driver (as seen by the cooler water at the coast, Figure 

4.2) with evaporation earlier in the year being a contributing factor. The locations have a 

range of tidal and wind forcing.  The tidal ranges are from 0.6 m at Two Rocks to 10 m 

in the Kimberley whilst the maximum wind speeds range from 5.5 ms-1 to > 15 ms-1 at 

Two Rocks and Investigator Strait (Table 4.1). Also at these locations the freshwater 

discharge was minimal during the austral late autumn and winter months. The DSWC 

extend to a distances > 50 m (Kimberley, Figure 4.3i) and to depths > 150 m (Pilbara and 

Yamba, Figures 4.3ii,vi). The height of the DSWC was a maximum (> 50m) in the 

Kimberley whilst at all of the other locations the thickness varies between 20-30m (Figure 

4.3).  

 4.3.1  Seasonal variability 

Majority of the ocean glider data were collected from Kimberley, Pilbara, Two 

Rocks and Investigator Strait (Figure 4.3) and seasonal cross-shelf density transects from 

the first 3 locations are presented in Figure 4.5. The seasonal variability in these three 

locations are due mainly to changes in the wind field and air-sea fluxes of heat. The winds 

are stronger during the summer months due to the synoptic winds and strong sea breezes. 

Similarly, there is strong solar heating evaporation during the summer months and 

cooling of the shallower water during late autumn/winter months (Figure 4.2). This 

variability was reflected in the seasonal cross-shelf transects.  During the summer months 

the stronger winds mix the upper ocean resulting in deep mixed layers (> 50 m) in the 

Kimberley and Pilbara (Figures 4.5a,e) and upwelling at Two Rocks (Figure 4.5i) due to 

southerly (upwelling favourable) winds. Kimberley and Pilbara transects also show 

evidence of the internal waves (Figures 4.5a,e). In autumn, Kimberley and Pilbara 

transects are very similar to that for summer, although there was no internal wave activity 
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at Pilbara (Figure 4.5f). At Two Rocks, DSWC has been initiated (Figure 4.5j) mainly 

due to the changes in the wind field allowing for the higher salinity water to exit the shelf 

(Pattiaratchi et al., 2011). During winter, DSWC is present along all three locations driven 

by surface cooling (Figures 4.5c,g,k). In the Kimberley, tidal mixing allowed for the 

vertical mixing of the water column in the shallower waters through tidal mixing and with 

increasing depth the diminishing influence of the tidal mixing allows the presence of 

DSWC (Figure 4.5c). At all three locations denser water was present at the shoreward 

end of the transect with vertically stratified water on the continental shelf. The cross-shelf 

density gradients were: -0.512 x 10-5 kgm-4 (Figure 4.5c), -1.423 x 10-5 kgm-4 (Figure 

4.5g), -1.768 x 10-5 kgm-4 (Figure 4.5j) at Kimberley, Pilbara and Two Rocks, 

respectively. During spring there was no DSWC at any of the locations with upwelling at 

Kimberley and Pilbara due to south-westerly winds and at Two Rocks due to southerly 

winds. 
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Figure 4.4: Cross-shelf profiles of temperature, salinity and density at: (a-c) Two Rocks, May 2016; and, (d~f) Pilbara, July 2012. Note different 

horizontal scale and for each parameter. 
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Figure 4.5: Seasonal cross-shelf density profiles: (a-d) Kimberley; (e-h) Pilbara; and, (i-l) Two Rocks. All transects at each location contain the same 

density scale. The horizontal scale at Two Rocks (to 25 km) is different to that Pilbara and Kimberley (to 50 km).
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Previous studies have suggested that the mechanism for DSWC formation is the 

cross-shelf density gradient (𝜕𝜌 𝜕𝑥;⁄  see equations 4.1 and 4.2) and the ocean glider data 

were used to calculate the seasonal variability in 𝜕𝜌 𝜕𝑥⁄  (Figure 4.6). In general, at all 4 

locations where seasonal data were avavilable, 𝜕𝜌 𝜕𝑥⁄  was negative during the winter 

months showing the dominance of cooling in controlling 𝜕𝜌 𝜕𝑥⁄ . During the austral 

summer months (January, February, no data collected during December), 𝜕𝜌 𝜕𝑥⁄  was 

positive at all 4 locations and transited to negative values in March and remained negative 

to August, although at Two Rocks and Investigator Strait the negative 𝜕𝜌 𝜕𝑥⁄  persisted 

until November (Figure 4.6). The timing of the minimum 𝜕𝜌 𝜕𝑥⁄  (i.e. maximum forcing) 

occurred in July at Kimberley and Pilbara, June in Investigator Strait and in May at Two 

Rocks. The maxima in May for Two Rocks reflect the combined influence of both salinity 

and temperature contributing to 𝜕𝜌 𝜕𝑥⁄  (Pattiaratchi et al., 2011).  The −𝜕𝜌 𝜕𝑥⁄  was 

largest at Two Rocks when compared to other locations reaching maxima of 3.0x10-5 

kgm-4 whist at Investigator Strait, Pilbara and Kimberley the maximum values were: 

1.878x10-5 kgm-4, 0.829x10-5 kgm-4 and 0.487x10-5 kgm-4, respectively (Table 4.1). The 

−𝜕𝜌 𝜕𝑥⁄  along the east coast ranged between 0.982x10-5 kgm-4 (Capricorn Channel) and 

0.366x10-5 kgm-4 (Port Stephens) (Table 4.1). 

4.3.2  Controls by vertical mixing 

Vertical mixing through turbulent kinetic energy (TKE) is generated through the 

action of tides and winds. Tidal action generates TKE at the seabed that is transported 

upwards from the sea bed into the water column. In contrast, winds usually generate TKE 

at the sea surface that is transported downwards from the sea surface (Hetzel et al., 2013). 
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The eight different locations consisted of different wind and tidal energy input. 

Kimberley (tidal range: 7-10 m), Pilbara (4-5 m) and Capricorn Channel (6-7 m) were 

macro-tidal with strong tidal forcing. In contrast, Two rocks was micro-tidal (0.6-0.7 m) 

with other locations being meso-tidal: Investigator Strait and Yamba (1.5-2 m); and, Port 

Stephens (2.2~2.5 m). The mean monthly wind speeds were 3.5-4 ms-1 at Kimberley and 

Pilbara; whilst it was 9 ms-1 during summer and 2 ms-1 during winter at Two Rocks. 

Capricorn Channel was opposite of Two Rocks mean wind speeds 4 ms-1 in summer and 

7 ms-1 in winter. The wind speed range for Investigator Strait was 3.5 ms-1 (winter) to 4.5 

ms-1 (summer); and for Port Stephens it was 3 ms-1 (summer) to 4.5 ms-1 (winter). Yamba 

was 3 ms-1 in summer and 4 ms-1 in winter. 

 

Figure 4.6: The monthly mean cross-shelf density gradient for Kimberley, Pilbara, Two 

Rocks and Investigator Strait around Australia. The mean density gradient was being 

calculated using data for each month at each location over several years. The bars show 

the range of values calculated at each location.
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4.3.3 Competition between stratification and mixing 

The formation of DSWC is dependent on the ability of the buoyancy input (the 

stratifying force) through the longitudinal density gradient to overcome vertical mixing 

(destratifying force) provided by input of turbulent kinetic energy through wind- and 

tidal- induced vertical mixing (equations 4.1 and 4.2).  Data collected from the 192 

transects obtained under varying wind and tidal conditions were examined for the 

presence of DSWC and were related to the local wind and tide conditions. The 

observation sites in this study consisted of a gradual varying (small slope) continental 

shelves with mean depths of 40-50 m with exception of Investigator Strait which had a 

mean depth of 70 m. The cross-shelf density gradient, 𝜕𝜌 𝜕𝑥⁄  was negative for majority 

(75%) of transects examined with ~50% of 𝜕𝜌 𝜕𝑥⁄  in the range 0 to 1.5 kgm-4 (Figure 

4.7a). The main variables in equation 4.2, 𝜕𝜌 𝜕𝑥⁄ , W3 (proxy for wind mixing) and U3 

(proxy for tidal mixing) were evaluated to examine the relative magnitude of the terms 

and the presence of DSWC. The results indicated that the main parameter controlling the 

DSWC was 𝜕𝜌 𝜕𝑥⁄ : when 𝜕𝜌 𝜕𝑥 < 0,⁄  DSWC was present; whilst 𝜕𝜌 𝜕𝑥 > 0  ⁄ inhibiting 

the presence of DSWC (Figures 4.7b,c). The largest variation in tidal mixing energy was 

at Kimberley, which is unsurprising as the maximum tidal range was 10 m. Here, although 

𝜕𝜌 𝜕𝑥⁄  was relatively small (> -1.0x10-5 kgm-4; Figure 4.7c), DSWCs were present even 

when the maximum tidal currents were up to 0.50 ms-1 (U3=0.15 m3s-3). At the other 

locations, tidal mixing was negligible (Figure 4.7c). Wind mixing included a range wind 

speeds (maxima > 10 ms-1) and, except for 5 points at Two Rocks, there was DSWC 

present whenever 𝜕𝜌 𝜕𝑥 < 0.⁄  The 5 points where 𝜕𝜌 𝜕𝑥 < 0  ⁄ and did not indicate the 

presence of DSWC corresponded to winds associated the passage of storm fronts. In this 

analysis wind direction was neglected – results presented in Chapters 5 and 6 indicate that 
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wind direction is an important parameter that influence DSWC, particularly at Two 

Rocks.  

 

Figure 4.7: (a) distribution of the number of occurrences for different cross-shelf density 

gradient; (b) scatter plot of cross-shelf density gradient and W3, a proxy for wind mixing; 

and, (c) scatter plot of cross-shelf density gradient and U3, a proxy for tidal mixing. Green 

(red) colour symbols indicate presence (absence) of DSWC. 
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4.3.4 DSWC influence on chlorophyll, backscatter and dissolved oxygen 

The Slocum ocean gliders contained sensors: WETLabs BBFL2SLO 3 parameter 

optical sensor which measured chlorophyll fluorescence, coloured dissolved organic 

matter, and volume backscatter at 660 nm and an Aanderaa oxygen optode that collected 

data simultaneously with the temperature and salinity profiles. Examples of these data 

streams from Two Rocks and Pilbara (Figure 4.8) indicated the strong influence of the 

DSWC on the distribution of chlorophyll fluorescence (a proxy for phytoplankton 

biomass); volume backscatter at 660 nm (a proxy for suspended material); and an 

Aanderaa oxygen optode. At both locations, the bottom layer associated with DSWC 

indicated elevated fluorescence and backscatter values (Figures 4.8b,c,f,g). Due to lack 

of riverine input, the waters are relatively clear such that light penetration to > 100 m is 

common (Pattiaratchi et al., 2017) and thus the bottom layers are able to maintain 

photosynthesis promoting phytoplankton growth through nutrients sourced from the sea 

bed in this oligotrophic environments (Chen et al., 2019). The fluorescence pattern 

distribution in Pilbara indicated higher values in the bottom to water depths ~70m there 

was an abrupt shift with higher values at the surface (Figure 4.8f). This change was 

associated with a horizontal density gradient and also elevated backscatter at the shelf 

edge (Figure 4.8f), most likely due to breaking internal waves (Pattiaratchi and Oliveira, 

2016). In terms of suspended material: re-suspended due to storm activity, tidal mixing is 

trapped in the bottom layer and transported offshore via the DSWC (Figures 4.8c,g).  At 

Two Rocks the backscatter signal extended to ~150 m water depth (Figure 4.8c). The 

DSWC was also associated with lower dissolved oxygen values reflecting the strong 

stratification inhibiting vertical mixing (Figures 4.8d,h). 
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Figure 4.8: Water properties (density, fluorescence, backscatter and dissolved oxygen) measured by a Slocum ocean glider along: (a-d) Two Rocks 

transect during May 2016; and, (e-h) along the Pilbara transect during July 2012. 
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4.4 Discussion  

Terrestrial inputs from both natural and anthropogenic influences are discharged 

into the coastal margin and are transported along-shore and cross-shore by prevailing 

hydrodynamic conditions that are controlled by the local tidal, wind and buoyancy forcing 

(Lenz and Fewings, 2012; Brink, 2016). In general, along-shore transport, due to the land 

mass providing a barrier, is much stronger than the cross-shore, however, the weaker 

cross-shore transport is critical for the offshore transport of material from the coastal zone 

(Brink, 2016).  

Majority of the coastal regions globally are dominated by freshwater inputs from 

rivers but regions, particularly those experiencing Mediterranean climates (hot dry 

summers, cooler winters and low precipitation) experience high evaporation during the 

summer months and cooling during the winter. Many of these regions are characterised 

by inverse estuaries and embayments where evaporation exceed freshwater input and the 

upper reaches contain denser water when compared to those at the seaward margin. As a 

result of these differences in density, estuaries are characterized by longitudinal density 

gradients that may drive residual circulation with denser water flowing beneath less dense 

water under the influence of gravity (Lennon et al., 1987; Largier, 2010). In continental 

shelf regions similar processes operate and recent studies have documented this process, 

termed Dense Shelf Water Cascade (DSWC) from both field measurements (De Madron 

et al., 2005; 2013; Shearman and Brink, 2010; Pattiaratchi et al., 2011; Mihanovic et al., 

2016) and numerical model simulations (Horwitz and Lenz, 2014; Vilibic et al., 2016; 

Wu et al., 2018).  These studies were limited to a specific location and did not examine 

the seasonal variability of the DSWC and its forcing mechanisms.  This Chapter used an 

extensive multi-year ocean glider data set obtained from 8 locations around the Australian 
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continent under a range of incident tide and wind conditions that also enabled to resolve 

the seasonal variability. 

Globally, Australian continental shelves waters experience one of the highest 

annual evaporation rates, exceeding 2.5 m (Yu, 2007) and winter cooling (monthly mean 

net heat loss being > 300 Wm-2; Yu, 2007). Hence, most of Australian coastal seas are 

dominated by evaporation and winter cooling with higher density water present in the 

inner shelf particularly during the winter months. The presence of colder water in SST 

climatology along the inner shelf around Australia during winter months is a reflection of 

the strong cooling (Figure 4.2). 

In coastal and estuarine systems, vertical mixing by wind and tide acts to break 

down stratification and ultimately determines the vertical structure of the water column 

and thus the strength of the gravitational circulation (Simpson and Bowers, 1981; 

Simpson et al., 1990). The horizontal Richardson number (Rix), also defined as the 

Simpson number (equation 4.1), is a measure of the dominance between longitudinal 

density gradient (stratifying force) to vertical mixing (destratifying force) (Simpson et al., 

1990; Monismith et al., 1996; Stacey, 1996) and has mainly been applied to tidally 

dominated systems. Evaluating equation 4.1 using data obtained from this study indicated 

that Rix was O(1) indicating the dominance of stratification by horizontal density 

gradients over tidal mixing leading to a stratified water column (Monismith et al., 1996). 

Data presented in this study indicated that the presence of DSWC was controlled 

by the cross-shelf density gradient, 𝜕𝜌 𝜕𝑥⁄ . The results of this indicated, except under 

very strong wind speeds, when 𝜕𝜌 𝜕𝑥 < 0,⁄  DSWC was present; whilst when 

𝜕𝜌 𝜕𝑥 > 0  ⁄ there was no DSWC (Figures 4.7b,c). The maximum −𝜕𝜌 𝜕𝑥 ⁄ recorded 

during this study was 3.0x10-5 kgm-4 (Figure 4.6). A similar value was reported by 
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Shearman and Brink (2010) for the north-west of Australia. In comparison, freshwater 

dominated systems such as the York River estuary 𝜕𝜌 𝜕𝑥  ⁄ is a factor 10 larger at 30.0x10-

5 kgm-4 (Simpson et al., 1990) and Liverpool Bay was 10.0x10-5 kgm-4 (Verspecht et al., 

2009). Coastal embayments that have inverse estuarine behaviour: Shark Bay, Spencer 

Gulf and the upper Gulf of California have values of 20, 5 and 6 x10-5 kgm-4, respectively. 

In the mid-Atlantic Bight 𝜕𝜌 𝜕𝑥 = ⁄ 2.0x10-5 kgm-4 and was associated with winter 

cooling (Wu et al., 2018). Thus although 𝜕𝜌 𝜕𝑥  ⁄ was the dominant factor that controlled 

the presence of DSWC the values recorded by the ocean glider data were comparable to 

those reported in open coastlines.  This leaves the possibility that as higher resolution data 

become available it is possible that many more regions with DSWC may be discovered.  

Cross-shelf transport, to which DSWC cascades is a strong contributor, have a 

major role in ecosystem functioning and biogeochemical processes as a conduit for the 

transport of nearshore water and dissolved and suspended material (e.g., terrestrial 

carbon, nutrients, larvae, low-oxygen water, sediments, pollutants etc.) off the continental 

shelves (Brink, 2016). For example, Aubry et al. (2018) demonstrated that, following a 

strong DSWC event in the Adriatic Sea during the winter of 2012, plankton/particle 

advection through DSWC could extend to ~460km from the source region. Data presented 

in this study has also demonstrated that DSWC is a major influence on the offshore 

transport of chlorophyll and suspended material.  This leads to the conclusion that during 

the winter months when the coastal regions are cooler due to heat loss the inner shelf 

waters exist along the sea bed to deeper water thus ‘draining’ the system.  
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4.5 Concluding Remarks  

Dense shelf water is formed when the density of the inner shelf water is increased 

either by a decrease in temperature through cooling and/or an increase in salinity from 

evaporation. This cross-shelf density gradient drives a gravitational circulation with 

offshore transport of higher density water along the sea bed in majority of the shallow 

coastal regions around Australia. This process is similar to that observed in ‘inverse’ 

estuarine systems. Analysis of 192 cross-shelf transects from 110 individual missions of 

ocean glider data collected between 2008 and 2016 confirmed that, under a range of wind 

and tidal conditions, DSWC was a regular occurrence during autumn and winter seasons 

along Australian continental shelves.  This was mainly due to cooling of the inner shelf 

waters that were pre-conditioned with higher salinity resulting from evaporation during 

the summer months. It is concluded that cross-shelf density gradient established across 

the continental shelf is the primary forcing mechanism for the formation of the DSWC. 

The data indicated that even in the presence of relatively high wind- and tidal- induced 

vertical mixing, DSWCs were present due to the strength of the cross-shelf density 

gradient. The DSWC acts as a conduit to the transport of chlorophyll and suspended 

material across the continental shelf. Thus it is a critical process that influences cross-

shelf transport that control water quality on the inner continental shelf.   
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Chapter 5 

Wind effects on Dense Shelf Water Cascades in South-West Australia 

Summary 

Evaporation during summer and cooling during autumn/winter in south-western 

Australia results in denser water near the coast resulting in a cross-shelf density gradient. This 

drives a gravitational circulation with offshore directed transport of higher density water along 

the sea bed, defined as Dense Shelf Water Cascade (DSWC). In this study, a field experiment 

with data collected from multiple platforms are described to identify the temporal variability 

and controlling mechanisms of DSWC during austral autumn/winter (May-June 2015) when 

the DSWC was most prevalent. Data analysis confirmed that both wind intensity and direction 

were critical parameters to: (1) inhibit DSWC formation through vertical mixing; and, (2) 

enhance DSWC depending on wind direction. An intense and persistent DSWC was initiated 

through the passage of a winter cold front with strong onshore winds. Here, the onshore winds 

caused downwelling that resulted in the onshore movement of surface water and offshore 

movement in the bottom layer, enhancing the cascade. Vertical mixing of the water column 

and shutdown of the DSWC occurred when the winds were strong and consisted of an offshore 

component and/or were upwelling favourable that resulted in straining. 
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5.1 Introduction 

The coastal ocean is a conduit between terrestrial inputs and deep ocean (Lenz and 

Fewings, 2012). The movement of suspended and dissolved material such as nutrients, biota 

and pollutants are controlled by the exchange of water between the inner continental shelf and 

deeper regions.  This cross-shelf exchange has been defined as one of the central problems in 

coastal physical oceanography (Brink, 2016). Majority of the inputs to the coastal zone are 

through fresh water sources such as rivers and anthropogenic discharges (e.g. wastewater) that 

are buoyant and are transported in the surface layer by the prevailing hydrodynamic regime. 

Here, the density usually increases from the coast to deeper water.  

Regions that experience a Mediterranean climate (dry hot summers and mild cooler 

winters) experience high rates of evaporation, low rainfall and negligible river input resulting 

in a net loss of fresh water from the coastal region. Summer evaporation leaves the shallow 

coastal waters more saline and subsequently in autumn and winter the nearshore waters become 

cooler due to heat loss by evaporation. In combination, strong negative density gradients 

develop with density decreasing from the coast to the ocean, which is one of the features of the 

majority of Australian shallow coastal regions (Chapter 4). This cross-shelf density gradient 

drives a bottom gravity current under low wind and tidal mixing conditions dependent on the 

horizontal density gradient (Mahjabin et al., 2016a; Pattiaratchi et al., 2011) and is controlled 

by wind- and tide- induced vertical mixing (Hetzel et al., 2013; Pattiaratchi et al., 2011). These 

buoyancy-driven gravity current are defined as Dense Shelf Water Cascades: DSWCs, and 

have important ecological and biological implications in coastal waters (Canals et al., 2006; 

Chen et al., 2019; Mahjabin et al., 2016a,b,c; 2019; Pattiaratchi et al., 2011; 2017; Shapiro et 

al., 2003; Shearman and Brink, 2010). This circulation is similar to that observed in ‘inverse’ 

estuarine systems located in Mediterranean climates with negligible or intermittent freshwater 
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input and loss of freshwater through evaporation (Lennon et al., 1987; Lavin et al., 1998; 

Largier, 2010). 

This study is located along the Rottnest Continental Shelf (RCS), south-west Australia 

with the main focus region being offshore Two Rocks (Figure 5.1). The region, located to the 

north of Rottnest Island consists of bathymetric features that include (Figure 5.1): (1) the 

shallow inshore regions where the depths were <10m consisting of  discontinuous line 

submerged limestone reefs; (2) an inner continental shelf region extending to a distance ~40km 

from the coast and having mean depth 40m; (3) the presence of a ‘mini’ shelf break where the 

depth increases rapidly between 50m and 100m isobaths; (4) a main shelf break located at the 

~200m isobath (Pattiaratchi et al., 2011). The major ocean current in the study region is the 

warmer, lower saline Leeuwin Current (LC) that flows southward along the 200 m isobath 

(Godfrey and Ridgway, 1985; Pattiaratchi and Woo, 2009; Ridgway and Condie, 2004). On 

the continental shelf the Capes Current is in water depths of <50 m and transports colder water 

northward in summer (Gersbach et al., 1999). The study region experiences one of the strongest 

wind regimes globally particularly under sea breeze conditions (Pattiaratchi et al., 1997; Zaker 

et al., 2007; Mihanović et al., 2016). The tides are micro tidal with diurnal tides of range < 

0.6m (Pattiaratchi, 2011). Due to relatively low rainfall and associated low runoff and 

buoyancy input from rivers have a negligible influence along the coast (Gallop et al., 2012; 

Pattiaratchi et al., 2011).  The study is located in a Mediterranean climate zone with annual 

evaporation rate exceeding ~2.5 m compared to an annual mean precipitation of 0.84 m 

(Farrington et al., 1990). During the summer, coastal heating and evaporation result in a band 

of warmer, higher salinity water in the coastal boundary layer (Pearce et al., 2006; Pattiaratchi 

et al., 2011) that lead to the formation of a cross-shelf horizontal density gradient that is the 

main driving force for cascade formation (Pattiaratchi et al., 2011). This cross-shelf density 

gradient is enhanced due to cooling during late autumn and winter. 
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Figure 5.1: Location of glider the transects and three moorings (M1, M2, TR40) in May 2015 

with the bathymetry of Rottnest continental shelf. HFR shore stations are situated on 

Guilderton (GUI) and Fremantle (FRE) and the Australian Bureau of Meteorology wind station 

at Rottnest Island. 
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The study region is dominated by three wind systems (Verspecht and Pattiaratchi, 

2010): sea breezes, summer and winter storms, and calm periods (wind speeds <7 ms-1). 

Local sea breezes, superimposed upon synoptic southerly winds (with speeds often >15 

ms-1), are prevalent in austral summer and spring (September-February). Storm systems 

are most frequent during winter (June-August), and with the passage of frontal systems, 

the region is subject to peak wind speeds of 30 ms-1. These storm winds are generally 

north-westerly in winter and southerly in summer (Verspecht and Pattiaratchi, 2010).  Of 

particular interest to this study, winter storms have a typical pattern with strong 

north/north-easterly winds blowing for 12 to 52 hours, followed by a period of similar 

duration when wind direction rotates anti-clockwise from north-west to west to south-

west. Calm conditions are experienced between the passages of front systems. The strong 

north-west to westerly (onshore) wind conditions provide conditions that are conducive 

to downwelling at the cost. During winter storm events are experienced frequently, ~30 

per year, with offshore significant wave heights up to 7m between May and September 

(Lemm et al., 1999; Wandres et al., 2017).  

Pattiaratchi et al. (2011) detailed observations of DSWC along the RCS using 

ocean glider data. Their analysis was limited to examining seasonal changes in DSWC 

with variability in the observed cross-shelf distribution of temperature and salinity (and 

density) related to monthly mean wind conditions.  The study region (RCS, Figure 5.1) is 

characterised by rapidly changing wind conditions over periods of O(days). Thus the aim 

of this chapter is to define the role of wind induced mixing that controls the formation 

and transport of DSWC along the Rottnest continental shelf over on the time scales of a 

few days.  In particular, the aim is to examine the influence of both wind speed and 

direction on controlling the DSWC. The result was achieved through analysis field 

measurements collected using a range of different platforms that included vertical profiles 
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of temperature, salinity and currents (from moored instruments and ocean glider 

transects) and remotely sensed data (HF RADAR (HFR) and satellite derived SST). The 

data were collected during late austral autumn and early winter (May-June) along the RCS 

to coincide with periods of cooling when DSWC is most prominent with maximum cross-

shelf density gradients (Pattiaratchi et al., 2011; Chapter 4). It is also the period when 

winter storm systems impact the region with strong winds and changes in wind direction 

(Verspecht and Pattiaratchi, 2010). 

This chapter is arranged as follows: Theoretical background is discussed in 

Section 5.2. Section 5.3 describes the data collection and analysis techniques with all 

setup for field data. Results and discussions are outlined in Section 5.4 and Section 5.5 

with an overview of the study area’s meteorological and oceanographic conditions. The 

conclusions are presented in Section 5.6. 

5.2  Theoretical Background 

Continental shelf systems are subject to a variety of physical processes operating 

at different timescales that control the circulation, vertical stratification and de-

stratification dynamics. Vertical stratification/de-stratification in the water column are 

governed by the balance between buoyancy input and turbulent mixing (Simpson et al., 

1990). Shelf seas, are often characterised by longitudinal gradients in density which are 

related to horizontal differences in salinity, due to freshwater inflow or evaporation, by 

inshore to offshore temperature differences, or by a combination of both (Simpson et al., 

1990; Burchard et al., 2008; Shearman and Brink, 2010).  
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The horizontal Richardson number (Rix), also defined as the Simpson number 

(Simpson et al., 1990; Monismith et al., 1996) is the ratio of the longitudinal density 

gradient (stratifying force) to vertical mixing (destratifying force):  

𝑅𝑖𝑥 =
𝑔

𝜌

ℎ2

𝑢∗
2

𝜕𝜌

𝜕𝑥
 (5.1) 

Here, 𝜌 is the mean density, g is acceleration due to gravity, h is the water 

depth, u* is the friction velocity; d𝜌/dx is the horizontal density gradient. Monismith et 

al. (1996) proposed that Rix > O(1) leads to dominance of stratification by horizontal 

density gradients over tidal mixing leading to a stratified water column. Burchard (2009) 

modified equation (5.1) to include wind mixing: 

𝑅𝑖𝑥 =
𝑔

𝜌

ℎ2

𝑢∗𝑤𝑡
2

𝜕𝜌

𝜕𝑥
 (5.2) 

with 𝑢∗𝑤𝑡
2 = 𝑢∗𝑡

2 + 𝑢∗𝑤
2  and 𝑢∗𝑡

2 = 𝑘𝐷𝑢𝑏
2 and 𝑢∗𝑤

2 = 𝑘𝑠
𝜌𝑎
𝜌
𝑊2. Here, 𝑘𝐷 and 𝑘𝑠 are the 

bottom and surface drag coefficients, respectively and  𝜌
𝑎
 is the density of air and u is the 

near bed velocity (tidal) and W is the wind speed. 

Numerical simulations by Horwitz (2012) indicated that the cross-shelf transport 

to be controlled by the horizontal Richardson number (Rix). Horwitz (2012) found that 

for increasing density in the direction of the wind stress (for this study onshore winds), 

the horizontal density gradient increased the cross-shelf transport by strengthening the 

stratification and reducing mixing. For a wind stress opposing the density gradient, the 

cross-shelf density gradient decreased the cross-shelf transport by enhancing vertical 

mixing.  

In coastal regions the vertical stratification is defined by the competing influences 

of vertical mixing resulting from wind mixing and/or tidal mixing (Hetzel et al., 2013) 

and the horizontal density gradient that promotes stratification. Examining the potential 
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energy of the system, the balance between the major destratifying and stratifying 

influences neglecting air-sea exchanges can be expressed as (Simpson et al., 1990; Nahas 

et al., 2005):  

4εkDρ

3π

𝑈3

h⏟    
Tidalmixing

+ δkSρa
W3

h⏟      
Windmixing

=
1

320

g2h4

ρKmz

∂ρ

∂x

2

⏟      
Gravitational circulation

   (5.3) 

where, ε = tidal mixing efficiency; δ = wind mixing efficiency.  

Here, the LHS of equation 5.3 represent energy contributing to vertically mix the 

column whilst the RHS represent energy contributing to vertically stratify the water 

column. For a particular water depth h, when the stratification energy (gravitational 

circulation term) is higher than the combined wind and tidal mixing terms, the water 

column is vertical stratified and allows for the formation of DSWC.  In contrast if the 

action of tidal and/or wind induced vertical mixing is relatively higher (i.e., higher values 

of ub and/or W) the water column is vertically mixed thus inhibiting the formation of 

DSWC. It should be noted that vertical mixing is through turbulent kinetic energy (TKE) 

generated by the action of tides and winds. Tidal action generates TKE at the seabed that 

is transported upwards from the sea bed into the water column. In contrast, winds 

generates TKE at the sea surface that is transported downwards from the sea surface 

(Hetzel et al., 2013). 

5.3  Data and Methods 

A field experiment was conducted that used three oceanographic moorings 

(thermistor chains and upward looking bottom mounted ADCP) located across the 

continental shelf in water depths ranging between 19 and 40 m (Figure 5.1). A Slocum 

ocean glider was deployed concurrently to undertake repeat transects along the mooring 
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transects (Figure 5.1). Meteorological data from the Rottnest Island station (Figure 5.1) 

together sea surface temperature (SST) from satellite and surface current fields from a 

shore based HFR system provided additional supporting data. 

5.3.1  Field Data: moorings 

The field experiment was conducted over a 43 day period from 22 May 2015 to 

03 July with the timing selected to coincide with the main DSWC season, when the 

horizontal density gradients across the shelf reached a maximum (Pattiaratchi et al., 2011; 

Chapter 4). The location and sampling intervals of temperature and pressure sensors 

(TPs), conductivity and temperature sensors (CTs) and Acoustic Doppler Velocity 

Profilers (ADCPs) were selected to measure the flow field and temperature stratification 

in an optimum manner based on the availability of instruments and duration of the 

experiment. The moorings were deployed at three locations across the inner shelf (Figure 

5.1).  

The nearshore mooring (M1) was located 19 m depth (at 31.62O S and 115.604O 

E) and consisted of a 1200 kHz workhorse Teledyne RDI ADCP with a pressure sensor. 

This bottom-mounted upward looking ADCP collected velocity profiles in 0.25 m bins 

sampling every two minutes (one minute average sampling at 2 Hz). Two RBR Duo CTs 

were attached at the top and bottom of the mooring (the bottom sensor was lost). To 

measure the vertical temperature stratification and pressure, five RBR-TWR-2050 

thermistors (sampling at two minute intervals) with pressure sensors were attached to the 

ADCP mooring at 3.5 m intervals and held vertical by a subsurface buoy. The pressure 

sensors enabled measurement of the water level and degree of tilt due to drag on the 

mooring line.  
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The second mooring (M2) was located at 34 m water depth (31.67O S and 

115.515O E). The mooring consisted of a bottom-mounted, upward looking 500 kHz 

Teledyne RDI Sentinel V50 ADCP measuring velocity profiles in 0.5 m bins sampling at 

20 minute intervals. Two SBE37 CTs were located at top and bottom of the chain and six 

SBE39 thermistors at 5.6 m intervals were attached to the thermistor chain and they were 

sampling every two minute intervals. The 1st, 3rd and 5th thermistors (from the surface) 

contained pressure sensors to measure the mooring tilt.  

The third mooring (TR40) was located at 40m (at 31.72O S and 115.398O E) and 

was deployed by CSIRO aligned with two other moorings. TR40 also contained an 

upward looking RDI Workhorse Sentinel operating at a frequency of 600 kHz with 

temperature and pressure. This ADCP collected velocity profiles in 2 m bins sampling at 

20 minute intervals. There were no water column temperature or salinity measurements 

at this location. 

The mean vertical profile corresponding to each wind event was calculated to 

examine the mean response of the water column to the wind forcing. The mean velocity 

profiles were calculated by averaging the velocity components at each ADCP bin over 

the period of each wind event. 
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Figure 5.2: Study site Two Rocks and mooring locations (M1, M2, TR40) are shown on 

daily averaged SST map with HFR currents; (a) SST of a cloud-free day near the 

beginning of deployments on 28 May 2015; (b) SST of a cloud-free day near the end of 

deployments on 09 June 2015. 
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5.3.2  Field Data: ocean glider  

An ocean glider mission was undertaken simultaneously with the deployment of 

the moorings between 26 May and 14 June 2015 to conduct repeated surveys over the 

shelf along the Two Rocks transect paralleled to the mooring line (Figure 5.1). Data were 

collected using Teledyne Webb Research Slocum Electric Gliders (Schofield et al., 2007) 

operated by the Integrated Marine Observing System (IMOS) Ocean Glider facility 

located at The University of Western Australia (Pattiaratchi et al., 2017). Slocum gliders 

can reach a maximum depth of 200 m collecting data from the surface to 5 m above the 

seabed and travel at a mean speed of ~25km per day (Schofield et al., 2007). The glider 

is powered by a buoyancy engine that allows for the glider to travel in a saw-tooth pattern 

navigating its way to a series of pre-programmed waypoints using GPS, internal dead 

reckoning and altimeter measurements. The scientific sensors on the ocean glider 

contained a pumped Seabird-CTD (conductivity-temperature-depth) sensor, WETLabs 

BBFL2SLO 3 parameter optical sensor (measuring chlorophyll fluorescence, coloured 

dissolved organic matter and 660 nm backscatter) and an Aanderaa Oxygen optode. The 

sensors were sampled at 4 Hz (yielding measurements approximately every 7 cm in the 

vertical) and upon recovery of the glider, the data were quality controlled (Woo, 2017). 

In this chapter only temperature and salinity data (and the derived quantity density) as 

collected by the ocean glider are used. 

Horizontal density gradients were calculated from the cross-shelf ocean glider 

transects. Here, the depth-mean density at a point closest to the coast was subtracted from 

the depth-mean density of a point at the seaward end of transect and dividing by the 



Chapter - 5 : Wind effects on Dense Shelf Water Cascades in South-West Australia 

---------------------------------------------------------------------------------------------------------- 

101 

 

distance between the two points. The resulting density gradient was defined to be negative 

when the nearshore waters were denser than offshore waters.  

5.3.3  Field Data: HF Radar  

The IMOS Ocean Radar facility at The University of Western Australia operates 

surface current mapping High Frequency Radar (HFR) systems. The HFR systems 

provides ocean surface current vectors using a high-frequency, phased array wave HFR—

the WEllen RAdar (WERA)—which is shore-based and provides a data set of surface 

currents (Gurgel et al. 1999). The Rottnest Shelf WERA HFR system transmits at a 

frequency of 9.33 MHz with a bandwidth of 33 kHz (Cosoli and de Vos, 2019). High-

frequency HFR systems have been used to measure surface currents over the past three 

decades (Barrick et al. 1977; Hammond et al. 1987; Shay et al. 2007; Paduan and 

Washburn 2013). 

Two WERA HFR shore stations were located at Guilderton and Fremantle (Figure 

5.1). The HFR coverage area overlapped the mooring sites (Figure 5.2), except at the 

nearshore mooring. The WERA measurements were available at hourly intervals and the 

surface current vectors were derived over a regular grid with a horizontal resolution of 4 

x 4 km. WERA HFR data were reprocessed using ACORN-developed software, which 

includes an improved analysis algorithm to step from raw spectra to surface current 

components and provide quality control flags on the data points (Cosoli et al., 2018; 

2019). The WERA hourly data were downloaded from the IMOS data portal 

http://thredds.aodn.org.au/thredds/catalog/IMOS/ACORN/catalog.html. The hourly data 

were daily averaged and over 4 of the wind events. Surface currents measured by HFR 

are limited to the surface (~2 m).  Traditional current measurements are unable to measure 

http://thredds.aodn.org.au/thredds/catalog/IMOS/ACORN/catalog.html
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this surface layer due to limitations in sampling.  For example, ADCP measurements 

cannot measure the upper ocean due to acoustic backscatter from the surface, defined as 

side-lobe effects. Thus it is not possible to validate the HFR measurement directly.  In the 

study region, Mihanović et al. (2016) used HFR data, together with ADCP and surface 

SST to examine diurnal resonance at the critical latitude and demonstrated that data from 

different platforms provided consistent data. 

5.3.4  Meteorological data 

Wind speed and direction, at 30 minutes intervals, were obtained from the 

Australian Bureau of Meteorology weather station at Rottnest Island, located offshore 

~40 km south of Two Rocks (Figure 5.1). Based on the time series of wind speed and 

direction, six specific wind events were selected for further analysis (Figure 5.3 and Table 

5.1).  It should be noted that the wind directions refer to the meteorological convention 

with direction representing where the winds are coming from. i.e. southerly winds 

represent winds blowing from the south from compass direction 180o.  As the shoreline 

is oriented almost north-south, we also define onshore (offshore) winds for westerly 

(easterly) winds. Along-shore winds such as southerly (northerly) winds are upwelling 

(downwelling) favourable. 
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Table 5.1: Values of different derived parameters for each Events (bold values indicate higher energy conditions) 

Event Wind condition 

Generalized ocean 

conditions during 

each event 

Density gradient 

(∂ρ/∂x)  

 

10-6 kgm-4 

Mean 

(Maximum) 

wind,  

ms-1 

Simpson 

Number (Rix) 

 

  

Wind 

Mixing 

Energy 

10-7 Jm-3 

Stratification 

Energy 

 

10-7 Jm-3 

Eddy 

viscosity 

(Nz),  

10-5 m2s-1 

Event A sea breeze 

onshore flow and 

presence of cascade 

and a small eddy 

-6.79 5.1 (9.7)  2.63 16.5  34.6  8 

Event B 
sea breeze,  

decreasing winds 
Strong cascade -16.47 4.8 (9.2) 7.20 14.4 203 17 

Event C 

Strong north-

westerly followed 

by onshore  

offshore cascade of 

dense water along 

the seabed 

-24.11 9.9 (14.4) 2.47 150 436 1 

Event D 
Weak winds from 

south-west and east 
Presence of cascade -5.30 3.8 (5.8) 3.69 6.5 21 4 

Event E Easterly wind 

Vertically mixed 

conditions and weak 

cross-shelf flow 

-6.44 6.5 (9.7) 1.53 37.3 31.1 33 

Event F 

Strong winds; rapid 

change in wind 

direction from 

northerly to 

southerly 

Vertically mixed 

water column 
-3.18  8.93 (11.67) 0.40 46.4  7.6 90 
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5.3.5  Vertical eddy viscosity 

Analytical expressions for the velocity profile resulting from longitudinal density 

gradients have been developed for estuarine conditions (Cormack et al., 1974; Officer, 

1976; Burling et al., 1999; Hogg et al., 2001). Assuming vertically well-mixed conditions, 

a no-slip lower boundary condition and a linear horizontal density gradient (Nunes Vaz 

et al., 1989; Simpson et al., 1990), the velocity profile can be estimated as (Officer, 1976; 

Burling et al., 1999): 

u(z) =
gλh3

48ρoNz
(8η2 − 9η + 1)    (5.4) 

Where, η = z/h = vertical coordinate axis (=1 at bottom); h is water depth and z is 

height above the bed; λ  = 𝜕𝜌 𝜕𝑥⁄   is the mean horizontal density gradient; and, Nz is the 

constant vertical eddy viscosity. 

Equation 5.1 is identical to that derived by Officer (1976) except for the coordinate 

system (η = z/h) and was used by Burling et al. (1999) in a similar application in Shark 

Bay. Equation 5.1 was derived on the assumption that the vertical eddy viscosity is 

independent of depth, which is not strictly valid in vertically stratified conditions (Nunes 

Vaz et al., 1989). Therefore, where buoyancy flows are important such as DSWC, a water 

body must be dominated by diffusive mixing to use this formulation. Hogg et al. (2001) 

investigated exchange flows over the complete spectrum of conditions from vertically 

stratified to vertically well-mixed and determined that after a certain threshold of mixed 

conditions, volume and mass flux reach a minimum beyond the viscous advective 

diffusive (VAD) limit that is a function of GrA
2, where Gr is the Grashof number 

(=𝑔′ℎ3/ 𝑁𝑧
2); A is the aspect ratio (=h/L; L is the length scale); and 𝑔′ = 𝑔∆𝜌/𝜌). Using 

typical values for the Two Rocks transect GrA
2 ~ 102 which is close to the VAD limit 
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(Hogg et al., 2001). Data from the field experiment (mean velocity profile and mean 

horizontal density gradient) can be used to estimate Nz: 

𝑁𝑧 =
gλh3

48ρou(z)
(8η2 − 9η + 1)  (5.5) 

Values of Nz were derived by fitting a velocity profile to the observed profile from 

the measurements.  It should be noted that although Burling et al. (1999) examined the 

inclusion of wind stress in their study, the analytical solution derived by Burling et al. 

(1999) did not include a specific wind stress term. Thus although it is an important 

parameter in this study, in the estimates of Nz, wind is neglected as the aim is to derive 

representative values of Nz. 

5.4  Results  

Field measurements (oceanographic moorings and ocean gliders) and remotely 

sensed data (HFR and satellite derived SST) were related to the wind speed and direction 

time series to examine the response of the cross-shelf and vertical structure, in particular, 

the DSWC to changes in the incident wind conditions. 

5.4.1  Meteorological and surface oceanographic conditions 

Based on the wind conditions experienced during the field experiment, six 

contrasting wind events were identified (Figure 5.3) that also coincided with individual 

glider transects. Events A and B represented conditions when there were diurnal changes 

in the winds that represented weak sea breeze conditions. Although the experiment was 

conducted during the winter months, the local sea breeze system, dominant during the 

summer months, also occurs during winter. Here, easterly winds occurred during the 

morning changing to southerly winds during the afternoon, typical of the local sea breeze 
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(Pattiaratchi et al., 1997). During Event A, the two breeze events had maximum southerly 

wind speeds of 7 and 10 ms-1 whilst during Event B, the maximum southerly wind speeds 

decreased from of 8 to < 5 ms-1. Event B was associated with strong cooling (Figure 5.2a). 

Event C (1-3 June) corresponded to the passage of a winter frontal system with strong 

(~15 ms-1), initial northerly to north-westerly winds followed by westerly (onshore) winds 

with sustained speeds >10 ms-1. Event D was associated weak (<5 ms-1) winds with 

variable direction that also followed a period of weak winds on 3-7 June. During this 

period the glider was located in deeper (> 100m) water away from the transect (Figure 

5.1). Event E was associated with moderate winds (7~8 ms-1) with mainly offshore (south-

easterly to north-easterly) winds. Event F was associated with strong (> 10 ms-1) winds 

swinging anti-clockwise from northerly to southerly direction. 
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Figure 5.3: Time series of (a) wind speed; (b) wind direction; (c) eastward or cross-shore 

wind; and (d) northward or along-shore wind during the field experiment (26 May 2015 

– 14 June 2015). The six selected wind events are shaded. 

Surface currents responded to changes in wind speed and direction (Figure 5.4). 

Initially (26 May, Event A), there were weaker north/north-east directed surface currents 

in the study region with a small clockwise eddy located offshore of mooring TR40 (Figure 

5.4a). There was also an anti-clockwise eddy located to the west of Rottnest Island (Figure 

5.1) and strong south-west flow associated with the Leeuwin Current at western end of 

the HFR coverage (Figure 5.4a). Surface currents during Event B were similar to that 

during Event A as shown by currents overlaid on the satellite derived SST image (Figure 
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5.2a). The SST image indicated a band of colder water along the coast, 2-2.5o C cooler 

than the offshore water. During the storm event (1 June, Event C) the HFR surface 

currents were markedly different with flow from north to south across the coverage region 

(Figure 5.4b) with strong currents (~0.5 ms-1) in the vicinity of the mooring. Here, the 

current direction (towards the south-east) contained an onshore component (Figure 5.4b). 

The current pattern on 7 June (start of Event D), subsequent to a period of low winds was 

similar to that during Event A (Figure 5.4c): weaker north/northeast directed surface 

currents in region of the moorings, anti-clockwise eddy located to the west of Rottnest 

Island and strong south-west flow associated with the Leeuwin Current. On 9 June (Event 

E), easterly winds resulted in offshore currents on the shelf and enhanced southward 

currents to the west (Figure 5.4d). The SST image on 9 June indicated a very broad band 

of colder water in the inshore region (Figure 5.1b). 
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Figure 5.4: Daily averaged surface currents from HFR on: (a) 26 May 2015; (b) 1 June 

2015; (c) 7 June 2015; and, (d) 9 June 2015. Mooring locations are shown as red circles. 

The University of Western Australia. 
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5.4.2  Water column variability: Moorings 

5.4.2.1 Temperature stratification 

Time series of temperature through the water column at M1 (19m depth) and M2 (34m 

depth) indicated a vertical range in temperature of 2.5o C (SI Unit) over the study period with 

changes in the vertical thermal stratification that can be related to the different wind events 

(Figure 5.5). There were also differences in stratification between the two moorings. Mooring 

TR40 did not contain temperature sensors through the water column. During Events A and B, 

the water column at the shallower M1 was almost well mixed whilst at M2, there was a vertical 

stratification with a vertical temperature difference of ~2.0o C. The temperatures at M1 

decreased by 2.5o C (SI Unit) during Event B. At the beginning of Event B, there was an 

absence of vertical stratification at M1 but as the wind speed decreased the water became 

vertically stratified (Figure 5.5c). During Event C the water column at M1 and M2 were both 

vertically stratified (larger vertical temperature gradient at M1) although the strongest winds 

were experienced during this event when a cold front transited through the region. During the 

low wind speeds between Events C and D, the water column was vertically at both M1 and 

M2. During events D to F the water column was well mixed at both stations, except at M1 

towards the end of event F when it was stratified (Figure 5.5). 
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Figure 5.5: Time series of: (a) wind speed and direction; (b) temperature at different depths 

from temperature and pressure sensors (TP1~TP5) and ADCP at Mooring M1; and, (c) as (b) 

but for Mooring M2. Data for the period 26 May 2015 to 14 June 2015 are shown.  The shaded 

areas in (a) and vertical dashed lines in (b) and (c) represent different wind events
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5.4.2.2 Time series currents 

Time series of along-shore currents at all three moorings indicated that the 

currents responded to changes in the wind speed and direction (Figure 5.6). In summary, 

when the winds had a northerly (southerly) component the currents were flowing towards 

the south (north) and stronger wind events (e.g. Events C and F) corresponded to stronger 

currents. Although there were changes in the magnitude of the currents through the water 

column, reversals of the current directions through the water column were uncommon 

and were limited to the deeper stations M2 (bottom 10 m) and TR40 (bottom 20 m) during 

Events A and B (Figures 5.6c, d).  

In contrast to currents in the along-shore direction, cross-shore currents at all 3 

stations indicated currents flowing in opposite directions in the surface and bottom layers 

(Figure 5.7). At M1, during Events A and B, currents changed its direction throughout 

the water column through the sea breeze cycle. During event C a two layer flow was 

present with offshore currents in the bottom 6 m and onshore currents in the surface 6 m 

that extended to the start of Event D (Figure 5.7b). This was in response to the passage of 

the cold front with a strong westerly (onshore) wind component. The two layer flow was 

also present during Event F. At M2 the pattern was similar to that at M1 except that two 

layer flow was present during Events A and B and the offshore bottom currents were 

weaker than at M1 (Figure 5.7b). At TR40, the two layer flow was present during Events 

B, C and F similar to that at M1 and M2 (Figure 5.7c). The main difference at TR40, 

compared to M1 and M2, was during Event A when offshore currents were recorded and 

most likely it is associated with the small clockwise eddy (Figure 5.4). 
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Figure 5.6: Time series of: (a) wind speed and direction; and along-shore velocities at 

(b) Mooring M1; (c) Mooring M2; and, (d) Mooring TR40. Vertical dashed lines 

represent different wind events. Negative values (warm colours) indicate southward flow. 
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Figure 5.7: Time series of: (a) wind speed and direction; and cross-shore velocities at (b) 

Mooring M1; (c) Mooring M2; and, (d) Mooring TR40. Vertical dashed lines represent 

different wind events. Negative values (warm colours) indicate offshore (westward) flow. 

5.4.2.3 Mean currents 

The along-shore mean current response was similar across the continental shelf 

for Events C to D, responding to changes in wind speed and direction (Figure 5.8): when 

the winds contained were from the north, the mean flow was towards the south (Events 

C, D and F). In contrast, when the winds were from the south, the mean flow was towards 

the north (Event E). As expected the mean surface currents were higher at the surface and 

in many cases there was a decrease in the currents as a logarithmic profile close to the 

seabed (Figures 5.8c,i,f,l,r). Stronger wind speeds resulted in stronger mean currents 
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> 0.10 ms-1 (Events C, E and F). The main differences were during Events A and B under 

variable wind directions due to the sea breeze. The mean currents through the water 

column was close to zero at M1 (Figures 5.8a,b) whilst at M2 the flow was mainly to the 

north responding to the southerly winds in the afternoon but the speeds decreased in the 

lower part of the water column (Figures 5.8g,h). The strong southward currents at TR40, 

in the opposite direction to the stronger winds during Event A, were most likely due to 

the small eddy at this location (Figure 5.4a). 

Majority of the mean cross-shelf current profiles indicated reversal of the current 

direction through the water column indicating either upwelling or downwelling 

conditions (Figure 5.9). At M1 during all wind events, except during Event E, currents in 

the bottom 6-8 m of the water column were always directed offshore with currents in the 

surface layer directed onshore (Figures 5.9a-f). This flow pattern indicated downwelling 

conditions. At M2 during Events A and B, the currents in the surface were directed 

offshore whilst the currents in the bottom layer were directed onshore indicating 

upwelling conditions, in response to southerly winds (Figures 5.9 g,h). At TR40 the 

current profiles changed in direction between Events A (downwelling, influenced by the 

eddy) and B (upwelling conditions, southerly winds) and there was also upwelling 

conditions during Event D (Figure 5.9 m,n,p). The main features in the cross-shelf profiles 

is the presence of downwelling conditions (bottom water flowing offshore) Events C, D 

and F (Figure 5.9). 
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Figure 5.8: Mean vertical profiles of along-shore velocities (ms-1) corresponding to each wind event: (a-f) Mooring M1; (g-l) Mooring M2; and, 

(m-r) Mooring TR40. Wind events A to F are listed on each panel. Negative velocity indicates southward flow. 
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Figure 5.9: Mean vertical profiles of cross-shore velocities (ms-1) corresponding to each wind event: (a-f) Mooring M1; (g-l) Mooring M2; and, (m-

r) Mooring TR40. Wind events A to F are listed on each panel. Negative velocity indicates westward flow. 
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5.4.3  Water column variability: ocean glider data 

The ocean glider data were available over the period 26 May to 14 June 2015.  

Previous studies (e.g. Pattiaratchi et al., 2011; Chen et al., 2019) have noted that during 

late autumn and winter the nearshore water was generally cooler compared to that further 

offshore (Figure 5.2) resulting a cross-shelf density gradient (Mahjabin et al., 2019). The 

ocean glider completed 8 cross-shelf transects (Figure 5.1) of which five transects, 

representing five wind events were selected for analysis. Transects not chosen for analysis 

were located some distance away from the mooring line (Figure 5.1). Over the period of 

measurements the glider transects indicated vertical and horizontal changes in both 

temperature and salinity. The horizontal density gradients ranged between -3.2 and -24 

x10-6 kg m-4 with the minimum during Event F and a maximum during Event C (Table 

5.1).  

In deeper water (>100 m), offshore of the shelf break, temperature was initially 

(Event A) warm (>22o C) due to the presence of the Leeuwin Current (Figure 5.10).  

During the period of measurement there was consistent cooling with the surface 

temperature decreasing to ~21o C (Event F), which is evident in the SST imagery (Figure 

5.2). In addition to the cooling, salinity also increased by 0.15 over the measurement 

period in the offshore region. 

On the shelf, the water column responded to changes in both wind speed and 

direction. During the Event A the water column across the shelf was vertically stratified 

in both temperature and salinity (Figures 5.10a,b).  There was a region close to TR40 

where there was doming in both temperature and salinity that reached the surface (Figures 

5.10a,b). This feature was related to the presence of the small eddy (Figure 5.4). The 
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presence of dense shelf water cascade (DSWC) can be identified. During Event B, under 

decreasing winds (Figure 5.3, Table 5.1), the water temperature decreased and a well-

defined DSWC was present on the shelf. During Event C, DSWC was still present but 

incursion of warmer water onto the shelf in the surface layer was evident.  A weakening 

DSWC was present during Event D (Figures 5.10g,h). Vertically mixed conditions were 

present during Event E and initiation of a DSWC was evident at the shoreward end during 

Event F (Figures 5.10i,j,k,l).  
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Figure 5.10: High resolution cross-shelf temperature and salinity profiles measured by a 

Slocum glider during deployment period. (a, b) Event A on 26 May – 27 May; (c, d) Event 

B on 28 May – 31 May; (e, f) Event C on 01 June – 03 June; (g, h) Event D on 07 June; 

(i, j) Event E on 08 June – 10 June; (k, l) Event F on 10 June – 12 June. This is a ‘lagged’ 

snapshot of the transects. 
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5.4.4 Balance between stratifying and de-stratifying influences 

The balance between stratifying and de-stratifying influences determines whether the 

water column is vertically stratified or well mixed and thus controls the presence/absence of 

DWSC (see Section 2). Vertical stratification/de-stratification in the water column are 

governed by the balance between buoyancy input and turbulent mixing and in this study, we 

used two different approaches to examine this balance: (a) The Simpson number (equation 5.2) 

as the ratio of the longitudinal density gradient (stratifying force) to vertical mixing 

(destratifying force). Here, Rix > O(1) leads to a stratified water column; and, (b) use of the 

potential energy anomaly to define the major destratifying and stratifying influences (equation 

5.3). Results from both these approaches to examine the vertical stratification status and 

presence of DSWCs were consistent (Table 5.1).  For Events A-D, ocean glider data indicated 

vertical stratification and the presence of DSWC whilst estimates from equations 5.2 and 5.3 

yielded Rix > 2 and stratification energy > wind mixing energy indicating dominance of 

stratification. For Events E and F where the water column was well mixed, Rix = 1.5 and 0.4 

respectively and stratification energy < wind mixing energy (Table 5.1).  It should be noted 

that the strongest wind speed was recorded during Event C that also corresponded to maximum 

cross-shelf density gradient and a DSWC was present.  Here, the wind speed was onshore.  In 

contrast, during Event F, the minimum cross-shelf density gradient was recorded and the water 

column was vertically mixed. Here, the winds were along-shore, mainly southerly with speeds 

less than that observed during Event C (Figure 5.3). 

5.4.5 Vertical mixing 

The vertical eddy viscosity coefficient (Nz) was estimated, using equation 5.5 (section 

3.5), for each of the 5 wind events and ranged between 1-90x10-5 m2s-1 (Table 5.1). Note that 
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although the wind influence was explicitly not included in equation 5.5, the results obtained 

for Nz reflected the influence of wind.  This is most likely because the main parameters of 

equation 5.5: the cross-shelf density gradient () and the mean velocity profile (u(z)) were both 

influenced by wind (equation 5.5). Lower values of Nz (< 17x10-5 m2s-1) were recorded when 

stratification energy (LHS of equation 5.3) was higher than wind mixing energy (RHS of 

equation 5.3) and when DSWC was present (Events A-D, Table 5.1). In contrast, higher values 

of Nz (> 33x10-5 m2s-1) were associated when wind mixing energy > stratification energy 

(Events E-F, Table 5.1). It should be noted that the lowest Nz was for Event C which was also 

associated with the maximum wind speeds and horizontal density gradient (Table 5.1). Here, 

the onshore winds resulted in downwelling forming a strong cascade.
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5.5  Discussion 

Field measurements, including vertical profiles of temperature, salinity and 

currents (from moored instruments and ocean glider transects) and remotely sensed data 

(HFR and satellite derived SST) were collected during late austral autumn and early 

winter (May-June) along the Rottnest continental shelf. During the field experiment a 

range of wind speeds and directions was encountered and included weather systems that 

included sea breezes, passage of a storm front and calm periods. Strong along-shore, 

onshore and offshore winds were experienced. The combined data set was used to 

examine the response of the DSWC to changing wind conditions, whilst the tidal forcing 

was negligible to affect the cascade formation. Thus, in the study region, balance between 

buoyancy input and turbulent mixing is due to gravitational circulation generated by 

horizontal density gradients and wind mixing. This was evident through the evaluation 

equations 5.2 and 5.3 where the balance was mainly between stratification energy 

(primarily due to cross-shelf density gradient) and wind mixing energy (Table 5.1). For 

Events A-D when there was DSWC present (vertically stratified water column), 

stratification energy > wind mixing energy, and Rix > 2.0 (Table 5.1). During events E 

and F, the water column was vertically mixed, there was no DSWC and wind mixing 

energy > stratification energy Rix < 2.0 (Table 5.1).   

Previous studies in the study region (e.g. Pattiaratchi et al., 2011) indicated that 

the cross-shelf density gradient was a maximum during May/June. This was due to the 

combined influence of evaporation (during the austral summer/autumn resulting in higher 

salinity water nearshore) and the start of winter cooling (Pattiaratchi et al., 2011). Based 

on data collected with ocean gliders, the maximum cross-shelf density gradient was -

24.1x10-6 kgm-4 (the negative sign indicating a decrease in density offshore). This is 
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similar in magnitude to - 20.0×10-6 kgm-4 reported by Wu et al. (2018) off the South 

Carolina Coast, USA and along the Australian northwest shelf by Shearman and Brink 

(2010). 

Maximum mean cross-shelf currents (Figure 5.9) in the DSWC was ~0.10 ms-1; a 

factor 10 larger than the ~0.01-0.02 ms-1 reported by Pattiaratchi et al. (2011) based on 

changes in salinity contours with time. Field measurements of currents obtained in this 

study indicated that the mean cross-shore currents were comparable to the mean along-

shore currents (within 50-100%; Figures 5.8 and 5.9). This in contrast to reports that in 

general, along-shore currents are much stronger than the cross-shore currents (Lenz and 

Fewings, 2012; Brink, 2016). 

Lenz and Fewings (2012) showed that for onshore winds blowing over a vertically 

stratified shelf: (1) onshore flow in the surface boundary layer moving to shallower water 

combined with vertical mixing formed a vertically mixed inner-shelf region; and, (2) in 

the stratified region on the middle and outer shelves, there was offshore flow in the bottom 

boundary layer. These features were observed in the glider transects during events B and 

C where a vertically mixed region was present at the shoreward end of the transect and 

stratified conditions on the shelf (Figure 5.10). 

Recent numerical and theoretical studies have shown that cross-shelf wind stress 

to be an effective mechanism for cross-shelf transport on the inner continental shelf, but 

very few measurements are available to validate the numerical simulations (Lenz and 

Fewings, 2012; Horwitz, 2012). These studies also concluded that the cross-shelf density 

gradient is the main variable that control the efficiency of cross-shelf transport (Horwitz, 

2012). Numerical simulations undertaken by Horwitz (2012) on a shelf with a positive 

cross-shelf density gradient (lighter water nearshore, denser far from the coast) indicated 
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that under offshore winds vertical stratification was enhanced and decreased the cross-

shelf density gradient. In contrast, onshore winds decreased the vertical stratification and 

increased the cross-shelf density gradient.  In the present study, in the presence of a 

negative cross-shelf density gradient (denser water near shore, lighter far from the coast) 

the situation is reversed: onshore (offshore) winds enhanced (decreased) the vertical 

stratification and decreased (increased) the cross-shelf density gradient. In the present 

study, mean cross-shore currents (Figure 5.8) and ocean glider data (Figure 5.9) indicated 

that under onshore wind conditions (Event C) the presence of a strong DSWC. The 

interesting feature here is that through the passage of a frontal system with wind speeds 

> 10 ms-1 (the strongest winds recorded during the field study) a DSWC was present 

(Event C) and recorded the maximum cross-shelf density gradient and stratification 

energy (Table 5.1); strong vertical temperature stratification (Figure 5.5b) and the 

maximum offshore directed near-bed currents (Figure 5.8). Also there was an onshore 

component in the surface currents as revealed by the HFR (Figure 5.4). In contrast, under 

offshore winds with speeds 5-7 ms-1 (Event E) and offshore directed surface currents 

(Figure 5.4), the water column was vertically mixed (Figure 5.9), with almost negligible 

mean cross-shore currents through the water column. Thus the direction of the wind is an 

important parameter determining the presence of DSWC.  Here, it is possible that a 

mechanism similar to that occurs in estuarine systems – tidal straining (Simpson et al., 

1990) is operating. Under offshore winds (and surface currents) denser water is 

transported offshore resulting in denser water over lighter water thus mixing the water 

column even in the presence of lower winds. In contrast, the onshore winds promote 

downwelling enhancing the DSWC.   

Based on the above, the results from this study in relation to the influence of wind 

on the formation of DSWC may be summarised as follows (Figure 5.11): (1) under low 
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wind conditions the cross-shelf density gradient (d𝜌/dx) is negative (density decreases 

from coast to offshore and drives a DSWC with wind mixing energy < stratification 

energy and Rix > 2.0 (Figure 5.11a); (2) under onshore wind conditions, d𝜌/dx is 

enhanced and drives a strong DSWC with wind mixing energy < stratification energy and 

Rix > 2.0 (Figure 5.11b). In the local system strong onshore winds result during the 

passage of cold fronts that change in direction from north-westerly to westerly and are 

also associated with strong cooling (Mahjabin et al., 2019); and, (3) under strong offshore 

wind conditions the cross-shelf density gradient (d𝜌/dx) is reduced as denser water is 

advected over lower less dense water (‘straining’). Here, wind mixing energy > 

stratification energy and Rix < 2.0 (Figure 5.11c).  It should be noted in the study region, 

strong southerly winds are upwelling favourable and thus will contribute to eroding the 

DSWC though wind-induced vertical mixing and also through ‘straining’ as through the 

Ekman upwelling the denser water will be transported offshore at the surface. 
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Figure 5.11: Schematic of the status of DSWC cascades on the continental shelf off 

south-west Australia: (a) under low wind conditions a DSWC is present; (b) under 

onshore wind conditions cross-shelf density gradient is enhanced and drives a strong 

DSWC; and, (c) under strong offshore and/or along-shore upwelling favourable wind 

conditions the water column is vertically well mixed through wind mixing and straining.  
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Vertical mixing plays an important role in three-dimensional hydrodynamic and 

water quality processes and is a controlling factor in the dynamics of DSWC. In the 

coastal ocean, vertical mixing occurs over very small scales (order of millimetres) that 

neither traditional oceanographic observations nor numerical coastal ocean models are 

able to resolve. It is generally assumed that turbulent fluxes generated on the micro-scale 

are proportional to the larger scale gradients with the parameter of proportionality defined 

as eddy viscosity (also called eddy diffusivity). The vertical eddy viscosity coefficient 

(Nz) changes through the water column and reported values span several orders of 

magnitude ranging from 10-5 to 102 m2s-1 (Pond and Pickard, 1983; Pattiaratchi et al., 

1987; Geyer et al. 2002). Field measurements of Nz are rare as it is not possible to directly 

measure Nz and investigators have used different methods including micro-structure 

probes; acoustic Doppler current profilers (ADCP); and, dye experiments among other 

methods to estimate Nz. At present, numerical models contain algorithms of different 

sophistication to estimate the spatially and temporally varying Nz. However, many scaling 

parameters require the specification of a (typical) constant value for Nz (e.g. for definition 

of island wakes; Pattiaratchi et al., 1987) and thus estimating values for Nz has useful 

applications. The results from this study (using equation 5.2) indicated that Nz ranged 

between 1 to 17 x10-5 m2s-1 for vertically stratified cases (DSWC) and 33 to 90 x10-5 m2s-

1 for vertically mixed conditions. The Nz values reflected the balance described by 

equation 5.3 with the lower values corresponding to events where stratification energy > 

wind mixing energy (Table 5.1). 

Results presented here highlight the role of DSWC along the Rottnest continental 

shelf (RCS) in transporting water across the continental shelf.  Previous studies have 

shown that DSWC are important not only in the transport of water but also in terms of 

suspended and dissolved organic and inorganic material (Pattiaratchi et al., 2017; Chen 
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et al., 2019). In particular, Chen et al. (2019) demonstrated that DSWC plays a critical 

role in the distribution of chlorophyll across the RCS. Overall this study demonstrated 

that both wind speed and direction played critical roles for controlling cascades, even 

over short periods of time (O(hours)). The results of this study has implications for cross-

shore exchange that has been defined as one of the central problems in coastal physical 

oceanography (Brink, 2016). This is because although along-shore currents often 

dominate the coastal flow fields on timescales longer than about a day, weak cross-shelf 

currents can have a strong influence due to strong cross-shelf gradients in water properties 

(Brink, 2016).  

5.6  Concluding Remarks 

Field measurements from a range of platforms and remotely sensed data have 

shown that both wind speed and direction were important parameters in controlling the 

dynamics of dense shelf water cascade (DSWC). However, the horizontal density 

gradient, generated through differential cooling was the main process regulating DSWC 

formation during late autumn/early austral winter. Data indicated that the water column 

responded to wind forcing almost instantaneously and that both wind intensity and 

direction were critical parameters to: (1) inhibit DSWC formation through vertical 

mixing; and, (2) enhance DSWC under onshore wind conditions. The scenario was 

demonstrated by the presence of a strong DSWC during the passage of a winter cold front 

with strong onshore winds. Here, the onshore winds caused downwelling that resulted in 

the onshore movement of surface water and offshore movement in the bottom layer, 

enhancing the cascade. Vertical mixing of the water column and shutdown of the DSWC 

occurred when the winds were strong and consisted of an offshore component and/or were 

upwelling favourable that resulted in straining. 
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Chapter 6 

Spatial and Temporal variability of Dense Shelf Water Cascades 

along the Rottnest continental shelf in south-west Australia 

Summary 

The Australian continent and the surrounding oceans experience high rates of 

evaporation with comparatively lower rainfall and river run-off. Along majority of 

Australian shallow coastal regions, summer evaporation increases the salinity of shallow 

coastal waters and subsequently in autumn and winter the nearshore waters become cooler 

due to heat loss by evaporation resulting in the formation of horizontal density gradients 

with density increasing toward the coast. The density gradients drive gravity currents 

known as Dense Shelf Water Cascades (DSWCs) that flow offshore along the sea bed. 

DSWC play an important role in ecological and biogeochemical processes in Australian 

waters through the transport of dissolved and suspended materials offshore. In this study 

a numerical ocean circulation model, validated using simultaneous ocean glider and 

mooring data, was used to describe the spatial and temporal variability of DSWC for the 

south-west Australian continental shelf during late autumn early winter. Numerical 

simulations indicated the strengthening of a cross-shelf density gradient due to seasonal 

cooling and the occurrence of DSWC along the sea bed over the entire study region that 

extended from shallow depths to the shelf break. Several dominant flow pathways were 

defined, that varied with mean wind conditions and were influenced by topography. Wind 

intensity and direction strongly controlled DSWC formation and evolution with persistent 
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DSWC observed during low wind conditions, and stronger winds modifying flow 

pathways. The passage of atmospheric cold fronts associated with winter storms resulted 

in rapid heat loss through evaporative cooling. These conditions resulted in enhancement 

of the DSWC due to modifications of the cross-shelf density gradient and wind effects. 

Specifically, onshore (offshore) directed winds resulted in an enhancement (inhibition) 

of DSWC due to downwelling (mixing). Consequently, the largest DSWC events 

occurred during the passage of cold fronts when atmospheric temperatures reinforced 

favourable horizontal density gradients and onshore winds promoted downwelling that 

enhanced DSWC. Advection of dense shelf waters was also strongly influenced by the 

wind conditions, with significantly more transport occurring along-shelf compared to 

cross-shelf.  
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6.1  Introduction 

Australian region has a high rate of evaporation, around 2.5 m per year (Yu, 2007) 

with low rainfall and river run-off that generally results in coastal waters having higher 

salinity than offshore. Along the majority of Australian shallow coastal regions, summer 

evaporation leaves the shallow coastal waters more saline and subsequently in autumn 

and winter the nearshore waters become cooler due to heat loss by evaporation (Chapter 

4; Mahjabin et al., 2016a). Combination of salinity and cooling effects causes strong 

horizontal density gradients to develop with density increasing from the ocean towards 

the coast. This horizontal density gradient is the driving force for the formation of 

buoyancy-driven flows along the sea bed, defined as Dense Shelf Water Cascade (DSWC) 

(Canals et al., 2006; Pattiaratchi et al., 2011; Shapiro et al., 2003; Shearman and Brink, 

2010). DSWC have important ecological and biological implications, as they provide an 

effective mechanism to transport nearshore water and dissolved and suspended material 

(e.g., terrestrial carbon, nutrients, larvae, low-oxygen water, sediments, pollutants) off the 

continental shelves into the deep ocean (Mahjabin et al., 2016a). Despite their ecological 

importance, DSWC, are rarely measured in detail because the process often consists of 

intermittent events occurring in the bottom layers that cannot be observed by satellite 

measurements (Shapiro et al., 2003).  DSWC have, however, been documented globally 

(Ivanov et al., 2004) and around the Australian coastline using hydrographic data 

collected along single or repeated cross-shelf transects measured by ship or ocean gliders 

(see chapter 4). These benthic flows are identifiable in cross shelf density profiles as a 

wedge of denser (colder, saltier, or a combination) water with the nose of the wedge 

protruding down the shelf under the less dense offshore water (see Figure 4.4 Chapter 4). 

However, the spatial/temporal characteristics, and controlling forces vary broadly and 
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understanding DSWC dynamics has been limited and based on many assumptions 

(Shapiro et al., 2003).  

The underlying driving force for DSWC is the horizontal density gradient with 

inhibiting effects mostly by vertical mixing resulting from either wind and/or tidal mixing 

(Chapter 4; Nunes and Lennon, 1987; Pattiaratchi et al., 2011; Hetzel et al., 2013). In 

majority of sites data indicated that when wind and tidal mixing were weak either a 

bottom gravity current or surface plume would form or when vertical mixing was strong 

the water column be well mixed (Chapter 4; Mahjabin et al., 2016a). On the continental 

shelf, numerous processes play important roles including, for example, effects of: 

boundary currents, advection, eddies, topography, wind-driven currents, downwelling 

and upwelling, and ambient density fields (Shapiro et al., 2003).  

In Australia, shipborne surveys focusing on DSWC have been conducted on the 

Northwest Australian Shelf (Brink and Shearman, 2006; Shearman and Brink, 2010), 

Shark Bay (Pattiaratchi and Woo, 2009), South Australian Gulfs (Bowers and Lennon, 

1987), The Great Australian Bight (Petrusevics et al., 2009), Hervey Bay (Ribbe, 2006), 

and Jervis Bay (Symonds and Gardiner-Garden, 1994). In these cases the DSWCs were 

either described in detail in semi-enclosed bays (e.g. Hetzel et al., 2013; Nunes et al., 

1990), or by sparse sampling on the continental shelf.  

More recently, high-resolution ocean glider data have provided evidence that 

DSWC are common features that occur all around the Australian coastline, even where 

winds and tidal currents are strong (Chapter 4). In Southwest Australia, glider data 

collected over many years along a repeated cross-shelf transect showed that DSWCs were 

present majority of the time during autumn and winter when mean wind speeds were low 

(Pattiaratchi et al. 2011). These authors hypothesised that this buoyancy-driven process 
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transported a significant portion of dense shelf water across the shelf. Although the gliders 

provided monthly snapshots of cascade structure along a single transect, the temporal 

evolution, flow pathways, velocities, occurrence outside of the study site, and the effects 

of passing weather systems on the cascades were not defined. More recently, glider and 

mooring observations of velocity and vertical stratification at one site (Chapter 5) 

indicated that the incident weather conditions, in particular wind direction, strongly 

influenced DSWC. Understanding of the behaviour of DSWC at these shorter time scales 

(hours to days), and their spatial distribution is important to predict the occurrence of 

individual events along the coast. 

The main aim of this chapter is to focus on the spatial and temporal variability 

along the Rottnest continental shelf (Figure 6.1).  In particular, to define: (1) spatial extent 

and pathways of DSWC; and, (2) the influence of incident synoptic weather events. To 

achieve this, a numerical circulation model, validated using ocean glider and moored 

current measurements, was applied to the study region (Figure 6.1).  The period May-

June 2016, representing late austral autumn and early winter period, was selected for the 

study as previous observational studies identified frequent occurrence of DSWC (Chapter 

4; Pattiaratchi et al. 2011) as well as the region is subject to cooling and impacted by 

winter storm systems. 

This chapter is arranged as follows: Section 6.1.1 gives an overview of the study 

area, Section 6.2 details the hydrodynamic model setup. Results and discussion are given 

in Sections 6.3 and 6.4 with concluding remarks in Section 6.5. 
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6.1.1  Study Site 

This study is focused on the inner Rottnest continental shelf (depth < 50 m) in 

south-western Australia (Figure 6.1). The bathymetric features of this location include 

(Figure 6.1a): (1) the shallow inshore regions where the depths are <10m having 

discontinuous submerged limestone reefs; (2) the upper continental shelf from around 

~10km to ~40km having mean depth of 40m; (3) the depth increases rapidly in the lower 

continental shelf between 50m and 100m isobath; (4) the shelf break located at ~200m 

isobaths (Pattiaratchi et al., 2011); (5) the presence of Rottnest Island that interrupts the 

shore parallel flow; (6) the Perth canyon located to the west of Rottnest Island; and, (7) 

Cockburn Sound, a semi-enclosed coastal embayment. 

The diurnal micro tidal (tidal range ~0.5 m; Pattiaratchi 2011) mean that the tidal 

currents have a negligible influence in the study region (Gallop et al., 2012; Mihanovic 

et al., 2016). In main freshwater input to the system is through the Swan River at 

Fremantle (Figure 6.1). Although the river has a large catchment the discharge is 

relatively small and results in only a localised region of freshwater influence.  

The climate may be classified as ‘Mediterranean’ with annual mean evaporation 

rates and rainfall of ~2 m and ~730 mm, respectively (Farrington et al., 1990). During the 

summer, coastal heating and evaporation result in a band of warmer, higher salinity water 

in the coastal boundary layer (Pearce et al., 2006); which establishes a horizontal density 

gradient that is reinforced when cooling occurs during autumn and winter. This cross-

shelf density gradient is crucial to the cross-shelf transport over the inner continental shelf 

(Horwitz and Lentz, 2014; Wu et al., 2018). May and June are typically when the 

horizontal density gradient reaches a maximum DSWC have been observed frequently 

(Chapter 4; Pattiaratchi et al. 2011). 
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Continental shelf processes in the study region are mainly wind driven, with three 

wind systems dominating: sea breezes; storms (wind speeds >17 ms-1); and, calm periods 

(wind speeds <7 ms-1) (Steedman and Craig, 1983). Local sea breezes, superimposed 

upon synoptic southerly winds (with speeds often >15 ms-1), are prevalent in austral 

summer and spring (September-February) (Verspecht and Pattiaratchi, 2010). Storm 

systems are most frequent during late autumn and winter (May-August), and with the 

passage of frontal systems with maximum wind speeds > 30 ms-1. On average up to 30 

storms per year will impact on the study region (Lemm et al., 1999). Winter storms have 

a typical pattern with strong north/north-easterly winds blowing for 12 to 52 hours, 

followed by a period of similar duration when winds turn south/south-westerly, with no 

prevailing direction dominating for the duration of the storm. Calm wind conditions are 

mainly observed between the passage of winter storm fronts) and are characterized by 

low wind speeds (<5 ms-1). During the passage of a storm system winds typically rotate 

in an anticlockwise direction from north-west to south-west resulting in onshore 

component in the winds that contribute to downwelling conditions (Tilburg, 2003).  

The study region is influenced by the Leeuwin and Capes Currents (Woo and 

Pattiaratchi, 2008). The poleward flow of the Leeuwin Current (LC) transport warmer 

lower salinity water along the 200 m depth contour (Cresswell and Golding, 1980; 

Pattiaratchi and Woo, 2009; Wijeratne et al., 2018). The LC flows strongest during the 

austral autumn/winter (April-September) when the opposing southerly winds and sea 

breezes are weakest (Smith et al., 1991; Pattiaratchi and Woo, 2009). The Capes Current 

(CC) is a seasonal inner shelf wind-driven current, flows northward inshore of the LC 

during summer months when southerly wind (>7 ms-1) and sea breezes prevail (Pearce 

and Pattiaratchi, 1999; Gersbach et al., 1999).  
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Figure 6.1: (a) Location of glider transect and mooring deployments (M1, M2, TR40) in 

May 2016 with the bathymetry of Two Rocks continental shelf. Wind data was used from 

the station situated at Rottnest Island maintained by the Australian Bureau of 

Meteorology. The black dashed line represent the hydrodynamic nested model domain 

and red dashed line represents the sections shown on Figures 6.9 and 6.13 close to 40m 

water depth. (b) Large scale parent grid and nested child domain for both ROMS ocean 

modeling system and WRF-ARW model. 
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6.2 Methodology 

6.2.1 Numerical Models 

The spatial and temporal variability of DSWCs were investigated through analysis 

of Regional Ocean Modelling System (ROMS) output archived (2015-present) from a 

real time forecast system for the west coast of Western Australia developed at The 

University of Western Australia (www.coastaloceanography.org). The analysis presented 

here is focussed on the period May-June 2016 for which coinciding ocean glider 

validation data were available. 

ROMS is a 3-D hydrostatic, non-linear, free surface, s-coordinate, time splitting 

finite difference primitive equation numerical ocean model (Shchepetkin and 

McWilliams, 2005, 2009). A more detailed description of the model and numerical 

schemes can be found at the ROMS webpage (http://www.myroms.org).   

The modelling system consisted of 2 one-way nested curvilinear grid domains 

(Figure 6.1b): (i) larger scale ‘parent’ grid for whole of western region of Australia at 

~1.5–2.5 km horizontal resolution (700 x 1320 km); and, an embedded (ii) nested ‘child’ 

domain for wider Perth region including Rottnest continental shelf at 500 m resolution. 

Bathymetry data were derived from a combination of:  GEBCO 

(http://www.gebco.net/data_and_products/gridded_bathymetry_data/), Geoscience 

Australia 250m (Whiteway, 2009), and high resolution LIDAR data in the shallow coastal 

regions. Final bathymetry was minimally smoothed using a linear programming approach 

(Sikiric et al., 2009) to suppress horizontal pressure gradient errors.  In the vertical, 20 

sigma layers were used for the child domain. Sigma coordinates allowed for more layers 

in the bottom layer to resolve the DSWC. 

http://www.gebco.net/data_and_products/gridded_bathymetry_data
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Non-tidal parent domain boundary conditions for the free surface, temperature, 

salinity, and velocity were taken from the global 1/12 degree HYCOM model 

(http://hycom.org) and combined with 9 tidal constituents for elevation and barotropic 

velocities from the global barotropic tidal inverse solution (TPXO, Egbert and Erofeeva, 

2002). Nested child model boundaries were updated every 600s downscaling dynamics 

from the parent model. Barotropic boundary velocities were prescribed using the Flather 

scheme (Flather, 1976) and for baroclinic velocity and tracers (temperature and salinity) 

a combination of Orlanski-type radiation boundary conditions with nudging 

(Marchesiello et al., 2001) were used.  The advection scheme used for active tracers 

(temperature and salinity) in the child domain was a multidimensional positive definite 

advection transport algorithm—MPDATA (Smolarkiewicz and Margolin, 1998), which 

was a conservative and positive definite scheme, while for the parent system the upwind 

third-order scheme was used (Shchepetkin, and McWilliams, 1998). For baroclinic 

momentum, the upwind third-order advection scheme for both models was used. Generic 

Length Scale (Umlauf and Burchard, 2003) was used for turbulent closure. 

As shown in other similar studies (Janekovic et al., 2014; Mihanovic et al., 2018; 

Roveri et al., 2014; Vilibic et al., 2016), this configuration included non-linear dynamics 

whilst the hydrostatic approximation used is not a major limitation, because the horizontal 

scales of motion are larger than vertical, and effects have been shown to be limited to 

plume head dynamics for extreme cases (Heggelund et al., 2004) which is not the focus 

here. 

Atmospheric forcing was prescribed every hour via bulk formulation (Fairall et 

al., 1996), using all required variables from a locally tuned atmospheric modelling system 

based on WRF-ARW model core (also available on the UWA coastal Oceanography 
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website: www.coastaloceanography.org). Similar to the ROMS model grids the WRF-

ARW model was also configured for two domains (Figure 6.1b), covering a region 

slightly larger than those for the ROMS model, using 2-way coupled mode for boundary 

information exchange. Atmospheric parent model domain had a 10km horizontal 

resolution and 45 levels in the vertical, completely covering the Western Australia. 

ROMS parent domain with a nested domain for the wider Perth region defined at 2 km 

horizontal resolution. Boundary and initial conditions for the parent atmospheric model 

were interpolated from the global NCOM GFS (0.25o resolution) model. Both, 

atmosphere and ocean model outputs were saved hourly and served using openDAP 

thredds server (http://130.95.29.59:8080/thredds/catalog.html). 

6.2.2 Field Observations  

We used high resolution temperature, salinity and density data from Teledyne 

Webb Research Slocum Electric Gliders (Schofield et al., 2007) that were deployed at 

Two Rocks in May 2016 to repeat cross-shelf transects and verify the ability of the model 

to reproduce DSWC at this site. All gliders were operated by the Ocean Glider facility 

located at the University of Western Australia with data available through the Australian 

Ocean Data Network (https://portal.aodn.org.au). The Slocum Gliders for this experiment 

collected data (temperature, salinity, density, fluorescence, sediment and oxygen) from 

the surface to seabed to a maximum depth of 200 m with mean speed of 25 km per day 

(Schofield et al., 2007). Gliders use buoyancy control whilst moving forward to the target 

destination to navigate their way to a series of pre-programmed waypoints using GPS, 

internal dead reckoning and altimeter measurements. A Seabird-CTD, Chlorophyll-a 

fluorescence measuring sensor, coloured dissolved organic matter (CDOM) sensor, 660 

http://130.95.29.59:8080/thredds/catalog.html
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nm Backscatter WETLabs BBFL2SLO optical sensor and an Aanderaa Oxygen Optode 

were fitted to the ocean glider. However, only CTD data presented in this Chapter.  

We also used velocity and temperature data from the IMOS TR40 mooring 

(located at 31.72O S and 115.398O E) at 40m depth (Figure 6.1a), to validate predicted 

current velocities. The shelf mooring consisted an upward looking RDI Workhorse 

Sentinel 600 acoustic Doppler current profiler (ADCP) operating at a frequency of 600 

kHz and collected velocity profiles in 2 m bins over the water column at 20 minute 

intervals.  

Satellite sea surface temperatures at 2 km resolution were obtained from the 

gridded multi-swath IMOS L3S AVHRR dataset (Griffin et al. 2017). SST data were used 

both to verify surface temperatures and overall spatial patterns evident in the model. 

Clouds were present most of May, with cloud free data available only near the start and 

end of the simulation period. 

Wind speed and wind direction, at 30 minute intervals, were obtained from the 

Australian Bureau of Meteorology weather station at Rottnest Island (Figure 6.1a). 

6.2.3 Data Analysis  

Bottom temperature was used as a proxy for DSWC with the bottom sigma layer 

from the ROMS model used to illustrate flow pathways. Temporal means were calculated 

over periods of similar atmospheric conditions (~ days) with wind speed and direction 

determining specific ‘events’. This allowed for definition of flow pathways during ‘weak’ 

and ‘strong’ wind events.  East and north velocity components (for both model and 

observations) were considered analogous to cross-shelf and along-shelf directions 
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respectively. Heat flux data archived from the ROMS/WRF modelling system were used 

to assess the cooling over the two-month study period. 

The time base for results presented here is UTC with the local time +8 hours. 
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6.3  Results 

6.3.1  Oceanographic and Meteorological Conditions 

During May 2016, the study region (RCS) experienced a range of wind conditions 

with the west to east passage of extratropical low/high pressure systems at 7-10 day 

intervals. Strongest winds (> 10 ms-1) were associated with the low pressure systems 

(storms) as cold fronts passed through the study area whilst intervening periods weaker 

winds were present (Figures 6.2 a,b). Three strong storms occurred on 8, 21, and 24 May 

with maximum wind speeds (from the north-west) of 18, 24, and 20 ms-1, respectively 

associated with the landfall of the storm. In the following 2-3 days, wind speeds decreased 

and rotated anticlockwise toward the west and southwest. Between storms, winds were 

generally below 10 ms-1 and variable directions were observed (Figure 6.2 a,b). The 

analysis presented here is focussed on two representative periods: (1) weak winds on 13-

16 May; and; (2) strong onshore winds associated with a strong winter cold front on 20-

23 May. Other periods are also briefly considered. 

Time series of net surface heat flux calculated from the bulk formula (and used 

for ROMS model forcing) at two locations (Figure 6.1a): (1) close to the coast (M2); and, 

(2) ~10 km offshore (M1) both indicated diurnal heating/cooling with a daily amplitude 

of ~200-400 Wm-2  and maximum negative rates of -800 Wm-2 (Figure 6.2c). Cumulative 

net heat loss (cooling) of 3500-5000 Wm-2 occurred over the month (Figure 6.2d). Heat 

flux data indicated periods of rapid cooling associated with the passage of the cold fronts, 

with two notable events around 6 and 20 May (Figure 6.2d). These two periods of rapid 

heat loss over four days accounted for approximately 35% of the total heat loss over the 

entire month. 
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Figure 6.2: Variability of wind speed and direction during May 2016 (a, b). Also Net 

heat flux and Cumulative heat flux (c, d) for the same duration indicated the relation with 

the wind events. Negative value in net heat flux defined upward flux or cooling and 

positive value defined downward flux or heating. Note the time base is UTC and the tick 

marks on the time axis are at 4am corresponding to 12 noon. 
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Satellite SST images (Figures 6.3a,b) illustrated the general cooling trend over the 

period and the enhancement of the band of cooler water near the coast. Offshore in the 

core of the Leeuwin Current, SST decreased by ~0.5oC and near the coast temperatures 

decreased by >1oC over two weeks (Figure 6.3), resulting in strengthening of the cross-

shelf density gradient. By the start of June the entire inner shelf region had temperatures 

~19oC (Figure 6.3b). 

 

Figure 6.3: Satellite derived 3-day mean sea surface temperature: (a) 09-11 May 2016 

before the major storm event; and, (b) at the end of the study period for 01-03 June 2016. 

Note the overall cooler temperatures and narrow band of cooler waters near the coast.
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6.3.2  Model Validation 

Model validation was focussed on the ability of the model to reproduce DSWC 

that have been observed in the region in cross-shelf transects measured by ocean gliders 

(Chapter 4). The model domain included the glider trajectory on the continental shelf, 

although the offshore extent of the glider track was outside the model boundary (Figure 

6.1). Both the model output and glider measurements indicated the occurrence of DSWC 

with similar patterns of temperature, salinity and density (Figure 6.4). The estimated 

horizontal density gradient from the model output was -18.4×10-6 kg m-4, close to the 

measured value of -21.8×10-6 kg m-4. The model output also indicated that both 

temperature and salinity contributed to the distribution of density, however over this 

period temperature was the dominant contributor (Figure 6.4). Also, the range of model 

estimates of temperature, salinity and density were in good agreement with the glider 

measurements, with a bias of 0.8°C in temperature. Overall, similarities in DSWC 

structure, location, and occurrence provided confidence that the model could be used as 

a tool to determine the spatial and temporal variability of DSWC within the study region. 
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Figure 6.4: Comparison between observed (a) temperature (OC), (c) salinity (psu) and (e) density (kgm-3)  distribution along the Two Rocks transect 

obtained from ocean glider data and (b,d,f) simulated from ROMS simulation over 13~15 May 2016. 
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Current velocities were compared to those obtained using an ADCP located at 

TR40 mooring in 40m depth offshore of Two Rocks (Figure 6.1a). Velocity magnitude 

were generally in good agreement (Figure 6.5). The main similarity was stronger along-

shelf flow (north/south) compared to cross-shelf (east/west), that oscillated between 

northerly and southerly flows persisting for 2-3 days at a time (Figure 6.5). The reversal 

of along-shelf flows was reflected in changes in wind conditions. The current velocities 

were uniform through the water column during periods of stronger winds (e.g 20-23 May) 

whilst during periods of weak winds (e.g. 13-19 May) there were changes in the velocity 

structure through the water column (Figure 6.5). During periods of vertical shear, near 

bottom velocities tended to flow toward the south and were associated with DSWC in 

both the model and observed data adding more confidence in the model to reproduce the 

cascade dynamics. Between 17-19 May surface currents were toward the north whilst 

bottom currents flowed to the south (Figure 6.5). Mean along-shore flow profiles over the 

weak and strong wind events (Figure 6.5) indicated southward flow. 

In the cross-shelf direction, observed and simulated velocities both indicated that 

onshore surface flow frequently overlaid offshore flow at depth (Figure 6.5). Velocity 

structure was generally more complex in the higher resolution observations, but the 

occurrence of pulses of near bed offshore flow associated with DSWC had similar 

structure, duration, and magnitude (~0.2 ms-1), for example around 20 May (Figure 6.5). 

Mean velocity profiles over the three wind events indicated vertical flow reversal, with 

onshore flow at the surface and offshore flow near the bottom that were associated with 

DSWC (Figure 6.5). 
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Figure 6.5: Time series (12-30 May 2016) of (a) calculated u-component of velocity; (b) 

observed u-component of velocity from ADCPs; (c) as (a) for v-component; (d) as (b) for 

v-component velocities. (e) mean calculated velocity profile for each event for u 

component. (f) mean observed velocity profile for each event for u component. (g) as (e) 

for v-component. (h) as (f) for v-component. Warmer colors represent flow to the west 

(u-component) and to the south (v-component). Dashed lines in panels a-d represent 

averaging periods for events in panels e-h. 

Calculated cross-shelf temperature gradients and the magnitude of the cooling 

trend over May was also in close agreement with satellite SST values (Figures 6.6 vs. 

Figure 6.3). Since the horizontal temperature (density) gradient is the critical driving force 

for DSWC, this suggested that the model not only reproduced instantaneous features but 

could also be used to look at DSWC over seasonal or annual time scales, although that is 

not the intention here.  
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6.3.3  Occurrence of DSWC during early winter (May-June 2016) 

Over May and June 2016 the simulated cross-shelf temperature sections along 

RCS indicated a general cooling trend, persistent horizontal temperature (density) 

gradients, and the frequent occurrence of DSWC (Figure 6.6). Offshore temperatures 

dropped ~3oC (from 23 to 20) whilst nearshore temperatures reduced from ~21.5oC to 

<19.5oC (Figure 6.6). Although the DSWC did not always reach the edge of the 

continental shelf, the wedge shape structure of the cascades and associated vertical 

stratification was a common feature. In particular, strong DSWC events occurred: 14, 22, 

and 28 May and 4, 12 and 18 June (Figure 6.6). These events coincided with both strong 

and weak wind events, although the more intense DSWC events appeared to be associated 

with strong onshore winds (from the NW) (Figures 6.3, 6.6).
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Figure 6.6: Simulated Two Rocks temperature transects 2-day intervals for May and June 

2016 indicating cooling trend, intermittent stratification and DSWC.  
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6.3.4  Dominant DSWC flow patterns 

Over the Rottnest Shelf region, several DSWC flow patterns were observed that 

were associated with specific wind conditions (Figure 6.2). The DSWC flows were highly 

variable and sensitive to wind speed and direction and the simulated daily mean bottom 

velocities were mostly < 0.10 ms-1 (Figure 6.7). These flow regimes are illustrated with 

the distribution of bottom temperature overlain by velocity from the bottom layer of 

ROMS (Figure 6.7) and are summarised here with more detail in the subsequent sections. 

Note that in the following onshore component of winds promote downwelling whilst 

along-shore wind components promote upwelling.  

6.3.4.1 Weak to moderate NW-SW (13-15 May): onshore component 

South-westerly flow existed over majority of the domain, driven by southward 

directed wind stress, with offshore-directed DSWC flow concentrated to north of Rottnest 

Island that diverted the flow offshore to deeper water including the Perth canyon.  This 

flow pattern is associated with downwelling due to onshore winds. The coldest 

temperatures (<20OC) originated in Cockburn Sound, exiting along the sea bed to the 

north and south of Garden Island (Figure 6.7a). 

6.3.4.2 Weak land/sea breeze conditions with southerlies in the afternoon (16-18 

May): along-shore component 

Offshore of the continental shelf, the Leeuwin Current flowed southward whilst 

the shelf waters were forced north by the southerly winds associated with the sea breeze. 

The DSWC pathways were not as clearly defined despite a band of colder northward 

flowing water along the inner shelf and a well-defined gradient between the colder 

nearshore and warmer offshore waters (Figure 6.7b). This suggested that DSWC 
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pathways may be more diffuse along the coast under these lower wind conditions, and 

less concentrated compared to when winds and prevailing currents are from the NW. 

6.3.4.3 Strong winds from NW due to cold front (19-21 May): onshore component 

Under these conditions bottom currents were directed south or south-westward 

over the entire domain, similar to regime (I), but with higher velocities and more 

convergence of offshore-directed flows to the north of Rottnest Island (and onto the Perth 

canyon) and the shallower water between Rottnest and Garden Islands (Figures 6.1, 6.7c). 

Colder ocean temperatures near the coast induced by negative heat fluxes associated with 

the storm were also evident (Figure 6.7c). 

6.3.4.4 Moderate to strong winds from NW due to cold front (22-24 May): onshore 

component 

This regime was a continuation of (III), with a second storm directing currents 

toward the southwest, and stronger regions of convergence to the north and south of the 

islands. However, the inner shelf currents were directed more towards the west (offshore) 

when compared to event (III). Cooler temperatures extended further offshore, and DSWC 

appeared to be concentrated in the two same areas, although it was difficult to determine 

subtle differences between the two events (Figure 6.7d). 

Strong southerly winds appeared to inhibit DSWC formation due to vertical 

mixing (see Chapter 4), and these conditions were rare during May 2016 so are not 

discussed in detail here with regard to DSWC pathways. Two contrasting events, a subset 

of those discussed above including weak winds (13-16 May) and Strong onshore NW 

winds (20-23 May), are analysed in more detail in the following two sections. 
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Figure 6.7: Simulated near-bottom velocity and near-bottom temperature 3-day means 

averaged over four different wind events; (a) 13-15 May, (b) 16-18 May, (c) 19-21 May, 

(d) 22-24 May.   
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6.3.5  DSWC flow pathways— low to moderate winds (onshore winds)  

During low to moderate wind speed (< 10 ms-1) conditions (13-16 May 2016; 

Figure 6.2), up to 5 DSWC flow pathways (P1-P5 in Figure 6.8a) could be identified over 

the model domain using bottom temperature as a proxy. Following five days of wind 

speeds < 10 ms-1 and variable direction (Figure 6.2), on 13 May the DSWC pathways 

were evenly distributed along the coast and flowed directly offshore (Figure 6.8a). As 

winds started to blow from the northwest late on 14 May and increased from almost zero 

to ~10 ms-1, the DSWC flows were deflected to the south, and P1 and P2 were less defined 

and contracted to nearer the coast whilst P3 and P4 were the dominant flow pathways 

(Figure 6.8b). The following day winds weakened a little but the DSWC pathways were 

unchanged (Figure 6.8c). On 16 May with weaker westerly winds appeared to be an 

intermediate state with no clear DSWC pathway in the northern part of the domain and a 

homogeneous band of cooler water along the coast (except a weak P1). P5 was still clearly 

defined and appeared to be the main flow pathway under these conditions (Figure 6.8c). 
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Figure 6.8: Distribution of daily mean bottom temperature showing the spatial and 

temporal variability of cold water plumes from model output during low to moderate wind 

conditions (1-10 ms-1): (a) 13 May 2016; (b) 14 May 2016; (c) 15 May 2016; and, (d) 16 

May 2016. P1, P2, P3, P4 and P5 were defined and five different DSWC pathways. 

In order to examine the vertical structure and location of the DSWC pathways 

(P1-P5) and assess their spatial and temporal variability, an along-shelf transect was 

extracted along the 40m depth contour following the model grid (Figure 6.9). In this view, 

the locations of individual DSWC flowing off the shelf could easily be identified. The 

DSWC along this depth contour varied in vertical thickness between 10 and 20 m 

although P4 and P5 extended over the entire water column. Coldest temperatures were 

approximately 21oC. Over the four-day low to moderate winds the DSWC pathways were 

deflected southward and converged due to wind conditions and topography (see dashed 

lines in Figure 6.9): P2 merged with P3 on 14 May and the combined DSWC pathway 

remained at that location on subsequent days due to the barrier caused by Rottnest Island 

to the south (Figure 6.9b); similarly, P4 was deflected to the south and merged with P5. 
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Figure 6.9: Simulated daily mean temperature along a shore parallel transect (view from 

land with south located to the left) along the 40 m depth contour: (a) 13 May 2016; (b) 

14 May 2016; (c) 15 May 2016; and, (d) 16 May 2016. P1-P5 related to flow pathways 

defined in Figure 6.8.  
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Due to the deflection and merging of DSWC pathways under low to moderate 

wind conditions, describing their occurrence based on fixed cross-shelf transects and 

bottom temperature only provided a somewhat misleading view as the water column 

information was missing (Figure 6.10). On 13 May, following several days of weak winds 

all four cross-shelf transects indicated well developed DSWC with vertical temperature 

stratification on the shelf (Figures 6.10 a-d). This contrasts with Figure 6.8 where only 

the offshore extent of the DSWC could be identified. Under these conditions, a single 

transect within the study domain would have been sufficient to identify the presence of 

DSWC. This is consistent with Figure 6.8 and the discussion above. However, on 

subsequent days under the influence of northerly winds the DSWC pathways migrated 

southward and the northerly transects (P1, P2) appeared to be vertically mixed and the 

DSWC shut down. At the same time, the more southerly transects showed persistent 

stratification and DSWC reaching near the continental shelf edge (Figure 6.10). By 16 

May, following a wind directional change to the south, all transects were again similar, 

with a nearly vertically mixed water column and minimal DSWC (Figure 6.10).  

Simulated near-bed velocities confirmed the scenarios described above, 

highlighting the difference between calm, northerly, or southerly wind conditions. Weak 

southerly winds resulted in northward flow along the coast with dense water from 

Cockburn Sound flowing off of the shelf to the north of Rottnest Island (Figure 6.11a). 

During weak north-easterly winds bottom velocities indicated that DSWCs were 

deflected to the south with maximum velocities on the order of 0.05-0.10 ms-1, although 

through this basic analysis it was not possible to separate the baroclinic component from 

the barotropic (Figure 6.11b). Without southerly winds, it appeared that the cooler water 

in Cockburn Sound flowed offshore around Garden Island (Figure 6.11b).
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Figure 6.10: Cross-shore transects during low to moderate wind conditions (13-16 May 2016) for four different latitudinal locations: (a,e,i,m)  -

31.8°N (P2); (b,f,j,n) -31.95°N (P3); (c,g,k,o) -32.25°N (P4); and, (d,h,l,p) -32.44°N (P5).P1-P5 related to flow pathways defined in Figure 6.8.
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Figure 6.11: Simulated near-bottom mean velocity and near-bottom temperature during 

two low wind events: (a) 07-09 May 2016; and, (b) 10-12 May 2016. The near-bottom 

velocities and temperature were averaged over 3 days. 
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6.3.6  DSWC flow pathways— strong winds (onshore) 

Following the weak wind conditions described in Section 6.3.5, the region 

experienced a storm event with intense winds (maxima > 20 ms-1) blowing from the 

north to west (i.e. with an onshore component) over three days (Figure 6.2). The 

response of the shelf waters and DSWCs were similar to the description given in the 

previous section, but with stronger currents, more vertically mixed conditions, and 

stronger horizontal temperature (density) gradients. Intense cooling of inshore waters 

due to the passage of cold front was clearly evident over the four day period (Figure 

6.12).  

Prior to the arrival of the cold front on 20 May all five DSWC pathways (P1-

P5) were again visible and flowed directly offshore (Figure 6.12a). Over the next two 

days, P2 intensified and merged with P1, and was deflected southward to Rottnest 

Island by the north-westerly winds (Figures 6.12 b-c). South of Rottnest Island, it 

appeared that the cold dense water was mostly advected southward, parallel to the coast 

whilst winds were strong and from the north (P3-P5; Figure 6.12 b,c). When winds 

began to weaken and turned more westerly, P4 and P5 were once again directed 

offshore (Figure 6.12d). 
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Figure 6.12: As Figure 6.8 but during strong wind conditions (20 ms-1): (a) 20 May 

2016; (b) 21 May 2016; (c) 22 May 2016; and, (d) 23 May 2016. 

The along-shelf 40m depth contour temperature section (Figure 6.13) showed 

vertically mixed conditions except at P2 and P3, where strong vertical stratification was 

evident over the final two days of the storm. At P2, north of Rottnest, the cold bottom 

layer was > 20m thick (Figure 6.13c). P4 and P5 were combined with no vertical 

stratification present and the coldest temperatures over the entire domain (< 21oC) 

(Figure 6.13d). 
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Figure 6.13: As Figure 6.9 but during strong wind conditions (20 ms-1): (a) 20 May 

2016; (b) 21 May 2016; (c) 22 May 2016; and, (d) 23 May 2016.  
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The cross-shore temperature transects showed evidence of strong vertical 

mixing, downwelling enhancement of DSWC, cooling, and intensification of the 

horizontal temperature (density) gradient (Figure 6.14). Although the water column 

was vertically mixed, a horizontal density gradient was always present. Similar to the 

low to moderate wind events, the location of the transect was critical in order to 

accurately describe the existence of the DSWC, with more cascades in northern 

transects appearing to cease whilst the more southerly transects (P3,P4) maintained 

DSWC characteristics (Figure 6.14 j,k,n,o,p). 

The fact that P3 intensified in the presence of strong winds (>20 ms-1) and 

maintained vertical stratification suggested that downwelling due to the strong onshore 

(northwest) winds acted to intensify the DSWC. The rapid heat loss during and after 

the storm would have also acted to enforce DSWC, although the strengthening effects 

of the density gradient would have probably been secondary compared to the effect of 

downwelling until the vertical wind mixing reduced. 

During this period, strong onshore (northwest) winds generated southward 

transport over the entire shelf was a factor 10 greater than the cross-shelf transport. This 

suggested that, under these conditions, dense inshore waters over the entire region may 

be advected large distances parallel to the coast before being forced offshore as 

downwelling-enhanced DSWC at locations where bottom topography aids in directing 

the flows off the shelf (e.g. P2 north of Rottnest Island; Figures 6.12c, 6.13c).  
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Figure 6.14: As Figure 6.10 but during strong wind conditions (20 ms-1): (a,e,i,m)  -31.8°N (P2); (b,f,j,n) -31.95°N (P3); (c,g,k,o) -32.25°N (P4); and, 

(d,h,l,p) -32.44°N (P5).P1-P5 related to flow pathways defined in Figure 6.12.
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6.3.7  Ocean glider data: 13-26 May 2016 

An ocean glider was deployed along the Two Rocks transects over the period 13 

to 26 May 2016 obtained 6 cross-shelf transects that included the changing wind 

conditions (Figure 6.15). One of the glider transects was used to validate the ROMS 

model (Figure 6.4). For the first transect (13-15 May) the prevailing conditions were 

moderate onshore winds to 10 ms-1 that were preceded with low wind conditions (Figure 

6.2).  Here, a well-established DSWC was present with both temperature and salinity 

determining the cascade (Figure 6.15a).  The next transect (15-16 May) was similar with 

onshore winds; the data were almost the same except that the cascade extended to deeper 

> 150m water (Figure 6.15b). The period 17-18 May represented low wind conditions 

with a DSWC present on the shelf (Figure 6.15c).  Over the period 18 to 20 May the 

winds speed were relatively low but the direction changed to southerly and signature of 

the cascade was diminished (Figure 6.15d). This could be due to north-ward currents 

moving the cascade to the north out of the ocean glider transect (Figure 6.7b). The peak 

of the first storm was at midnight on 21 May (Figure 6.2).  The next ocean glider transect 

was 22-23 May and included the period after the peak of major storm and also the peak 

of the second storm. The impact of the two storm systems were reflected with the 

transition to well-mixed waters (both salinity and temperature) on the inner shelf.  There 

was also cooling of the entire transect with upper shelf cooling by > 1oC and offshore 

regions by > 0.6oC (Figure 6.15e). Similarly, there were changes in salinity with the upper 

shelf increasing in salinity by 0.1 through vertical mixing. The subsequent transect (23-

25 May) had decreasing wind speeds with changing direction and the initiation of a 

cascade was evident in the temperature record (Figure 6.15f). This sequence of changing 

conditions were reflected in the model output (Figure 6.14). 
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Figure 6.15: Temperature (OC), salinity (psu) and density (kgm-3) along the Two Rocks 

transect collected between 13 to 26 May 2016 using an ocean glider: (a) 0912 13 May - 

0300 15 May; (b) 0330 15 May - 1600 16 May; (c) 2240 16 May - 1200 18 May; (d) 1240 

18 May - 0200 20 May; (e) 0720 22 May - 2320 23 May; (f) 2345 23 May - 2345 25 May. 
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6.4 Discussion 

In this Chapter, the circulation model ROMS was used to examine the spatial 

three-dimensional structure and temporal variability of DSWC along the Rottnest 

continental shelf (RCS). In Chapter 4, features of DSWC around Australia was examined 

using ocean glider data and included large spatial scales and seasonal (monthly) 

variability. Chapter 5, used data from moorings and ocean glider data to examine DSWC 

formation along a single transect (Two Rocks) over a period of ~1 month.  Both these 

studies, limited to two dimensions (cross-shelf transect). It was found that the cross-shelf 

density gradient (𝜕𝜌 𝜕𝑥) ⁄ was the dominant forcing mechanism for the formation of 

DSWC. It was also found that both wind speed and direction had a strong influence that 

either inhibited (through vertical mixing associated with offshore or southerly winds) or 

enhanced (through downwelling associated with onshore winds) the DSWC. The focus 

of this Chapter is on the three-dimensional aspects, and in particular, definition of flow 

pathways, along-shelf movement of DSWC, and response to passing weather systems 

(rapid cooling and mixing events) and changes in wind direction.  

This study is one of few numerical modelling studies that address the behaviour 

of DSWC on a continental shelf. Overall, studies that have addressed DSWC in 

subtropical regions where surface cooling is the major driving mechanism are rare (in 

Polar Regions salinity changes through ice formation is the dominant mechanism). These 

have concentrated on extreme events that contributed to DSWC during the winter of 

2012-2013 in the Adriatic Sea (Vilibic et al., 2016) and in the Gulf of Lions (Waldman et 

al., 2016) and included large model domains (> 1000 km). This Chapter examined 

processes at a smaller scale (~200 km) resolving finer scale features. A recent study by 
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Wu et al. (2018) examined the effects of surface cooling along the mid-Atlantic Bight in 

the formation of DSWC but was limited to a 2D cross-sectional transect. 

Surface heat flux, generally changes on two major time scales: day/night and the 

seasonal cycle. The influence of the seasonal cycle was demonstrated in Chapter 4 where 

majority of DSWC occurred during the winter months due to differential heat loss 

generating a cross-shelf density gradient. This chapter demonstrated that, in addition to 

the daily cycle, rapid heat loss (to max 800 Wm-2 and mean of 420 Wm-2 over 24 hours) 

occurred during the passage of a cold front associated with an extratropical storm system 

(Figure 6.2). This cooling rate, over the 24 hour period, is equivalent to a decrease in 

depth mean temperatures by ~1oC and 0.3oC in 10 and 30 m water depths, respectively 

(equation 5.2). Thus the passage of cold fronts associated can enhance the horizontal 

temperature/density gradients. 

During May 2016, the main period of this study, a range of wind conditions was 

experienced in the study region due to the west to east passage of extratropical low/high 

pressure systems. (Figure 6.2). Three frontal systems made land fall with maximum wind 

speeds >15 ms-1. During the intervening periods between the storms the winds were 

generally <10 ms-1 with variable directions (Figure 6.2). Under lower wind conditions, 

five different DSWC pathways were identified using bottom temperature as a proxy 

(Figures 6.8 and 6.10). As the wind speed increased from the northwest, the DSWC’s 

were deflected southward and some of the flows merged when they were controlled by 

topography. In particular, the presence of Rottnest Island was a major influence.  When 

strong onshore wind prevailed (associated with passage of cold fronts), the DSWC’s were 

deflected strongly to the south and was enhanced through downwelling: strong vertical 

stratification and offshore flow being present along the main pathway regions (Figures 
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6.7 and 6.14). The most consistent DSWC flow pathways were identified to be located to 

the northern side of Rottnest Island, and south of Garden Island, with bottom topography 

playing a significant role. Here, the presence of Rottnest Island deflected the flow 

offshore to deeper water and the head of Perth canyon.  Studies in the Gulf of Lions (e.g. 

Ulses et al., 2008; De Madron et al., 2013) indicated that the DSWC can extend to depths 

to 1000m. However, absence of data (and the model domain) did not allow to examine 

the extent of the DSWC in the canyon. The ocean glider indicated that DSWC along the 

Two Rocks transect extending to depths > 150m (Chapters 4 and 5). 

Previous studies concerning DSWC formation along the RCS were based on 

cross-shelf transects in a single location where ocean glider and/or mooring data were 

available (Chapters 4, 5 and Pattiaratchi et al., 2011). The numerical modelling results 

indicated although the Two Rocks transect (Figure 6.1) was located along one of the flow 

pathways (P1; Figure 6.8), the main outflows occurred to the south (northern side of 

Rottnest Island, and south of Garden Island). The numerical model results and satellite 

derived SST imagery indicated cooling of the nearshore region along the whole coastline 

(Figures 6.3 and 6.7). This would generate a cross-shelf density gradient and generated 

DSWC that was confirmed by the numerical model. Thus the observations along Two 

Rocks are representative of the processes along the entire study region although the model 

output indicated more consistent DSWC to the south. 

Cross-shelf transport on the continental shelf is major feature of the coastal 

circulation (Tilburg, 2003; Lentz and Fewings, 2012; Brink, 2016). Examining processes 

along a single cross-shelf transect enables examination of the important processes, three-

dimensional circulation patterns from model output indicated that the longshore processes 

were also important. In particular, the prevailing currents, in this case driven by winds 
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deflected the currents (from the cross-shelf transect) either north or south depending on 

the incident of wind direction. 

Numerical model result also confirmed that both wind speed and direction were 

important in the formation of the DSWC cascades.  The passage of a storm front, in the 

local study region, resulted in intense cooling of the coastal zone accompanied by strong 

onshore winds (winds changing from north-west to west to south-west). Both the 

numerical model and ocean glider data obtained during May 2016 indicated that the water 

column responded almost instantaneously to surface cooling and the changing wind 

conditions (Figures 6.12; 6.14; 6.15). The moderate onshore winds caused downwelling 

that resulted in the extension of the colder water further offshore (Figure 6.12). The strong 

winds also completely mixed the water column and when the wind speeds decreased, the 

cascade was re-established (Figures 6.14 and 6.15).  

The application of a numerical circulation model provided a valuable tool that 

improved the understanding of DSWC due to strong cooling by atmospheric cold fronts, 

generating cross-shelf density gradients and highlighted the three-dimensional aspects of 

the cascades. In particular the presence of preferential pathways and the spatial 

distribution of DSWC in the along-shore. The results indicated that cooling of the 

nearshore region will allow for the generation of DSWC along the coast. This result can 

be extended to the Australian coastline where climatology of sea surface temperatures 

indicated (Figure 4.2) many regions that indicate cooler water at the coast that most likely 

have DSWC. Hence, findings are directly transferrable to other regions around Australia 

and globally, as the processes described here may occur in many continental shelf seas 

particularly in the sub-tropical regions.  
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The numerical model results, combined with the glider observations around 

Australia (Chapter 4) provide further evidence that DSWC are an important component 

of cross-shelf transport from shallow inshore waters into the deep ocean. The broad 

occurrence of DSWC around the Australian continental shelves (at scales of tens to 

thousands of kilometres) suggested that these density driven processes are important for 

cross-shelf as well as along-shore movement of any suspended matter including larvae, 

nutrients, salt, heat, carbon, low-oxygen water, sediment and pollutants.  

6.5 Concluding Remarks 

Numerical simulations using a validated ocean circulation model were used to 

examine the spatial and temporal variability of DSWCs in a wind-dominated region 

(Rottnest Continental Shelf) where DSWCs are a common occurrence during 

autumn/winter months. 

Results indicated large spatial and temporal variability of DSWC, and the 

strengthening of the cross-shelf density gradient due to seasonal and short term cooling 

events. Several dominant flow pathways were defined, that responded to changes in the 

mean wind conditions, with topography playing an important role. Wind intensity and 

direction strongly influenced DSWC formation and evolution with persistent DSWC 

observed during low wind conditions, and stronger winds modifying flow pathways. The 

passage of atmospheric cold fronts associated with winter storms resulted in rapid heat 

loss through evaporative cooling. These conditions resulted in enhancement of the DSWC 

due to modifications of the cross-shelf density gradient and wind effects. Specifically, 

onshore (offshore) directed winds resulted in an enhancement (inhibition) of DSWC due 

to downwelling (mixing). Consequently, the largest DSWC events occurred during the 

passage of cold fronts, when atmospheric temperatures reinforced favourable horizontal 
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density gradients and onshore winds promoted downwelling that enhanced DSWC. 

Advection of dense shelf waters was also strongly influenced by the wind conditions, 

with significantly more transport occurring along-shelf compared to cross-shelf under 

most conditions; this aspect needs to be considered when interpreting field data. The 

broad occurrence of DSWC on the Australian continental shelf (at scales of tens to 

thousands of kilometres) suggested that these density driven processes are important for 

cross-shelf as well as along-shore movement of any suspended matter including larvae, 

nutrients, salt, heat, carbon, low-oxygen water, sediment and pollutants. 
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 Chapter 7 

Discussion and Conclusions  

7.1  Introduction 

This Chapter discusses the overall findings regarding the occurrences and 

different controlling mechanisms of Dense Shelf Water Cascades. Section 7.2 

summarises the main findings and conclusions of this study. Following that section 7.3 

discusses the aspects of this research that can be undertaken as an extension of this study 

in the future. 

In this thesis a combination of field measurements and numerical modeling was 

used to examine the dominant physical processes that control the formation and 

controlling mechanisms of DSWC around Australia. The field measurements included 

data obtained from autonomous ocean gliders with oceanographic moorings (current 

profiles and temperature), remote sensing (SST and HF Radar) and meteorological 

stations.  The numerical modelling included the atmospheric model WRF and the 

circulation model ROMS.  Study regions were concentrated along the Rottnest 

continental shelf (Chapters 5 and 6) but also included data from around Australia (Chapter 

4).  

Chapter 4 addressed the occurrence of DSWC around Australia using ocean glider 

data that included large spatial scales, seasonal (monthly) variability and regions with 

contrasting wind and tidal characteristics. Chapter 5 used field measurements to examine 

the variability of DSWC along a single transect (Two Rocks) over a period of ~one month 
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under varying wind conditions. Chapter 6, a numerical circulation model was used to 

examine the three-dimensional features of DSWC to define flow pathways, along-shelf 

movement, response to weather events (rapid cooling and mixing events) and changes in 

wind speed and direction. 

7.2  Summary of the main findings and concluding remarks 

 Data presented in this study indicated that DSWCs were primarily controlled by 

cross-shelf density gradient (∂ρ⁄∂x). Analysis of multi-year (2008-2016) ocean glider 

data set that included 192 transects from 110 glider missions confirmed the existence 

of DSWCs as  regular occurrences during the austral autumn and winter in eight 

regions with different wind and wave conditions. In these regions, negative ∂ρ⁄∂x 

(implying higher density close to the coast) were the main features and were 

generated mainly as a result of gradients in temperature due to heat loss. However, 

salinity gradients due to evaporation during the summer months were also a 

contributing factor for the generation of ∂ρ⁄∂x. The results indicated that when 

∂ρ⁄∂x<0, DSWCs were present, except under strong wind conditions. In contrast, 

when ∂ρ⁄∂x>0 DSWCs were not present. It is concluded that the cross-shelf density 

gradient is the primary forcing mechanism for the formation of the DSWCs (Chapter 

4). 

 In coastal and estuarine systems, buoyancy input promotes stratification whilst 

vertical mixing through wind and tidal forcing acts to break down stratification. The 

horizontal Richardson number (Rix), also defined as the Simpson number (equation 

4.1, 5.1, 5.2) is a measure of the dominance between longitudinal density gradient to 

vertical mixing and has mainly been applied to tidally dominated systems (Simpson 

et al., 1990; Monismith et al., 1996; Stacey, 1996). Data from this study indicated 
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that According to findings, DSWC was present (vertically stratified water column) 

when stratification energy > wind mixing energy, and Rix > 2.0 (events A to D, Table 

5.1). There was no DSWC (the water column was vertically mixed) when wind 

mixing energy > stratification energy Rix < 2.0 (events E and F, Table 5.1) (Chapter 

4 and 5). 

 Field measurements undertaken over ~ one month period from moored instruments, 

ocean glider data and remotely sensed data indicated that, although ∂ρ⁄∂x is the main 

driving mechanism, both wind speed and direction were important parameters in 

controlling the dynamics of DSWC along the Rottnest continental shelf (Two Rocks 

transect). The data indicated that the water column responded to wind forcing almost 

instantaneously and that both wind intensity and direction were critical parameters to 

(Figures 7.1 to 7.3): (1) inhibit DSWC formation through vertical mixing; and, (2) 

enhance DSWC under onshore wind conditions. This was demonstrated by the 

presence of a strong DSWC during the passage of a winter cold front where the 

onshore winds caused downwelling resulting in onshore movement of surface water 

and offshore movement in the bottom layer, enhancing the cascade (Figure 7.3). 

Vertical mixing of the water column and shutdown of the DSWC occurred under 

offshore winds (Figure 7.2). Under low wind conditions the DSWC was always 

present (Figure 7.1) (Chapter 5). 

 The application of a three-dimensional circulation model reproduced the observed 

DSWC along the Rottnest continental shelf and allowed for the examination of the 

three-dimensional aspects of the DSWC. The results indicated large spatial and 

temporal variability of DSWC, and the strengthening of the cross-shelf density 

gradient due to short term cooling events. Several dominant flow pathways were 

identified and these responded to changes in the mean wind conditions, with 
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topography playing an important role. Wind intensity and direction strongly 

influenced DSWC formation and evolution with persistent DSWC observed during 

low wind conditions, and stronger winds modifying flow pathways. Passage of 

atmospheric cold fronts resulted in rapid heat loss and enhancement of the cross-shelf 

density gradient with onshore winds promoting DSWC (Chapter 6).  

 The numerical model results and satellite derived SST imagery indicated cooling of 

the nearshore region along the whole coastline of the Rottnest continental shelf. This 

cooling generated a cross-shelf density gradients and associated DSWC. The 

numerical model confirmed the observations along Two Rocks were representative 

of the processes along the entire coast although the model output indicated more 

consistent DSWC to the south. These results enable the identification of possible 

locations for the presence of DSWC where measurements are not available.  The 

presence of colder water in SST climatology (e.g. Figure 4.2) would be the starting 

point to locate locations of DSWC (Chapter 6). 

 The broad occurrence of DSWC on the Australian continental shelf (at scales of tens 

to thousands of kilometres) suggested that these density driven processes are 

important for cross-shelf as well as along-shore movement of any suspended matter 

including larvae, nutrients, salt, heat, carbon, low-oxygen water, sediment and 

pollutants (Chapter 4). 
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Figure 7.1: DSWC persists during low wind events. 

 

Figure 7.2: DSWC is inhibited through vertical mixing during strong offshore wind 

events. 

 

Figure 7.3: DSWC is enhanced through downwelling enhancement during strong 

onshore wind events associated with winter cooling.
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7.3  Future Work 

This study examined an extensive data set collected through ocean gliders. 

Majority of the data were collected in the wind dominated region of the Rottnest 

continental shelf. The logical extension then is to examine the role of tides in the control 

of DSWC. Our data indicated that in the Kimberley region, where the tidal range is > 10 

m, DSWC was present even though tidal mixing would be expected to dominate. The 

main question that could address is whether DSWC in tidally dominated regions respond 

to the spring/neap tidal cycle. Studies in Spencer Gulf indicated (Lennon et al., 1987) that 

dense water outflows follow a spring neap cycle. Similarly, studies in regions where both 

tidal and wind mixing energy are of similar magnitude (e.g. Shark Bay; Hetzel et al., 

2013), the interplay between wind and tidal mixing controlling DSWC would be useful. 

These studies could be undertaken through both field and numerical experimentation. 

Lenz and Fewings (2012) in their review article on inner shelf circulation noted 

that ‘Turbulent stresses are a central element of inner-shelf dynamics that control the 

structure and strength of wind- and wave-driven flow’ and that ‘future measurements of 

turbulent stress profiles should substantially improve our understanding of inner-shelf 

dynamics, particularly in stratified regions’. The DSWC would be an excellent study 

region to undertake direct turbulence measurements to understand the fundamental 

aspects of vertical mixing. 

Initial work undertaken by Pattiaratchi et al. (2011) using ocean gliders identified 

the presence of DSWC along the Two Rocks transect and this study extended those 

findings to other regions of Australia.  One of the major questions to ask is whether the 

DSWC are a common feature globally but have not been identified as routine ship based 
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measurements are of insufficient resolution to identify DSWC. Thus subtropical regions 

with a Mediterranean climate should be target areas to identify DSWC.  

The application of the numerical model in this study was limited to a particular 

winter scenario in a wind dominated system. These numerical model studies could be 

extended to include for example, idealised simulations with different combinations 

cooling, wind and tidal mixing. Similarly, inclusion of biogeochemical processes would 

allow for the determination of the importance of DSWC as a process that determine the 

global carbon budget. 
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Abstract 

High evaporation during the summer and cooling during winter 

along the coastal regions of the Australian north-west shelf (NWS) 

results in a cross-shelf density gradient.  This drives a gravitational 

circulation with the offshore transport of higher density water 

along the sea bed, defined as Dense Shelf Water Cascades 

(DSWC). Ocean glider data available from the Integrated Marine 

Observing System (IMOS) were used to measure cross-shelf 

density gradients under varying wind and tide conditions along the 

Kimberley and Pilbara regions of the North-West Australian shelf. 

Analysis of 41 transects from 26 missions of high spatial and 

temporal resolution data collected between 2011 and 2015 

confirmed that DSWC occur on a regular basis during the winter 

months, mainly due to cooling of the coastal waters that were pre-

conditioned with higher salinity resulting from evaporation during 

the summer months. The cross-shelf transects indicated that both 

temperature and salinity contributed to the dense water formation. 

The dense water flow along the sea bed was identified to depths of 

up to 150m. The strongest density gradient calculated in the 

Kimberley was 5.123  10-6 kgm-4, whilst for Pilbara it was 14.23 

 10-6 kgm-4.  The temporal variability and controlling mechanisms 

of the DSWC were investigated using data from current meter 

moorings deployed on shelf regions of the Kimberley and Pilbara. 

Although these two regions are macro-tidal and are subject to wind 

mixing, the vertical temperature stratification and monthly mean 

cross-shore velocity profiles indicated the presence of cascades 

during winter months. It is shown that even in the presence of high 

tidal mixing DSWCs persist due to the strength of the cross-shelf 

density gradient. 

 
Introduction  

Dense Shelf Water Cascades (DSWC) have important ecological 

and biological implications in Australian Waters. Cascades help 

to transport nearshore water and dissolved and suspended 

material (e.g., terrestrial carbon, nutrients, larvae, low-oxygen 

water, sediments, pollutants etc.) off the continental shelves. 

Australia has a high rate of evaporation, around 2.5 m per year 

[15] with less rainfall and river run-off that generally results in 

coastal waters having higher salinity than offshore. Along the 

majority of Australian shallow coastal regions, summer 

evaporation leaves the shallow coastal waters more saline and 

subsequently in autumn and winter the nearshore waters become 

cooler due to heat loss by convection [7]. In combination, strong 

horizontal density gradients develop with density increasing from 

the ocean towards the coast. This causes the formation of 

buoyancy driven gravity currents named Dense Shelf Water 

Cascades that flow offshore along the sea bed [4, 10, 13, 14]. 

DSWC are controlled by vertical mixing resulting from either  

 

wind mixing and/or tidal mixing [5, 10]. When wind and tidal 

mixing are weak either a bottom gravity current or surface plume 

will form and when vertical mixing is strong the water column 

will be well mixed [7]. The balance between the major 

destratifying and stratifying influences neglecting air-sea 

exchanges can be expressed as [8]: 
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                                     (1) 

Where, h is the mean water depth; 𝜌𝑎  is the air density; 𝜌 the mean 

seawater density; 𝑘𝐷drag coefficient for bottom stresses; 휀 is tidal 

mixing efficiency; 𝛿 the wind mixing efficiency; 𝑢𝑏 is near-bed 

tidal velocity; W is the wind speed; 𝐾𝑚𝑧 is the vertical eddy 

diffusivity; and, 𝑘𝑆 is the drag coefficient for surface wind stress.  

For a particular water depth h, when the gravitational circulation 

term (RHS of equation (1)) is higher than the combined wind and 

tidal mixing terms (LHS of equation (1)), the water column is 

vertical stratified allows for the formation of DSWC.  The equation 

(1) implies that when the horizontal density gradient (d𝜌/dx) is 

higher and is able to overcome vertical mixing through tidal and 

wind action, DWSC can occur.  In contrast if the action of tidal 

and/or wind induced vertical mixing is relatively higher (i.e., 

higher values of 𝒖𝒃 and/or W) the water column is vertically mixed 

thus inhibiting the formation of DSWC even in the presence of a 

horizontal density gradient. 

This study is based on field measurements obtained from the inner 

continental shelves of the Australian North-West Shelf specifically 

in Kimberley and Pilbara regions. Although both regions consists 

of a very high tidal range (up to 10 m) (Figure 1) and thus are 

subject to high tidal mixing. DSWC were identified on the inner 

continental shelves particularly during the winter months. DSWC 

have previously been identified in the Kimberley region through 

examination of the oceanic response to large outgoing heat and 

freshwater fluxes using data collected on research cruises and 

moored instrument deployments for individual events in a single 

season [3, 14]. DSWCs have also been identified in other locations 

around Australia [7]: Shark Bay [9]; Great Australian Bight [11]; 

Spencer Gulf [2]; and, the Rottnest continental shelf [10]. 

However, none of these studies focused on the seasonality of 

DSWC formation, which we considered in this work. 

We used data from ocean gliders (41 transects from 26 missions) 

and mooring data deployed along the North-West Australian Shelf 

over the past six years (2010-2015) to identify the temporal 

variability and controlling mechanisms of the DSWC. All data are 

available through the Integrated Marine Observing System  
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Figure 1:  Tidal range in Kimberley and Pilbara regions of the Australian 
North-West shelf.  

(IMOS). The ocean glider data (temperature, salinity, density, 

fluorescence, sediment and oxygen) are operated by the Australian 

National Facility for Ocean Gliders (ANFOG) located at the 

University of Western Australia. Mooring arrays are maintained 

under the Australian National Mooring Network (ANMN) and 

provide observations of physical and biological parameters 

including: temperature, salinity, sea level, currents, turbidity, and 

chlorophyll.  

Methods 

Both the Kimberley and Pilbara regions in north-west Australia are 

macro-tidal with moderate wind forcing during the winter months 

[6,14]. Seasonal variations in DSWC were expected mostly to be 

affected by the relative balance between the cross shelf density 

gradient and the strength of vertical mixing generated through tidal 

and wind action. To identify when and under what conditions 

DSWC events occurred, individual events were identified through 

analysis of cross shelf density profiles recorded by ocean gliders 

adjacent to two mooring sites. The mooring data, which consisted 

of multi-year velocity profile time series, were then analysed to 

determine the temporal variability in more detail. Meteorological 

data from nearby weather stations and satellite sea surface 

temperature (SST) data were also used to determine conditions 

required for DSWC formation. 

Glider Data 

To study this region, we used Teledyne Webb Research Slocum 

Electric Glider [12] data for high spatial and temporal resolution 

vertical profiles of temperature, salinity and density. The data are 

publicly available through the Integrated Marine Observing 

System (IMOS). Slocum gliders measure data at 2Hz from the 

surface to within 5 m above the seabed up to a depth of 200 m with 

mean horizontal speed of 25 km per day [12]. Gliders traverse a 

saw-tooth pattern using buoyancy control whilst moving forward 

to the target destination and navigating to a series of pre-

programmed waypoints using GPS, internal dead reckoning and 

altimeter measurements. A Seabird-CTD, Chlorophyll-a 

fluorescence measuring sensor, coloured dissolved organic matter 

(CDOM) sensor, 660 nm Backscatter WETLabs BBFL2SLO 

optical sensor and an Aanderaa Oxygen Optode were attached to 

the ocean glider for this study. Slocum Gliders are small in size 

(1.8 m), efficient and economical to sample for much longer 

periods and higher spatial resolution compared to ships.  

For this study, 41 transects from 26 glider missions for the 

Kimberley and Pilbara collected over the period 2011 to 2015 were 

analysed. This included a total of 105006 vertical profiles and over 

29 million data points. The data included a range of varying tide 

and wind conditions. The data analyses was designed to identify 

the presence of DSWC and the effects of wind and tide on the 

formation of gravity currents. Quality control of the data were 

undertaken subsequent to the recovery of each glider and then the 

vehicle trajectory was transposed onto the Pilbara transects as a 

straight line. Each variable was interpolated onto a grid with 

vertical and horizontal resolution of specific time and depth 

respectively. Horizontal density gradients were calculated by 

subtracting the depth-mean density of a point at the seaward end 

of the transect from the depth-mean density at a point closest to the 

coast and dividing by the distance between the two points. The 

resulting density gradient was positive when the nearshore waters 

were denser than offshore waters. 

Mooring Data 

Vertical velocity profiles were obtained through a series of 

moorings as part of Australian National Mooring Network 

(ANMN) off North-Western Australia. Moorings consisted of a 

bottom mounted upward-looking ADCP located several meters 

over the period 2012-2014. Stations K1 and P1 are located at 55 m 

depth and have measured the horizontal velocity profile at 10 min 

intervals (Figure 2). Cross-shelf velocity profiles for K1 and P1 

were obtained by rotating the eastward (u) and northward (v) 

velocities to their respective depth-mean major and minor axes of 

variance. To obtain monthly averages, velocities were first 

decimated to hourly values and then low-pass filtered with cut-off 

frequency of 48 hr. Velocity measurements were then sub-sampled 

to calculate monthly means.  

Results 

Kimberley and Pilbara, both in the North-West Australian shelf, 

had deployments of several glider missions coincident with the 

ADCP mooring data (Figure 2). A typical sea surface temperature 

image during the winter indicates a band of cooler water along the 

coast (Figure 2). The cooler dense water near the coast results in a 

positive cross-shelf horizontal density gradient driving the DSWC 

(Figures 3c, 4c). Both regions experience a large tidal range with 

Kimberley tidal range on the order of 7-10 m and the Pilbara 4-5 

m [7]. The observed mean wind speeds in the Kimberley and 

Pilbara are between 3.5 and 4 m/s [7].  

 

Figure 2:  Locations of the Kimberley and Pilbara Glider transects and 
moorings (K1 and P1) overlaid on Modis SST data during winter.   

Seasonal changes along the inner continental shelves of these 

regions were investigated using the ocean glider observations and 

the presence of DSWCs were confirmed during the winter months 

(Figure 3 and 4). 

Because of the high evaporation during the summer and cooling 

during winter along these coastal regions (data not shown), the 

cross-shelf density gradient became the dominant force for DSWC 

formation during winter. The density gradient in the Kimberley 

during winter was 5.123  10-6 kgm-4 (Figure 3c), whereas for 

Pilbara it was 14.23  10-6 kgm-4 (Figure 4c).  When the cross-

shelf density gradient was weak or sometimes even negative in 

summer, autumn and spring seasons DSWC was not  



Appendix B - Dense Shelf Water Cascades along the North- West Australian Continental 

Shelf………………………………………………………………….. 

212 

 

 
Figure 3: Cross-shelf density profiles showing the seasonality of DSWC 
formation along the Kimberley coast represents the presence of DSWC in 

winter. All profiles are in same density range and plotted according to date 

(month/day) along the x-axis in (a) 2014, (b) 2015, (c) 2014 and, (d) 2012 
respectively.  

 

Figure 4: Cross-shelf density profiles showing the seasonality of DSWC 

formation along the Pilbara coast represents the presence of DSWC in 

winter. All profiles are in same density range and plotted according to date 
(month/day) along the x-axis in (a) 2014, (b) 2014, (c) 2012 and, (d) 2014 

respectively.  

present (e.g. Figures 3 a,b,d and 4 a,b,d). During these months, the 

nearshore regions were mostly vertically mixed as the density 

gradient was weak to overcome the mixing generated by tidal and 

wind induced vertical mixing. In winter, DSWCs spread across the 

entire shelf as well as onto the slope and shelf became vertically 

stratified with colder, more saline water along the sea bed.  

 

Figure 5: Cross-shelf profile of DSWC as measured by Slocum glider on 

the Kimberley coast during August 2014.  

Cross-shelf transects for Kimberley and Pilbara indicated that both 

temperature and salinity contributed to the dense water formation 

(Figures 5 and 6). The dense water flowing offshore along the sea 

bed may be identified to depths of up to 100m for the Kimberley 

and up to 150m for the Pilbara region. These DSWC were 

observed in the Kimberley during August 2014 (Figure 5) and in 

the Pilbara during July 2012 (Figure 6), when higher salinity water 

was present near the coast due to summer evaporation and 

subsequently the water was cooled down and the cross-shelf 

gradient became sufficiently strong to establish the gravity current.  

 
Figure 6: Cross-shelf profile of DSWC as measured by Slocum glider on 

the Pilbara coast during July 2012.  

 

Figure 7: Vertical profiles of cross-shore velocities, averaged over three 

years (2012~2014) from two ADCP moorings in the (a) Kimberley and (b) 
Pilbara. Offshore direction is positive in both cases.  

The monthly mean cross-shore component of velocity in both 

Pilbara and Kimberley indicated positive (offshore) flow near the 
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sea bed in Jun~Aug (Figure 7a, 7b) with return flow at the surface. 

Offshore velocities in this period were ~3 cm/s near the bottom 

and were positive throughout the water column in August in the 

Kimberley region. The same feature was evident in Glider data in 

August (Figure 5). The two layer flow structure developed in May 

and ended in August corresponding to the time when convective 

cooling had a maximum effect on the water column structure, 

evident in the glider data (Figure 3c and 4c). In June-August winds 

in the region are often upwelling favourable and generally oppose 

the formation of DSWC. However, the cooling effect appeared to 

be sufficiently strong to overcome the effects majority of the time. 

Discussion 

Analysis of 41 transects from 26 glider missions for the Kimberley 

and Pilbara regions over the period 2011 to 2015 confirmed that 

DSWCs were a common occurrence in winter seasons, even under 

strong tide and wind conditions.  Moored ADCP current velocity 

profiles during 2012 to 2014 also verified the seasonal variability 

of cascade formation, with mean two layer flow structure evident 

during the winter months resulting in the offshore transport of 

water along the sea bed. Data suggested that only during 

May~August, the density gradient become strong enough to 

compete against vertical mixing energy. Cascades were observed 

to occur in this period with velocities between 2~3 cm/s in the 

Kimberley and Pilbara regions [1]. DSWC have been documented 

previously for a single season in North-west Australian shelf [3, 

14] but here several years of glider and ADCP data allowed us to 

observe the seasonality of cascade formation for both regions. 

Results indicated that even in the presence of high tidal mixing 

DSWC can persist due to the strength of the cross-shelf density 

gradient during winter, whilst they do not generally occur during 

other seasons when the gradient is weak or reversed. 

 Conclusions 

The broad range of ocean glider data from IMOS and several years 

of mooring deployments from ANMN present a unique 

opportunity to examine DSWC in different coastal regions. In this 

study, we focused on the Kimberley and Pilbara regions along 

North-west Australian shelves. Due to high evaporation in 

summer, the nearshore water becomes more saline. In winter, this 

water is cooled at the surface, becoming denser and contributing 

to the formation of strong positive horizontal density gradients, 

which leads to DSWC formation over the continental shelf and the 

slope. Tide and wind have the capability to mix the shallower 

water column, when the density gradient is weak. In general, 

during winter the cross-shelf density gradient remains positive and 

dominates over mixing in both the Kimberley and Pilbara, despite 

relatively strong tides and winds.  
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