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Abstract 

Physical properties of the ocean are essential for the chemistry and biology of the ocean, 

and affecting the growth and distribution of marine organisms. Although many studies 

have evaluated the physical and biological properties of coastal waters off south-

western Australia, fine spatial and temporal scale features of these parameters have not 

been well characterized due to short sampling periods and limited spatial resolution. In 

this study, an ocean glider dataset, obtained from the Rottnest continental shelf between 

2009 and 2016 was used to examine linkages between chlorophyll fluorescence 

distribution and physical forcing over a range of temporal scales. The results indicated 

that temperature, salinity and chlorophyll exhibited distinct seasonal and inter-annual 

variability. In deeper waters, the subsurface chlorophyll maximum was the major 

feature during spring and summer due to vertical stratification. On the inner shelf, 

chlorophyll concentrations were maximum during autumn and winter, with dense shelf 

water cascades (DSWC) being the dominant physical feature. Chlorophyll values were 

higher in 2011 (the year of the strongest La Niña), coincided with lower salinity and 

warmer waters, compared to that between 2012 and 2015. The study region is close to 

the critical latitude where the local inertial period and the diurnal sea breeze forcing 

coincide to generate near-inertial waves. During summer these large (~50 m) 

oscillations of the thermocline resulted in upwelling/downwelling at diurnal scales, with 

a corresponding response in the chlorophyll concentration. In winter, higher chlorophyll 

levels were observed ~1-3 days after the passage of storms subsequent to sediment re-

suspension. It is concluded that chlorophyll variability in the region is closely related to 

physical forcing at time scales ranging from hours to years.  
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Chapter 1 

Introduction 

1.1 Motivation 

Almost all kinds of life forms on earth are reliant on primary production, directly or 

indirectly, and the majority of primary production in the pelagic ocean is performed by 

phytoplankton in the ocean (Field et al., 1998; Falkowski et al., 1998). Hence, 

chlorophyll concentrations, a biological indicator of primary productivity reflecting the 

phytoplankton distribution is important in the study of the ocean. Turbulent boundary 

conditions combined with strong episodic atmospheric forcing, result in the numerous 

physical processes that define the complexity of the coastal ocean. The physical 

properties (e.g., temperature and currents), chemical properties (e.g., nutrients) and 

biological properties (e.g., chlorophyll) are interconnected. The formation of 

phytoplankton patchiness is one of the most significant problems for the management of 

coastal margins (Branch et al., 2013; Liu and Tang 2012). Relationships have been 

made between the occurrence of algal blooms and other environmental variables, such 

as light availability (Sverdrup, 1953; Huisman and Weissing, 1994), water temperature 

(Hambright et al., 1994; Paerl and Huisman 2008), and salinity (Karsten et al., 1995). 

 

In physical oceanography, fine temporal and spatial scale measurements (e.g.i.e. 

temperature, salinity and currents) have been widely available, mainly attributed to 

early development and advances in instrumentation. However, in the same environment, 

biologists have not enjoyed this larger perspective and have been principally limited to 

information inferred from discrete sampling. In fact, as the scale of the algae patches 

ranges from a few centimetres to hundreds of kilometres (Alexander et al., 2012), the 

field sampling data requires high spatial and temporal resolution in order to characterize 

the patches. This lack of information is juxtaposed with the importance of coastal 

environments with respect to the disproportionately high productivity of these 

ecosystems relative to open ocean systems, and the mounting number and intensity of 

anthropogenic impacts. Due to these limitations, no study has focused on the 

corresponding chlorophyll response during different wind events in coastal regions. 
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Acquiring data directly at depth with high temporal and spatial resolution is necessary 

in order to continuously monitor and analyse ocean trends, learn about ocean processes, 

predict climate change, and acquire physical, chemical and biological oceanographic 

data. Traditional survey techniques combined with ocean colour satellite data (e.g., 

SeaWiFS, MODIS Aqua) (McClain, 2009) have increased our knowledge of 

phytoplankton dynamics and of the seasonal climatology, however these observational 

methods can be greatly limited by atmospheric and ocean conditions, cloud cover, 

shallow bathymetry and resolution of important mesoscale or sub-mesoscale features, 

which are important to biological processes (e.g., McGillicuddy et al., 2007). Also 

satellite imagery is limited to processes at the surface and cannot directly image the sub-

surface. As a valuable addition to ocean observational platform, buoyancy-propelled 

autonomous underwater vehicles, known as ocean gliders, have the capability to 

overcome some of these limitations and provide physical, chemical and biological data 

over large distances (~10-1000 km) and long endurance time (Eriksen et al., 2001; 

Davis et al., 2008; McClatchie et al., 2012; Curry et al., 2014). 

 

1.2 Objectives 

The physical and biological properties of ocean water are essential for the marine 

organisms. Although a significant understanding of the physical and biological 

oceanography along Western Australia (WA) coast was developed over the past decade 

(Gersbach et al., 1999; Pearce et al., 2000; Hanson et al., 2007; Furnas, 2007;  

Pattiaratchi et al., 2011; Pearce et al., 2006; Woo and Pattiaratchi, 2008; Koslow et al., 

2008), few studies have explicitly investigated the relationship between meteorological 

and oceanographic conditions and phytoplankton dynamics over different temporal 

scales; this lack of information is primarily due to the lack of comprehensive 

observational data. Most of the available oceanographic and biological data are 

restricted in both space and time and are thus not suitable to study patterns across the 

Rottnest continental shelf. In this dissertation, the first sustained ocean glider dataset 

(2009-2016) obtained across the Rottnest Continental Shelf (off south-western 

Australia), together with satellites images, meteorological data, mooring data and ship 

surveys were used to examine the variability of physical parameters and chlorophyll 

fluorescence concentration (a measure of phytoplankton biomass) distribution over 
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large temporal scales (seasonal and interannual) to small temporal scales (daily to 

weekly), and to even smaller scale (daily to hourly) over the period 2009-2016. Using 

these datasets, a better understanding of the links between meteorological and 

oceanographic conditions and chlorophyll fluorescence concentration were examined.  

Throughout the thesis the term ‘chlorophyll concentration’ is used to represent 

chlorophyll fluorescence as measured by the ocean gliders. 

 

Specifically, the main objectives of this dissertation are listed as follows: 

 quantify the variability of temperature, salinity and chlorophyll concentration on 

large temporal scales (i.e., the seasonal and interannual), and explore possible 

factors affecting the observed variability (Chapter 4) 

 evaluate the diurnal variability of chlorophyll concentration investigate possible 

physical forcing of the observed variability (Chapter 5) 

 examine the small temporal scale response (i.e., hourly to daily) of chlorophyll 

distribution to variable wind forcing (Chapter 6) 

 

1.3 Thesis overview 

Following this introduction, Chapter 2 presents a Literature Review that includes a 

summary of rationale for the small scales studies and plankton ecology, and provides a 

detailed background on the study area. Chapter 3 provides a detailed overview on the 

use of underwater gliders for ocean sampling. The core results sections of this thesis 

(Chapters 4-6) are presented as a series of stand-alone manuscripts, intended for journal 

publication. Some repetition of background, study site details and methodology has 

been required for completeness, although the Introduction for each chapter also expands 

upon the Literature Review. Finally, in Chapter 7, a general discussion and concluding 

remarks from each of the three main chapters are summarised, showing the links 

between the results, and providing recommendations for future work.  
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Chapter 2 

 Literature review  

2.1 Rationale for the small scales exploration 

2.1.1 Oceanic processes 

The focus on oceanic small-scale processes (e.g., transient upwelling) has been driven 

by recent research efforts (Zhang et al., 2009; Hyder et al., 2011; Lucas et al., 2014; 

Mihanović et al., 2016) which are beginning to reveal the importance of these processes 

in coastal regions. The most vigorous vertical motions in the ocean are associated with 

mesoscale and sub-mesoscale features, such as mesoscale eddies, fronts and filaments. 

It is now recognised that sub-mesoscale (1-10 km) and mesoscale (10-100 km) 

processes have a significant integrated impact on the ocean’s primary production budget 

and on the carbon fluxes between the atmosphere and the ocean (Lévy et al., 2012; 

Thomas et al., 2013; Pidcock et al., 2016). Theoretical studies in mesoscale ocean 

general circulation and biogeochemical models, regional sub-mesoscale physical and 

bio-physical models, mesoscale in-situ measurements and satellite observations have 

considerably advanced the understanding of the small-scale dynamics (Shuckburgh, 

2012; Nardelli, 2013; Zhong et al., 2017; Faghmous et al., 2015). They have shown that 

a substantial proportion of upwelling, subduction, stratification and lateral stirring in the 

upper-ocean occur at the small scales (Capet et al., 2008a, b, Mahadevan, 2006, 

Mahadevan and Tandon, 2006, Shay et al., 2003).  

 

Small-scale dynamics have been considered as crucial processes to understand the 

variance of observed parameters in the mixed layers that cannot be explained by the 

analytical and numerical studies of large-scale dynamics. The questions raised by this 

discrepancy are challenging because these processes are embedded in a larger and 

energetic flow (Molemaker et al., 2005), and hence are difficult to resolve from non-

synoptic measurements. At these fine scales, the geostrophic balance is absent and a 

geostrophic non-linear three-dimensional turbulence tends to dominate (McWilliams, 

2016). This makes these dynamics very difficult to simulate in numerical models. 

Nevertheless, it is fundamental to understand the vertical motions associated with small-
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scale upper ocean dynamics because they play an important role in the global carbon 

cycle. Indeed, they have a profound impact on transportation of nutrients into the 

euphotic zone, that enables primary production to occur, and on the light levels 

experienced by phytoplankton.  

 

2.1.2 Phytoplankton ecology  

The upper pelagic ocean, or euphotic zone, is the region where microscopic plants and 

phytoplankton thrive and photosynthesize in a well-lit environment. Marine 

phytoplankton are central players in the global carbon cycle. Although individually 

quite small, the combined net primary production of this diverse consortium in the 

marine system is estimated to be between ~44-67 Pg of carbon (C) annually; nearly half 

of global primary production (Longhurst et al., 1995; Field et al., 1998; Behrenfeld et al., 

2005; Westberry et al., 2008). With such significant role in the carbon cycle, it seems 

clear that alterations to this system can potentially have implications for the global 

ecosystem.  

 

Although globally important, biological activity in the oceans is controlled on much 

smaller time and space scales. Phytoplankton growth rates can double over the order of 

a day, and phytoplankton blooms may develop over weeks. Patches of phytoplankton 

range from a few centimetres to hundreds of kilometres (Alexander et al., 2012). The 

characteristics of time and space scales associated with different physical and biological 

processes in the ocean are shown in Figure 2.1. Interactions between phytoplankton 

growth and oceanic physical processes occur at the mesoscale and sub-mesoscale, 

ranging from 0.1-10 km, and temporal scales ranging from a few days to several months 

(Mahadevan, 2016). Patterns in chlorophyll concentrations occur on fine spatial scales 

formed by the action of eddies (mesoscale, 10-100 km) and fronts and filaments (sub-

mesoscale, 1-10 km), which are important and ubiquitous dynamical features in the 

ocean (Klein and Lapeyre, 2009). 
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Figure 2.1 Time and space scales of physical and biological processes in the oceans, 

adapted from Dickey (1991). 

In fact, the identification of the factors controlling phytoplankton distribution and 

bloom dynamics has been a fundamental problem in the field of biological 

oceanography for the past century. In general, phytoplankton is controlled by several 

biological interactions including top-down processes and bottom-up processes 

controlled by source availability (e.g., light and nutrients) (Tilman et al., 1982; 

Armstrong, 1994; Kiørboe, 1997; Prowe et al., 2011). These interactions are, in turn, 

controlled by physical ocean-atmosphere processes such as temperature variations, 

ocean circulation, atmospheric dust deposition, turbulent mixing of the upper mixed 

layers (Randall et al., 1998). It is obvious that these processes and factors comprise a 

very complex system and the existing knowledge of the processes controlling the 

system ranging from regional to global scales is still insufficient to understand the 

system, as a whole. In light of ever increasing climate change, human induced nutrient 

enrichment and overfishing of the world’s oceans, developing a better understanding of 

the factors controlling processes within the marine system is essential in order to be able 
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to sustainably manage the interaction of human activities and the earth system 

(Richardson et al., 2011).  

 

2.1.3 Wind field effect on phytoplankton dynamics 

It is well known that phytoplankton distribution is strongly linked to physical forcing at 

time scales of weeks to months. However, limited studies have focused on the 

interactions between transient events (hours to days) and phytoplankton dynamics (e.g. 

Claustre et al., 1994; Frank and Walstad, 1997; Ringuet and Mackenzie, 2005; Findlay 

et al., 2006). Short time and space scale physical processes, for example wind events, 

can excite nonlinear phenomena which decouple biological trophic interactions (Frank 

1997). Such decoupling may lead to transient states in which the phytoplankton can 

show unusually high net production rates, leading to an amplification of phytoplankton 

patchiness. Eppley and Renger (1988) found a nanomolar increase in nitrate and in the 

rate of primary production, associated with low wind speed. Klein and Coste (1984) 

suggested that nutrient enhancement in the surface layers was due to wind-induced near-

surface inertial oscillations. Brandini and Rebello (1994) suggested that temporal 

variations in chlorophyll and nutrient concentrations in the euphotic zone were 

associated with changes in the wind field and hydrological conditions in Admiralty Bay, 

Antarctica.  

 

Variations in wind speed have been shown to significantly affect local hydrodynamics 

and distribution of nutrients and phytoplankton biomass (Babin et al., 2004; Platt et al., 

2005). Strong wind events (e.g., storms with wind speeds >17 m/s) have been found to 

induce mixing as winds change direction and strength (Jaimes and Shay, 2015; Ulses et 

al., 2008; Rennie et al., 2006; Klinck, 1996; She and Klinck, 2000; Skliris et al., 2001). 

Storms can also cause large resuspension of detritus, sediments and other materials, due 

to wave shear stress (Gardner et al., 2001; Verspecht and Pattiaratchi, 2010; Yang et al., 

2007; Pusceddu et al., 2005; Fanning et al., 1982). Shrophshire et al. (2016) concluded 

that in coastal regions, physical response to storms generally include a decrease in sea 

surface temperature associated with an uplifted thermocline (Price, 1981), transient 

upwelling induced by Ekman pumping (Bueti et al., 2014), and a near inertial response 

(Jacob et al., 2000). 
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2.2 Study area 

2.2.1 Coastal oceanography 

Along the Rottnest continental shelf margin, off south-western Australia, the water 

bodies are mainly influenced by the Leeuwin and Capes Current (Woo and Pattiaratchi, 

2008) (Figure 2.2). The Leeuwin Current (LC), a poleward-flowing eastern boundary 

current generally located along the continental shelf-break and upper slope (Cresswell 

and Golding, 1980). The LC is driven by an alongshore geopotential gradient 

(Thompson, 1984; Thompson, 1987), connecting the Indian and Pacific oceans north of 

Australia and the low density of the tropical source waters. The steric height gradient is 

sufficiently large to overcome the opposing equatorward wind stress, along the LC to 

progress southwards (Cresswell, 1991). Unlike other eastern boundary currents that 

consist of equator-ward surface flow accompanied by large-scale upwelling (Andrews 

and Hutchings, 1980; Bakun, 1990; Nykjaer and Van Camp, 1994; Montecino and 

Lange, 2009), the poleward flow of the LC generally suppresses upwelling along the 

shelf break and outer shelf of WA coast (Cresswell and Golding, 1980; Weaver and 

Middleton, 1989; Pattiaratchi and Woo, 2011). 

 

The LC is characterised by low chlorophyll concentration with phytoplankton restricted 

to deep chlorophyll maximum layers near the nitracline (Hanson et al., 2007), low 

nutrient levels, low salinity (Pearce et al., 2000), and low productivity (Koslow et al., 

2008). The LC is present all year round; however, it flows strongest during the austral 

autumn/winter (April-September) when the opposing southerly winds and sea breezes 

are weakest (Godfrey and Ridgway, 1985; Smith et al., 1991; Pattiaratchi and Woo, 

2009). The strength and volume of the LC is also associated with the El Niño/Southern 

Oscillation (ENSO) cycle. High coastal sea levels correspond to stronger LC flow 

during La Niña years, compared to low sea levels and weaker flow during El Niño years 

(Pearce and Phillips, 1988; Feng et al., 2003, 2004). 
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Figure 2.2 Location of the Rottnest continental shelf, Western Australia measurement 

sites. The major current systems, i.e., the Leeuwin (red) and Capes (blue) Currents are 

shown schematically as southward and northward flowing, respectively. The black stars 

denote the location of Acoustic Doppler Current Profilers (ADCP) at 100 m and 200 m 

depth respectively. The black triangle denotes the Rottnest Island meteorological 

station.  
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The Capes Current (CC), a seasonal inner shelf wind-driven current, generally forms in 

water depths of less than 50 m (Gersbach et al., 1999; Pattiaratchi et al., 2011), flows 

inshore of the LC during summer months when southerly wind (>7 m/s) and sea breezes 

prevail (Pearce and Pattiaratchi, 1999; Pearce et al., 2006; Lucas et al., 2014), and 

induces upwelling transporting colder, high salinity water northward (Gersbach et al., 

1999). Sporadic and localised wind-driven upwelling events have been documented 

primarily during the austral summer, coinciding with the minimum transport of the LC 

and the prominence of upwelling-favourable winds (Hanson et al., 2005; Rossi et al., 

2013). The CC transports colder, upwelling-derived water northward past Rottnest 

Island between October and March (Gersbach et al., 1999; Fearns et al., 2006). During 

the remaining time of the year, except for several weather-related reversals, it tends to 

flow southwards (Cresswell et al., 1989; Pattiaratchi et al., 1995; Fearns et al., 2007).  

 

2.2.2 Meteorological context 

The shelf processes off south-western Australia are mainly wind driven, and 

characterised by a low tidal range (<0.6 m) with diurnal tides (Pattiaratchi and Eliot, 

2008). The effects of wind include mixing, circulation, and particulate resuspension 

dominated by local land-sea breeze (LSB) activity, particularly during the summer 

months (Pattiaratchi et al., 1997; Zaker et al., 2007; Verspecht and Pattiaratchi, 2010; 

Gallop et al., 2012). Three wind systems dominate this region: sea breezes, storms, and 

calm winds (Steedman and Craig, 1983). 

 

Local sea breezes, the most common wind system superimposed upon synoptic 

southerly winds (with speeds often >15 m/s), are prevalent in summer and spring 

(September-February) (Verspecht and Pattiaratchi, 2010). The sea breezes contribute 

approximately 35% of all wind patterns annually. The unusually strong alongshore sea 

breeze results from the interaction of the local sea breeze generated due to the synoptic 

pressure system and the land–sea temperature gradient (Pattiaratchi et al., 1997). During 

a typical sea breeze day, the wind speed in the morning is usually low (5 m/s) and 

directed offshore (westward) (Figure 2.3). The wind direction then typically changes to 

south/south-westerly around late morning/early afternoon, and steadily increases to 

speeds around 10-15 m/s. The maximum wind speed is generally reached by the late 

afternoon/early evening (Verspecht and Pattiaratchi, 2010).  
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The diurnal LSB system off the WA coast is among the strongest (frequently >10 m/s 

with maxima reaching 20 m/s) and most consistent in the world (Mihanović et al., 2016), 

and results from a combination of forcing through the diurnal heating-cooling cycle and 

the synoptic system. Sea breeze-induced resonance is proposed to occur off southwest 

Australia, where the diurnal LSB forcing is close to the Coriolis frequency of planetary 

rotation (Mihanović et al., 2016). 

 

 

Figure 2.3. Sea breeze and land breeze wind circulation patterns 

(http://paraglidinginfo.com/resources/sea-breeze-land-breeze-infogram). 

Wind-induced resonance occurs when either the broadbanded, open-ocean winds excite 

the near-inertial frequency more effectively than other frequencies, or when the main 

wind forcing is at a single frequency, which causes the ocean to respond at the same 

frequency (Craig, 1989a, b; Figure 2.4). The latter situation is proposed to occur off 

south-west Australia, where the diurnal LSB forcing is close to the Coriolis frequency 

of planetary rotation (Mihanović et al., 2016). Such wind-induced resonance has also 

been observed near critical latitudes (30°N-S  10°) off Namibia (Simpson et al., 2012); 
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the Gulf of Thermaikos, northwest Aegean Sea (Hyder et al., 2002); the Texas-

Louisiana shelf in the Gulf of Mexico (Chen et al., 1996; DiMarco et al., 2000; Zhang et 

al., 2009, 2010; Gough et al., 2016) and south-west Australia (Mihanović et al., 2016). 

 

 

Figure 2.4. Tuning fork example of resonance 

(http://ascensionglossary.com/index.php/Law_of_Resonance). 

In LSB system, winds are not always constant in strength or direction, such that when a 

wind that has been driving a current ceases to provide sufficient energy to do so, inertial 

currents are created. Inertial currents, which are energetic throughout the world’s oceans, 

are circular, oscillatory motions resulting from a balance between radial and geostrophic 

accelerations (Simpson et al., 2002, Figure 2.5). Such motions are strongest in the 

presence of periodic forcing that is resonant with the local inertial frequency (Craig, 

1989; Simpson et al., 2002; Orlic and Pasaric, 2011; Hyder et al., 2011). However, in 

the vicinity of the coastal boundary, the zero-flux condition at the boundary changes the 

behaviour of the inertial currents, which results a phase shift between surface and 

bottom layers (Chen et al., 1996). 

 

http://ascensionglossary.com/index.php/Law_of_Resonance
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Figure 2.5. Circular motion caused by inertial currents along the Rottnest continental 

shelf. FRE denotes Fremantle; GUI denotes Guilderton; and, black squares denote 

glider transect.  

In this study region, storm systems make up approximately 28% of the wind patterns 

annually; storms occur all year round, but are most frequent during winter months 

(June-August). Approximately 15-30 storms of 1-5 days duration occur annually. 

During the passage of a frontal system, the region is subject to peak wind speeds of 

approximately 20 m/s, which are generally southerly in summer and north-westerly in 

winter.  

 

Calm wind periods are mainly observed during autumn and winter (March-August), and 

contribute around 18% of all annual wind patterns. These calm periods have very low 

wind speeds (less than 5 m/s) that are generally from the east; calm periods can last 

around 1-15 days. It is during these low wind conditions that circulation may be driven 
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by the less dominant forcing mechanisms, including tides, density gradients and 

alongshore currents (Steedman and Craig, 1983). 

 

2.2.3 Coastal upwelling 

Coastal upwelling is one of the best known and important type of upwelling, as it 

sustains one of the richest fisheries in the world. Coastal upwelling regions occupy 

approximately 0.1% of the global oceans, but at least half of the fish catch is from these 

upwelling regions (Ryther, 1969).  

 

Wind-driven currents are deflected to the left in the Southern Hemisphere (Figure 2.6) 

and to the right in the North Hemisphere due to the Coriolis effect, which results in a 

net movement of surface water at right angles to the direction of the wind (45° at 

surface to total shift of 90° for the water column); this is known as Ekman transport 

(Figure 2.6). When Ekman transport occurs, the surface waters are replaced by nutrient- 

rich, deep, cold, and saltier waters, indicating coastal upwelling. This rich nutrient 

environment enhances the productivities of plankton and fishes, which have high 

commercial value and play an important role in the marine biogeochemical cycle 

(Juneja et al., 2013; Ratnarajah et al., 2014). Coastal upwelling systems are highly 

dynamic and exhibit wide variations in the hydrographic, nutrient and phytoplankton 

characteristics; these are controlled by local meteorology on short time scales and 

remote forcing on longer time scales.  
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Figure 2.6. Upwelling and Ekman transport in south-western Australia current system: 

Leeuwin (red arrow) and Capes Currents (blue arrow) (Wind driven currents deflected 

to the left in the Southern Hemisphere). 

The major upwelling regions generally associated with eastern boundary currents 

(Andrews and Hutchings, 1980; Bakun, 1990; Nykjaer and Van Camp, 1994; 

Montecino and Lange, 2009). Oceanographic conditions off the WA coast are unique, 

being associated with a combination of large-scale downwelling interspersed with 

small-scale seasonal coastal upwelling (Cresswell and Golding, 1980; Weaver and 

Middleton, 1989; Lowe et al., 2012; Xu et al., 2013). 

 

Sporadic upwelling events have been observed off south-western Australia each year, 

mainly in summer, coinciding with the minimum transport of the LC and the 

prominence of upwelling-favourable winds (Gersbach et al., 1999; Hanson et al., 2005; 

Rossi et al., 2013). Beside the LC, local topography, primarily with respect to the width 

of the continental shelf, also affects upwelling variability (Hanson et al., 2005; Rossi et 

al., 2013). Modelling simulations revealed that the transient upwelling associated with 

the CC occurs numerous times during the summer season (dependent on wind forcing). 

Xu et al. (2013) proposed that the strength of the winds may not be the single factor 
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influencing upwelling events; it is likely that other physical mechanisms may contribute 

to produce upwelling in this region. In fact, specific field investigations of 

phytoplankton responses to small-scale seasonal upwelling in this region are very 

limited to date (e.g. Hanson et al., 2005). 

 

2.2.4 Dense shelf water cascades 

Dense shelf water cascades (DSWC) have also been observed in the study region, 

mainly in autumn and winter (Pattiaratchi et al., 2011). These DSWC are formed in 

coastal waters either by a decrease in temperature through cooling or increase in salinity 

from evaporation (Figure 2.7); the cascaded waters are transported across the shelf. 

During the winter months the shallower coastal waters lose heat due to convective 

processes resulting in colder water near the coast (Mahjabin et al., 2016). The 

combination of higher salinity colder water closer to the coast results in a horizontal 

density gradient (d𝜌/dx) with increasing density from the ocean towards the coast. This 

gradient drives a gravitational circulation with the offshore transport of denser water 

along the sea bed. Additionally, this density gradient is controlled by vertical mixing 

resulting from turbulence generated by the wind and the tide (Hetzel et al., 2013; 

Pattiaratchi et al., 2011). Mahjabin et al. (2016) indicated that spatial chlorophyll 

distributions were closely matched with seawater density patterns, resulting in the 

transport of coastal waters along the sea bed from the continental shelf to the open sea. 

 

 

Figure 2.7. The formation of DSWC in the presence of a cross-shelf density gradient. ρ1 

and ρ2 denote density; and, the brown colour denote DSWC.  
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Previous studies have shown that the formation of DSWC, a type of gravity current, is 

mainly influenced by changes in wind direction (Chen, 1995; Charba, 1974). The 

cascade water formed in the Adriatic Sea, a recognised source of dense bottom water for 

the eastern Mediterranean Sea, was shown to be under the influence of onshore winds 

(i.e., westerly) (Zoccolotti and Salusti, 1987). Along the Gulf of Lions in the north-west 

Mediterranean Sea, major DSWC events observed during the of winters 2005 and 2006 

were driven by exceptionally strong and dry northern winds (i.e., cross-shore) (Canals et 

al., 2006; Pusceddu et al., 2013). Conversely, off south-western Australia, calm winds 

have been associated with the formation of DSWC (Pattiaratchi et al., 2011). 

 

2.2.5 Chlorophyll patterns 

A large-scale survey of the eastern Indian Ocean conducted during the International 

Indian Ocean Expedition (IIOE) documented phytoplankton biomass (Humphrey, 1966; 

Krey and Babenerd, 1976). The results of the expedition provided useful information on 

vertical structure and seasonal trends, however the spatial resolution was poor. Based 

upon chlorophyll concentrations estimated from Sea-Viewing Wide-Field-of-View 

Sensor (SeaWiFS) ocean colour data collected during 1998-2003 (Koslow et al., 2008), 

it was found that the seasonal cycle of phytoplankton shows a clear maximum in late 

autumn or early winter, while chlorophyll levels are minimal during the spring and 

summer. However, as remote sensing is limited to the ocean surface, the 

deep/subsurface chlorophyll maximum cannot be captured. The formation of the deep 

chlorophyll maximum can contribute a significant proportion of the depth integrated 

productivity in oligotrophic waters off Western Australia (Hanson et al., 2007). 

Maximum chlorophyll concentrations were higher at an inner shelf (40 m) station than 

farther offshore, which coincided with significant inshore variation in temperature and 

salinity, as documented by Pearce et al. (2006). Similar seasonal features were 

confirmed by field measurement; Lourey et al. (2006) found that the concentration of a 

shelf-scale chlorophyll event in winter was two times higher than that seen in summer. 

This strong seasonal increase in chlorophyll is widespread, occurring on the shelf, in the 

LC, and further offshore.  

 

This winter bloom may be associated with mesoscale features in the LC (e.g., eddies 
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and meanders) enhancing horizontal exchange and vertical mixing, and introducing 

nitrate into the euphotic zone (Lourey et al., 2012; Feng, 2009). Thompson et al. (2011) 

found that a major source of nitrogen driving this seasonal chlorophyll increase was a 

thin layer of low dissolved oxygen and high nitrate found at approximately 100 m depth, 

or just under the surface manifestation of the LC. Similar results were observed off the 

North West Cape region of Australia, where Rousseaux et al. (2012) investigated 

physical mechanisms that influence the seasonal variability in phytoplankton biomass 

by using ocean colour and a data-assimilating numerical ocean model. Results 

suggested that the key mechanism for the seasonal chlorophyll enhancement was due to 

the mixed layer depth deepening, that induced an increase in nutrient concentration; this 

partially due to the acceleration of LC. Furthermore, based on six years of satellite-

derived ocean colour observation, Moore et al. (2007) found that low chlorophyll was 

associated with cyclonic eddies, while high chlorophyll was associated with 

anticyclonic eddies. As eddies often involve upwelling/downwelling, the vertical water 

column properties are required to explain eddy formation. Due to the dynamic feature of 

eddies, high-resolution water column data would be valuable to improve the knowledge 

on eddies, including the evaluation of temporal and spatial variability and related 

chlorophyll distributions.   
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Chapter 3 

Underwater gliders for ocean sampling 

3.1 History of development 

Oceanic systems are controlled by winds, and while the study of the relationships 

between wind conditions and ocean biology began decades ago (e.g., Denman, 1973), 

the study of chlorophyll distribution has been limited due to the lack of high-resolution 

data. The development of ocean gliders has now changed this, and in this study, high-

resolution data, collected using gliders over a seven year period was analysed. Ocean 

gliders are relatively inexpensive underwater platforms used for ocean observation, and 

were first proposed by Henry Stommel (Stommel, 1989). The first autonomous 

platforms, underwater floats called ’Argo’ were capable of moving both vertically and 

horizontally in the water. These floats could not be controlled, and could instead only 

drift with the currents, which restricted the observation of specific ocean features; this 

was a particular problem in observing areas of divergence, or tracking features such as 

eddies. These short-comings led to design of buoyancy-driven floats such ‘Slocum’ 

gliders (named after Joshua Slocum, the first man to sail single-handedly around the 

world), which can be remotely controlled. 

 

3.2 High resolution glider dataset 

In this study, a high spatial and temporal resolution ocean glider dataset was used.  The 

data were collected along a repeated transect using Slocum ocean gliders over the 

period 2009-2016 (Figure 3.1). In total, 50 separate glider deployments (each of ~25 

day duration), resulted in the collection of approximately: 200 transects, 120990 vertical 

profiles, and 31 million individual sampling points (see Table 3.1 for the timeline of 

glider deployments). Each variable (e.g., temperature, salinity, chlorophyll and 

backscatter) was processed with quality control and the actual vehicle trajectory was 

transposed onto the Two Rocks Transect as a straight line (Figure 2.2) (Pattiaratchi et 

al., 2011). The glider transects took around 2-3 days each to complete (Pattiaratchi et al., 

2011). Details of the glider operations are listed in Pattiaratchi et al. (2017). 
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Figure 3.1. Locations and tracks of all Slocum ocean glider deployments over the 

Rottnest continental shelf and along the Two Rocks transect over the period 2008-2016 

(see Table 3.1). Red rectangle detonates selected glider transect 
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Table 3.1. The deployment across Rottnest continental shelf 

Deployment 

No. 

Year Mission 

Date 

 Deployment 

No. 

Year Mission 

Date 

1 2008 03 Apr  27 2011 05 Aug 

2 2008 21 Jun  28 2011 18 Aug 

3 2009 20 Jan  29 2011 13 Sep 

4 2009 20 Feb  30 2011 18 Nov 

5 2009 13 Mar  31 2012 23 Feb 

6 2009 27 Mar  32 2012 23 Mar 

7 2009 02 Apr  33 2012 17 May 

8 2009 15 May  34 2012 31 May 

9 2009 03 Jun  35 2012 02 Aug 

10 2009 25 Jun  36 2012 24 Aug 

11 2009 11 Aug  37 2012 24 Sep 

12 2009 21 Aug  38 2013 15 Feb 

13 2009 08 Dec  39 2013 16 Apr 

14 2010 22 Jan  40 2013 17 May 

15 2010 18 Feb  41 2013 17 Oct 

16 2010 26 Mar  42 2014 13 Feb 

17 2010 07 May  43 2014 16 May 

18 2010 28 Jun  44 2014 08 Aug 

19 2010 30 Jul  45 2014 11 Nov 

20 2010 05 Aug  46 2015 03 Feb 

21 2010 16 Sep  47 2015 05 Mar 

22 2010 26 Oct  48 2015 26 May 

23 2010 22 Nov  49 2015 14 Oct 

24 2011 10 Mar  50 2016 12 May 

25 2011 12 Apr     

26 2011 10 Jun     
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3.3 Designs of underwater glider  

There are currently three different underwater gliders in use for oceanographic 

observation, these are: 1) Seaglider (University of Washington/iRobot), 2) Slocum 

Electric and Thermal Glider (Teledyne Webb Research), and 3) Spray Glider (Scripps 

Oceanographic Institution/Bluefin Robotics Corporation). These glider models have 

similar overall characteristics as they were all designed to meet similar objectives. The 

main characteristics are as follows:  

1. Designed for long (30 days or more) duration missions; 

2. All models have similar size, shape, and mass, measuring about 2 m in length 

and 50 kg in weight; 

3. Travel at a low speed (~20-40 cm/s), which is crucial for oceanographic 

observations; 

4. Fairing shapes that decrease vehicle drag, fixed wings, and a fixed tail; 

5. Antenna protruding from areas that do not increase vehicle drag; 

6. Internal mass movement to control pitch and roll; 

7. Ballast system that uses a hydraulic pump to move oil between the external 

bladder and internal reservoir similar to buoyancy driven floats; 

8. Drop weight system in case of emergency. 

 

3.4 Slocum electric glider 

The Slocum glider is optimised for shallow-water coastal operation, where rapid turning 

and vertical velocity changes are required. These gliders have a shallow pressure rating 

and use a large-volume pump to push water in and out of a port in the glider nose for 

rapid volume control. This particular pump is more efficient in shallow operation than 

those designed for deep operation. Primary pitch control is achieved by the movement 

of water for buoyancy control, and pitch is trimmed by moving internal mass. An 

operable rudder controls the turning rate whilst (Davis et al., 2002). They glide through 

the ocean in a saw-tooth pattern to a water depth up to 1000 m; the wings, for horizontal 

movement, propel the glider forward (Figure 3.2). The vehicle is powered by alkaline 

batteries, allowing for deployments of up to 30 days with a range of 600-1500 km. After 

several dive-climb profiles the glider reports data in near-real time via Iridium satellite 

every 2-4 hours. The specifications and detailed information on glider engineering can 

be found in Davis et al. (2002) and Rudnick et al. (2004) – see also Table 3.2. 
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Figure 3.2. A Slocum G2 Ocean glider and a schematic diagram (Teledynemarine 

website; Integrated Marine Observing System website). 
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Table 3.2. Slocum electric Glider Specifications 

Weight 52 kg 

Length 1.5 m 

Maximum Depth 4-200 m (coastal); 1000 m (deep) 

Speed 0.2-0.4 m/s 

Range Up to 1500 km (one battery charge) 

 

Gliders can be equipped with a variety of sensors depending on the purpose of the 

deployment. The standard suite of sensors includes with a Seabird-CTD, WETLabs 

BBFL2SLO3 parameter optical sensor (measuring Chlorophyll fluorescence, coloured 

dissolved organic matter and 660 nm Backscatter) and an Aanderaa Oxygen optode 

sampling at 4 Hz, yielding oxygen measurements approximately every 7 cm 

(Pattiaratchi et al., 2011). Other sensors can also be built-in depending on the available 

payload and energy usage such as a broadband Photosynthetically Available Radiation 

(PAR) sensor, microstructure sensor, and Submersible Ultraviolet Nitrate Analyser 

(SUNA) nitrate sensor (Rudnick, 2016); many more sensors are currently being 

developed. The variety of sensors available means that gliders can be used for a variety 

of purposes, however due to relatively limited battery power, a balance between the 

sensor sampling rate, number of sensors and duration of missions needs to be 

considered in deployment design. 

 

Gliders allow for high-resolution measurement, with samples taken up to every half 

metre in the vertical for months at a time. The instruments can be piloted from land and 

the sampling plan can be altered remotely at every glider surfacing during the 

deployment. The control of glider can be achieved through adjusting glider angle by 

controlling pitch and/or buoyancy, and adjusting heading by controlling the rudder 

position. Gliders are also easy to transport and can be deployed from quickly from small 

vessels to monitor events which are localised or irregular. Compared to ship based 

sampling and mooring arrays, ocean gliders are not only cost-effective, but also provide 

high-resolution data (Schofield et al., 2007). They are capable of collecting data in harsh 

weather conditions when ship sampling is not feasible, making them ideal platforms for 

sustained ocean surveys. However, a large amount of data post-processing is required to 
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have an accurate representation of the ocean. Sensor validation and calibration is also 

challenging when sampling with gliders, as it is difficult to take water samples close to 

the glider while it is deployed to validate the measurements. Despite these challenges, 

gliders have been shown to have a wide range of applications (Heslop et al., 2015).  

 

3.5 Ocean glider data calibration and processing  

Raw voltage from the instrument are converted to concentration of the targeted 

constituent using the flowing linear relationship: 

 

[constituent] = scale factor × (output - dark counts) 

 

where dark counts (DC) are the signal measured in the absence of the source light and 

scale factor is the linear fit between the instrument output and the real constituent 

concentration (Cetinic et al., 2009). Manufacturer calibrations were initially applied to 

data from Wetlabs Triplet (WET) Labs, with scale factor determined using chlorophyll 

standards prior to the instrument being installed in a glider. The manufacturer 

calibration for chlorophyll fluorescence are usually performed using a fluorescein (a.k.a. 

uranine) dilution series, that is compared against a reference instrument that was 

originally calibrated using both fluorescein and a mono-culture of the diatom species 

Thalassiosira weisflogii (Glider 2013).  

 

Calibration is essential for gliders, as it is vital to distinguish natural/environmental 

variability from instrumental variability, especially for sustained monitoring 

programmes; it is also important to provide inter-calibration amongst different 

sensors/gliders and glider missions. Calibration of bio-optical instruments on gliders are 

required to relate instrument voltage (counts) to engineering units for fluorescence and 

scattering (via scale factors). Chlorophyll, contained within phytoplankton cells, is 

relatively easy to measure as it has specific fluorescent properties, with maximum 

absorption near 440 nm and maximum fluorescence at 685 nm (Huot & Babin, 2010); 

fluorescence can therefore be used as a proxy for chlorophyll a (chlorophyll) 

concentrations (Lorenzen, 1966) using the unique wavelength of fluorescence (685 nm). 

However, there is not a straightforward relationship between the measured fluorescence 

and phytoplankton biomass, as the fluorescence-to-chlorophyll ratio can vary depending 
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on species and pigment composition, phytoplankton size and nutrient stress (Cullen, 

1982). To determine this relationship in the study region, mixed cultures of 

phytoplankton, which included five Australia phytoplankton strains typical species 

(Nitzschia closterium, Skeletonema dohrnii, Tetraselmis sp., Synechococcus sp., and 

Heterocapsa niei) were used following the chlorophyll calibration protocol suggested 

by Cetinic et al. (2009). Chlorophyll concentrations were determined using standard 

extraction procedures in 90% acetone (Parsons et al., 1989) and subsequent 

fluorometeric analysis (Turner Designs 10 AU). Using a 5-point dilution series 

(including a filtered seawater blank), all tested phytoplankton species displayed a linear 

relationship between instrument counts (fluorescence) and extracted chlorophyll 

(mg/m³).  

 

Scattering is an optical measure of suspended particulate matter (PM) concentration 

(also referred to as total suspended solids, TSS), with measurements typically taken in 

the red and infrared spectrum regions to minimize the influence of dissolved substances 

(Boss et al., 2009). WET Labs factory calibration of the scattering sensor is performed 

using microspherical scatters (a.k.a. microbeads), yielding scattering data in the form of 

volume scattering coefficients (,), with units of m
-1

sr
-1

, where  is the angle and  

the wavelength. Field based calibration of scattering sensors typically involves 

gravimetric measurements of PM mass, with the use of turbidity standards no longer 

recommended (Boss et al., 2009). The Environmental Characterization Optics (ECO) 

scattering meter on gliders is configured to measure scattering at an angle of 117
°
 using 

a single LED source light (650 nm) and detector. 

 

The data presented in this thesis were subject to QA/QC procedures that are described in 

Woo (2017). 

 

3.6 Ocean glider applications 

Currently, oceanographic data is gathered by remote sensing, deploying oceanographic 

instruments from ships, and through the use of autonomous underwater vehicles. Since 

remote sensing is limited to the ocean surface and instruments deployed from ships is 

very costly and time consuming, autonomous underwater vehicles are used for 

collecting high-resolution data. Gliders play an important role in remote sensing for 
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physical, chemical and biological oceanography, allowing researchers to understand 

how the ocean environment and circulation impact the growth of phytoplankton, and 

how this may propagate up the food chain. In addition, the capability of gliders to make 

several concurrent measurements allows the oceanic environment to be interpreted more 

fully. 

 

On large scales, gliders have been used to address various issues include regional effects 

of climate variability (Davis et al., 2008), seasonal and interannual variability of fluxes 

through the Davis Strait (Curry et al., 2014), equatorward transport in the Solomon Sea 

(Gourdeau et al., 2008; Davis et al., 2012), formation and transport of water masses at 

high latitudes (Beaird et al., 2013; Ullgren et al., 2014), annual cycle of temperature and 

salinity in the Mid-Atlantic Bight off the US east coast (Schofield et al., 2008), and the 

connection between physical and biological variability from large spatial and temporal 

scales down to fronts (Davis et al., 2008; McClatchie et al., 2012). At the mesoscale and 

the sub-mesoscale, gliders are useful for observing identifiable oceanic features such as 

fronts and eddies. For example, Mrvaljevic et al. (2013) suggested that atmospheric 

storms can induce mesoscale structures. A glider dataset showed that anticyclonic 

eddies are important agents for the poleward transport of water on the continental shelf 

(Baird and Ridgway, 2012). Fan et al. (2013) used a glider and a mooring to estimate 

the features of eddies that contribute to the heat and salt balances of the Irminger Sea. 

Kohut et al. (2013) identified intrusions of deep water onto the Antarctic shelf, using 

dataset of glider, mooring, and as ship survey.  

 

Moreover, gliders can be used to collect data that can help to understand the entire food 

web. They have been used widely to measure fluorescence, a proxy for phytoplankton 

biomass (Lorenzen, 1966; Perry et al., 2008; Swart et al., 2015), and to study blooms 

(Mahadevan et al., 2012). Recently, active acoustic sensors have been used off 

Antarctica to observe krill which penguins feed on (Guihen et al., 2014; Oliver et al., 

2013; Schofield et al., 2013). Further up the food chain, Wall et al. (2012) detected red 

grouper and toadfish with a glider mounted hydrophone on the West Florida Shelf, and 

Klinck et al. (2012) were able to monitor beaked whales off the coast of Hawaii. 

Monitoring the entire food chain in ecosystems, from primary production to feeding 

sites with one relatively cheap platform could provide vital baseline data for the 
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planning of sustainable fisheries and conservation, as well as data on the changing 

patterns caused by changing climate.  

 

Gliders are also used for multidisciplinary applications, include a variety of military 

roles, such as in tactical oceanography and reconnaissance and surveillance, as because 

they do not have thrusters and use internal actuators the instruments are quiet. This is an 

attractive feature for military applications because quieter vehicles are more difficult to 

detect.  
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Chapter 4 

Seasonal and interannual variability of water 

column properties along the Rottnest 

continental shelf, south-west Australia  

4.1 Summary 

A multiyear, ocean glider dataset, obtained along a representative cross-shelf transect 

along the Rottnest continental shelf, south-west Australia, was used to characterise the 

seasonal and inter-annual variability of water column properties (temperature, salinity, 

and chlorophyll fluorescence distribution). All three variables showed distinct seasonal 

and inter-annual variations. Local and basin-scale ocean–atmosphere processes also 

affected the spatial distributions of the water column properties. The controlling 

influences for the variability were derived from (a) at the local scale, the Leeuwin 

Current and dense shelf water cascades (DSWC); and, (2) at the basin scale, the El Niño 

Southern Oscillation (ENSO). In spring and summer, shallow waters were well mixed 

due to strong wind mixing and the deeper waters (> 50 m) were vertically stratified in 

temperature that contributed to the formation of a subsurface chlorophyll maximum 

(SCM). With the onset of storms in late autumn, the water column was well mixed with 

the SCM absent. On the inner shelf, chlorophyll fluorescence concentrations were 

highest in autumn and winter; DSWCs were also the main physical feature during 

autumn and winter. Chlorophyll fluorescence concentration was higher closer to the sea 

bed than at the surface in spring, summer, and autumn. The seasonal patterns coincided 

with changes in the wind field (weaker winds in autumn) and air–sea fluxes (winter 

cooling and summer evaporation). Inter-annual variation was associated with ENSO 

events. Lower temperatures, higher salinity, and higher chlorophyll fluorescence (> 1 

mgm
–3

) were associated with the El Niño event in 2010. During the strong La Niña 

event in 2011, temperatures increased (a ‘marine heat wave’), and salinity and 

chlorophyll fluorescence decreased (< 1 mgm
–3

). These changes were mainly associated 

with changed to the strength of the Leeuwin current. Over subsequent years, the 

temperatures gradually decreased, the salinity increased, and the chlorophyll 

fluorescence continued to decrease (< 0.25 mgm
–3

). These changes were mainly 
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associated with an increase in the strength of the Leeuwin current that transported 

warmer, lower salinity, low nutrient water into the region. In the autumn of 2014, the 

chlorophyll fluorescence increased (> 1 mgm
–3

). It is concluded that the observed 

seasonal and inter-annual variability in chlorophyll fluorescence concentrations were 

related to the changes in physical forcing (wind forcing, Leeuwin Current and air-sea 

fluxes). 

 

4.2 Introduction 

Almost all kinds of life forms on earth are reliant on primary production, directly or 

indirectly, and the majority of primary production is performed by phytoplankton in the 

ocean (Field et al., 1998). The phytoplankton pigment chlorophyll is an important 

biological indicator of phytoplankton biomass in the water column. The formation of 

phytoplankton patchiness is one of the most significant problems for the management of 

coastal margins (Branch et al., 2013; Liu and Tang, 2012). Convincing connections 

have been made between the occurrence of algal blooms and certain environmental 

variables, such as light availability (Sverdrup, 1953; Huisman and Weissing, 1994), 

water temperature (Eppley, 1992; Hambright et al., 1994; Paerl and Huisman, 2008) and 

salinity (Karsten et al., 1995). Pearce et al. (2006) concluded that from 1996 to 1998, 

seasonal variations in the inshore temperature and salinity are much larger than those 

offshore, however because of the relatively short sampling period the seasonal cycle of 

chlorophyll could not be identified. Based on chlorophyll concentration from 1998-2003 

estimated from Sea-Viewing Wide-Field-of-View Sensor (SeaWiFS) ocean colour data, 

Koslow et al. (2008) found that the seasonal cycle of phytoplankton shows a clear peak 

in late autumn or early winter, whilst chlorophyll levels were minimal during the spring 

and summer. Peak concentrations of chlorophyll were higher at an inner shelf (40 m) 

station than farther offshore, that coincided with significant inshore variation in 

temperature and salinity as documented by Pearce et al. (2006). 

 

The Rottnest Continental shelf has some distinctive bathymetric features (Figure 1): (1) 

a shallow inshore region, where the depths are < 10 m and may be defined as a coastal 

lagoon with a line of discontinuous submerged limestone reefs; (2) the upper 

continental shelf terrace located from around ~10 km to ~40 km offshore with a gradual 

slope and a mean depth of ~40 m; (3) the lower continental shelf between 50 m and 100 
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m isobaths where the depth increases rapidly; and, (4) the shelf break located at ~200 m 

isobath. The region is influenced by the Leeuwin and Capes Currents (Woo and 

Pattiaratchi, 2008). The Leeuwin Current, a warmer oligotrophic current flowing south 

along the west coast of WA, is characterised by low chlorophyll concentration, nutrient 

levels (Pearce et al., 2000), and productivity (Koslow et al., 2008). It flows most 

strongly during the autumn and winter months, when the along shore pressure gradient 

is strongest and the opposing wind stress is weakest (Pearce et al., 2006). The LC 

transports around 5-6 Sv in austral winter and ~2 Sv during the austral summer 

(Pattiaratchi and Woo 2009). The Leeuwin Current also responds to the El Niño and La 

Niña cycles with the current being stronger (weaker) during La Niña (El Niño) events 

(Pattiaratchi and Buchan 1991). Of particular interest to this study, the region 

experienced a marine heat wave in February and March 2011 that was associated with 

the warming related to the La Niña event defined as Ningaloo Niña (Feng et al. 2013). 

This event increased the Leeuwin Current’s volume transport in February—an unusual 

event at this time of the year and resulted in unprecedented warm sea surface 

temperature anomalies (~5 °C higher than normal) off Australia’s west coast (Feng et al. 

2013). 

 

The Capes Current, only present in the summer months, is a seasonal inner shelf wind-

driven current generally formed in water depths less than 50 m (Gersbach et al., 1999; 

Pattiaratchi et al., 2011). It transports colder, upwelling-derived water northward past 

Rottnest Island between October and March (Gersbach et al., 1999; Fearns et al., 2006). 

 

The region is characterised by a low tidal range (<0.6 m) with diurnal tides and the 

nearshore circulation is mainly driven by wind (Pattiaratchi and Eliot, 2008). The 

effects of wind include mixing, circulation, and particulate resuspension are dominated 

by local land-sea breeze (LSB) activity (Pattiaratchi et al., 1997; Zaker et al., 2007; 

Verspecht and Pattiaratchi, 2010; Gallop et al., 2012). Local sea breezes, the most 

common wind system superimposed upon synoptic southerly winds (with speeds 

often >15 m/s), are prevalent in summer and spring (September-February) (Verspecht 

and Pattiaratchi, 2010). The unusually strong alongshore sea breeze results from the 

interaction of the local sea breeze generated due to the synoptic pressure system and the 

land-sea temperature gradient (Pattiaratchi et al., 1997). In autumn and winter (March-
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August), wind speeds are very low (<5 m/s), and generally from the east. During these 

calm periods, the circulation may be driven by the less dominant forcing mechanisms, 

including eddies, density gradients and alongshore currents (Steedman and Craig, 1983). 

Storms occur all year round, but are most frequent during winter months (June-August). 

In the study region 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. During the passage of a frontal system, the region is subject to peak wind 

speeds (up to 20 m/s generally from the north-west). Summer storms generally last up to 

36 hours and are characterised by southerly winds (> 25 m/s) and was modulated by the 

diurnal cycle (i.e. winds are stronger in the afternoon due to the sea breeze influence). 

 

Changes in phytoplankton biomass at seasonal and interannual time scales are important 

components of the total variability associated with ocean biological and bio-

geochemical processes (Ghisolfi et al., 2015). Though a significant understanding of the 

circulation along WA coast has been developed using ocean models over the past 

decade (Gersbach et al., 1999; Pearce et al., 2000; Hanson et al., 2007; Furnas, 2007; 

Pattiaratchi et al., 2011; Pearce et al., 2006; Woo and Pattiaratchi, 2008; Koslow et al., 

2008), there has been limited knowledge regarding the circulation related to biological 

processes in the water column. This lack of information is primarily due to the absence 

of a comprehensive observational dataset. Most of the available oceanographic and 

biological data are restricted in both space and time and are thus not suitable to study 

patterns across the Rottnest continental shelf at the required time/space scales.  

 

The use of ocean gliders as an observational platform is superior to the traditional ship-

based survey in terms of sampling frequency and duration. Moreover, the high temporal 

and spatial resolution data provide a better understanding of relationship between the 

metrological and oceanographic conditions and the phytoplankton dynamics can be 

addressed. Also in the case of ocean gliders all the relevant data are collected 

simultaneously. Therefore, in order to complement earlier work by Pearce et al. (2006) 

and others (Lourey et al., 2006; Hanson et al., 2007; Furnas, 2007; Moore et al., 2007; 

Koslow et al., 2008; Greenwood et al., 2008; Thompson et al., 2011; Lourey et al., 

2012), that were mainly based on ship-based survey data and/or SeaWiFS remotely 



33 

 

sensed data, in this study we use a long term (2009-2015), high-resolution 

oceanographic dataset obtained along a repeated transect using ocean gliders to quantify 

seasonal and interannual variability across the Rottnest continental shelf.  

 

This Chapter is organized as follows: Section 4.3 depicts the methods of data, leading to 

results in Section 4.4. The results of seasonal winds, monthly, seasonal and interannual 

variations in physical properties and chlorophyll are featured. In Section 4.5, we discuss 

the possible factors structuring the observed variability. A general conclusion is then 

given in Section 4.6.  

 

4.3 Methods 

Data were obtained from repeated surveys carried out with Teledyne Webb Research 

Slocum electric gliders  along the Two Rocks transect (Figure 4.1) off Rottnest 

continental shelf, south-west Australia, over seven years (2009–2015). Personnel at the 

Australian National Facility for Ocean Gliders at the University of Western Australia 

operate the gliders (Pattiaratchi et al., 2017). About 200 cross-shelf transects from ~50 

glider missions were analysed, with ~28 million individual scans obtained for each 

variable (temperature, salinity, and chlorophyll). 
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Figure 4.1. Location of the study area and the glider transect. Bathymetric contours are 

in meters. 

 

Each glider transect took two to three days to complete (Pattiaratchi et al., 2011), with 

the gliders travelling at a mean speed of 25 km a day. The glider transects extended 

from the 20-m depth contour to deeper waters (the gliders have a maximum depth range 

of 200 m) and collected data from the surface to ~2 m above the sea bed (Schofield et 

al., 2007). The gliders were equipped with a Sea-Bird Scientific 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 about every 7 cm in the vertical). When the gliders 

were recovered, the data were subjected to quality control (Woo, 2017). The actual 

vehicle trajectory was transposed onto the Two Rocks transect as a straight line 

(Pattiaratchi et al., 2011). The diurnal timescale was based on the ocean glider data 

Rottnest Meteorological 
station 
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acquisition. The ‘day’ was defined as between 0800 and 1830 and ‘night’ between 2000 

and 0600. 

 

Anomalies, rather than absolute values, were used in describing the vertical structure of 

the measured variables, as this allowed for the removal of the seasonal variability. For 

each variable (temperature, salinity and chlorophyll), the value of the anomaly was 

calculated by subtracting the seasonal mean from values at each point. The seasonal 

mean was calculated by averaging values across the depth and distance for all the glider 

transects in four seasons over 2009-2016. The anomalies were aggregated into four 

seasonal bins: spring (September-November), summer (December-February), autumn 

(March-May) and winter (June-August).  

 

4.4 Results 

4.4.1 Seasonal winds 

The mean winds of each season over March 2010-2014 showed southerly winds to be 

the most prevalent in summer, autumn and spring, followed by south/south-easterly 

winds (Figure 4.2). In summer, the strong southerly winds (>25 m/s) can be largely 

attributed to summer storms, typically lasting 36 h. Sea breeze events usually contribute 

to the southerly winds, reinforcing the prevailing southerly winds found in the seasonal 

rose plots (Figure 4.2). In autumn, the speed of winds decreased (<13 m/s), whilst in 

winter, winds showed no prevailing direction, reflecting typical winter storms which 

were associated with rapid changes wind direction. In spring, the winds were again 

southerly, with an average wind speed of 15 m/s. 
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Figure 4.2. Seasonal wind rose climatology of the patterns for the period 2010-2014. 

Time series of the daily mean wind speed and direction in 2010 clearly indicate the 

changes in the wind regime: from November to May the winds were generally from the 

south with mean winds ~7.5 m/s in November increasing to ~10 m/s in January 

February (Figure 4.3). This is the summer regime. The wind speed progressively 

decreased between March and mid-May without many changes in direction.  This is the 

autumn regime. Between mid-May to October there were large fluctuations in wind 

speed and direction associated with the winter storms. This is the winter regime. 
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Figure 4.3. Time series of (a) Mean daily wind speed; and, (b) wind direction in 2010 

recorded by the Rottnest Island Meteorological station (Figure 4.1). 

4.4.2 Seasonal temperature, salinity and chlorophyll distribution 

Typical cross-shore distribution of the seasonal variation in temperature (T), salinity (S) 

and chlorophyll along the Two Rocks transect observed during the periods: spring (21-

23 October 2013); summer (28 February 2014 - 3 March 2014); autumn (18-21 May 

2009); and, winter (9-11 August 2012) are shown on (Figure 4.4).  

 

During spring (21-23 October 2013), the upper layer (<80 m depth) was vertically 

mixed across the entire shelf in both temperature and salinity. The temperature and 

salinity characteristics changed at the shelf break. In the upper continental shelf (depth 

<40m) the water was cooler and less saline than those the deeper water (Figure 4.4a). A 

region of high chlorophyll concentrations (up to 1.2 mg/m³) were located at inner shelf 

and 50 m shelf break (Figure 4.4a) which corresponded with the gradients in 

temperature and salinity in the same region. Here, it is likely that a front was present at 

the shelf break that resulted in higher chlorophyll concentrations. A thin layer of (<10 m) 

subsurface chlorophyll maximum (up to 1 mg/m³) extended from the shelf break to 

offshore region, and coincided with the halocline (and pycnocline) at approximately 80 

m depth.  
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In summer (28 February 2014 to 3 March 2014), a plume of warm Leeuwin Current 

water (~23.5°C) was located in the top ~30 m depth between 60 and 70 km offshore, 

and gradually becomes cooler (23°C) and thins (in the top ~5 m) towards inshore 

(Figure 4.4b). The water on the upper continental shelf was colder compared to offshore.  

Salinity on the upper continental shelf (~35.7) was slightly higher than offshore values 

(35.5); the cooler and slightly more saline inshore waters were most likely due to the 

influence of the Capes Current. The cooler and more saline water on the upper 

continental shelf means that the higher density water on the shelf and small dense shelf 

water cascade was present inshore of the shelf break. A subsurface chlorophyll 

maximum (up to 1.2 mg/m³), between 50 and 110 m depth (at the pycnocline), was 

located from the shelf break to offshore.  

 

During autumn (18-21 May 2009), the near shore waters (21°C) were cooler and more 

saline in comparison to offshore waters (22.5°C) (Figure 4.4c). Offshore waters were 

well mixed. A plume of higher salinity (35.7) and colder water (21°C) can be seen 

inshore, extending to ~60 km across the entire shelf to depths > 180 m, indicating the 

formation of DSWC. The maximum chlorophyll concentration (1.3 mg/m³) was in 

located on the upper continental shelf in the shallow pycnocline.  The DSWC was 

generally higher in chlorophyll compared to the surface waters in the upper continental 

shelf.  In the offshore, the higher chlorophyll water was uniformly distributed in the 

surface mixed layer to water depths 60 m close to shelf break and > 120 m further 

offshore (Figure 4.4c). 

 

In winter (9-11 August 2012), temperature increased from inshore (18°C) to offshore 

(20.7°C), and the water column was generally vertically mixed (Figure 4.4d) except 

between 10 and 20 km on the upper continental shelf. Salinity was uniformly distributed 

inshore and in the most offshore regions. Maximum chlorophyll (> 1 mg/m³) was found 

at 10-20 km in the inner shelf region and corresponded to the region of vertical and 

horizontal gradients in temperature and salinity. 

 

The ocean glider data indicated that there were seasonal changes in temperature and 

salinity distribution across the shelf with vertical horizontal and stratification across the 

shelf. Often the T/S characteristics on the upper continental shelf were different to those 
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further offshore. The main feature highlighted here is that higher chlorophyll 

concentrations were located in regions of strong gradients in T/S and thus density. 

These maximum values occurred both in the vertical (e.g. sub-surface chlorophyll 

maximum, in summer and autumn) and the horizontal (e.g. at the shelf break in spring 

and winter). 
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Figure 4.4. Cross-shelf transects of temperature (°C), salinity and chlorophyll (mg/m³) 

obtained along the Two Rocks transect in (a) spring (21-23 October 2013); (b) summer 

(28 February 2014 - 3 March 2014); (c) autumn (18-21 May 2009); and, (d) winter (9-

11 August 2012). 
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4.4.3 Monthly mean water masses and chlorophyll concentrations 

Monthly mean temperature and salinity (T/S) were calculated all year round except 

during July, September, November and December, due to data availability (less than 

two transects were available for averaging in those months). Analysis of the T/S 

structure indicated that from January to March (summer to early autumn) the inshore 

waters (depth <40 m) was warm with temperature range between ~21.1 to 23.0°C and 

progressively became less saline, decreasing from 35.81 to 35.77 (Figure 4.5a). From 

March to August (autumn to winter), both temperature and salinity decreased, from 23.0 

to 19.0°C and from 35.77 to 35.22, respectively. From August to January (winter to 

early summer), both temperature and salinity increased from 18.9 to 21.1°C and from 

35.22 to 35.8, respectively. Offshore water (depth >40 m) exhibited a very similar 

seasonal pattern (Figure 4.5b). It was noticeable that from January to March salinity 

decreased more from 35.71 to 35.54 compared to the inshore conditions. From August 

to January, unlike the inshore waters, the temperature of the offshore waters dropped 

slightly before increasing to 21.0°C. 

 

Spatially averaged chlorophyll concentration of the inshore waters revealed significant 

seasonal variability. Here, it is seen to be characterised by high values during March to 

August (autumn-winter months), with a maximum in May (1.12 mg/m³) then decreasing 

until reaching its lowest values in February (0.36 mg/m³). In the offshore, the 

chlorophyll concentrations were less variable; values were highest in May (0.85 mg/m³) 

and lowest in February (0.43 mg/m³). Higher chlorophyll concentrations corresponded 

with relatively warmer and less saline water masses at both inshore and offshore water. 
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Figure 4.5. Monthly averaged temperature/salinity diagram with values of chlorophyll 

(Chl; mg/m
3
) along Two Rocks transects between 2009 and 2015. The horizontal error 

bars indicate the standard deviation of salinity, and the vertical error bars indicate the 

standard deviation of temperature.   
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4.4.4 Seasonal vertical distribution and variations  

Over the 7-year study period (January 2009-March 2015), the vertical structure of 

seasonal mean data along the RCS indicated variability in temperature, salinity and 

chlorophyll concentrations. Anomalies are defined as the departure from the seasonal 

average/cycle, with positive values higher than the seasonal average and negative values 

lower than the seasonal average. The anomalies allow for the examination of the relative 

changes in water properties across the whole transect for each season. 

 

4.4.4.1 Temperature  

The main feature in the seasonal variability is the different response of the upper shelf 

water when compared to those seaward of the shelf break (Figure 4.6). In the inshore 

waters, the spring temperatures were close to zero and the water was vertically well 

mixed (Figure 4.6b). The water along the middle of the shelf (5-20 km from the coast 

was slightly cooler indicating the influence of the Capes Current. In autumn and winter, 

temperatures were mostly negative on the upper shelf with lowest values (-1°C) close to 

coast (between 0-7 km) (Figure 4.6c-d).  In spring, the offshore waters were warmer 

than that on the upper shelf, in summer the surface temperatures were almost uniform 

across the whole transect. In autumn and winter, the upper shelf was cooler compared to 

the offshore waters.  In the offshore waters, the largest variability was associated with 

depth of the thermocline (temperature anomaly at ~-1.0°C).  In spring, the thermocline 

was almost horizontal and was located at a depth ~120 m.  In summer, the thermocline 

was located higher in the water column (~70 m) with a slight inclination (deeper in the 

offshore).  In the autumn the thermocline depth increased to 100m with a more 

pronounced inclination.  The inclination of the thermocline in summer and autumn are 

most likely due to upwelling processes when the winds are upwelling favourable 

(Figure 4.2). In winter the thermocline was absent as the offshore waters were 

dominated by the Leeuwin Current.  

 

4.4.4.2 Salinity  

The major pattern in the salinity variability was the changes in salinity in the upper shelf: 

during summer and autumn the salinity was higher on the upper shelf mainly due to 

evaporation (Figure 4.7b,c). In these two months a cross-shelf salinity gradient was 

present.  In the offshore water the salinity was more uniform in the surface waters.  In 
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spring higher salinity water was present in depth >100m corresponding to the colder 

water (Figure 4.6a). In winter there was no salinity gradients along the whole transect 

(Figure 4.7d).  

 

4.4.4.3 Chlorophyll concentrations 

Chlorophyll concentrations (in terms of anomalies) also indicated seasonal variations in 

both the upper shelf region and in the offshore (Figure 4.8). The main features were that 

across the whole transect higher chlorophyll concentration anomalies were located in 

the sub-surface waters (i.e. not at the surface) and along the upper shelf. In spring, the 

highest chlorophyll concentration anomaly was found at the shelf break (Figure 4.8a) 

that was related to a horizontal gradient in temperature (Figure 4.6a).  A broad sub-

surface chlorophyll maximum (SCM) extending over ~100m depth range was present in 

the offshore that could also be related to the distribution of temperature and salinity (cf 

Figures 4.6a and 4.7a).  In summer, the SCM was concentrated over a smaller depth 

range in the offshore (< 50m). On the continental slope region, seaward of the shelf 

break (20-30 km section), the chlorophyll concentration anomalies was more diffuse 

most likely due to variation in upwelling and the diurnal cycle (see Chapter 5).  During 

autumn and winter the SCM was not present but the chlorophyll concentration 

anomalies were higher on the upper continental shelf region. The autumn distribution 

corresponded to the presence of dense shelf water cascades on the upper shelf (Figures 

4.7c and 4.8c). 
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Figure 4.6. Mean vertical structure anomaly of temperature (°C) in each season (a) 

spring, (b) summer, (c) autumn, (d) winter averaged seasonally over distance and depth 

across the Rottnest continental shelf between 2009 and 2015. 
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Figure 4.7. Mean vertical structure anomaly of salinity in each season (a) spring, (b) 

summer, (c) autumn, (d) winter averaged seasonally over distance and depth across the 

Rottnest continental shelf between 2009 and 2015. the units for the colour scale? 
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Figure 4.8. Mean vertical structure anomaly of fluorescence (mg/m³) in each season (a) 

spring, (b) summer, (c) autumn, (d) winter averaged seasonally over distance and depth 

across the Rottnest continental shelf between 2009 and 2015.  
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4.4.5 Depth-integrated surface mean variability 

The availability of a 7 year record of ocean glider deployments was used to examine the 

inter-annual variability in temperature, salinity and chlorophyll concentrations.  Here, 

the water properties in the surface 30m were averaged to yield depth-mean values 

(Figure 4.9). The ocean glider traverses in a saw tooth pattern and as the depth get 

deeper the surfacing spacing increases and thus in deeper water there is gaps in the data.  

All the water properties exhibited seasonal changes but in this section the emphasis is 

on the inter-annual variability. The year to year summer temperature range was > 4°C: 

in February 2010 the temperature was <20.1°C and increased to 24.4°C in February 

2012 (also in March 2011). The latter values were the warmest in the 7-year record 

(Figure 4.9a) and correspond to La Niña events during this time. In winter, the year to 

year temperature range was >3°C: >21.2°C in 2011 to 18.4°C in 2012 and 2014, the 

lowest during the period. The concurrent depth averaged salinity time series indicated 

that in August 2011 (34.9) the waters were less saline compared to other years (Figure 

4.9b). In March, the highest value (~35.9) was measured in 2015 upper shelf, and the 

lowest value (~35.5) was observed in 2011 associated with the warmer water. The depth 

averaged chlorophyll concentrations also exhibited strong inter-annual variation (Figure 

4.9c), ranging from 0.81 mg/m³ in May 2009 and 2010 to 1.8 mg/m³
 
in May 2014. The 

largest range in chlorophyll concentrations were found in March with lowest values in 

2013 (0.18 mg/m³) and 2014 (0.14 mg/m³) in comparison to maximum values in 2011 

(0.88 mg/m³).  

 

 

 

 



49 

 

 

Figure 4.9. Time-distance series of (a) temperature (°C), (b) salinity, (c) chlorophyll 

(mg/m³) averaged over the top 30 m along the Rottnest continental shelf between 

January 2009 and March 2015. 
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Figure 4.10. Time series of depth averaged temperature, salinity and chlorophyll at a 

distance of 10m from the coastline obtained from the ocean glider deployments.  

Time series of depth averaged temperature, salinity and chlorophyll at a distance of 10m 

from the coastline indicated strong seasonal and inter-annual variability particularly in 

response to El Niño and La Niña events (Figure 4.10). This figure includes the same 

information as shown on Figure 4.8 except that variations at a single point (10 km) are 

shown as a time series. The seasonal cycle (Section 4.4.3; Figure 4.5a) indicated 

warmer (cooler), more (less) saline water during summer (winter). In 2009/10 a 

moderate El Niño event occurred and resulted in lower temperature and higher salinity 

during the first half of 2010. This is due to a weaker Leeuwin current and the 

entrainment of cooler and more saline water into the region from offshore (Woo and 

Pattiaratchi, 2008). The chlorophyll values were ~1 mg/m³ with a slight elevation in 

winter due to the seasonal bloom (Figure 4.9). The 2009/10 El Niño event was followed 

by a very strong extended La Niña between 2011 and 2014. This was captured in the 

glider data (Figure 4.10): (1) temperature: maximum temperature (>24°C) was recorded 

in February 201, an increase of >4°C when compared to 2010. Over the period 2011 to 

2014, the summer temperatures gradually decreased; (2) there was a significant drop (> 

0.5) in salinity from 2010 to 2011. This was mainly due to stronger Leeuwin current 

transporting lower salinity water into the region. Similar to the decreasing temperature 

pattern the salinity increased over the period 2011 to 2014; (3) Chlorophyll also 

indicated a similar trend with a decreasing trend from ~1 mg/m³ in 2011 to <0.25 mg/m³ 

in early 2014 with a rapid increase in May 2014. 
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4.4.6 Temperature, salinity and chlorophyll field during storm event 

Ocean glider data obtained on 17-28 April 2013 highlighted the influence of a storm 

event in vertically mixing the water column and bringing higher chlorophyll water from 

the SCM to the surface. The first 2 transects (17-20 April 2013) were collected under 

low wind (< 5 m/s) conditions (Figure 4.11) and the water column was vertically 

stratified due to the presence of a DSWC on the upper shelf and a thermocline in the 

offshore waters (Figures 4.12a,b). On the upper shelf higher chlorophyll water was on 

the bottom layer of the DSWC and in the deeper water associated with SCM (Figures 

4.12m,n). The winds increased on 20 April to > 10 m/s and the higher winds continued 

to 23 April with winds initially being southerly and then shifting to westerly (Figure 

4.10).  The higher winds initiated vertical mixing of the water column: on the upper 

shelf the DSWC progressively was eroded such that by 25 April the water column was 

vertically mixed in both temperature and salinity (Figures 4.12e,k). On the 28
 
April 

when the winds decreased the upper shelf was vertically stratified in salinity (Figure 

4.12l). The chlorophyll distribution also reflected the influence of the wind and the 

vertical stratification in temperature and salinity. Initially, higher chlorophyll 

concentrations were located in DSWC close to the seabed on the upper shelf and in the 

SCM in the offshore waters (Figure 4.12m). As the winds increased the chlorophyll 

concentration was uniform through the water column across the whole transect (Figure 

4.12q).  It is important to note that the influence of the wind, although not very strong 

(~10 m/s) was able to mix the water column to depths of ~80m in the offshore water 

and erode the thermocline and therefore the SCM. It is likely that the SCM was 

reformed (Figure 4.12s) but with reduced solar heating and convective cooling the 

stratification would become progressively weaker leading to a well-mixed water column 

in late autumn and leading to winter.   
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Figure 4.11 (a) Wind speed and (b) direction at Rottnest during 12-30 April 2013. 

 

 

Figure 4.12 Ocean glider vertical cross-sections of (a-f) temperature (°C); (g-l) salinity; 

and (m-s) chlorophyll (mg/m³) across the Rottnest continental shelf during 17-28 April 

2013.  
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4.5 Discussion 

High resolution glider data collected along the inner continental shelf off south-western 

Australia over the period 2009-2016 has shown distinct seasonal and interannual 

variation in temperature, salinity and chlorophyll concentrations. The chlorophyll 

variability was related to the changes in the temperature, salinity distribution that was 

related to changes in the physical forcing (winds, Leeuwin Current and air-sea fluxes). 

 

4.5.1 Seasonal variability 

All features of water properties on the RCS shelf revealed strong seasonality, as 

documented in previous studies (Lourey et al., 2006; Pearce et al., 2006; Fearns et al., 

2007; Koslow et al., 2008; Greenwood et al., 2008). The seasonal variability in physical 

forcing was derived from changes in: (1) the local wind field; (2) the Leeuwin Current 

System; and, (3) air-sea fluxes particularly in terms of surface cooling and evaporation. 

Due to the low tidal range (range ~0.6 m; Pattiaratchi and Eliot, 2009) tidal effects in 

the region were minimal. 

 

The seasonal wind regime in the region may be divided into three regimes (Pattiaratchi 

et al, 2011): (1) spring and summer (September–February) - dominance of strong daily 

sea breezes with southerly winds frequently exceeding 15 ms
–1

; (2) autumn (March to 

May) - transition from the summer to winter regimes occurs, and low wind speeds are 

common; and, (3) winter (June–August) - the region experiences frequent storm events 

with significant offshore wave heights up to 7 m. The winter storms are associated with 

the passage of cold fronts (~30 per annum) where the winds are strong (maxima > 30 

ms
-1

) and are associated with rapidly changing wind direction: at the beginning of the 

storm the winds are from the north-east to north and shift to the north-west when the 

strongest winds are experienced and then changes to west and south-west over a period 

< 24 hours. Summer storms last for 2-3 days when the winds are consistently from the 

south but are stronger during the afternoon due to the enhancement from the sea breeze 

system. Here, maxima reaching 30 m s
-1

 are common. The strong southerly winds 

during late spring and summer result in strong vertical mixing of the water column in 

the shallower waters and coastal upwelling further offshore. Colder water is rarely 

present at the surface due to strong solar heating combined with wind mixing.  The 

study region is located at 32
o
S close to the critical latitude (30

o
S) where the inertial 
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period is 24 hours.  With the diurnal sea breeze system also having a ~24 hour period, a 

resonance effect occurs that generate near-inertial waves (Mihanović et al., 2016; see 

also Chapter 5). Field measurements have indicated that the near-inertial waves force 

the thermocline to oscillate at a diurnal timescale with vertical excursion > 50 m (see 

Figure 5.3 and Mihanović et al., 2016). This vertical excursion of the thermocline 

results in the migration of the thermocline along continental slope on a diurnal time 

scale. 

 

The major oceanic forcing in the region is from the Leeuwin Current (LC) that flows 

southward along the 200 m water depth and transports warm lower salinity water. The 

LC is weakest in October and begins to accelerate from April reaching a maxima in 

June.  The strength of the LC decreases from July to October and then increase slightly 

over the summer months (Wijeratne et al. 2018). 

 

The study region is located within a Mediterranean climate zone with hot, dry summers 

and mild, wet winters. The annual evaporation rate exceeds 2 m (Pattiaratchi et al. 

2011).  There is no major land-based freshwater input to the region.  Although the Swan 

River discharges at Fremantle, its freshwater component is low because rainfall is 

particularly low during summer and autumn, and the river discharge is mainly deflected 

southward in winter. The combination of evaporation and cooling is such that during the 

summer, coastal heating and evaporation result in a band of warmer, higher saline water 

close to the coast; during winter, the nearshore waters were cooler, through heat loss to 

the atmosphere, and less saline (Pattiaratchi et al., 2011). 

 

The combination of physical forcing in the region was reflected in the temperature and 

salinity distribution across the shelf in the ocean glider data set (Figures 4.4-4.7). The 

T/S structure indicated that warmest water was present on the upper shelf between 

January and March with the salinity becoming progressively less saline (Figure 4.5). 

The warming was due to high solar insolation and the higher salinity through 

evaporation. From March to August both temperature and salinity decreased. The 

temperature decrease was due to atmospheric heat loss and the salinity decrease due to 

advection of lower salinity water from the Leeuwin Current. From August to January 

both temperature and salinity increased due to increasing solar insolation and 



55 

 

evaporation. The offshore waters also exhibited a similar seasonal pattern. 

 

In general, both inshore and offshore chlorophyll concentrations were higher in autumn 

and winter (March to August) than in spring and summer, and the maximum values 

were observed in May for inshore (1.1 mg/m³) and offshore waters (0.85 mg/m³). The 

inshore chlorophyll difference between summer and winter (0.75 mg/m³) was larger 

than offshore (0.45 mg/m³). A similar seasonal pattern was evident in previous studies 

conducted over the past two decades. Pearce et al. (2000) indicated that offshore 

chlorophyll concentrations were higher between May and August than other months 

between 1979 and 1986; Fearns et al. (2007) found a clear seasonal cycle with 

maximum values occurring between May and July from 1997 to 2004.  The main 

differences between spring/summer and autumn/winter were on the water column 

structure, particularly in the offshore regions.  Here, the offshore waters were vertically 

stratified during spring/summer and vertically mixed during autumn/winter (Figures 

4.4-4.8).  The pycnocline, in spring/summer, resulted in the development of the sub-

surface chlorophyll maximum (SCM). The summer SCM was also observed by Koslow 

et al. (2008) in a layer above the nutricline at 100 m depth when the water column was 

stratified. The nearshore autumn bloom coincided with the dense shelf water cascades 

that regularly occur during autumn (Pattiaratchi et al., 2011). In winter, the higher 

chlorophyll values were uniformly distributed inshore, due to winter cooling and storm 

activity mixing the water column (Longhurst, 2007; Koslow et al., 2008 – see also 

Chapter 6).  

 

The results of this study are in broad agreement with those by Koslow et al. (2008) from 

the same region obtained through ship based sampling and satellite remote sensing.   

Koslow et al. (2008) found that: (1) in summer the primary productivity and chlorophyll 

concentrations were lower in the offshore region when the water column was stratified 

and majority of the chlorophyll to be contained in the SCM in agreement with this study; 

(2) phytoplankton blooms in late autumn and winter, coincided with the period of 

strongest Leeuwin Current flow and the bloom in winter was due to cooling and storms, 

that promoted mixing of the upper water column. This study also confirmed higher 

autumn and winter chlorophyll concentrations and a vertically mixed upper water 

column in the offshore region. 
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In summary, the observed patterns of seasonal variability in the chlorophyll 

concentrations were closely related to the changes in the physical properties of the water 

responding to the seasonally changing physical forcing.  This result is similar to that 

obtained by Vidal et al. (2017) from the Iberian continental shelf that has similar 

dynamics (eastern poleward boundary current, upwelling favourable winds).  Here, the 

authors concluded that both the frequency and intensity of the physical forcing were 

important drivers of chlorophyll variability. During spring/summer the offshore waters 

were vertically stratified with a surface mixed layer and a well-defined pycnocline.  

Here, the Leeuwin current was weak and located further offshore (Pearce and 

Pattiaratchi, 1999).  The sustained relatively strong winds were able to mix the upper 

water column to depths > 50 m.  The pycnocline prevented movement of nutrients from 

beneath the pycnocline.  However, the high light penetration in this region allows for 

the formation of the SCM.  At the shelf break, movement of the pycnocline along the 

slope and on the upper shelf resulted in higher chlorophyll concentrations at the shelf 

break and bottom layer.  In spring higher the chlorophyll concentrations at the shelf 

break was located in the region where there were gradients in temperature between the 

upper shelf water and those offshore (Figures 4.6 and 4.8). i.e. a shelf break thermal 

front was present. 

 

4.5.2 Interannual variability 

The ocean glider dataset collected between 2009 and 2015 indicated strong inter-annual 

variability in the study region (Figure 4.10). Coastal hydrography (temperature and 

salinity) and biological variables (chlorophyll) were influenced by both local and basin 

scale ocean forcing. Analysis of large-scale (monthly) satellite-derived sea surface 

temperature (SST) data, Pearce and Feng (2013) showed that coastal water temperatures 

off south-western Australia vary inter-annually and was linked to the ENSO cycle. 

During La Niña periods, a strong Leeuwin Current transported warmer water 

southwards (Feng et al., 2003, 2008; Pearce and Philips, 1988; Pattiaratchi and Buchan, 

1988), whilst during EI Niño events the Leeuwin Current was weaker with lower water 

temperature in general, but not universally (Pearce et al., 2006; Pattiaratchi and Buchan, 

1988). Over the study period a series of ENSO events were experienced 

(http://www.bom.gov.au/climate/enso/lnlist/): (1) 2009-2010 El Niño; (2) 2010-2013 La 

Niña; and, (3) 2014-2015 neutral conditions. 

http://www.bom.gov.au/climate/enso/lnlist/
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The study region experienced a ‘marine heat wave’ in February and March 2011 that 

was related to the La Niña event and defined as Ningaloo Niña (Feng et al. 2013). This 

event increased the Leeuwin Current’s volume transport in February—an unusual event 

at this time of the year and resulted in extremely high sea surface temperature anomalies 

(~5 °C higher than normal) off Australia’s west coast (Feng et al. 2013). It affected 

extensions and contractions in species distributions, variations in recruitment and 

growth-rates and caused mass death of marine life and coral bleaching, with both short 

and long-term impacts (Pearce et al., 2011). In the ocean glider data, the depth 

integrated (upper 30m) temperature also recorded extreme values, up to 3.5°C above 

average, in March 2011 and February 2012 (Figure 4.9).  

 

The ocean glider data captured the transition between 2009/10 El Niño and the extended 

2011-2014 La Niña event (Figure 4.10). There were large changes in temperature 

(increase >4°C) and salinity (decrease by 0.5) between the El Niño and the 2011 La 

Niña event. The temperature gradually decreased and the salinity increased over the 

period with an accompanying decrease in chlorophyll concentration from ~1 mg/m³ in 

2011 to <0.25 mg/m³ in early 2014. Thus the inter-annual variability in temperature and 

salinity related to the strength of the LC influenced the chlorophyll concentrations. This 

was most likely related to stronger LC transporting lower salinity water from the north 

and also a small decreased in the winter storms during 2011-2014 that could have 

reduced the locally re-cycling of nutrients (see Chapter 6).  

 

4.6 Concluding remarks 

In this chapter, simultaneous water column data of ocean properties (temperature, 

salinity and chlorophyll fluorescence) together with meteorological data were used to 

examine the seasonal and inter-annual variability along the Rottnest continental shelf. 

Acquisition of multi-year sustained ocean observations using shipborne sampling is 

difficult (relative cost and weather dependence) and thus many studies have used 

satellite remote sensing data of sea surface temperature and ocean colour to determine 

season and inter-annual variability on continental shelves.  However, satellite derived 

data only provide information on the spatial variability on the surface of the ocean and 

thus variability in the sub-surface is unknown. Autonomous ocean gliders provide data 
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from the sub-surface and have been used as a platform to collect multi-year sustained 

observations from the coastal ocean in mid-Atlantic Bight (Schofield et al., 2008). In 

this paper, ocean glider data collected along a single transect along the RCS shelf over 

the period 2009-2015 are presented.  The data indicated distinct seasonal and 

interannual variation in temperature, salinity and chlorophyll concentrations. The 

chlorophyll variability was related to the changes in the temperature, salinity 

distribution that was related to changes in the physical forcing:: (1) the local wind field; 

(2) the Leeuwin current system; and, (3) air–sea fluxes, especially in terms of surface 

cooling and evaporation. Due to the low tidal range (~0.6 m; Pattiaratchi and Eliot, 

2009), tidal effects in the region were minimal. Previous studies in the region 

undertaken using remotely sensed imagery and limited shipborne observations have 

highlighted the seasonal variability (Lourey et al., 2006; Pearce et al., 2006; Fearns et 

al., 2007; Koslow et al., 2008; Pattiaratchi et al., 2011).  
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Chapter 5 

Diurnal variability in coastal upwelling along 

the Rottnest continental shelf 

 

5.1 Summary 

Upwelling is a key ocean process for nutrient replenishment of the upper water column. 

In most studies of physical and biological interactions within upwelling systems, 

upwelling statistics are calculated on large time scales (e.g., monthly, seasonally or 

annually), whereas upwelling events naturally occur at higher frequencies (days to 

weeks). This simplification of the upwelling process may misrepresent relationships 

between upwelling and the biological response. In this study, we analysed high 

resolution (e.g., hours) ocean glider data collected in February 2015 along the Rottnest 

continental shelf, off south-western Australia, to examine the fine-scale evolution of 

upwelling and its effect on chlorophyll distribution. Density fields indicated the 

occurrence and variability of coastal upwelling throughout the month. The 21.2°C 

isotherm and 1025 kg/m³ isopycnal were good indicators of the location of upwelled 

water over the shelf. Using this isotherm and isopycnal, the upwelling front with cooler, 

upwelled waters (<21°C) was found to propagate between 12 and 25 km distance from 

the coastline. This was due to the location of the study region close to the critical 

latitude where the local inertial period and the diurnal sea breeze forcing coincided to 

generate inertial waves. During the summer these large (~50 m) oscillations of the 

thermocline resulted in upwelling/downwelling at diurnal scales, with a 

corresponding/response in the chlorophyll at a similar frequency.  

 

5.2 Introduction 

Coastal upwelling is a biologically important process supporting primary production via 

vertical transport of cooler, nutrient-rich water into the euphotic zone (Pauly and 

Chrisensen, 1995). Regions along the eastern margins of ocean basins are highly 

productive ecosystems, supporting high primary productivity and large pelagic finfish 

stocks (Andrews and Hutchings, 1980; Bakun, 1990; Nykjaer and Van Camp, 1994; 
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Montecino and Lange, 2009).  This is due to the earth’s rotation and shore-parallel 

equatorward winds upwelling cold, nutrient-rich water. Here, surface waters are 

deflected offshore and replaced by the upwelling of cold, nutrient-rich water from depth. 

Temporal variability of coastal upwelling systems are well documented ranging from 

decadal, inter-annual and seasonal (e.g. Bakun, 1990; Rossi et al., 2003; Franchito et al. 

2007). These studies have mainly focussed on the mean conditions where an upwelling 

index was related, for example, to the mean monthly wind stress and satellite derived 

sea surface temperature patterns (e.g. Bakun, 1990; Rossi et al., 2003). Therefore, 

studies of upwelling variability at times scales of the order of days are rare mainly due 

to the absence of high frequency in-situ temporal data required for such analyses. 

Recent studies have demonstrated the importance of the diurnal scale upwelling 

variability that is driven by the local land-sea-breeze system particularly on eastern 

ocean margins (e.g. Woodson et al., 2007; Lucas et al., 2013; Bonicelli et al., 2014).  

These studies concluded that the diurnal changes in wind stress resulting from the sea 

breeze have strong effects on the temporal and spatial pattern of temperature (changes 

up to 5
o
C; Woodson et al., 2007), chlorophyll and nutrients (Lucas et al., 2013). 

 

Off the south-west Australian coast; although the prevailing wind regime is similar to 

other eastern ocean margins, the waters have low nutrients and low primary production 

(‘oligotrophic’). Under certain conditions, strong southerly winds, the summer 

upwelling occurs in the coastal region (Gersbach et al., 1999). However, upwelled water 

can be nutrient limited as it is sourced from the base of the oligotrophic Leeuwin 

Current (LC) (Gersbach et al., 1999). The poleward flow of the LC generally suppresses 

upwelling along the shelf break and outer shelf of Western Australian (WA) coast 

(Cresswell and Golding, 1980; Weaver and Middleton, 1989). The LC flows strongest 

during the austral winter when the opposing southerly winds and sea breezes are 

weakest (Smith et al., 1991; Pattiaratchi and Woo, 2009). The LC is characterised by 

low chlorophyll concentration with phytoplankton restricted to deep chlorophyll 

maximum layers near the nitracline (Hanson et al., 2007), low nutrient levels, low 

salinity (Pearce et al., 2000), and low productivity (Koslow et al., 2008).  

 

The Capes Current (CC), a seasonal inner shelf wind-driven current, flows inshore of 

the LC during summer months when southerly wind (>7 m/s) and sea breezes prevail 
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(Pearce and Pattiaratchi, 1999; Pearce et al., 2006) and induce upwelling transporting 

colder, higher salinity water northward (Gersbach et al., 1999). Sporadic and localised 

wind-driven upwelling events have been documented primarily during the austral 

summer, coinciding with the minimum transport of the LC and the prominence of 

upwelling-favourable winds (Hanson et al., 2005; Rossi et al., 2013).  

The shelf processes off south-western Australia are mainly wind driven, and include 

mixing, circulation, and particulate resuspension dominated by local land-sea breeze 

(LSB) activity, particularly during the summer months (Pattiaratchi et al., 1997; Zaker 

et al., 2007; Verspecht and Pattiaratchi, 2010; Gallop et al., 2012). Local sea breezes, 

superimposed upon synoptic southerly winds (with speeds often >15 m/s), are prevalent 

in summer and spring (September-February) (Verspecht and Pattiaratchi, 2010). The 

unusually strong alongshore sea breeze results from the interaction of the local sea 

breeze generated due to the synoptic pressure system and the land-sea temperature 

gradient (Pattiaratchi et al., 1997).  

 

Surface currents generated by wind stress, in combination with the Coriolis force, have 

a maximum response at the local inertial frequency (Ekman 1905; Simpson et al. 2002). 

When the period of wind forcing is close to the local inertial period, a resonance 

condition occurs.  At the latitude 30° (north and south), defined as the ‘critical latitude’, 

the inertial period 24 hours which often is the period of local wind forcing resulting 

from the land-sea-breeze (LSB) cycle. Thus regions close to the ‘critical latitude’ 

(30°N-S  10°) are regions where diurnal resonance is most likely to occur. These 

resonant wind-current responses have been addressed in a variety of field and 

theoretical studies and have shown to enhance the upper ocean velocity field and 

vertical mixing (e.g. Simpson et al. 2002; Hyder et al., 2011; Zhang et al. 2009; Kim 

and Crawford 2014). In the study region resonance occurs as the local inertial frequency 

(22.6 hours) is close to the local LSB forcing (Mihanović et al., 2016). Using field 

measurements Mihanović et al. (2016) identified the presence of near-inertial waves that 

were generated through the diurnal–inertial resonance. During the austral summer, when 

southerly winds and LSB system dominated the wind regime, strong counterclockwise 

diurnal motions (amplitudes surpassing 0.3 m s
–1

), penetrated to 300 m depth with 

diurnal vertical isotherm fluctuations up to 60 m.  

Numerical model results have demonstrated that the LSB system effectively enhances 
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the upwelling signal with the inclusion of the diurnal variability increasing the 

upwelling rate by about 20% when compared to the case of constant wind forcing 

(Franchito et al., 1998).  Many studies have also shown that wind-forced variability at 

the diurnal frequency play a dominant role in controlling phytoplankton distribution 

(Woodson et al., 2007; Lucas et al., 2013). Lucas et al. (2013) found that the traditional 

view of upwelling as a primarily low-frequency advective phenomenon did not explain 

observations of the spatial and temporal chlorophyll distribution over the South African 

continental shelf located at the critical latitude. In contrast, they found that water 

column currents, temperature and chlorophyll distribution was dominated by variability 

at the diurnal scale in response to inertial-diurnal resonance. 

 

Physical and chemical oceanography off the WA coast have been the focus of an 

increasing number of studies in recent years (e.g. Pearce et al., 2006; Woo and 

Pattiaratchi, 2008; Rennie et al., 2009; Weller et al., 2011). Advances have also been 

made in the understanding of the biological consequences of the key oceanographic 

processes of the region (Lourey et al., 2006; Furnas, 2007; Moore et al., 2007; Fearns et 

al., 2007; Hanson et al., 2007; Koslow et al., 2008; Feng et al., 2009; Thompson., 2011). 

The primary focus of the work to date was related to biological productivity and 

phytoplankton distributions within the upper water column over larger time scales (e.g., 

monthly to seasonally). However, the generation time of phytoplankton is commonly 

one to a few days during nonsexual reproduction, corresponding to time scales of a day 

to a few weeks for a noticeable change in phytoplankton distribution (Lips and Lips, 

2010). Traditional oceanographic methods, generally with short sampling periods, 

cannot capture the temporal evolution of upwelling and evaluate its impact upon 

biological productivity. Furthermore, specific field investigations of phytoplankton 

responses to small-scale seasonal upwelling in the south-western Australia coastal 

waters are very limited (e.g. Hanson et al., 2005). 

 

In order to address this knowledge gap, the main aim of this study was to examine the 

diurnal scale water column variability, including temperature, salinity, density and 

chlorophyll along the Rottnest continental shelf off south-western Australia, using a 

high-resolution ocean glider dataset supplemented by moored time series data of 

temperature and currents through the water column and wind data. Data were obtained 
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during the austral summer under strong sea breeze conditions when diurnal-inertial 

resonance occurred.  

 

This Chapter is organized as follows: Section 5.3 depicts the methods of data. The 

results of consecutive coastal summer upwelling events over mid-temporal scale (e.g. 

daily to weekly) are featured in Section 5.4 and are discussed in Section 5.5. General 

conclusions are drawn in Section 5.6.  

 

5.3 Methods 

5.3.1 Time series data: Winds, currents and ocean temperature 

Wind speed and direction data over the study period were obtained from an Automatic 

Weather Station (AWS) operated by the Australian Bureau of Meteorology at Rottnest 

Island (Figure 5.1). Each measured wind vector represented a 10 minute vector mean of 

the wind speed and direction preceding the recorded hour.  

 

Current velocity profiles were measured using bottom mounted, upward looking 

Acoustic Doppler Current Profilers (ADCPs) located at depths of 40 m (site WATR04); 

100 m (site WATR10); and, 200 m (site WACA20).  These data were downloaded from 

the Integrated Marine Observing System (IMOS) data portal 

(https://portal.aodn.org.au/). Sites WATR04 and WATR10 were located along the ocean 

glider transect whilst Site WACA20 was located in the Perth canyon (Figure 5.1). 

Mooring configurations, ADCP instrument type and sampling configurations are 

presented in Tables 5.1. Although IMOS mooring array includes moorings at 200 and 

500 m along the ocean glider transect, these data were not available in February 2015 

due to servicing of the moorings. Data from Site WACA20 were included to highlight 

the diurnal resonance conditions during the study period as the ADCP data from Site 

WATR10 (100 m depth) was ‘noisy’. Mihanović et al. (2016) demonstrated that diurnal 

resonance occurs across the whole study region. Post-processing of the data was carried 

out using Matlab. The coordinate system was rotated so that u and υ represent the cross-

shore (+ve to 25°) and alongshore (+ve to 335°) current components, respectively. 

ADCP current velocity time series at Sites WATR10 and WACA20 were subjected to a 

48-hour, Butterworth filter (half-power point = 48 hours) to separate the time series into 

high and low frequency components to allow for the examination of the high-frequency 
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signal close to the diurnal band which is addressed in this paper (see also Mihanović et 

al., 2016). 

 

Stations WATR10 and WACA20 also included thermistors (Seabird Electronics SBE 

39, SBE 39plus and RBR XR420) that were fixed onto the mooring lines. The 

measurement locations through the water column at each location are presented on 

Table 5.1. At Site WATR04 only near bed temperature data collected by the ADCP was 

available. 

 

The time series of wind, near-bed currents and temperature data at WATR10 (100 m) 

data were subject to Fourier analysis using FFT techniques (Bendat and Piersol, 1996). 

Ocean colour and sea surface temperature images were obtained from the MODIS 

satellite available through the Integrated Marine Observing System (IMOS) data portal 

(see above). Surface currents derived from HF Radar data for the region were 

superimposed on the satellite images – the HF Radar systems are described in 

Mihanović et al. (2016). 
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Figure 5.1. Location of the study area and the glider transect. Bathymetric contours are 

in metres. WATR04, WATR10, WACA20 indicate the location of Acoustic Doppler 

Current Profilers (ADCPs) at 40m, 100 m and 200 m depth, respectively.  

 

 

 

 



66 

 

Table 5.1. Mooring configurations, ADCP instrument type and sampling configurations 

Station Longitude 

Latitude 
Depth 

(m) 
Temperature data 

dates, 

temporal resolution, 

mean sensor depths, 

instrument types 

ADCP data dates, 

temporal resolution, 

bin depths, 

instrument type 

WATR04 115.4000 

-31.7167 

 

41 N.A 1 – 28 February 2015 

every 10 min 

RDI Workhorse-

Sentinel-600 

WATR10 115.2031 

-31.6438 

103 1 Feburary-1 March 

2015 

every 10 min 

28.9, 33.6, 43.2, 52.7, 

72.3, 92.4, 96.4 m 

SBE39, Nortek-

AquadopPro 

 

1 Feburary-1 March 

2015 

every 15 min 

96.4 m 

Nortek-AquadopPro 

 

WACA20 115.2277 

-31.9833 

202 1 Feburary-1 March 

2015 

every 10 min 

31.3 41.4 56.5 76.6 

106.7 131.8 156.9 181.9 

201.1 201.0 m 

SBE37, SBE39, RBR 

DR1050P, Nortek 

Continental 190kHz 

1 Feburary-1 March 

2015 

every 30 min 

201.0 m 

Nortek Continental 

190kHz 
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5.3.2 Cross-sectional data: Ocean Gliders 

Regular observations over the south-western Australian continental shelf, along the Two 

Rocks (Figure 5.1) transect, have been undertaken since January 2009 using Slocum 

Electric Glider (Teledyne Webb Research). The data presented in this study was 

collected during a deployment undertaken 6-21 February 2015. Over this period, a total 

of 10 repeat transects along the same glider path were completed, with approximately 1 

million individual sampling points obtained for each variable (e.g., temperature, salinity 

and chlorophyll). Data were subject to quality control and the actual vehicle trajectory 

was transposed onto the Two Rocks Transect as a straight line (Pattiaratchi et al., 2011; 

Woo 2017).  

 

The ocean glider moved with a mean velocity of approximately 25 km/day, equal to 

0.29 m/s. The scientific package contained a 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 sampling at 4 Hz (yielding measurements 

approximately every 7 cm).  

 

Calibration of bio-optical instruments on glider is stated in Chapter 3.  

 

5.4 Results 

5.4.1 Wind data 

Wind data obtained from the Rottnest meteorological station indicated a typical summer 

pattern with consistent sea breezes over the month of February 2015 (Figure 5.2). The 

dominant wind directions were 100-120
o
 in the morning and 180-200

o
 in the afternoon 

that was associated with the sea breeze. The wind speeds of sea breeze were variable 

with daily maxima ~10 m/s. During the study four contrasting winds were experienced 

(Figure 5.2): (1) 1-5 February: high wind speeds (> 15 m/s) were recorded on 2 

February that decreased to 5 m/s by 4 February. The wind directions were variable with 

360
o
 rotation; (2) 6-7 February: strong (> 10 m/s) southerly winds with maxima 

reaching to 15 m/s at midnight on 7 February; (3) 14 February: high wind speeds (> 15 

m/s) from the south; and, (4) 20-24 February: strong sea breeze conditions with south-
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easterly winds in the morning rotating to strong southerly in the afternoon. 

Figure 5.2. Time series of (a) wind speed; and, (b) wind direction for February 2015 

obtained from the Rottnest Island meteorology station.  

5.4.2 Current and Temperature profiles 

Time series of velocity profiles from 3 locations (Figure 5.1) at 40, 100 and 200 m 

water depths demonstrated wind as the major forcing mechanism of the currents. 

However, the response of the currents to wind forcing at each of the locations (i.e. water 

depths) was different. 

 

Site WATR04 (40m depth) 

Here, the currents were dominated by the larger temporal scale wind forcing rather than 

to each individual sea breeze. The current velocities (both along-shore and cross-shore 

velocity) responded to the four periods of contrasting wind forcing that were reflected in 

both the east-west and north-south components (Figure 5.3).  At the beginning of the 

month (1-5 February) rotating winds were reflected in the currents through the water 

column with rotatory response with both components changing between positive and 

negative values.  There was also a discontinuity at a depth of ~18m where the surface 

layer was rotating opposite to that at the bottom (Figure 5.3).  The response of the 

currents to dominant southerly wind was strong northerly currents (> 0.30 m/s) that was 

also associated with offshore directed (negative component) in the east-west component 

at the surface and onshore directed currents (positive component) close to the sea bed 

indicative of upwelling. The mean currents over the one month period confirm this 
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analysis with offshore currents in the surface layer (to ~18m) and onshore currents in 

the bottom layer (Figure 5.4a).  In the north-south component, the mean currents were 

directed northward with higher currents in the surface layer decreasing with depth 

(Figure 5.4b). 

 

Figure 5.3. Time series of (a) cross-shelf (u) component; and, (b) alongshelf (v) 

component from the upward looking ADCP at Site WATR04 for February 2015. Note 

that velocities are hourly means and positive values indicate flow towards the east and 

north, respectively. 

 
 

Figure 5.4. Mean velocity profiles of (a) cross-shelf component; and, (b) alongshelf 

component from the upward looking ADCP at Site WATR04 for February 2015. 

Positive values indicate flow towards the east and north, respectively. 
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The power spectrum density plots for winds, near bed currents and temperature 

indicated energy peaks at 24 hours (Figure 5.5) and a broad peak at 6.5 days (except for 

temperature).  The diurnal period in the winds are due to diurnal sea breeze system and 

is also present in the currents and temperature the time series whilst the 6.5 day period 

represent the period of the west to east passage of the synoptic weather systems.  

 

 

Figure 5.5. Power spectrum density of wind components at Rottnest Station (dotted 

lines); near bed current components and temperature (solid lines) at Site WATR04 for 

February 2015. Vertical dotted lines indicate frequencies at 6.5 days, 24 and 12 hours. 

Blue (red) represent alongshore (crossshore) components for both wind and currents. 

Black line is temperature. 

Site WATR10 (100m depth) 

The ADCP record at this was noisy and time series of high pass filtered data are 

presented (the unfiltered data indicated similar patterns). The prominent feature in the 

current record was the diurnal change in direction (alternating between positive and 

negative) through the entire water column (Figure 5.7). Here, the u component leads the 

v component by 90° indicating counter-clockwise rotation. This counter-clockwise 

circulation feature was identified by Mihanović et al. (2016) as being due to the diurnal 
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resonance close to the critical latitude through the generation of near-inertial waves. 

Although circular motion was present throughout the study period (Figure 5.7a,b) the 

amplitude varied with the high-frequency current amplitudes being  > 0.2 m/s during  

periods of strong sea breeze activity (1-5 February; 6-7 February: 14-25 February). 

 

One of the features of diurnal-inertial resonance and the generation of near-inertial 

waves is the strong vertical motion of the thermocline.  This is demonstrated in Figure 

5.7c where the diurnal vertical excursion of the thermocline was > 50m. In particular, 

the thermocline depth, defined as the 20.8
o
 isotherm, was minimum at midnight and 

maximum at mid-day (Figure 5.7c). Superimposed on the diurnal signal there was also 

changes in the mean depth of the thermocline. 

 

The power spectrum density plots indicated strong energy peaks at 24 hours for wind, 

current components and temperature (Figures 5.8 and 5.9). For the longer period, the 

winds indicated a peak at 6.5 days and the currents and temperature indicated a peak at 

8 days (Figure 5.8).  The diurnal and the 8 day periods were present throughout the 

water column (Figure 5.9). 
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Figure 5.7. Vertical profile time series of (a) high frequency cross-shelf (u) component; 

(b) high frequency alongshelf component; and, (c) temperature at Site WATR10 for 

February 2015. The black contour line for temperature represents the 20.8
o
C isotherm. 
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Figure 5.8. Power spectrum density of wind components at Rottnest Station (dotted 

lines); near bed current components and temperature (solid lines) at Site WATR10 for 

February 2015. Vertical dotted lines indicate frequencies at 8 days, 24 and 12 hours. 

Blue (red) represent alongshore (crossshore) components for both wind and currents. 

Black line is temperature. 
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Figure5.9. Power spectrum density of: (a) alongshore current components; (b) 

crossshore current components; and, (c) temperature through the water column at Site 

WATR10 for February 2015. Vertical dotted lines indicate frequencies at 8 days and 24 

hours. 

 

 

 

 

(a) 

(b) 

(c) 
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Site WACA20 (200m depth) 

The time series of currents (high frequency filtered) and temperature at this Site 

indicated a similar pattern to that at Site WACA20: counter-clockwise rotation of the 

current through the water column to 200 m water depth and diurnal vertical excursion of 

the thermocline of > 50 m (Figure 5.10). 

 

 
 

Figure 5.10. Vertical profile time series of (a) high frequency cross-shelf (u) 

component; (b) high frequency alongshelf component; and, (c) temperature at Site 

WACA20 for February 2015. The black contour line for temperature represents the 

19.5
o
C isotherm. 
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5.4.3 Satellite derived sea surface temperature and chlorophyll 

Sea surface temperature 

A series of three satellite images demonstrate the circulation patterns across the shelf 

and further offshore during the study period (Figure 5.11). Imagery indicated typical 

summer conditions with the southward flowing warmer (~24°C) Leeuwin Current (LC) 

located offshore and the cooler (22-23°C) Capes Current (CC) flowing northward.  The 

LC was located at the offshore extremity of the ocean glider transect whilst the Capes 

Current was within the glider transect (Figure 5.11).  This circulation pattern was 

maintained through the study period with only small changes in the location of LC and 

CC the latter becoming cooler and increased current velocities when the southerly winds 

were stronger (e.g. 23 February; Figure 5.11c). There was a difference in surface 

temperature of ~1.5
o
C between the LC and CC. 

 

Figure 5.11. Satellite images of the sea surface temperature (°C) on (a) 15 February, (b) 

21 February, (c) 23 February 2015. The black line indicates the glider transect. 
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Surface chlorophyll 

Satellite-derived surface chlorophyll images (Figure 5.12) indicated similar patterns to 

surface temperature (Figure 5.11) and there was very little variability in the surface 

chlorophyll distribution over the study period in February 2015. Surface chlorophyll 

concentrations were lower (~0.15 mg/m³) in the LC and elevated in the CC (~0.4 mg/m³) 

and within the glider transect (Figure 5.12). On 21 February, the surface chlorophyll 

decreased slightly, with the lowest value (0.1 mg/m³) observed in the middle section of 

the glider transect (Figure 5.12c). On 23 February, a uniform band of higher chlorophyll 

(~0.4 mg/m³) was observed across the whole glider transect (Figure 5.12d).  

 

 

Figure 5.12. Satellite images of chlorophyll concentration (mg/m³) on (a) 8 February, 

(b) 15 February, (c) 21 February, (d) 23 February 2015. The black line indicates the 

glider transect. It is impossible to read the colour bars for the legend. 
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5.4.4 Ocean Glider data 

A total of 10 cross-shelf glider transects were completed over the period 6-23 February 

that provided an overview of the variability in temperature, salinity, density and 

chlorophyll over (Figure 5.13). Main feature in the distribution of these properties is the 

frequent onshore/offshore movement of a density front (mainly temperature controlled 

but salinity also had an influence) that moves between the shelf break and the upper 

shelf as an internal bore. These events transported colder, less saline, sub-thermocline 

water together with the subsurface chlorophyll onto the upper shelf at regular intervals. 

 

The glider transects regions along the shelf were defined as follows: (1) upper shelf 

region from the coastline (0 km) to 25 km distance; (2) shelf break region between 25-

28 km from the coastline; and, (3) offshore region from 28 km distance to deeper water. 

The time taken to complete each transect was ~2 days.  However, when the glider was 

moving from offshore to inshore the shelf break region was repeatedly sampled (on both 

offshore and inshore legs) with a time interval between 8 and 12 hours. 

 

The temperature distribution over the time period indicated that the upper shelf region 

was in general vertically mixed except within 10 km of the coast on selected transects 

(Figures 5.11d,e). At the final transect the upper shelf region was cooler compared to 

other transects and coincide with the colder water at the surface on the SST image 

(Figure 5.13c). Along the shelf break and offshore regions the water column was 

vertically stratified with the thermocline defined by the 21.2
o
C isotherm (Figure 5.13). 

The nose of the internal bore, defined as the location where the 21.2
o
C isotherm 

intersected the seabed, changed with time along the transect varying between 14 km 

(Figure 5.13g) and 25 km (Figure 5.13c) from the coastline. 

 

The salinity distribution over the time period indicated lower sanity water associated 

with the lower temperature water in the subsurface (Figure 5.13). The Leeuwin Current 

(lower in salinity) was present at the surface at the offshore end of the transect. Higher 

salinity water was found on the upper shelf and at the shoreward end of the transect in 

the surface 20m. As the temperature was the dominant parameter defining density, 

higher salinity was present at the surface above the colder water. The offshore extent of 

this higher band of salinity changed with time: it was vertically mixed at the beginning 
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and < 5km from the coast; extended to > 10km of the coast by 13 February; and, 

vertically mixed by 13 February due to strong winds. The density distribution followed 

the temperature distribution. 

 

Chlorophyll distribution indicated low chlorophyll at the surface across the whole 

transect and a subsurface chlorophyll maximum with enhanced chlorophyll 

concentration at the shelf break (Figures 5.13). The chlorophyll concentration along the 

upper shelf reflected changes observed in the temperature distribution with regular 

onshore/offshore movement between transects and was associated with colder water. 

Chlorophyll concentrations inshore ranged from 0.1 mg/m³ at the surface to 0.9 mg/m³ 

observed offshore at 40-65 m depth within the subsurface chlorophyll maximum. 
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                          Temperature          Salinity                   Density               Chlorophyll 

 
 

  

Figure 5.13. Glider transects of temperature (°C), salinity, density (kg/m³)  and 

chlorophyll (mg/m³) across the Rottnest continental shelf (a) over 6-8 February 2015; 

(b) 8-9 February 2015; (c) 10-11 February 2015; (d) 11-13 February 2015; (e) 13-14 

February 2015; (f) 14-16 February 2015; (g) 16-18 February 2015; (h) 18-19 February 

2015; (i) 20-21 February 2015; and (j) 21-23 February 2015. The black line indicates 

21.2°C isotherm on temperature and chlorophyll, and 25 kg/m³
 
isopycnal on salinity and 

density.  
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5.4.5 Diurnal-inertial resonance 

The ADCP current meter profiles and thermistor data at Sites WATR10 and WACA20 

both indicated there was diurnal-inertial resonance during the observational period in 

the study region.  The evidence for this was provided through counter-clockwise 

rotating currents through the water column and large (> 50 m) vertical excursion of the 

thermocline at the Site WATR10 (Figure 5.5c).  Spectrum analysis also indicated that 

the temperature at 92 m consisted of a strong diurnal signal which at this depth was 

most likely not due to the diurnal heating/cooling cycle. The ocean glider data also 

indicated frequent onshore/offshore movement of the nose of the thermocline by up to 

11 km.  The ocean glider transits at a relatively slow speed across the transect and 

required ~2 days to complete the whole transect.  Therefore, due aliasing, it was not 

possible to ascertain whether the onshore/offshore movement of the colder water on the 

shelf was a direct result of the near-inertial waves generated by diurnal-inertial 

resonance. However as the main period of forcing is diurnal it should be possible to 

examine the distance of the thermocline nose from the coastline over a 24 hour time 

scale. Examination of the results (Table 5.2) indicated that there was a division between 

day and night. Here, based on the ocean glider data acquisition the ‘day’ was defined as 

between 0800 and 1830 and ‘night’ between 2000 and 0600 (Table 5.2). Thus, transects 

that collected data between 0800 and 1830 indicated that the thermocline nose to be 

located ~14 km from the coast.  In contrast those obtained between 2000 and 0600 

indicated that the thermocline nose to be located > 17 km from the coast.  This clear 

differentiation may indicate that the diurnal-inertial resonance may be responsible for 

the movement of the thermocline on/off the shelf.  It should be noted that the 

temperature profiles at the 100m depth (WATR10) along the ocean glider transect 

clearly indicated vertical excursion of the thermocline by > 50 m. With the shelf break 

located at a depth of 50 m, as the thermocline oscillates colder water most likely will 

flow onto the upper shelf.  
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Table 5.2. The distance of the thermocline nose from the coastline 

Date/time Distance from coast to 

'nose’ of internal bore 

Day/Night 

2/7/15 20:43 17 N 

2/9/15 8:05 14 D 

2/11/15 5:34 25 N 

2/12/15 11:20 21 D 

2/14/15 6:31 21 D 

2/15/15 18:25 22 N 

2/17/15 13:27 14 D 

2/19/15 8:49 14 D 

2/20/15 18:36 14 D 

2/22/15 4:24 20 N 

 

5.5 Discussion 

Chlorophyll concentrations in continental shelf water display strong temporal variability 

ranging from hours/days to monthly/annual time scales (see Chapter 4). Hour-to-hour 

and day-to-day fluctuations in chlorophyll concentrations has been attributed to sinking 

and vertical mixing of phytoplankton cells, horizontal transport of different water 

masses, and non-photochemical quenching of the fluorescence signal (Blauw et al., 

2018). These authors also found that, in the central North Sea (away from coastal 

discharges), the major determinant of phytoplankton variability was due to the local 

physical processes related to vertical and horizontal transport driven by winds and tides. 

Recent studies have concluded that physical transport processes dominated 

phytoplankton variability at short time scales (hour-to-hour), whereas biological growth 

and loss processes were more important at time scales of weeks to months (Brunet and 

Lizon, 2003; Llope et al., 2009; Blauw et al., 2018). 

 

In this study, field measurements collected in February 2015 revealed that the 

subsurface dynamics in the region to be highly variable particularly at the diurnal scale 

that was controlled by the local wind regime. Although the high-frequency component 

of wind variability is often assumed to be of less biological significance than variability 

on subinertial timescales from traditional point of view, the diurnal sea-breeze 

variability, common in coastal upwelling regions (Gille et al., 2003; Hyder et al., 2011; 

Bonicelli et al., 2014), can drive large temperature and chlorophyll fluctuations (Kaplan 

et al., 2003; Woodson et al., 2007; Lucas et al., 2013). This is in contrast to the 
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traditional view of coastal upwelling as a primarily a low-frequency advection process. 

The field measurements revealed that the temporal variability of physical properties and 

chlorophyll concentration along the Rottnest Continental Shelf consisted of a strong 

diurnal signal that was related to the diurnal-inertial resonance forced by the strong land 

sea breeze system.  It should be noted the chlorophyll variability observed in the field 

data were mainly at the subsurface. The satellite derived surface chlorophyll distribution 

did not indicate any major changes at the surface over the measurement period (Figure 

5.11). 

 

In the study region, a diurnal-inertial resonance condition operates (Mihanović et al., 

2016) where the period of land sea breeze forcing (~24 hours) is close to the local 

inertial frequency (22.6 hours). These diurnal-inertial resonant responses close to the 

critical latitude have been addressed in a variety of field and theoretical studies and have 

shown to enhance the upper ocean velocity field and vertical mixing (e.g. Simpson et al. 

2002; Hyder et al., 2011; Zhang et al. 2009; Kim and Crawford 2014).  However, very 

few have examined the influence of diurnal-inertial resonance on the distribution of 

chlorophyll (Lucas et al., 2013).  In the study region, Mihanović et al. (2016) 

demonstrated that diurnal–inertial resonance generated near-inertial waves that resulted 

in: (1) counterclockwise currents at a diurnal frequency through the water column that 

penetrated to >300 m water depth; (2) diurnal vertical isotherm fluctuations up to 60 m; 

and, (3) lines of constant phase propagating towards the surface that indicated 

downward energy flux suggesting forcing by the diurnal sea breeze rather than tidal 

forcing (see also Lerczak et al., 2011). It was also shown that the strength and spatial–

temporal variations of the Leeuwin Current influenced the diurnal-inertial resonance by 

changing the effective Coriolis frequency. Diurnal-inertial resonance in the Benguela 

upwelling system indicated a similar response with strong counterclockwise diurnal 

currents through the water column (Lucas et al., 2013). Here, the inertial oscillations 

resulted in surfacing of the pycnocline and vertical redistribution of chlorophyll 

concentration from a subsurface maximum to entrainment into the surface mixed layer.   

 

Internal waves are ubiquitous features of the global ocean particularly in regions of 

varying topography such as continental shelf breaks and are generated through the 

interaction between stratified water and sloping bottom topography (Baines, 1982; 
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Garrett and Kunze, 2007). This process displaces density surfaces vertically at particular 

frequencies and as the dominant forcing is due to tidal action these features have been 

termed internal tides (internal gravity waves at a tidal frequency). The generation 

mechanism is generally accepted to be that of an oscillating tidal flow over topographic 

features in a stratified ocean, leading to displacements of the thermocline at tidal 

periodicity. Many studies of internal waves based on numerical, experimental, and 

theoretical fluid mechanics are available in the literature (Lamb, 2013 provides a 

comprehensive review). Internal waves, propagating along the continental shelf 

encounter a highly dynamic environment with changing bathymetry, spatially and 

temporally evolving stratification, tidal and wind forcing, and coastal 

upwelling/downwelling influences (Pineda and Lopez, 2002; Davis and Monismith, 

2011; Lamb, 2013; Walter et al., 2014). Studies undertaken in Monterey Bay have 

shown the interaction of the internal tide with the continental shelf break results 

transport of colder water from beneath the thermocline onto the continental shelf as 

internal bores at the semi-diurnal frequency (Walter et al., 2014). In northern Monterey 

Bay (California, USA), Walter et al. (2016) and Woodson et al. (2009) showed that the 

upwelling front generated by the surfing of the internal bore propagated 

onshore/offshore due to modulation by strong diurnal wind forcing and that the local 

diurnal wind forcing was the dominant control on nearshore temperature variability 

(Walter et al., 2017). These results indicated in additional to fluctuations of the 

thermocline at the tidal frequencies the local winds can also influence the frequency of 

oscillation and the location of the internal bore along the shelf. 

 

The results presented in this study indicated that the diurnal-inertial resonance generated 

inertial waves that resulted in large (> 50 m) vertical excursions of the thermocline (e.g. 

Figure 5.5c).  The cross-shore ocean glider transects also indicated horizontal 

excursions of the internal bore between the shelf break to a maximum of 11 km. 

However, the actual period of this bore excursion could not be determined as the glider 

transects were completed over time 1-2 time periods whilst the thermocline excursion 

was diurnal. However, there are many indicators to support that horizontal changes in 

the internal bore was forced at the diurnal frequency through the diurnal-inertial 

resonance: 
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1. In agreement with the findings by Mihanović et al. (2016), data presented here for 

February 2010 indicated the occurrence of diurnal-inertial resonance through moored 

time series data in 100m (WATR10) and 200 m (WACA20) water depths: (1) 

counterclockwise currents at a diurnal frequency through the water column (Figures 

5.7 and 5.10); and, (2) diurnal vertical isotherm fluctuations up to 60 m (Figures 5.7c 

and 5.10c). 

2. Moored time series data at 100 m water depth indicated diurnal currents through the 

water column for both east-west and north-south component. In addition, the near-

bed temperature time series also indicated dominance at the diurnal frequency 

(Figure 5.8 and 5.9).  At a depth of 92 m it is unlikely that this fluctuation was due to 

diurnal heating and cooling. 

3. The time series of temperature at WATR10 indicated that during the diurnal 

oscillation the minimum (maximum) depth of the thermocline (defined by the 22.8
o
C 

isotherm) was reached at midnight (mid-day).  

4. Due to aliasing the ocean glider data could not be directly related to changes in the 

depth of the thermocline. In the glider transects, the internal bore on the upper shelf 

was only present on transects that covered the region of the nose of the bore during 

the day between 0630 and 1830 (Table 5.2).  In contrast, the bore had retreated to the 

shelf break when the transect was collected during the night (between 1830 and 

0530). When compared to point (3) above – this means that there was an inverse 

relationship between the depth of the thermocline at 100m and the location of the 

internal bore on the upper shelf.  When the thermocline depth was at a minimum 

(maximum) the internal bore was closer (onshore) of the shelf break. 

 

The above observations indicated that, although not definitive, that the onshore/offshore 

movement of the internal bore was most likely due to forcing derived through the 

diurnal-inertial resonance. Additional data – particularly in terms of vertical temperature 

and chlorophyll profiles through the water column augmented by ocean glider data 

across the shelf break are required to confirm this process.  The close association of the 

chlorophyll distribution with the physical structure and its variability at the diurnal 

timescale indicated that the chlorophyll distribution was controlled by physical 

processes.  Here, the subsurface chlorophyll maximum was associated with the 

thermocline and as the thermocline water moved onshore/offshore at the diurnal scale, 
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the chlorophyll distribution also followed this movement.  The results obtained here are 

slightly different to observed by Lucas et al. (2014) off the west coast of Africa under 

diurnal-inertial resonance.  Here, Lucas et al. (2014) found that diurnal-inertial 

resonance resulted in surfacing of the subsurface chlorophyll maximum resulting in 

higher chlorophyll values at the surface.  In contrast, in this study the physical forcing 

resulted in the onshore/offshore movement of an internal bore in the subsurface without 

any surface signature as revealed by the surface satellite derived surface chlorophyll 

distribution (Figure 5.9).   

 

The combination of time series data from moored instruments, ocean glider data and 

wind data indicated very tight coupling between at the diurnal scale between wind 

forcing, continental shelf currents and water column temperature, salinity and 

chlorophyll variability. Satellite imagery indicated this coupling was mainly confined to 

the sub-surface. In the study area this coupling was attributed to the diurnal inertial 

resonance and may be important in other regions close to critical latitude (e.g., coastal 

waters off Chile, California, Mexico, eastern Australia, and Northern Africa). 

 

5.6 Concluding remarks 

In this study, we examined fine-scale evolution of consecutive upwelling events along 

the Rottnest continental shelf, off south-western Australia, using high-resolution glider 

dataset (06-21 February 2015). We found that cooler, upwelled waters (<21°C) were 

alternately located inshore and offshore on a regular basis (during upwelling and 

relaxation), due to inertial waves, which were generated when the local inertial period 

and the diurnal sea breeze forcing coincided to create diurnal-inertial resonance. During 

summer these large (50 m) oscillations of the thermocline resulted in driving an internal 

bore onshore/offshore on the upper continental shelf at a diurnal scale: during the day 

the bore was located on the shelf whilst at night the bore was retracted to the shelf break.  

The chlorophyll variability was limited to the sub-surface and reflected the 

onshore/offshore movement of the internal bore. It is concluded that at the diurnal scale, 

chlorophyll distribution in the region is controlled by physical processes particularly 

during periods of diurnal-inertial resonance. 
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Chapter 6 

Winds control chlorophyll distribution on the 

oligotrophic continental shelf off south-

western Australia 

6.1 Summary 

Examination of the role of transient wind events in controlling chlorophyll distribution 

in physically dynamic coastal regions is difficult, due to challenges in obtaining 

comprehensive datasets. This study is an attempt to examine this linkage, using high 

spatial and temporal resolution ocean glider data together with meteorological data. The 

distribution of chlorophyll concentrations were obtained from a repeated transect that 

revealed complex relationships between wind events (e.g. differences in wind speed and 

direction) and chlorophyll concentrations under different physical processes: dense shelf 

water cascades (DSWC), strong vertical mixing under storm events and upwelling. The 

data indicated that the water column responded rapidly to changes in wind alternating 

between stratification and de-stratification and vice-versa (e.g., upwelling to DSWC; 

DSWC to mixing) over 1-3 days. Under low winds conditions (wind speeds <7 m/s), 

DSWC was the dominant feature. Majority of the DSWC events were associated with 

the synchronous increases in chlorophyll and suspended sediment, often close to the sea 

bed. During storm events (wind speeds >15 m/s) high chlorophyll values were present 

through the well mixed water column. The maximum chlorophyll concentrations were 

observed 1-3 days after the passage of storms subsequent to sediment re-suspension. 

During strong winds, with an onshore component that promoted downwelling the water 

column retained the vertical stratification when DSWC was present. Here, the DSWC 

was intensified with higher chlorophyll in the cascaded water extending further offshore.  

Under upwelling conditions, mainly during the summer months, a subsurface 

chlorophyll maximum and enhanced chlorophyll values at the shelf break was observed. 

It is concluded that wind speed and direction are the dominant parameters controlling 

the distribution of chlorophyll along the Rottnest continental shelf. 
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6.2 Introduction 

In regions of low tidal forcing episodic local atmospheric forcing create complex 

physical processes in the coastal ocean. Variations in wind speed have been shown to 

significantly affect local hydrodynamics and water column distribution of nutrients and 

phytoplankton biomass (Babin et al., 2004). Strong wind events (e.g. storms with wind 

speeds >15 m/s) have been found to induce vertical mixing as winds change in direction 

and strength (Jaimes and Shay, 2015; Glenn et al., 2008; Ulses et al., 2008; Rennie et al., 

2006; Klinck 1996; She and Klinck 2000; Skliris et al. 2001). Storms can also cause 

resuspension of detritus, sediments and other materials, likely due to wave shear stress 

(Gardner et al., 2001; Verspecht and Pattiaratchi, 2010; Yang et al., 2007; Pusceddu et 

al., 2005; Fanning et al., 1982). Shrophshire et al. (2016) concluded that in coastal 

regions, physical response to storms generally include a decrease in sea surface 

temperature due to heat loss and vertical mixing across the thermocline (Price, 1981), 

transient upwelling induced by Ekman pumping (Bueti et al., 2014), and a near inertial 

response (Jacob et al., 2000). Due to adverse conditions experienced during storm 

activity, field measurements of the influence of wind on the distribution of water 

properties during and subsequent to storm activity are scarce. 

 

Primary driver of phytoplankton variability in many coastal and shelf waters is the 

seasonal (or mean over weeks and months) changes in the vertical stability of the water 

column and the availability of nutrients and light. Superimposed on this seasonal pattern 

is an additional layer of shorter time and space scale variability that results from the 

dynamic interaction of phytoplankton with a range of physical processes. These features 

include tidal variability (i.e. spring/neap cycles), impacts of coastal storms, frontal 

features, coastal upwelling, advection of offshore water masses and the influence of 

coastal and oceanic currents (O’Boyle and Silke, 2010). However, limited studies have 

focused on the importance of transient events (hours to days) on phytoplankton 

dynamics (e.g. Claustre et al., 1994) and not many have considered an oligotrophic 

environment that is dominated by wind effects and air-sea exchanges. Short time and 

space scale physical processes, for example wind events, can excite nonlinear 

phenomena which decouple biological trophic interactions (Frank 1997). Such 

decoupling may lead to transient states in which the phytoplankton can show unusually 

high net production rates, leading to an amplification of phytoplankton patchiness. The 
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temporal scale of these winds events is of the order of days and sampling on these 

scales is required to document physical processes and their impact on phytoplankton 

communities. Phytoplankton community structure in coastal regions has been shown to 

change rapidly in response to water column stabilization (Moline, 1998; Sharples et al. 

2001; O’Boyle and Silke, 2010), nutrient availability (Pinckney et al., 1999) and light 

availability (Schofield et al., 1993). At global scales, Freitas et al. (2016) revealed the 

complex connection between optical properties and environmental conditions. It 

suggested that surface wave was a proximate control on suspended sediment variability 

for both inner and mid-shelves; and enhancement of phytoplankton abundances were 

associated with horizontal advection and upwelling events on episodic time scales. 

 

Many studies have shown that storms are able to increase coastal productivity after the 

passage of the storm (Shiah et al., 1999; Chen et al., 2017). In particular, even a 

relatively weak storm could increase the chlorophyll concentration by up 40% (Zhang et 

al., 2014) with the largest increase in the coastal waters compared to those offshore 

(Chen et al., 2017). The importance of both wind speed and direction on the spatial 

distribution of phytoplankton in the coastal waters to adjacent to Hong Kong was 

demonstrated by Yin et al. (2004). Here, a change in wind direction resulted in the 

coastal plume being trapped the plume inside the estuary and simultaneously vertically 

mixing the water column leading to a bloom. When the winds changed direction the 

plume extended into the coastal region and the bloom dissipated (Yin et al., 2004). 

 

Traditional sampling technologies (e.g. ship surveys) have allowed only limited 

sampling of the response of the phytoplankton dynamics to episodic forcing such as 

wind events. Eppley and Renger (1988) happened to be sampling during a weak wind 

event, during which they measured a nano-molar increase in nitrate, followed by an 

increase in the rate of primary production. Klein and Coste (1984) modelled the 

response of the surface nutrient field to wind stress at the surface. They showed that the 

inertial oscillations of the surface waters led to pulses of nutrient input to the surface, as 

the water velocities were alternately opposed to and aligned with the wind stress. 

Pattiaratchi et al. (1989) recorded a decrease in the chlorophyll concentration in the 

upper ocean in response to a storm event due to the deepening of the thermocline. 
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Brandini and Rebello (1994) suggested that temporal variations in chlorophyll and 

nutrient stocks in the euphotic zone were associated with changes in the 

wind/hydrological regime in Admiralty Bay, Antarctica. Eppley (1992) presented data 

showing a positive correlation of the f ratio (the ratio of new/total production; Dugdale 

and Goering, 1967) with the frequency of winds >20 m/s in the Southern California 

Bight, suggesting a link between wind-driven nutrient supply and production. The 

spatial resolution of these observations, however, precluded analysis of the relationship 

of wind-forced production with sub-mesoscale hydrographic features. 

 

Few studies have explicitly investigated the relationship between the meteorological 

and the phytoplankton dynamics in lakes (Small, 1963; Zehrer et al., 2015). None have 

examined the role of transient wind events in mediating phytoplankton distribution in 

physically dynamic coastal regions. This lack of information is primarily due to the lack 

of comprehensive observational data due to adverse weather conditions. Most of the 

available oceanographic and biological data are restricted in both space and time and are 

thus not suitable to study chlorophyll patterns at shorter time scales. Satellite remote 

sensing techniques are also limited through the presence of clouds present during the 

storms and sensing only the surface layers. Examination at this fine temporal scale is 

made possible by using ocean glider datasets collected during different wind events, 

which provide a more detailed view into the linkages between chlorophyll concentration 

(a proxy for phytoplankton distribution) and metrological forcing. The objective of this 

paper is to examine the small temporal scale response (hours to days) of chlorophyll 

structure to different wind conditions over an extended period (2009-2016) across a 

single transect along the Rottnest continental shelf, off south-western Australia (Figure 

6.1).  

 

This Chapter is setup as follows: Section 6.3 describes the study area, with the 

methodology presented in Section 6.4. Results are presented in Section 6.5, which 

includes a detailed examination of the linkage between different wind and water column 

conditions. In Section 6.6, we discuss the role of transient wind events in mediating 

phytoplankton distribution over small temporal scales (e.g. hours to days). Finally, 

conclusions are drawn in Section 6.7. 
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6.3 Study site 

Shelf processes off south-western Australia are mainly wind driven, given the low 

diurnal tidal range (<0.6 m) (Pattiaratchi and Eliot, 2008). The effects of wind include 

mixing, circulation, and particulate resuspension dominated by local land-sea breeze 

(LSB) activity, particularly during the summer months (Pattiaratchi et al., 1997; Zaker 

et al., 2007; Verspecht and Pattiaratchi, 2010; Gallop et al., 2012; Mihanović et al. 

2016). Three wind systems dominate this region (see also Figure 4.3): sea breezes; 

storms (wind speeds >17 m/s), and calm periods (wind speeds <7 m/s) (Steedman and 

Craig, 1983). Local sea breezes, superimposed upon synoptic southerly winds (with 

speeds often >15 m/s), are prevalent in austral summer and spring (September-February) 

(Verspecht and Pattiaratchi, 2010). 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 m/s. These storm winds are generally and north-westerly in winter 

and southerly in summer (Verspecht and Pattiaratchi, 2010). In the study region 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. Summer 

storms have southerly winds over a period of 3-4 days that are enhanced by the sea 

breeze system in the afternoon. Calm wind conditions are mainly observed during 

autumn and winter (March-August; between winter storm fronts), and characterized by 

low wind speeds (<5 m/s). 

 

Coastal waters off south-western Australia are also influenced by the Leeuwin and 

Capes Currents (Woo and Pattiaratchi, 2008). Unlike other eastern boundary currents 

that consist of equatorward surface flow accompanied by large-scale upwelling 

(Andrews and Hutchings, 1980; Bakun, 1990; Nykjaer and Van Camp, 1994; 

Montecino and Lange, 2009), the poleward flow of the Leeuwin Current (LC) generally 

suppresses upwelling along the shelf break and outer shelf of Western Australia (WA) 

coast (Cresswell and Golding, 1980; Weaver and Middleton, 1989; Pattiaratchi and 

Woo, 2009). 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 LC is characterised by low chlorophyll concentration 

with phytoplankton restricted to deep chlorophyll maximum layers near the nitracline 
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(Hanson et al., 2007), low nutrient levels, low salinity (Pearce et al., 2000), and low 

productivity (Koslow et al., 2008). The Capes Current (CC), a seasonal inner shelf 

wind-driven current, flows northward inshore of the LC during summer months when 

southerly wind (>7 m/s) and sea breezes prevail (Pearce and Pattiaratchi, 1999; Pearce 

et al., 2006; Lucas et al., 2014) and induces upwelling (Gersbach et al., 1999). This 

upwelled water is nutrient limited as it is sourced from the base of the oligotrophic LC 

(Gersbach et al., 1999), although can still stimulate increased phytoplankton production 

(Hanson et al., 2005). 

 

Recurring physical patterns have been observed off south-western Australia each year, 

such as well-defined DSWC in autumn and winter (Pattiaratchi et al., 2011) and 

sporadic upwelling, mainly in summer (Gersbach et al., 1999; Hanson et al., 2005; 

Rossi et al., 2013). DSWC occur regularly during autumn and winter months along the 

south-western Australia coast and the cascaded waters are transported across the shelf. 

Due to high rates of evaporation and strong surface cooling, denser saline water occurs 

in the shallow coastal regions, setting up horizontal density gradients that can drive 

DSWC (Pattiaratchi et al., 2011). Mahjabin et al. (2016) indicated that spatial 

chlorophyll distributions closely matched with seawater density patterns, transporting 

coastal waters along the sea bed from the continental shelf to the open sea. In addition, 

sporadic and localised wind-driven upwelling events have been documented primarily 

during the austral spring/summer, coinciding with the seasonally decreased flow of the 

LC and the prominence of upwelling-favourable winds (Hanson et al., 2005; Rossi et al., 

2013). Although generally observed from September to April, sporadic upwelling 

events can also occur at any time of the year at certain locations north of 34
o
S (Rossi et 

al., 2013).  

 

6.4 Methods 

6.4.1 Ocean Glider 

Slocum Electric Glider (Teledyne Webb Research) operated by the Australian National 

Facility for Ocean Gliders (ANFOG), were deployed across the Rottnest continental 

shelf (Figure 6.1) since 2009. For this study, five glider deployments were selected 

spanning different years ad seasons (Table 6.3): (1) 14-24 March 2009; (2) 19-25 May 

2009; (3) 25 January 2010-14 February 2010; (4) 17-30 September 2011; (5) 8-24 
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March 2015; and, (6) 15-26 May 2016. Each deployment included 2-6 repeated 

transects along the same glider path, with ~0.5 million individual sampling points 

obtained for each variable. Transects were extracted from the database that comprised 

50 ocean glider deployments (Table 3.1) and corresponded to the three main wind 

conditions: calm, winter sand summer storms. Time series of these repeated glider 

vertical sections were examined to reveal the cross-shelf physical and optical evolution 

and variability over small temporal scales (e.g., daily).  
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Figure 6.1. Location of the study area and the glider transect. Bathymetric contours are 

in meters. 
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Table 6.1. Overview of Glider Missions 

 

Mission 

 

Start-End 

Dates 

Number 

of 

transects 

 

Wind conditions 

 

Water column 

characteristics 

M1 14-24 Mar 2009 2 Calm winds DSWC + 

stratified 

M2 19-25 May 2009 2 Calm winds to 

storm 

Storm to calm 

winds 

DSWC + 

stratified Mixed 

M3 25 January- 

14 February 

2010 

6 Southerly winds Upwelling+ 

stratified 

M4 17-30 Sep 2011 4 Storm Mixed + weakly 

stratified 

M5 8-24 Mar 2015 8 Southerly winds 

to calm winds to 

storm 

Upwelling + 

DSWC + Mixed 

M6 15-26 May 2016 3 Calm winds to 

Consecutive 

storms 

DSWC + 

stratified Mixed 

Total  25   

 

The Slocum gliders were traversed each transect with a mean velocity of approximately 

25 km/day, equal to ~0.25 m/s with each transect being completed in 1-3 days. The 

scientific package contained a 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 sampling at 4 Hz (yielding measurements approximately every 7 cm in the 

vertical). Upon recovery of the glider, the data were quality controlled as per ANFOG 

data QA/QC manual (ANFOG 2013; Woo, 2017) and the actual vehicle trajectory was 

transposed onto the Rottnest transect as a straight line (Figure 6.1; Pattiaratchi et al., 

2011; Woo, 2017). The chlorophyll fluorescence as recorded by the WETLabs 

BBFL2SLO optical sensor is referred to as ‘chlorophyll concentration’. 

 

The aim of this chapter is to examine the small temporal scale response (hours to days) 

of chlorophyll concentration to different wind forcing that included calm and stormy 

conditions. In the local study region, there are major river inputs and thus the suspended 

material in the water column is derived from the action of waves on the seabed 

(Verspecht and Pattiaratchi, 2010). The backscatter signal recorded by the ocean glider 

can thus be considered as resuspension of suspended matter that may contain both 

organic and inorganic material. Here we use a temperature/salinity diagram to identify 

water masses (e.g. Figure 4.4). The ocean glider data set show many combinations, 
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which were used to identify a parameter that represented changes to chlorophyll 

concentration with time. It was found that a backscatter/chlorophyll scatterplot, that also 

included the depth, provided a good representation of the changes in response to 

changes in wind forcing. 

 

6.4.2 Meteorology and satellite images 

Wind data over the study period were obtained from an Automatic Weather Station 

(AWS) operated by the Australian Bureau of Meteorology at Rottnest Island (Figure 

6.1). Wind speed and direction were recorded every 30 mins and were averaged to 

create hourly values.  

 

6.5 Results 

Over the study period, the three main wind characteristics: calm winds (<7 m/s), strong 

winds (e.g. storms; >17 m/s) and persistent southerly winds (>7 m/s
 
over 2 days), 

corresponded with three distinct water column conditions: vertical stratification and the 

presence of DSWC, vertical mixing and upwelling respectively. Satellite imagery of 

temperature and chlorophyll fluorescence indicated the synoptic surface patterns during 

and between these wind events, whilst the high-resolution ocean glider data allowed 

fine scale subsurface observations of the cross-shelf structure of temperature, salinity 

and optical properties (chlorophyll and backscatter. In this Chapter, the inner 

continental shelf region is defined from the coastline (0 km) to 25 km distance (depth < 

40m), the shelf break region is located between 25 and 28 km distance from the 

coastline, and the offshore region is defined as offshore from 28 km. 

 

6.5.1 Low wind conditions (wind speeds <7 m/s) 

During the month of March 2009, wind speeds rarely exceeded 10 m/s (Figure 6.2a). 

Calm wind conditions were experienced over the period 14-25 March 2009 during the 

glider deployment (Figure 6.2a). During the first transect (14-16 March 2009) low wind 

speeds between 2-7 m/s were experienced with variable direction (wind had an offshore 

component initially and then an onshore component). The winds were ~10 m/s between 

17 and 21 March 2009 with the initial direction changing from north to south and then 

changing again on 19 March from south to westerly. During the period 21-24 March 



97 

 

2009, the wind speeds were ~5 m/s
 
from southerly and south-westerly direction.  

 

In conjunction with this wind pattern the presence and evolution of a Dense Shelf Water 

Cascade can be observed in the distribution of temperature, salinity, chlorophyll and 

backscatter (Figure 6.2b-i). During the period 14-16 March 2009 (Figure b-e), cooler 

(22°C) and saline (36) waters relative to those offshore were present on the inner-shelf 

region (0-8 km distance from the coast). The cooler more saline water on the inner shelf 

resulted in a cross-shelf density gradient that is responsible for driving the DSWC. The 

DSWC extended across the shelf, along the sea bed to 16 km and coincided with low 

wind speeds (2-7 m/s) with an onshore component (Figure 6.2a). The inner shelf waters 

contained very low chlorophyll levels, however at the frontal region of the DSWC, 

where strong horizontal gradients in temperature and salinity was present, a distinct 

region of high chlorophyll (up to 1.5 mg/m³) was found throughout the water column 

but delimited by the salinity gradient (Figure 6.2d). Offshore, a subsurface chlorophyll 

maximum was located at 20-40 m depth. The backscatter was uniformly low (0.3×10
-3

 

m
-1

) across the whole transect. 

 

In the intervening four-day period prior to the next transect (17 and 21 March 2009), 

winds were ~10 m/s and contributed to vertical mixing of the inshore waters (21-23 

March 2009; Figure f-i). The higher salinity DSWC had extended to 30 km distance 

from the coastline and frontal feature has been eroded (Figures 6.2 c,g). Lower surface 

chlorophyll values were seen across the entire glider transect, although a layer of higher 

chlorophyll (up to 1.2 mg/m³) was found adjacent to the seabed from the coastline to 16 

km offshore coinciding with the higher salinity water (Figure 6.2h). Backscatter showed 

a similar pattern to the chlorophyll, with high values (>2×10
-3

 m
-1

) observed in the near-

bottom high chlorophyll waters (Figure 6.2 h,i). 

 

The backscatter/chlorophyll diagram highlighted the changes in chlorophyll distribution 

between the two transects (Figure 6.3). Initially (14-16 March 2009) the backscatter was 

generally low (< 10
-3

 m
-1

) with chlorophyll concentration ranging between 0.4 and 2 

mg/m³ and was confined mainly to the in the surface waters (within the top 15 m). In 

the second transect, subsequent to the vertical mixing the backscatter values increase to 

4x10
-3

 m
-1

 and the chlorophyll concentration decreased (< 1.2 mg/m³). However, the 
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chlorophyll concentrations were also distributed in the deeper waters. It appears that the 

higher surface chlorophyll in the first transect associated with low backscatter has been 

vertically mixed. This resulted in the decrease in the chlorophyll concentration and the 

chlorophyll to be associated with higher backscatter in the deeper water closer to the sea 

bed (Figure 6.3). 

 

The two transects highlighted the influence of wind speed and direction on the water 

properties. Both transects indicated the presence of DSWC. However, the distribution of 

chlorophyll was very different between the two transects. Initially there was very high 

chlorophyll in a frontal region but subsequent to a weak wind event the frontal feature 

was eroded. In the second transect the higher chlorophyll (and backscatter) was 

associated with the DSWC. 

 



 

 

9
9
 

 

Figure 6.2. (a) Wind speed and direction at Rottnest. The shaded areas represent the period of ocean glider transect; Ocean glider vertical cross-

sections of (b) temperature (°C); (c) salinity; (d) chlorophyll (mg/m³); and (e) backscatter (m
-1

) across the Rottnest continental shelf during 14-

16 March 2009. (f-i) water properties during 21-23 March 2009. The direction of the glider path is indicated by the arrow. 
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Figure 6.3 Backscatter (m
-1

) and chlorophyll (mg/m³) scatter plot. (a) 14-16 March 

2009; and, (b) 21-23 March 2009.  

6.5.2 Alternating strong and calm winds  

Over the period 16-30 September 2011, two storm events occurred with corresponding 

water column data captured along the Two Rocks transect by the ocean glider (Figure 

6.4). The first storm event occurred from 17-19 September 2011 (max wind speed to 20 

m/s; Figure 6.4a), and the second event occurred from 26-28 September 2011 (max 

wind speed to 18 m/s). Calm periods (<7 m/s) were also captured by the ocean gliders 

following each storm on 22-25 September 2011 and 28-30 September 2011, 

respectively. Thus, during the ocean glider deployment in September 2011, a repeated 

sequence of a storm followed by a calm period was captured. 

 

During both storm periods relatively cool (19°C) vertically well-mixed waters were 

present on the inner shelf region (Figure 6.4b,j). The colder water nearshore was due to 

of cooling during the storm events. Salinity during the whole period was relatively 

uniform (Figure 6.4c,g,k,o). On the inner shelf region the chlorophyll concentrations 

were higher (up to 1 mg/m³) and vertically well mixed. A region of lower surface 

chlorophyll concentrations was located at the shelf-break (Figure 6.4d). Backscatter 

values were generally low with slightly elevated values on the inner shelf (Figure 6.4e). 

 

During the period 20-22 September 2011, between the two transects there was a period 

of strong winds (> 10 m/s). During the calm wind period after these two storms (Figure 

6.4f-i), weak vertical stratification was observed close to the coast (0-5 km distance), 



 

101 

 

with the well-mixed waters located between 5-13 km. Beyond 13 km to the shelf break 

there was vertical stratification in temperature with evidence of DSWC (Figure 6.4f). 

Higher chlorophyll waters were located on the inner shelf region but the values had 

increased to 1.3 mg/m³ (Figure 6.4d,h). Maximum values of chlorophyll concentrations 

were located on the inner shelf associated with the frontal region defined by strong 

horizontal gradients in temperature. A layer of higher chlorophyll was found close to 

the seabed from the coastline to 23 km offshore and extended offshore to 40 km 

distance from the coastline, at 75 m water depth. Backscatter showed vertically mixed 

values on the inner shelf with higher concentrations (to 4×10
-3

 m
-1

) on a band close to 

the sea bed which extended beyond the shelf break (Figure 6.4i).  

 

During the storm on 26-28 September 2011 the whole water column was vertically 

mixed with reduced values of chlorophyll concentrations across the whole transect in 

comparison to the previous transect but the general pattern was very similar (Figure 

6.4j-m). The major change was that the high backscatter close to the seabed on the inner 

shelf was eroded (Figure 6.4m). 

 

During the subsequent calm period (28-30 September 2011) the inner shelf waters were 

vertically stratified in temperature across the shelf to 15 km from the coastline (Figure 

6.4n). The inner shelf also indicated the presence of a DSWC. Maximum chlorophyll 

concentrations (up to 1.3 mg/m³) and higher backscatter levels were associated with the 

bottom waters associated with the DSWC (Figure 6.4p,q). 

 

The backscatter/chlorophyll diagram indicated a decrease (increase) in concentrations 

under storm (calm) conditions (Figure 6.5). Initially chlorophyll concentrations were 

generally mixed through the water column (Figure 6.5a). Due to stratification in the 

following calmer period whilst the surface waters were low in chlorophyll higher values 

were located in water depths > 20m (Figure 6.5b). Higher chlorophyll concentrations 

were also associated with higher backscatter (Figure 6.5b). During the next storm, both 

chlorophyll and backscatter decreased and were mixed through the water column 

(Figure 6.5c). In the subsequent calm period, chlorophyll concentrations increased with 

higher values in deeper water (Figure 6.5d). 

 



 

 

1
0
2
 

 

Figure 6.4. (a) Wind speed and direction at Rottnest. The shaded areas represent the period of ocean glider transect; Ocean glider vertical cross-

sections of (b) temperature (°C); (c) salinity; (d) chlorophyll (mg/m³); and (e) backscatter (m
-1

) across the Rottnest continental shelf during 17-

19 September 2011; (f-i) water properties during 23-25 September 2011; (j-m) water properties during 27-28 September 2011; and, (m-p) water 

properties during 28-30 September 2011. The direction of the glider path is indicated by the arrow. 
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Figure 6.5. Backscatter (m
-1

) and chlorophyll (mg/m³) scatter plot. (a) 17-19 September 

2011; (b) 23-25 September 2011; (c) 27-28 September 2011; and, (d) 28-30 September 

2011.   

6.5.3 Southerly (upwelling favourable) winds 

Persistent southerly winds (favourable to upwelling) were experienced during the period 

24 January to 11 February 2010 (Figure 6.6a). Here, the wind direction was consistently 

blowing from between south and south-west. Overall the winds were relatively strong, 

with wind speeds frequently exceeding 10 m/s. Two southerly storms, with wind speeds 

to 20 m/s, occurred on 31 January and 3 February 2010 (Figure 6.6a). Majority of the 

time there was a diurnal variation with the land sea breeze cycle. Weak northerly winds 

were experienced on 6-7 February. 

 

The glider transects indicated that during the whole period the broad distribution of 

water properties were very similar (Figure 6.6). The temperature distribution indicated a 
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thermocline that extended from the inner shelf to the offshore; salinity was generally 

uniform with only smaller changes in the inshore; and, chlorophyll distribution reflected 

the temperature distribution with higher values either near or below the thermocline. In 

the surface layer, chlorophyll values were low. Closer inspection of the temperature 

distribution between transects indicated >50 m vertical excursion of the thermocline 

offshore of the shelf break probably due to inertial waves (Figure 6.6b,e; see also 

Chapter 5). A SCM was a persistent feature in the offshore region and changes in the 

chlorophyll distribution were mainly in the region close to the shelf break, associated 

with the variation through depth below the thermocline. Initially, the chlorophyll was 

distributed to 150 m water depth but was then limited to a depth of 100m (Figures 

6.6d,g,j). During the next two transects (Figures 6.6m,p) the maximum depth of the 

chlorophyll distribution extended to > 150 m and then reverted to a smaller depth range 

(Figures 6.6s). The maximum vertical excursion of the chlorophyll distribution was 

immediately seaward of the shelf break where the thermocline under goes the maximum 

vertical excursion (see Chapter 5).  

 

During this period the backscatter values were close to zero. 
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Figure 6.6. (a) Wind speed and direction at Rottnest 24 January to 11 February 2010. 

The shaded areas represent the period of ocean glider transect; Ocean glider vertical 

cross-sections of (b) temperature (°C); (c) salinity; and, (d) chlorophyll (mg/m³) across 

the Rottnest continental shelf during 25-26 January 2010; (e-g) water properties during 

26-28 January 2010; (h-j) water properties during 29 January-1 February 2010; (k-m) 

water properties during 7-9 February 2010; (n-p) water properties during 9-11 February 

2010; and, (q-s) water properties during 12-14 February 2010. The direction of the 

glider path is indicated by the arrow. 
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Satellite derived surface chlorophyll before and after the measurement indicated that 

there were no significant changes in the surface chlorophyll concentration along the 

coast over the study period (Figure 6.7).  Both images indicated that there was band of 

higher chlorophyll water adjacent to the shoreline – this is most likely due to bottom 

reflection in the clear shallow waters. In the offshore there was a band of slightly higher 

chlorophyll water inshore of the 200m contour (Figure 6.7).   

  
Figure 6.7. MODIS satellite derived surface chlorophyll concentration: (a) 27 January 

2010; and (b) 12 February 2010.  The glider transect is shown as the dotted line (images 

from http://oceancurrent.imos.org.au/). 

6.5.4 Transition between different wind conditions 

Low-high winds and high-low winds 

Over the period 19-26 May 2009, two wind transition periods occurred with water 

column data captured by the ocean gliders (Figure 6.8a). During the first transect (19-21 

May 2009) the wind speeds increased from <5 m/s to >10 m/s with the wind direction 

being from the north promoting downwelling conditions. During the second transect 

(23-25 May 2009) the wind speeds decreased from >10 m/s to < 5 m/s with the wind 

direction gradually changing from west to south and finally to east. During the 

intervening period (21-23 May 2009), strong sustained winds (> 10 m/s with maxima to 

20 m/s) were experienced with the wind direction gradually moving from north to west. 

Thus the period ofthe strong winds (>7.5 m/s) were always downwelling favourable. 

 

 

(a

) 

(b

) 
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During the first period, the water column was vertically stratified across whole transect: 

the inner shelf and beyond the shelf break to water depths >150 m (Figure 6.8b).  The 

salinity distribution indicated a similar structure. A DSWC was well established with 

downwelling favourable winds driving the cascade further offshore into deeper water. In 

contrast, previous DSWC examples (Figure 6.2 and 6.4) the cascades were restricted to 

the inner shelf region. On the inner shelf, there was a strong horizontal gradient in 

temperature and salinity at ~10 km distance.  

 

There were two main regions of higher chlorophyll (Figure 6.8d): (1) in the surface 50 

m beyond the shelf break; and, (2) associated with the DSWC in the inner shelf region. 

Elevated chlorophyll concentrations were associated with the cooler inshore waters to 

10 km, associated with the cooler water inshore of the horizontal temperature gradient. 

There was also a layer of higher chlorophyll concentrations (up to 1.3 mg/m³) along the 

pycnocline to a distance of 20 km. The backscatter levels in the water column were low 

across the whole transect with slightly elevated values (to 1.5×10
-3

 m
-1

) close to the sea 

bed (Figure 6.8e). 

 

During the second period, the temperature and salinity distributions were very similar to 

that during the previous transect. The main differences were (Figure 6.8f,g): (1) a 

vertically mixed water column with a width of ~ 8 km at the shelf break; (2) cooler 

waters along the bottom in the 0-10km region; (3) the warmer, less saline waters 

associated with the DSWC; (4) on the inner shelf the surface layer is cooler with water > 

22.6°C; present offshore of the shelf break; and, (5) reduced thickness of the DSWC in 

deeper water offshore of the shelf break. It is interesting that although strong winds 

were experienced between the two transects the vertical stratification of present. This 

was most likely due to the downwelling component of the wind. 

 

In contrast to the similarities in the T/S distribution between the two periods, there were 

large differences in both chlorophyll and backscatter distribution. The main differences 

in chlorophyll concentrations were (Figure 6.8d,h): (1) a decrease in the surface 

chlorophyll concentrations offshore of the shelf break. Here, the higher surface 

chlorophyll water appear to be mixed into the deeper water; (2) elevated chlorophyll at 

the shelf break associated with the well mixed water column with different temperature 
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and salinity characteristics; (3) a ‘patch’ of low chlorophyll at the surface (~25 km mark) 

associated with warmer and less saline water; (4) higher surface chlorophyll region (to 

1.2 mg/m³) in the middle of the inner shelf region (8-21 km distance); and, (5) 

maximum chlorophyll concentrations (up to 1.5 mg/m³), in the inshore surface water (0-

8 km). The backscatter values indicated significantly higher values through the water 

column (to 8×10
-3

 m
-1

) that were closely associated with the T/S patterns (Figure i): 

higher values (1) at the shelf break; (2) along the sea bed offshore of the shelf break 

corresponding to the DSWC; and (3) along the inner shelf.  

 

The changes between the two transects identified above are clearly visible in the 

backscatter/chlorophyll diagram (Figure 6.9). During the first transect, the backscatter 

values were low with majority of the chlorophyll concentrations in the surface layers 

(Figure 6.9a). After the sustained winds both the chlorophyll and backscatter values 

have increased significantly (Figure 6.9a). It is also interesting to note the depth 

stratification of the chlorophyll concentrations: in water depths >30 m, chlorophyll 

concentrations were in the range 0.4-0.55 mg/m³; 20-30 m depth 0.55-1.1 mg/m³; and 

higher values (except in the offshore waters) in the surface waters (Figure 6.9b).  



 

 

1
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Figure 6.8. (a) Wind velocity and direction at Rottnest. The shallowed area represent the period of ocean glider transect; Ocean glider vertical 

cross-sections of (b) temperature (°C); (c) salinity; (d) chlorophyll (mg/m³); and, (e) backscatter (m
-1

) across the Rottnest continental shelf 

during 19-21 May 2009; (f-i) water properties during 23-25 May 2009. The glider flight direction is indicated by the arrow. 
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Figure 6.9. Backscatter (m
-1

) and chlorophyll (mg/m³) scatter plot. (a) 19-21 May 2009; 

and (b) 23-25 May 2009. 

Satellite derived surface chlorophyll before and after the measurement indicated that the 

increase in chlorophyll was uniform along the coast. Both images indicate that there 

was band of water in the coastal region with higher chlorophyll concentration compared 

to that further offshore (Figure 6.10). However, subsequent to the storm event, 

chlorophyll concentration increased in the coastal region and the band of higher 

chlorophyll extended further offshore (Figure 6.10). 

 

  
 

Figure 6.10. MODIS satellite derived surface chlorophyll concentration: (a) 18 May 

2009; and (b) 29 May 2009.  The glider transect is shown as the dotted line (images 

from http://oceancurrent.imos.org.au/ 

(a

) 
(b

) 
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Calm winds transitioning to two consecutive storms 

A period of calm winds followed by two winter storms was experienced over the period 

17-27 May 2016 (Figure 6.11a). Over the period 17-18 May 2016 the wind speeds were 

low (~5m/s) with varying direction with onshore winds on 17-18 May changing to 

southerly on 19 May 2016. On 20 May the winds increased to >20 m/s with change in 

direction typical of a winter storm: northerly, north-westerly, westerly (Figure 6.11a). 

The wind speeds reduced to ~7 m/s on 23 May before increasing again to >20 m/s with 

direction changing from northerly, north-westerly, westerly and then continuing 

westerly to tend of the measurements. It should be noted that during all 3 ocean glider 

transects the winds had a strong onshore component. 

 

During the first calm period (17-18 May 2016; Figure 6.11b-e), a well-mixed water 

column with cooler (~20°C) water was present on the inner-shelf region to 5 km from 

the coast.  Seaward of 5 km, a DSWC was present and extended along the sea bed to the 

shelf break. The temperature distribution across the remainder of the transect was 

uniform (Figure 6.11b). The salinity distribution was uniform along majority of the 

transect but were slightly elevated along the DSWC (Figure 6.11c). In the offshore 

region, seaward of the shelf break, a subsurface chlorophyll maximum was present with 

lower chlorophyll values in the region close to the sea bed on the slope (Figure 6.11d). 

On the inner shelf, the chlorophyll concentrations were higher (>0.5 mg/m³) in the 

bottom layer of the DSWC and were low (<0.5 mg/m³) in the surface layer. The 

maximum chlorophyll concentrations (to 1.2 mg/m³) were located at the pycnocline 

associated with the DSWC from 5 to 15 km from the coast.  A vertically-mixed region 

of chlorophyll was located at the seaward end of the DSWC. High backscatter values (to 

6×10
-3

 m
-1

) was present in the DSWC and along the sea bed seaward of the shelf break 

to depth of 150m beyond observed in the near-bottom high chlorophyll waters, and 

extended to the bottom shelf-break and offshore regions (20-40 km distance) (Figure 

6.11d, e). 

 

In the data collected after the first storm (22-23 May 2016; Figure 6.11f-i), the glider 

was moving from inshore to offshore and the stronger winds were experienced when the 

glider was in the deeper water. The data indicated that the inner shelf water was 

vertically mixed in temperature, salinity and chlorophyll. Similarly, the deeper water 
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was also well mixed, except for temperature that indicated a DSWC extending offshore 

to depth > 150 m (Figure 6.11f).  Here, the downwelling favourable winds has allowed 

for the deeper extension of the DSWC whilst on the shelf the strong winds have 

vertically mixed the water column. Higher chlorophyll values (to 1.2 mg/m³) was 

present in a mid-depth layer (depths of 10-30 m) close to the shelf break between 20-28 

km (Figure 6.11h). Maximum backscatter values (6.3×10
-3

 m
-1

) were located inshore (0-

5 km and 12-18 km distance) with uniform values through the water column (Figure 

6.11i). The backscatter values were also higher in the layer close to the sea across the 

whole transect (Figure 6.11i).  

 

After the passage of the second storm the wind speeds decreased (<10 m/s) but the 

direction remained onshore (Figure 6.11a). The data indicated a similar conditions to 

the previous transects for temperature and salinity except that the DSWC along the 

slope did not extend as deep as in the previous transect (Figure 6.11j). In contrast the 

chlorophyll and backscatter distribution was very different. The inner shelf indicated 

higher chlorophyll values (ranging from 0.9-1.5 mg/m³) throughout the water column, 

with offshore chlorophyll values were lower than during the previous transect. 

Maximum chlorophyll values (1.5 mg/m³) were located at 10-20 km (Figure 6.11l). On 

the inner shelf region, the backscatter values increased and were vertically uniform (>2 

m
-1

) with the maximum values located between 5 and 12 km (Figure 6.11m).     

 

The backscatter/chlorophyll diagram reflected the influence of the storms in the 

chlorophyll concentrations at different depth levels. At the low wind period before the 

storms the surface chlorophyll concentrations were low with higher levels in the depth 

ranging between 20 and 30 m (Figure 6.12a). In deeper waters (> 40 m) the chlorophyll 

concentrations had a mean ~1.0 mg/m³. Subsequent to the storm the chlorophyll 

concentrations decreased in the deeper waters but increased in the surface waters 

(Figure b). Subsequent to the second storm depth based chlorophyll stratification re-

appeared. Here, the surface and deeper water (>40 m) chlorophyll concentrations 

increased (Figure 6.12c).   
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Figure 6.11. (a) Wind velocity and direction at Rottnest. The shallowed area represent the period of ocean glider transect; Ocean glider vertical 

cross-sections of (b) temperature (°C); (c) salinity; (d) chlorophyll (mg/m³); and, (e) backscatter (m
-1

) across the Rottnest continental shelf 

during 17-18 May 2016; (f-i) water properties during 22-24 May 2016; and, (j-m) water properties during 24-26 May 2016. The glider flight 

direction is indicated by the arrow. 
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Figure 6.12. Backscatter (m
-1

) and chlorophyll (mg/m³) properties measured by ocean gliders over 17-18 May 2016 (a), 22-24 May 2016 (b) 

and 24-26 May 2016 (c).
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Satellite derived surface chlorophyll concentrations before (17 May 2016: Figure 

6.13a) and after (30 May 2016: Figure 6.13b) the storm event indicated that the 

increase in chlorophyll was uniform along the coast.  Both images indicated that 

there was a band of water in the coastal region with higher chlorophyll 

concentration compared to that further offshore (Figure 6.13). However, subsequent 

to the storm event, chlorophyll concentration increased in the coastal region and the 

band of higher chlorophyll extended much further offshore (Figure 6.13b). 

 

  

 

 

Figure 6.13. MODIS satellite derived surface chlorophyll concentration: (a) 17 May 

2016; and (b) 30 May 2016.  The glider transect is shown as the dotted line (images 

from http://oceancurrent.imos.org.au/ 

Southerly, low and high winds 

Over the period 8-25 March 2015, predominant southerly winds occurred (Figure 6.14a). 

The strong southerly winds (with winds up to 13 m/s) with diurnal modulation occurred 

between 8 and 15 March 2015. The direction changed to westerly with a slight decrease 

in wind speed (<10 m/s) during 14-17 March 2015. On 18 March winds changed to 

southerly and progressively increased to 15 m/s creating summer storm conditions by 

midnight 21 March. Subsequently the winds decreased to ~5 m/s whilst remaining 

southerly by 24 March 2015.   

 

The sustained southerly winds created an upwelling environment with the strong sea 

breeze regime generating near-inertial waves leading vertical excursions of the 

thermocline (Chapter 5). The first four transects (Figures 6.14b-m) represented different 

(a) (b) 
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stages of the upwelling process. In the first transect, the temperature distribution 

indicated the upwelling signal offshore of the shelf break that extended onto the inner 

shelf as a thin layer at the bottom (Figure 6.14b). In the next three transects the 

upwelling signal appeared to have retreated offshore (Figures 6.14e,h,k). A warmer 

water mass progressively intruded from offshore and by the fourth transect was located 

close to the shelf break (Figure 6.14k). The waters on the inner shelf were vertically 

mixed in temperature and salinity in all four transects.  However, waters closer to the 

coast progressively became warmer and more saline. Chlorophyll concentrations 

indicated a consistent summer pattern (Chapter 4) with a subsurface chlorophyll 

maximum (SCM) in deeper waters and along the seabed on the inner shelf ranging 0.4-

1.3 mg/m³; maximum chlorophyll levels were found adjacent to the seabed ~8 km from 

the coast. The higher chlorophyll concentration on the inner shelf were associated with 

the colder upwelling waters. The vertical distribution of chlorophyll in the deeper 

waters varied with time, beginning with a well-mixed layer below the thermocline 

(Figure 6.14d); vertically mixed at the shelf break (Figure 6.14g); well defined 

maximum SCM (Figure 6.14j) and a diffuse maximum (Figure 6.14m). 

 

The wind direction changed to westerly with a slight decrease in wind speed (<10 m/s) 

by the fifth transect (14-17 March 2015; Figure 6.14a). The onshore winds resulted in 

the warmer waters extending across the inner shelf and the development of a DSWC 

that is evident in the salinity distribution (Figure 14n,o). However, the chlorophyll 

distribution was similar to that in the first transect (Figure 6.14p). When the DSWC was 

well developed (over 18-19 March 2015; Figure 6.14q,r), a layer of higher chlorophyll 

waters (up to 0.9 mg/m³) were confined to the cascaded waters (Figure 6.14s). 

 

The winds reverted to southerly on 20-21 March and increased to >10 m/s (Figure 

6.14a).  This was associated with strong vertical mixing to ~100 m in both temperature 

and salinity although there were cross-shelf changes particularly in salinity with higher 

salinity water close to the coast (Figures 6.14t,u). The distribution of chlorophyll 

concentrations changed markedly in comparison to previous transects (Figure 6.14v): in 

the deeper water the SCM is being mixed with chlorophyll extending to the surface at 

32-40 km; higher chlorophyll concentration extending through the water column was 

present at shelf edge and was associated with  horizontal gradients in temperature and 
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salinity; negligible chlorophyll concentrations in well-mixed waters between 8-15 km 

from the coast; and, higher chlorophyll concentrations near the coast. The higher 

chlorophyll values close to the sea bed observed in previous transects was not present. 

In the subsequent transect 21-24 March upwelling was developed in deeper water, with 

cooler (<20°C) waters located offshore close to the seabed (figure 6.14w). On the inner 

shelf temperature and salinity was vertically mixed with a horizontal gradient in salinity 

(Figure 6.14w,x). The chlorophyll concentration indicated the low values in the offshore 

upwelling water but higher values in the whole surface layer above the thermocline 

(Figure 6.14y). The most significant feature was the presence of a chlorophyll 

maximum (1.3 mg/m³) at the shelf break – a similar feature was observed in the 

previous transect but – here the values have increased (Figure 6.14v,y). 
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Figure 6.14. (a) Wind velocity and direction at Rottnest. The shallowed area represent 

the period of ocean glider transect; Ocean glider vertical cross-sections of (b) 

temperature (°C); (c) salinity; and, (d) chlorophyll (mg/m³) across the Rottnest 

continental shelf during 8-10 March 2015; (e-g) water properties during 10-12 March 

2015; (h-j) water properties during 12-14 March 2015; (k-m) water properties during 

14-15 March 2015; (n-p) water properties during 15-18 March 2015; (p-s) water 

properties during 18-19 March 2015; (t-v) water properties during 19-21 March 2015; 

and, water properties during 21-24 March 2015. The glider flight direction is indicated 

by the arrow.  
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6.6 Discussion 

In the absence of tidal forcing, coastal systems are mainly controlled by wind forcing, 

and studies of the relationships between wind conditions and ocean biology was 

initiated decades ago (e.g., Denman, 1973). Many studies have highlighted that the 

action of storms increased coastal productivity (Shiah et al. 1999; Zhang et al. 2014; 

Chen et al. 2017).  These studies were based mainly on satellite remote sensing and thus 

examined the spatial variability in the surface waters. Here, we investigated the role of 

transient wind events in mediating phytoplankton distribution in a physically dynamic 

coastal region over small temporal scales (i.e., hours to days) and included the water 

column up to 200 m water depth. The scale of these transient events was on the order of 

days that manifest themselves on kilometre scales in the cross-shore and in the 

alongshore. The study region is dominated by three major wind systems: calm periods 

(wind speeds <7 m/s); sea breezes that contain a strong diurnal variability (max. wind 

speeds >10 m/s); summer and winter storms (max. wind speeds >17 m/s).  Water 

column response to these wind regimes included: (1) the formation of DSWC in the 

inner shelf region under calm wind conditions.  However, DSWC were intensified (with 

cascading water extending beyond the shelf break) under downwelling favourable winds 

(westerly and northerly) irrespective of the wind speed; (2) under sea breeze conditions 

the inner shelf water were vertically well-mixed and upwelling favourable winds 

resulted in colder upwelled water in the offshore region and the presence of a SCM in 

deeper waters. The seaward of the shelf break region higher chlorophyll water was 

present along the continental slope; and, (3) storms events induced strong vertical 

mixing, resuspension of sediment and a subsequent increase in chlorophyll values 2-3 

days after the storm. The high spatial and temporal resolution glider data indicated that 

the physical properties and associated chlorophyll distributions responded rapidly 

(hours to days) to the changing wind conditions. 

 

The ocean glider data indicated that often the maximum chlorophyll concentrations 

were associated with regions of strong vertical and horizontal gradients in temperature 

and salinity and therefore density. In the vertical these regions appeared at the interface 

separating surface and bottom waters and included: (1) during DSWC on the inner shelf 

(e.g. Figures 6.7d, 6.9d); and, (2) formation of SCM in deeper water, during the summer 

(e.g. Figures 6.6d,g,j,m).  Regions of horizontal gradients in temperature and salinity are 
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defined as ocean fronts and are known be regions of high productivity globally (e.g. 

Pingree et al., 1975; Bowman and Esaias, 1978).  The glider data indicated that higher 

chlorophyll values on the inner shelf were often associated with fronts (e.g. Figures 6.2d; 

6.4h;6.7h;6.9l;6.12y). Often the fronts were formed subsequent to a wind event.  For 

example in March 2015 the front, close to the shelf break was formed subsequent to a 

strong wind event that de-stratified the water column (Figure 6.12v) and then on the 

next transect the chlorophyll values increased within the front (Figure 6.12y). A similar 

process was observed in May 2016 (Figure 6.9). In contrast in March 2009 the frontal 

feature on the seaward side of the DSWC was well established before the strong wind 

event but was dissipated after the wind event (Figure 6.2) resulting in a decrease in the 

chlorophyll concentration (Figure 6.3).  There are many different types of coastal fronts 

globally with most being those associated tidal mixing and are usually persistent in time 

and location (Bowman and Esaias, 1978; Nahas et al., 2005).  The ocean glider data 

have shown that in the study region that is dominated by wind forcing the frontal 

features were highly transient and varying in time, location and duration. 

 

The simultaneous measurement of backscatter and chlorophyll (fluorescence) using the 

WETLabs BBFL2SLO optical sensor allowed for the creation of 

backscatter/chlorophyll scatterplots, that also included water depth, that provided a 

good representation of the changes in response to changes in wind forcing.  It is 

acknowledged that there is no direction relationship between these two parameters 

except that backscatter is an indicator of resuspension that could provide a source of 

nutrients from the seabed (Wengrove et al., 2015). However, the scatterplots provided 

interesting features in the system as a result of the wind events: (1) reduction in 

chlorophyll concentration and increase in backscatter that was due dissipation of a front 

(Figure 6.3); (2) depth dependence due to a storm event.  Here, the chlorophyll values 

are initially mixed through the water column (Figure 6.5a) but after the storm event the 

chlorophyll values were depth dependent with low values in the upper 15m and higher 

chlorophyll and backscatter in the deeper water (Figure 6.5b) with the similar pattern 

repeated after another storm event (Figures 6.5c,d); and, (3) in a similar case to (2) with 

depth dependence in chlorophyll values after the storm event except that the values in 

the surface 25 m increased significantly (Figures 6.8). 
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The ocean glider data presented here were obtained along a single repeated transect.  In 

the intervening period between transects there is a strong possibility that some 

advection of different water masses could have occurred. To examine such changes 

satellite derived surface concentrations maps obtained before and after storm impacts 

(Figures 6.7 and 6.11) were inspected.  These revealed that there was some degree of 

alongshore uniformity in the scale of 20-50 km, the advection time scale between each 

transect. 

 

6.6.1 The influence of wind on chlorophyll n distribution during DSWC 

Under low wind conditions (wind speeds <7 m/s), DSWC are the dominant feature in 

this study region. This reflects the finding by Pattiaratchi et al. (2011) that DSWC was a 

regular occurrence in the study region particularly during 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 (Pattiaratchi et al., 2011). Majority of the DSWC events were 

associated with increased chlorophyll and backscatter in the stratified bottom waters 

(Figures 6.9b-e). Chlorophyll levels within the DSWC were likely influenced by 

nutrient supply from the sea bed and trapped in the bottom waters, although nutrients 

were not measured in this study.  However, there were events where a reversal of the 

higher chlorophyll occurred in response to a wind event in March 2009.  Here, initially 

the higher salinity water associated with the DSWC was low in chlorophyll but after the 

wind event was higher in chlorophyll extending across the inner shelf bottom waters 

(Figure 6.2). 

 

Enhanced DSWC events with cooler and more saline water extending offshore were 

observed, and coincided with wind conditions that contained a strong onshore 

component (westerly and northerly) that was downwelling favourable. Under 

downwelling conditions, surface water is transported towards the coast, sinks are then 

transports to the shelf-break and beyond offshore. Chlorophyll patterns corresponded to 

these physical features, with maximum chlorophyll concentrations found near the 

bottom and confined to cascaded waters. An interesting feature was that the strong 

storm generated westerly and northerly winds often did not induce vertical mixing, 

indicating the importance of wind direction on physical properties and controlling the 
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shape and biomass of the chlorophyll distribution. Gibbs (2000) found that a subsurface 

phytoplankton bloom occurred in response to the concurrent actions of an offshore-

directed wind-forced bottom boundary-layer flow over the shelf, and an onshore 

directed bottom boundary layer flow associated with a meso-scale oceanic eddy over the 

upper slope in coastal waters off Sydney, New South Wales.  

 

6.6.2 The influence of winter storms wind on chlorophyll distribution 

The passage of storm systems deliver intense atmospheric forcing that greatly influence 

both hydrographic and optical properties in the entire water column, and can cause 

resuspension of particulate matter, likely due to wave shear stress (Gardner et al., 2001; 

Verspecht and Pattiaratchi, 2010; Yang et al., 2007; Pusceddu et al., 2005; Fanning et 

al., 1982). Backscatter readings collected from gliders have been used in sediment 

resuspension and transport studies (Glenn et al., 2008; Miles et al., 2015; Pattiaratchi 

and Oliviera, 2016). Resuspension was typically observed during storm events in this 

study, where high backscatter concentrations were vertically distributed. A previous 

study in southwestern WA coastal waters quantified the importance of storms in the 

resuspension of particulate matter (Verspecht and Pattiaratchi, 2010). The main 

influence of storms in this oligotropic environment is likely to be through 

remineralization of nutrients associated with suspended particulate matter (SPM) and/or 

resuspension of heterotrophic bacteria (Amon and Benner, 1996; Hakanson, 2006; 

Wengrove et al., 2015). As the study located is located in a Mediterranean climate, light 

availability was not a significant factor for phytoplankton growth. 

 

Wind-induced mixing has indeed been shown to effectively determine the spread of 

algal blooms in coastal seas (Mei et al., 2010; Tian et al., 2009; Su et al., 2015). The 

response of chlorophyll during wind events has been observed by satellite, to a degree, 

during and immediately after storm events, and elevated surface pigments are a 

consequence of entrainment of surface chlorophyll - rich water and/or new production 

due to the injection of nutrients from below the nutricline (Shropshire et al., 2016). It 

should be noted that the maximum chlorophyll did not always coincide with the timing 

of the storm impact. For example, in two glider transects (September 2011), chlorophyll 

levels were low (0.9 mg/m³) during storm events, and increased (to 1.2 mg/m³) 1-3 days 

after the passage of storms, as wind speeds decreased. Similarly, a transect from May 
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2009, that captured the changes in chlorophyll levels coinciding with the transition from 

storm (18 m/s) to calm (5 m/s) conditions. Here, when the winds decreased chlorophyll 

values increased from 0.9 to 1.2 to 1.5 mg/m³. Su et al. (2015) revealed that 

resuspension of particulate matter induced by strong winds can limit algal growth, but 

can also enhance productivity because of the intrusion of nutrient rich waters from 

sediments or bottom water layers into the whole water column. Brandini and Rebello 

(1994) found that turbulence induced by winds suspended sediments and benthic 

diatoms in the shallow waters, increasing turbidity and nutrient concentrations at the 

surface. During wind relaxation, mass sedimentation of previously resuspended benthic 

diatoms caused the increasing of chlorophyll in the subsurface layers. In oligotrophic 

environments, the processes that are able to transport nutrients from below the 

pycnocline to the upper ocean are essential for the local primary production.  

 

6.6.3 Upwelling 

Wind strength can affect chlorophyll distributions during upwelling events. Daneri et al. 

(2012) revealed that biological productivity can vary considerably due to short-term 

changes in wind conditions (during active upwelling and relaxation periods) based on 

field data in the upper 10 m. In this study, strong persistent southerly winds (>10 m/s) 

indicated upwelling of colder water in the offshore region that also extended to the inner 

shelf (e.g. Figure 6.6). The colder water was also associated with relatively high 

chlorophyll concentrations (~0.5 mg/m³) below 40 m depth; during wind relaxation (5 

m/s), chlorophyll values increased to 1.2 mg/m³ within a thin layer near the shelf break 

region, between 50-100 m depth.  The study region is located in a region where the 

inertial period and the wind forcing (sea breeze) are close to 24 hour period resulting in 

a resonance condition (Chapter 5).  As a result of this resonance near-inertial waves are 

generated that lead to large vertical excursions in the thermocline. The diurnal wind 

forcing due to the sea breeze is southerly and is thus upwelling favourable and the water 

column responds to both albeit at different time scales. The mean southerly winds 

promote the classical upwelling whilst the diurnal resonance results in the changes to 

the upwelling plume on a daily basis (Chapter 5). The response of the chlorophyll 

concentration to this combined forcing was reflected mainly along the continental slope, 

seaward of the shelf break, where the chlorophyll concentration was distributed over a 

larger depth range than further offshore (e.g. Figure 6.6). 
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Other studies have found near-surface (<25 m) phytoplankton-enriched waters 

shoreward of an upwelling zone (Monterey Bay, California; Ryan et al., 2014; Zhang et 

al., 2015). The inshore waters rapidly exhibited an order of magnitude increase in 

chlorophyll concentrations following relaxation of upwelling winds (Zhang et al., 2015). 

A subsurface patch of enhanced phytoplankton biomass in the stratified waters has been 

observed during wind-driven upwelling (e.g. Traganza et al., 1987; Small and Menzies, 

1981). Relaxation of upwelling winds provides the necessary stability to trigger 

phytoplankton blooms (Daneri et al., 2009).  

 

Numerous studies of chlorophyll distributions in upwelling regions have been 

characterised by a surface chlorophyll maximum (Pietri et al., 2013; Hanson et al., 2005; 

Ryan et al., 2014; Zhang et al., 2015) and/or subsurface chlorophyll maximum 

(Karstensen et al., 2014; Niewiadomska et al., 2008; Hanson et al., 2005). Chlorophyll 

is typically associated with the pycnocline during relaxation periods and then brought 

into upper waters during active upwelling (Karstensen et al., 2014; Wolanski and 

Delesalle, 1995; Ryan et al., 2014). This classic upwelling paradigm invokes an 

advective and therefore reversible process. We also found this to be the case off 

southwestern WA during March 2015, where high biomass was located in the deeper, 

colder (21°C) upwelled waters and moved onto the shelf.  

 

6.7 Concluding remarks 

In this study, we investigated physical water column properties and phytoplankton 

distributions, linked with different winds and oceanographic conditions over small time 

scales (i.e., hours to days). The water column was found to respond to changes in wind 

conditions quickly, shifting between stratification to mixing (e.g., upwelling to DSWC; 

DSWC to mixing) over 1-3 days. During storm events (wind speeds >17 m/s) high 

chlorophyll values were confined in the well-mixed storm waters. However, higher 

chlorophyll levels were observed 1-3 days after the passage of storms subsequent to 

sediment re-suspension. The strong onshore winds (westerly) and downwelling 

favourable winds (northerly) (up to 20 m/s), did not induce mixing when a DSWC was 

present, suggesting that wind direction was crucial in controlling mixing and 

stratification than wind speed.  
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Chapter 7 

General discussion and conclusions 

This dissertation presents and discusses the overall linkages between physical and 

biological oceanography and meteorological conditions on scales covering large (e.g. 

seasonal and inter-annual), medium (e.g. diurnal to weekly) and small (e.g. hourly to 

daily) temporal scales during the period 2008-2016 off south-western Australia. This 

was achieved by examining a sustained ocean glider dataset obtained across the Rottnest 

continental shelf, together with satellite images, meteorological data and moored dataset. 

In this Chapter, the first Section (7.1) summarizes the original contribution, followed by 

Section 7.2 discussing the implication of the key findings. Further Research to follow 

up on key findings is recommended in Section 7.3. 

 

7.1 Original contribution 

Acquiring data directly through the water column with high temporal and spatial 

resolution is necessary to continuously monitor and analyse ocean trends and learn 

about ocean processes at the appropriate scale. Prior to this study, there was limited 

information about the physical and biological vertical structure of the waters off the WA 

coast, and their variability over time and space. The substantial ocean glider dataset was 

used to reveal the scales of variability. With the ocean glider observations, analysis and 

conclusions drawn from this study, a much clearer characterization of the physical 

parameters and chlorophyll features across the Rottnest Continental Shelf on different 

temporal scales was achieved. Moreover, the link between phytoplankton distribution 

and physical forcing at time scale of hours to years was investigated. In this study, 

previously undocumented seasonal variability in vertical structure and cross-shelf 

interannual variability were described, the effects of the sea breeze and resonance on 

transient coastal summer upwelling were revealed, and linkages between physical water 

column properties and chlorophyll fluorescence (a measure of phytoplankton biomass) 

distributions under different winds and oceanographic conditions were examined.  
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7.2 Key findings and conclusions 

This study examined the variability of physical parameters and their role in controlling 

the horizontal and vertical chlorophyll distribution across the Rottnest continental shelf 

over an eight year period 2009-2016 over a range of temporal scales using data 

collected by ocean gliders together with meteorological data. 

 

7.2.1 Timescale: Seasonal and inter-annual 

Features of physical parameters and chlorophyll distribution along the Rottnest 

continental shelf were found to contain strong seasonality (Figure 7.1). During the 

austral summer, strong vertical stratification and the formation of a subsurface 

chlorophyll maximum in deeper water was observed. This coincided with 

meteorological and oceanographic conditions favourable to the development of vertical 

stratification in deep water and upwelling. In autumn, in deeper water, the sub surface 

chlorophyll maximum was not present and surface waters contained higher chlorophyll 

values compared to those at depth.  On the inner continental shelf, higher chlorophyll 

values were found at the bottom layers associated with the more saline and cooler water 

associated with dense shelf water cascades (Pattiaratchi et al. 2011). In winter, the 

higher chlorophyll was uniformly distributed inshore, due to winter cooling and storm 

activity destratifying the water column (Longhurst, 2007; Koslow et al., 2008); such 

storm induced mixing typical occurs during winter wind regime period (Rennie et al., 

2006). In spring the higher chlorophyll values were located on the continental shelf 

break with evidence of the formation of a sub-surface chlorophyll maximum in the 

deeper waters (Figure 7.1) 

 

Temperature, salinity and chlorophyll values along the Rottnest continental shelf also 

contained a strong inter-annual signal that was related to ENSO events (Figure 4.9). The 

strength of the Leeuwin Current is related to ENSO events with Current being weaker 

(stronger) during El Niño (La Niña) events. This was reflected along the Rottnest 

continental shelf with cooler (warmer) and more (less) saline water during El Niño (La 

Niña) events.   Over the time period of measurement, an El Niño event in 2009/10 was 

followed by a very strong extended La Niña event between 2011 and 2014. In the 

transition from El Niño to La Niña event (2010 to 2011) there were large changes in 

temperature (an increase of >4°C) and salinity (a decrease >0.5). Over the 3 year period 
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2011 to 2014, the temperatures gradually decreased and the salinity increased. 

Chlorophyll concentrations also indicated a similar trend, decreasing from ~1 mg/m³ in 

2011 to <0.25 mg/m³ in early 2014 with a rapid increase in May 2014 (Figure 4.8).  

 

 

Figure 7.1. Schematic diagram showing the seasonal variability of water column 

properties and chlorophyll. 

7.2.2 Timescale: diurnal 

Coastal upwelling events are driven by coastal parallel winds that in combination with 

the earth’s rotation (Coriolis force) moves the surface waters offshore that are relaced 

colder water from the subsurface.  In the study region, upwelling favourable southerly 

winds are experienced during the summer in conjunction with the diurnal sea breeze. 

During repeated glider transects in February 2015 indicated that cooler, upwelled water 

alternated on the inner continental shelf and upwelling front was located between 12 

and 25 km distance from the coastline. The observed variation contradicts the traditional 

view of upwelling as a low-frequency advection process (Chiswell and Schiel, 2011). 

This high-frequency variation was likely due to the effect of the resonant diurnal 
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motions induced by land sea breeze (LSB) system (Figure 7.2). LSB systems are 

common in coastal zones worldwide and can have a significant effect on upwelling in 

physical and biological properties (Walter et al., 2016; Woodson et al., 2009; Walter et 

al., 2017; Bonicelli et al., 2014; Orlic et al., 2011). The high-frequency local diurnal 

wind forcing is the dominant control on nearshore temperature variability, and 

represents a mechanism for small-scale upwelling (Walter et al., 2017). The study 

region is close to the critical latitude where the local inertial period is close to 24 hours 

and the periodic forcing from the LSB at the same diurnal frequency results in a 

resonance (Mihanović et al., 2016). Here, resonance conditions generate near-inertial 

waves that results in large (>50m) vertical excursion of the thermocline daily. The 

ocean glider data also indicated that higher chlorophyll values were associated with 

colder waters along the sea bed in the inner-shelf and offshore slope region and 

migrated along the shelf during upwelling/downwelling at the diurnal scale. This 

indicated that wind-forced current variability at diurnal frequency play a fundamental 

role in controlling phytoplankton distribution across the shelf; this has been proven in 

other regions (Gille et al., 2003; Hyder et al., 2011; Kaplan et al., 2003; Lucal et al., 

2014). 

 

Overall, this shows that coastal upwelling systems in this region are highly dynamic and 

exhibit wide variations in the hydrographic and biological characteristics controlled by 

local meteorology on short temporal scales. Therefore, this study has allowed us to 

analyse the fine-scale evolution of diurnal upwelling/downwelling through internal 

bores and its effect on chlorophyll distribution.  
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Figure 7.2. Schematic diagram showing temperature and chlorophyll patterns during 

diurnal upwelling-downwelling events at the diurnal scale. 

7.2.3 Timescale: hours to days 

The ocean glider data captured the water column structure under different wind forcing 

(both strength and direction) on the Rottnest continental shelf (Figure 7.3). The water 

column was found to respond rapidly to changes in wind conditions, shifting between 

stratification to mixing (e.g., upwelling to DSWC; DSWC to mixing) over 1-3 days.  
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Distinct physical properties and chlorophyll patterns were found, associated with 

different wind conditions: calm; westerly/northerly (downwelling favourable); storms; 

and, southerly (upwelling favourable). Under calm conditions (wind speeds <7 m/s), 

DSWC was the dominate feature in the study region, and intensified under strong 

downwelling favourable winds (westerly/northerly). Majority of the DSWC events were 

associated with synchronous increases in phytoplankton and backscatter that were 

confined to the cascaded waters. The chlorophyll enhancement in stratification and 

retention of cool and saline water in the bottom layers may likely be due to presence of 

nutrients close to the seabed. Higher chlorophyll values were also associated with 

regions of vertical and horizontal gradients in temperature and salinity. During storm 

events (wind speeds >17 m/s), high chlorophyll values were confined to the vertically 

well-mixed waters. However, higher chlorophyll levels were observed 1-3 days after the 

passage of storms due to subsequent to sediment re-suspension that may be related to 

nutrient supply from the seabed (Figure 7.4). Wind strength can influence chlorophyll 

distribution during upwelling events (Daneri et al., 2012), and biological productivity 

can vary considerably due to short-term changes in wind conditions. In the study region, 

persistent southerly winds were associated with the development of upwelling. The 

strong southerly winds (10 m/s) coincided with relatively high chlorophyll 

concentrations (0.5 mg/m
3
) that were and confined within the upwelled waters below 40 

m depth; during wind relaxation 5 m/s), chlorophyll values increased to 1.2 mg/m³ 

within a thin layer near the shelf break region between 50-100 m depth. Overall, of all 

the observed water column properties, chlorophyll gradients were typically correlated 

with temperature and salinity gradient, while the distribution of chlorophyll varied.  

 

Interestingly, we note that the strong onshore winds (westerly) and downwelling 

favourable winds (northerly; up to 20 m/s) did not induce vertical mixing when a 

DSWC was present. Instead, an intensified DSWC developed with high chlorophyll 

cascaded water extending to the offshore region. This suggested that wind direction was 

important in controlling mixing and stratification, rather than wind speed alone.  
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Figure 7.3. Schematic diagram showing temperature and chlorophyll patterns under four different wind events. 
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Figure 7.4. Water column properties and chlorophyll - wind transition between storms 

and calm winds. 

7.3 Recommendations for future work 

This is an exciting time to study chlorophyll distribution in coastal regions. Advances in 

automated underwater vehicles, which allow discrete sampling, can collect water 

column data over large spatial and temporal scales. This broadens the field and will 

allow: (1) for more targeted studies of particular events; (2) further investigation of the 

coastal environments with respect to the disproportionately high productivity of these 

ecosystems relative to open ocean systems; and, (3) the deepening of our understanding 

of the linkages between chlorophyll distribution and ocean physics. I believe that this 

work linked to a certain extent ocean dynamics and phytoplankton distribution. The 

results of this study have highlighted a number of aspects that future research directions 

could explore. These include: 

 

 A critical parameter that was measured during this study is nutrients distribution. 

There are optical sensors that can measure nitrate concentration that have been 

mounted on gliders.  Deployment of a glider during storm events would allow of 

a better representation processes that control phytoplankton growth. 

 Due to aliasing of the spatial scales it was possible to exactly determine the 

Storm 

Vertical Mixing 

(Resuspension; High chl) 

Calm 

Stratification 

(DSWC; Fronts; Higher chl) 
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influence of the diurnal resonance at the critical latitude. A combination glider 

transects and single point moorings that included fluorescence sensors would 

enable to better elucidate this process.  

 investigate the connections between seasonal chlorophyll distributions and fish 

stock in this region, as well as further study of fish migration and distribution 

patterns.  

 explore how observed ocean physical processes (e.g., eddies) influence carbon 

dioxide exchange between the atmosphere and ocean. 

 understand the driving force for diurnal upwelling and DSWC.    
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